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The fracture toughness of ceramics 
can be improved by the incorporation 
of a variety of discontinuous, elastic 
reinforcing phases that generate a 
crack-bridging zone. Recent models 
of toughening by crack-bridging proc- 
esses are discussed and used to 
describe the behavior observed 
in  whisker-reinforced ceramics. 
The toughening response in ceramics 
reinforced with other types of discon- 
tinuous reinforcements is then consid- 
ered (e.g., matrix and second-phase 
platelike grains, elongated matrix 
grains, and grain-size effects in non- 
cubic matrices). It is shown that 
crack-bridging toughening processes 
can be combined with other bridging 
mechanisms and with other toughen- 
ing mechanisms (e.g., transformation 
toughening) to achieve synergistic ef- 
fects. From these discussions, it is 
shown that the design of the tough- 
ened materials relies heavily on the 
control of the material properties and 
microstructural components influenc- 
ing the toughening behavior to opti- 
mize the contributions of both the 
reinforcing phase and the matrix. 
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1. Introduction 
THE brittle nature of ceramics has, over 
the years, prompted us to explore a 
variety of approaches to enhance their 
fracture toughnesshesistance. Nor- 
mally, the fracture of brittle materials 
involves very little dissipation of the 
applied strain energy by processes 
other than extension of the crack. In 
extremely brittle systems, the fracture 
surface energy, ylc, often approaches 
the surface free energy. In glasses and 
single crystals, the related fracture 
toughness (Klc=(2ylcE)’~’, where E is 
Young’s modulus of the material) can be 
extremely low (e.g., 0.5 to 2 MPam’”)’” 
as compared with metals (15 to 
150 MPa.m’/‘).’b Even in polycrystalline 
ceramics, including a wide variety of 
oxides and non-oxides, the fracture 
toughness values are 1 5  MPa.m’/’. 
Until recent years, the success in im- 
proving the fracture toughness of ce- 
ramics had been limited to a few 
specific cases (e.g., cobalt-bonded 
tungsten carbides). However, within the 
last decade, numerous approaches to 
improve the fracture toughness of ce- 
ramics have been developed as noted 
later in this section. 

On the other hand, very high flexure 
strengths can be achieved in ceram- 
ics, even with their low fracture re- 
sistance, by very stringent processing 
procedures.’ High strengths can now 
be achieved even in large-sized com- 
ponents. However, the processing 
requirements are quite strict as com- 
pared with those for more fracture re- 
sistant materials. Using the Griffith 
relati~nship,~ we note that strengths of 
800 MPa require that crack sizes must 
be less than 25 pm for simple semicir- 
cular surface cracks if the toughness 
is only 5 MPa.m’”. This extreme in the 
flaw-size sensitivity of the fracture 
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strength combined with variations in 
flaw size yields very broad strength 
distributions (i.e., low Weibull moduli). 
As a result, designers of ceramic com- 
ponents have actively sought to elimi- 
nate or greatly minimize tensile 
stresses in service. This has meant 
that we could take advantage of only a 
small fraction of potential tensile/ 
flexure strengths. Today, progress in 
the processing of ceramics, in the 
machining of ceramics, and in non- 
destructive evaluation is providing us 
with the ability to produce ceramic 
components with both much-improved 
fracture strengths and narrow strength 
distributions. 

Despite these particular advances, 
low-toughness ceramics are subject to 
loss of a substantial fraction of their 
strength because of damage intro- 
duced during service (e.g., because of 
static load slow crack growth, cyclic 
fatigue, creep damage, thermal gradi- 
ents and/or shock, and impact or con- 
tact damage). Thus,  material design 

Table 1. Properties of Reinforced Alumina Ceramics 

Fine-Grained Al2O3 + 20 vol% Sic Whiskers 
Fracture Four-point 

("C) (MPa m'") (+I (MPa) 
Temperature toughness flexure strength, 

22 
1000 
1200 

8-9 
8 

10 

650-800 
575-775 
475-550 

Alumina versus Composite 
Thermal Shock Resistance 

Retained strength (MPa)* Temperature 
chanae. AT ( " 0  Alumina Alumina + 20 vol% SIC whiskers 

