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18. THE RoLE OF MICROCRACKING
oN FRACTURE TouGHNESS OF BRITTLE COMPOSITES

F.E. Buresch

KFA Jiilich, Institut fir Reaktorwerkstoffe

1. INTRODUCTION

Ceramic based composites such as carbon reinforced graphite, silicon-based
ceramics or zirconia doped alumina are widely expected to provide the next
major advance in materials, beyond superalloys and oriented entectics, in
enabling a discontinuous increase in the performance of turbines and other
heat engines, e.g. HTR-nuclear power stations. Notable progress has been
made in overcoming fabrication difficulties and mechanical deficiencies
stemming from high-temperature stress—dependent kinetic processes in phase-
pure silicon carbide and silicon nitride. Fetero-phase versions of these
materials are also attractive. Through processes which utilize alumina as

a matrix and unstabelized zirconia particles as the dispersed phase, a wide
range of materials with a high toughness and thermo-shock resistance are
developed. In these materials a high density of microcracks or microflows
are responsible for the attractive thermo-mechanical performance. Micro-
cracking, through an enhancement of the strain-at-fracture can lead especial-
1y to a major increase in thermal stress resistance. Increase in the fract-
ure toughness and a general stable mode of crack propagation in microcracked
materials also promote thermal stress damage resistance in combination with
excellent thermal insulating properties.

2. CRACK PROPAGATION IN CERAMIC BASED COMPOSITES

In brittle polycrystalline materials such as graphite or alumina and many
brittle composites macrocrack propagation occurs at an average velocity, de-
termined by the applied macroscopic stress intensity factor Kr and a specified
environment and temperature. On the microstructural level, however, we presume
that the crack moves intermittently in abrupt increments. This is due to the
activation of potential microcrack sites, the grow of this microcracks up to
metastable barriers and the coalescence of microcracks to join the macrocrack.
The microcracking on the microstructural level is governed by the strength of
microstructural stress concentrators and the effective surface energy for
trans- or intergranular fracture respectively. A characteristic parameter for
this features is the microscopic stress intensity factor kpc.

Evidence for microcracking during stressing a ceramic by direct and indirect
experimental observations is often found in the literature. Specially micro-
scopic observations reveal that the major crack front follows a tortuous
path through ceramics and many secondary microcracks branches opened up
ahead of and adjacent to the macrocrack front. The macrocrack jumps in dis-
cret steps caused by the coincidence alignment of favorable oriented micro-
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cracks in the region ahead of the macrocrack.

Typical materials with intense microcracking ahead of a macrocrack have
matrix grains with an anisotropic structure like alumina or graphite or those
are doped with second phase dispersions. In all these cases microcracking
occurs as a consequence of thermal and elastic mismatch in grain boundaries
between grains of different orientation or structure. As a result residual
strains cause tensile stresses in grain boundary regions. A useful quant-
ity of these stresses is the microscopic stress intensity factor
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which relates the residual stresses Ec to the square root of the grain size
d. If kpp reaches the value of the critical material specific microscopic
stress intensity factor k. which is related to the specific grain boundary

fracture energy through V' E yg microcracking will occur /1/.

Most important are residual strains caused by the difference of the co-
efficients of thermal expansion between adjacent grains. As an example

¢ = Aa AT is in the range of v 10-3 for alumina. The temperature differ-
ence depends on the freezing temperature. It is between 800 and 1200 °C

for alumina. Above this temperature all residual strains are vanished by
creep.

During loading a ceramic component macrostress superimposed the residual
stress. As a consequence microcracking occurs predominantly in the high
stressed non-linear elastic zone = called the process zone - ahead of the
macrocrack and ceramics acquire their strength and toughness by these dis-
sipative processes.

For understanding the influence of microcracking in the non-linear deformed
process zone ahead of the macrocrack front on crack propagation we have in-
troduced the concept of the critical stored elastic energy density and the
critical elastic energy release rate of the material inside the process
zone as a consequence of a critical microcrack configuration in this region.
Furthermore, we have elaborated on an analysis concerning the need of dis-
sipative energy for microcracking inside the process zome. The equations

we have worked out provide evidence for the correlation between the stress
intensity factor and the critical energy release rate with specific micro-
structural features (grain size, microcrack density, elastic microcrack
interaction, etc.) respectively; they are in agreement with our experiment—
al results. We expect the model to be a usefule tool in aiding the develop-
ment of ceramics with tailor-made microstructure.

