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'ABSTRACT

The fracture toughness of ceramics can be improved by the incorporation of a
variety of discontinuous reinforcing phases and microstructures. Observations of
_crack paths in these systems indicate that these reinforcing phases bridge the crack
tip wake region. Recent developments in micromechanics toughening models
applicable to such systems are discussed and compared with experimental
observations. Because material parameters and microstructural characteristics are
considered, the crack bridging models provide a means to optimize the toughening
effects.

INTRODUCTION

Advances in processing and in nondestructive evaluation are providing means to
reduce the flaw and defect sizes in as-favricated components to ensure the desired
(high) strength levels. This is also resulting in some improvements in (narrowing of)
the strength distributions of the as-fabricated components. However, generation of
new flaws and growth of existing flaws during service degrades the strengths and the
strength distributions. Materials with high fracture toughness and R-curve behavior
are much less sensitive to strength degradation in service and also are found to
exhibit narrower strength distributions and to be more resistant to slow crack growth
and thermal shock. ‘

A number of approaches have been devised to improve the fracture resistance of
brittle ceramic systems. Here we will briefly examine the use of microstructural
modification and reinforcement by second phases, separately and as coupled
processes. The aim is to address how these processes are influenced by key
microstructural and compositional characteristics utilizing both resuits from
micromechanics analysis and experimental studies.
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RESULTS AND DISCUSSION

+ Toughening by Whisker Reinforcement

Bridging of the crack surfaces by and pullout of strong whiskers imposes a closure

force on the crack. These processes and deflection of the crack tip by the whiskers

can contribute to the toughness of whisker-reinforced ceramics. 14 The bridging and
pullout contributions to the toughness for uniaxially aligned whiskers are:

AK™ = 2Bc°(2Dy/n)'? = Kz - Ky, | 1)

where K¢ is the overall toughness of the composite, K¢ is the matrix toughness, o°
is the closure stress acting on the bridging zone of length Dy, and B is a constant
dcp’ndent upon the bridging stress profile. With whisker bridging, the crack
opening dlsplaccment at the end of the whisker bridging zone will equal the tensile
displacement in the whisker when it fails (¢p0f/E" where fpp is the debonded
length of the interface, of is the whisker's tensile strength, and E" is its Young’s
modulus). Employing this crack opening displacement relationship, one finds that
Dy is proportional to the product of the ratios of the whisker to interface fracture
energy (y*/y’), the composite to whisker Y0ungs modulus (E°/E"), and whisker
radius divided by the whisker content (r/V¥).!

~Substantial toughening by whisker bridging relies on whisker-matrix interface

debonding. The stresses acting on the bridging whiskers immediately behind the
crack tip are then substantially reduced and increase with increasing distance behind
the crack tip. The maximum closure stress acting at the end of the bridging zone
is the product of the tensile strength of the whiskers and the fraction of bridging
whiskers. Employing a bridging stress that increases lincarly from zero at the crack
tip to the maximum value at the end of the zone, the toughening contribution of
bridging whiskers is found to be: :

AK™ = of [V*r(y"ESY'E¥)[6(1 - v3)]"*, )

where v is the Poisson’s ratio of the composite. An important attribute of this
micromechanics model, described in detail earlier,' is the fact that it provides a basis
for designing such systems using material properties and characteristics.

When tie whiskers fail at the end of the bridging zone, those whiskers which fail at
some distance away from the main crack plane can then be pulled out of the matrix.
This pullout process contributes to the fracture resistance of the systems. For
pullout, the crack opening displacement at the end of the pullout zone must equal
the length of the pullout ¢, Here we will assume this length is equal to the
debond length and that the cftectlve losure stress due to pullout is the product of
the frictional shear resistance of the debonded interface t' and the areal fraction of
whiskers that are pulled out, A®. A toughening contribution of a pull-out zone
which exhibits a linearly decreasing stress profile along its length is:
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AK™ = [APTECQ /2(1 - v)r]", ®)

where ¢, is equated to f, which equals (ry¥/6y', e.g., ref. 5) when the debonding
criteria is based on debonding occurring just ahead of the crack tip.?

Cc nbining the whisker bridging and whisker pullout toughening contributions, one
can predict the experimental toughness values for whisker-reinforced ceramics as

seen in Fig. 1. The resuits shown here are for composites containing the same SiC.

whiskers which have relatively smooth, straight, rod-like morphologies and diameters
near 0.8 pm. Introduction of other whiskers with rough surfaces, different surface
chemistries, or large defects will yield quite different results. Surface roughness and
surface chemistry of the whiskers can affect a change in the zbility to initiate
interfacial debonding. Restricting interface debonding will diminish the bridging and
pullout toughening contributions. This can be seen from Fig. 1 where pretreatment
of the whiskers resulted in a lower toughness for the alumina composite. Note this
data point corresponds to the prediction in the absence of pullout; fracture surface
observations confirm this. These findings indicated that the micromechanics analysis,
based on various materials properties, provides a very useful tool to either modify
the composites to improve toughness or to examine composites to determine what
parameters/characteristics are limiting the toughness achieved.