500 
700 
900 

200 
80 650 

700 
~ 

Slow Crack-Growth Resistance 
log (crack velocity) (m/s)+ Applied stress 

intensity (MPa mi") Alumina Alumina + 20 vol% SIC whiskers 

4 0  -7.2 
4 4  -3 1 
8 0  >> -3 -7 2 
8 8  >> -3 -3 1 

Strength 
Flexure strength Weibull 

Alumina 530 4.6 
Alumina + -19 vol% Sic whiskers 600 13.4 

(MPa)* modulust 

Tensile Cyclic Fatigue 
Peak stress Cvcies to failure' 

Alumina 31 5 1 

Alumina + 35 vol% Sic whiskers 435 1 

250 6x10' 
21 0 7x105 

330 1.1 x105 (NF)~ 
+367 4x104 (NF) 
+ 396 3x104 (NF) 
+414 6x10' 

*Quenched into 100°C water. +Slow crack-growth resistance in air at 20°C. *Room temperature (Ref. 4). 
§20"C (Ref. 5). 'NF means sample did not fail; test continued at higher Deak stress Minimum stress was 10% 
of peak stress. 

approaches that can impart a substan- 
tial degree of toughness to ceramics 
obviously can have a significant im- 
pact in minimizing both strength distri- 
butions (increasing Weibull moduli) and 
losses due to in-service damage and 
crack growth. This is shown in the 
examples of improved mechanical 
performance achieved in alumina 
composites illustrated in Table I .  
Table I also shows that not only is 
there a much lower scatter in room- 
temperature strengths, but that the 
high strength and fracture toughness 
are maintained to elevated tempera- 
tures. Furthermore, the toughened alu- 
minas have much greater resistances 
to thermal-shock damage, the onset 
of slow crack-growth damage, and 
tension-tension cyclic fatigue. 

Improvements in these particular 
mechanical properties combined with 
the potential for long service life have 
prompted the research community 
to search for mechanisms which im- 
part increased fracture toughness/ 
resistance to ceramics. A number of 
approaches have been devised which 
can yield ceramics with fracture- 
toughness values as high as 10 to 
20 MPa.m"'. Among the mechanisms 
that can contribute to such significant 
improvements in fracture toughness 
are crack pinning,6 crack deflection,' 
crack bridging, and p u l l o ~ t ~ ~ ~  by dis- 
persed particles and elastic-reinforcing 
phases and grains, andlor stress- 
induced microcracking." Stress- 
induced martensitic transformation 
toughening" in monolithic zirconias 
and systems containing dispersed zir- 
conia particles and plasticity in metal- 
lic binder (e.g., cobalt-bonded tungsten 
carbides) and dispersed phases" also 
enhance fracture resistance. The mag- 
nitude of the improvements in the frac- 
ture toughness obtained in selected 
ceramics is illustrated in Table 11. 

In this paper, the processes leading 
to improvements in the fracture resist- 
ance of ceramics containing discon- 
tinuous elastic reinforcing phases 
are reviewed. The increased fracture 
toughness for whisker-reinforced com- 
posites is discussed in terms of crack- 
bridging processes and in the context 
of crack-bridging micromechanics 
models. The bridging models provide a 
very useful means to illustrate how the 
properties of the matrix, interface, and 
reinforcing phase characteristics influ- 
ence the fracture resistance of the 
composite. The applicability of crack- 
bridging processes is extended to con- 
sider other approaches that can lead 
to increased toughness. Those proc- 
esses considered here include crack 
bridging by other types of second 
phases (platelets) and by matrix 
grains. Finally, the potential toughening 
response achieved by combined, or 
coupted toughening processes is char- 
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acterized, and examples are given 
which illustrate the substantial effects 
that can be derived in this way. 