2.1 THE TWIN-PARAMETER APPROACH TO BRITTLE FRACTURE PHENOMENA

The twin-parameter approach of notch fracture mechanics opens the possibility
for better understanding of brittle fracture phenomena by introducing a mat-
erial specific stress intensity factor depending on microstructural paramet-
ers. Following Neuber, Weiss, Erismann and Buresch /2-6/ it can be
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demonstrated that the fracture of a certain ceramic is determined by eritic-
al values for the notch fracture stress Opc and the size of the process
zone pc. It means that the microcrack region in the immediate vicinity of

a crack tip is responsible for the non-linear behaviour of ceramics 12-6/.

The non-linear behaviour in front of a crack or notch is governed by the
microstructure, especially the grain and pore size distribution and micros-
copic fracture energy. We will compare quantitatively the change in stored
elastic energy during microcracking inside P¢ with the dissipative energy
needed for the generation of microcracks. We neglect other terms of dissip-
ative energy like dislocation motion, glide of crack faces or chemical re-
actions. With the number of grains in the unit of volume proportional to
d-3 and the surface energy for a penny-shaped crack proportional to vsd
the total dissipative surface energy inside pc is given by

2
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The symbols B and w denote the part of grains with microcrack and orienta-
tion of the microcracks with respect to the main normal stress respectively.
B denotes alternatively the concentration of dispersions which generate
microcracks as a consequence of thermal expansion mismatch or phase trans~
formation.

In our model it is assued that microcracking will occur if the notch fract-
ure stress reaches the critical value Opc» lowering the Young's modulus to
Ep. Then the change in stored elastic energy is given by
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It follows with Equationms (2) and (3) for critical values of notch fract-
ure stress, stress intensity factor and energy release rate.
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is the elastic microcrack interaction parameter which denotes the change
in stress intensity of ome microcrack with respect to the elastic potential
of the surrounding microcracks.

The elastic microcrack interaction is well known for an elastic solid by

a rectangular array of cracks by Delameter et al. The weakening of the solid
can be expressed by

E
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where x and y denote the distance of microcracks in rows and stacks respect—
ively. B*(8) is listed for several values of y/2ap and x/2ag. B* for a single
row of cracks (that is when y/2a + =) as a function of x/ay is found by

the expression

B* =2 (;:—)2 1o (sec ) )
m

which is the well known equation for a row of collinear cracks /7/.
Neglecting the difference in density of a three- and two-dimensional array

of microcracks, the elastic microcrack interaction parameter equation (7)
can approximately be given by
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This is shown in Figure | for a rectangular array of microcracks of differ=
ent densities. Only a parallel array of microcracks enhance the elastic
microcrack interaction parameter.

3. INFLUENCE OF MICROCR.ACKING ON THE TOUGHNESS OF COMPOSITES

It is of great inteérest to prove the usefulness of the present theory with
data known from the literature. Alumina ceramics doped with unstabelized
zirconia particles have a very high toughness. This has been shown by
Dworak, Claussen, Garvie and others /8-11/. The enhanced toughness is a con=
sequence of a high density of microcracks and their elastic interaction
inside the non-linear deformed process zone.

The microcracks are a consequence of residual stresses caused by thermal
mismatch and phase transformation of unstabelized zirconia particles in
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the fine grained alumina matrix. The microscopic stress intensity factor
for these residual stresses lies in the range of 1 MPa m!/2 depending on
the size of the zirconia particles. Thus the residual strain induced micro-
scopic stress intensity factor exceeds the critical specific microscopic
stress intensity factor causing spontaneous microcracking during cooling
from the sintering temperature. (See also nh.

Following the experimtal observations of Claussen and coworkers /9,10/ we will
compute qualitatively the microcrack density inside the process zone of

these composites. With this value we will estimate the value of the elastic
microcrack interaction parameter.

Figure 2 shows in the upper part measurements of Claussen et al. about the
dependence of toughness and bend strength on the volume fraction of zirconia
particles of different sizes. The particle size data refer to sub-sieve
size tests but in their paper the authors have remarked that the actual
particle size found in the hot pressed ‘composites was by a factor of three
lt.arget due to agglomeration during mixing the powder and forming the spe-
cimens.

As shown in Figure 2 the fracture toughness increases with decreasing
particle size and increasing volume fraction of particles up to a critical
mflximm value. The peaks of maximum values increase with decreasing particle
size and shift to higher volume fractions. With increasing volume fract-
ions of particles beyond the critical maximum value, the toughness drops
sharply for all particle sizes.