Matrix Microstructure Effects

In the present discussion, grain size effects on toughness are related to bridging
ligaments formed by matrix grains which are left intact behind the crack tip.** The
toughening analysis is analogous to that for the whisker pullout described above.
The bridging stress supported by these ligaments is, as with whisker pullout, a
product of the frictional stress required to pull out each debonded bridging grain
times the areal fraction of bridging grains, Ag"rgb. The grain bridging zone length
is again equated to the crack opening displacement at the end of the zonc to
completely pull out the bridging grains. Assuming that half the grain must be pulled
out to disrupt a ligament, u will be equal to one half the grain size (d). Employing
Eq. gl) again, the incremental increase in fracture toughness due to grain bridging
AKP® is:

AK# - [Agte  Eedy2(1 - v, 4)

yielding a grain bridging toughening contribution with a strong grain sizc
dependence. This model is consistent with experimental observations, Fig. 2°, for
grain sizes below those resulting in spontaneous microcracking.!®!?

Crack bridging phenomena and toughening effects similar to those from both
whisker and the above grain size related matrix bridging effects can be expected to
result from other microstructural feature changes. For example, the development
of more thermal shock resistant alumina ceramics led to microstructures containing
plate-like alumina grains in a medium-sized (5 to 10 micron) equiaxed grained
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- matrix. These materials had excellent thermal shock resistance.!*  Fracture

toughness measurements using large precracked samples gave values of 7 to 8 MPa
m'? for samples containing ~25 vol % large (up to 100 to 300 micron wide by up
to 10 to 30 micron thick) single-crystal alumina plates. Aluminas with similar

equiaxed grain size but without these plate-like grains had toughness values of only -

4 to 4.5 MPa m'”. Furthermore, the addition of SiC platelets to alumina is found
to result in increases in fracture toughness values that are comparable to those
achieved with SiC whiskers. In both of the above examples, the propagating crack
is deflected along the interface between the matrix and the large plate-like grains.
Thus, fracture around the plate-like grains and second phases produces platelet
features which bridge the main crack and results in the high toughness due to crack

bridging and pullout mechanisms. Additional examples of toughening by crack

bridging are found in Si;N, ccramics which are reinforced by the in situ growth of
clongated whisker-like grains. Such self-reinforcement processes prove to be a
potent toughening approach yielding silicon nitride ceramics with toughness values
of 210 MPa m"21*1" " Again, crack bridging and pullout by these grains contribute
to the improved toughness. ' '

Coupled Toughening Responses: Whisker Reinforcement-Grain Bridging

As discussed earlier, the fracture resistance of ceramics, especially noncubic
ceramics, will incrcase with increase in grain size as a result of grain bridging in the
wake of the crack tip. Thus the overall fracture toughness of the composite can also
be influenced by the intrinsic matrix toughness, the microstructural component of
the matrix toughness, especially in the case of noncubic matrices, and the whisker
reinforccment contribution.” For simple additive combination of these toughening
processes, the overall composite toughness is:

Ki = K+ AKZ + AK™, ®)

where AK® is the fracture resistance derived from matrix grain bridging, Eq. (4)!
and K2 is the local fracture resistance of the matrix in the abscnce of grain
bridging. Substitution of Egs. (2) and (4) into Eq. (5) describes the combined
toughness duc to whisker rcinforcement and matrix grain size effects:

chc = K + {Agb"ngcdﬂ(l - \,2)]1/2 + AK™, (6)

This behavior is obscrved in SiC whisker-reinforced aluminas, Fig. 2.° Similar
coupled toughening behavior has been described? for the toughening response in
SiC whisker-reinforced silicon nitrides. Using the data of Shalek et al.,'® one can
sce that the introduction of elongated silicon nitride grains within the matrix
provides a crack bridging contribution which couples with whisker bridging to
provide significant toughening. In the presence of equiaxed silicon nitride grains,
the composite toughness is much less. Utilizing multiple toughening mechanisms,
we see that the matrix microstructure can be readily modified to enhance the
fracture toughness of a composite.
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CONCLUSIONS

Reinforced ceramics including reinforcement by strong whiskers and other

second-phase geometries, e.g., platelets, employ crack bridging and crack deflection

.processes to achieve improved fracture resistance. Similar effects can be achicved
by changes in grain size, e in noncubic ceramics, and/or grain shapc, c.g,

formation of elongated grains in Si;N, and SiAION and plate-like grains in alumina
ceramics. The amount of toughness realized is dependent upon the properties and
characteristics of the rcinforcing phase and the interface as described by the
micromechanics models developed for these systems.

Considerable improvements in fracture toughness can be achieved by incorporating
these processes. In fact, coupling these individual mechanisms allows for even

.greater advances in the development of ceramics with high fracture resistance.

However, the toughening response can only be optimized by attention to control of
the appropriate microstructural, compositional, and interfacial characteristics.
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Figurc 1 The addition of SiC whisker rcinforcements results in a substantial
increase in the fracture toughness of various ceramics including polycrystalline oxide
(shown above) and nonoxide and glass (above) matrices. Both the magnitude of the
toughness and the influence of various material propertics on the measured [racturc

toughness values are in keeping with the behavior predicted by whisker bridging,

Eq. (2) (mullite and glass matrices), and whisker bridging plus pullout, Eq. (3)
(alumina matrix), Open symbols represent measured values obtained for composites
containing as received whiskers (r=0.4 pm); the closc symool is for data obtained
with preoxidized whiskers in alumina. This composite exhibits negligible whisker
pullout.
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Figure 2 The fracture toughness of both monolithic alumina and SiC whisker
70.4 pm radius) reinforced alumina is strongly influenced by the microstructure of
the alumina. Increase in the alumina grain size introduces matrix bridging of the
crack and an incrcased toughness in a manner predicted for a grain bridging
contribution, e.g., Eqs. (4) and (6).
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