The upper right diagram shows the bend strength of these composites. Gener-
ally the bend strength increases with decreasing particle size. For each
particle size the bend strength remains nearly constant with increasing
volume fractions of particles up to the critical value V, corresponding
to the peak value of the fracture toughness curve. The bend strength de-
crease sharply like the toughness of volume fractions beyond the critic-
al value.

We will look for the influence of density and elastic interaction of micro-
cracks inside the process zone on fracture toughness of these composites.
It can be shown, that the features are corresponding to the present theory.

The observed features - the decrease of Kic with the particle size and its
%ncrease with volume fraction of particles - are governed by the size dens-
ity and elastic interaction of the microcracks which are generated in these
systems as a consequence of the thermal and elastic mismatch and the phase
transformation of the particles. The size of the microcracks depend on the
m.lailable fracture energy rate. For an unloaded specimen the microcrack
size is proportional to the particle size because the residual strain in-

duced energy rate is also proportional to that particle size.

For the loaded specimen the microcrack size is depending on both the resid-
ual strain energy and the stored bulk volume elastic energy as well as on
the elastic interaction of the microcracks inside the process zone. These
facts are shown in the lower part of Figure 2.

The peak values of fracture toughness for a specific particle size can be
§xplained in terms of the present theorey as a critical value of the elast-
ic microcrack interaction parameter. That means this value characterizes
the highest energy demsity which can be achieved inside the process zone
for the specific composite. This value is defined by a critical value Vdc
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of volume fraction of zirconia particles. The drop of the toughness beyond
this value is caused by junction of microcracks. The critical maximum size
and density of microcracks which are responsible for the peak value can be
computed using appropriate formulas. We will compute first the average
interparticle spacing Xq as suggested by Koks who used a basis like the
mean square root of the area per particle, i.e. 12

Xy = NA an

where Np is the number of particles per unit area. For a random array of
spherical particles, size d, the expression becomes

x,=a [/ 3—2:',—‘!-%1 : (12)

where V4 is the volume fraction of particles and the correction term
accounts for the finite size of the particles. To transfer this formula
to the intermicrocrack spacing it is assumed that each particle is res-
ponsible only for ome microcrack. This follows also from energy consider=
ations.

The interparticle spacing as a function of the volume fraction of particles
for the four measured effective particle size as parameter is plotted on
the lower left side of Figure 2. Following the experimental observations
of Claussen et al., three times the diameter denoted in the upper dia-

gram is used in rounded numbers /9/.

The critical volume fractions of particles for the peak values of tough=
ness characterize a critical interparticle spacing which is given by the
dotted curve (denoted I) in the lower left diagram. This spacing is aquiv-
alent to the average maximum microcrack size. The lower right diagram shows
the microcrack densities for the microcrack sizes in question as a funct-
ion of the volume fraction of particles. The critical microcrack density
is plotted with the dotted durve denoted II. The most interesting result
shows that for each particle size the critical microcrack density of the
peak value of toughness is constant for all volume fractions about one.
That means the microcrack density is about 50 % as pointed out by Hoag-
land and coworkers /13/.

The microcracks inside the process zome of these composites are mostly
arranged perpendicular to the applied stress. That means they are arranged
in a fashion which can be compared with an orthogonal array of rows and
stacks of microcracks. The elastic interaction of such array of microcracks

was computed by Delameter et al. as shown in the previous section (Fig. 1).

We can guess that the value of the critical microcrack interaction para-
meter for the peak value of toughness of the composites lies for all compo-
sites in the range of one to two. But this is not the final result. In an
early paper /5/ we have computed values of Ip of different technical
aluminas using measured values for Kic, Pc and other microstructural para-
meters. This values as a function of Kyc are shown in the next Figure 3.
For a Kjc of about 5 which corresponds to the value for the undoped alumina
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ceramics of Claussen et al., Ip has a value of about 0.5. That means doubl-
ing the value of Ip of the undoped material gives an estimate of the value
of Kyc of the composites. But this must be proved by further works.

Finally it is of interest to look for the influence of the microcrack dens-—
ity of undoped ceramics on the fracture toughness of these materials and

to ask for the minimum particles concentration which must be introduced to
get an increase in toughness. With this respect two classes of dispersion
toughened composites should be compared: one with a polycristalline matrix,
the other with a glass matrix. Figures 4 and 5 show a replot of toughness
values for these two classes of composites /8-11, 14/ as a function of dis-
persion density. The microcrack density varies from the dispersion density
by a factor of n (see Figure 2). Only values for the increase of toughness
with increasing volume fraction of particles are introduced. The regions de-
noted as I, II and III characterize values of maximum toughness with respect
to particle sizes.

It can be seen from these figures that the '"ground level of microcracks”
in the polycristalline based composites lies in the density range of about
0.1 to 0.5 whereas in the glass based composites the microcrack density

of the undoped material is zero. This is not unexpected. The results show
that at instability the process zone of an alumina base specimen with respect
to the specific microstructure contentsabout some ten microcracks ,
if we assume that the size of the process zome is about 20 grain sizes /6/.
However, it must be pointed out that the size of the process zone depends
markedly on the Weibull-modulus and also on the value of the microscopic
stress intensity factor kic. In a glass base specimen a real process zone
does not exist. Furthermore it can be concluded that the increase in tough-
ness of these materials with increasing microcrack density, i.e. particle
density, is mainly a consequence of a parallel array of microcracks inside
the non-linear deformed process zone.

4. Discussion

For a specific ceramic with values & and ’g for Young's modu-
lus and inter- or transgranular fracture 2nergy respectively
the fracture tousiness is governed oy tae leasth, deasity
and elastic interaction of tae microcracis in the non linear
deformed process zone. It is well known from literature (see
e.g. /15/) tnat, for various arrangeuents of microcracks, tae
parallel array of wmicrocracks strengthens and conversly tue
collinear arvay of microcracks softens brittle material. rue
interaction effect of parnliel orieated amicrozracks is wuea

1

stronger as that of collinesr micro:zra as showa in ¢i:

(see also /15/). Only tue interaction effect of = saasl
number of microcracks is computed in the litewature beznuse
of complexity of the saleculstions /15/. towev'r, ia t e

_presect wodel we cons der the overal. infliueaze of a

nunber of mic.ocrac<s on tie elastic properties o0 toe anteriul
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in the process zone. lhus we do not need to compute the
interaction effe¢t of an individuzl microcrack with respect

to tue surrounding microcracks.

is a base for the computations to investigate the change of
elastic properties of a brittle material with regard to
microcracking we have visuzlyzed ad infinite elastic solid
containing a doubly periaodic rectangular array of slitlike
cracks. lhese computations are worked out by Delameter et al
/7/. With tahese we have computed the change of elastic proper-
ties wita density of an orthogonal array of microcracks hold
for a1 infinite body. Thus for tue specific case of a process
zone of finite size random effects.may influence the result.
However, for a first approximation our results snow that the
toughness of zirconia doped alumina is governed by the elastic
interaction of a hizh density of _icrocracks in the process
zone. The elastic microcrack interaction parameter IP is
nearly coastant irrespective of tue length of tane microcracks
(Fig. 2). Thus, we¢ will compare the peak value of touganess
for composites wita different volume fraction and size of
disnersions for constant values for t.e elastic microcrack
interaction paraseter I, (Fig. 2) assuming constant values
for tie size of the process zone Pc and as a first aporoxi-
mation also for L and - . With the critical length of the
microcraicks denoted in rFig. 2, apnlying eg. (5) the ratio

of tnese touginess values is given by tne equation
K;,(6,4 pm): KIc(2’85 pum): KIC(1,75 Pm): KIC(1,25 Pm) =

1_:_1__; 1 ;_.1_ (13)
[o V?o— V1=ET— EH.

or in rounded numbers

0,6 : 0,75 ¢+ 0,8 : 1 » 0,03: 0,55: 0,76 : 1

Within tne limite of tl.e approximstions made for these
comnutations, the result shows the ucefulness of the present
theory to ex.lain tre umec .anisms which govern tze fracture
+ou-anecc of thece disversion touriened composites.
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Figures

Correlation of neoretical wlastic sicrocrack Inter-

action Parameter

£ P
1 =\ £f— =
¢ 1-f 58 (8)

with wicrocrack Density (Vvalues of gt (B) are listed
by Delamgeter et al 1375 ) /7/.

Fracture louganess, licrocrack Length and liicrocrack
Density of Zirconia Doped Alumina.

slastic bMicrocrack Interaction Parameter (Experimental)
of Two Aluminas as a Funktion of [neir Stvess Inten-
sity Factors. (Figures 1ia parenthesis are Hean Grain
Size in pm und Dansities in kg/m3) /5/.

Renlot of Fracture Toushness Values of ZrOQ-Disper-
sions Toushened alumina (after Claussen et al /9/)

as Function of Dispersion Density.

KHoolot of Fracture Tougzness Yalues of Dispersion
louznenel 510,-Glasses. (Reinforced with 3pherical
Frlycristalline A1203 particles, 35ized 25 pm). lae
Fis.res Denote the solar Ratios of 5203 and HaQO

(after Sweareagen et al /14/)
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