II. Toughening by Crack Bridging 
Very substantial toughening effects 

(at least threefold to fivefold increases 
in fracture toughness) can be achieved 
through the judicious use of discontinu- 
ous, elastic second phases. The 
toughening results from bridging of the 
crack surfaces behind the crack tip by 
a strong reinforcing phase that im- 
poses a closure force on the crack. 
This c rack -  br idg i  ng toughening 
process is often supplemented by 
a contribution due to pullout of the re- 
infor~ement.~,'~-'~ The extent of pullout 
(i.e., the pullout length) in the case of 
discontinuous, elastic reinforcing 
phases may be quite limited (e.g. 
whisker reinforcement) because of 
both the short length of such phases 
and the fact that the extent of the inter- 
facial bonding and the magnitude of 
the interfacial clamping stresses can 
minimize pullout. However, pullout can- 
not be ignored because even short 
pullout lengths will contribute to the 
toughness achieved, as we shall show 
later. Crack deflection by such re- 
inforcements has also been suggested 
to contribute to the fracture resistance. 
Often, out-of-plane (other than Mode I) 
crack deflections are limited in dis- 
tance and angle as they progress 
away from the original Mode I crack- 
plane projection. In the case of fine- 
grained (1 to 2 pm) alumina reinforced 
with whiskers, crack deflections are on 
the scale of the grain size. Instead, 
crack deflection in many of these sys- 
tems is associated with a reinforce- 
ment-matrix interface-debonding 
process. Such interfacial debonding is 
important in achieving both crack 
bridging (bridging by elastic ligaments 
that are partially debonded from the 
matrix) and subsequent pullout of the 
reinforcing phase. 

As we will show, elastic bridging 
ligaments (e.g., whiskers, platelets, 
grains) contribute significantly to the 
fracture toughness, as does pullout 
(e.g., matrix grain bridging, whisker 
pullout). In the next section we will first 
concentrate on crack bridging as a 
toughening process and the parame- 
ters affecting the magnitude of the 
toughening contribution and then simi- 
larly address the pullout contribution 
citing the observations on whisker- 
reinforced ceramics. Then we will con- 
sider how these toughening processes 
can be extended to other types of re- 
inforcements to obtain similar toughen- 
ing behavior. 

(7) Analysis of Toughening by 
Discontinuous Elastic 
Reinforcements 

We consider now the toughening 

contribution due to crack bridging by 
various elastic reinforcing phases 
where the reinforcement is partially 
debonded and bridges the crack sur- 
faces. This process effectively pins the 
crack surfaces together, thereby 
increasing the resistance to crack ex- 
tension. In an earlier paperg the tough- 
ening response for whisker-reinforced 
ceramics was described by character- 
izing the stress-intensity difference as- 
sociated with a bridging zone of a 
given length. Here we consider the en- 
ergy dissipation by bridging processes; 
note that the results are quite similar. 
In the present discussion we address 
crack bridging (elastic and frictional) 
associated with partially debonded re- 
inforcements as well as pullout of the 
reinforcements. Based on the energy 
dissipation/energy balance approach, 
the crack-bridging contribution to the 
toughness is 

KE=[Ec(Jm+AJcb)]112=( ECJc)"' (14 

KT"c= (ErnJrn) 'I2 

where KE is the overall toughness of 
the composite and EC IS Young's modu- 
lus of the composite. Here we use the 
terms AJcb and J" to define energy 
change associated with the bridging 
process and with crack extension in 
the matrix, respectively. These quanti- 
ties are determined using the J-integral 
approach. The J" term is the sum of 
terms Jo, the component due to bond 
rupture in the matrix, and AJ", the 
contribution of other matrix terms (dis- 
cussed later). In the case of glasses 
and elastic cleavage of single crystals, 
J"=Jo, which is equal to 2y0, the in- 
trinsic fracture surface energy. 

Table II. Fracture Toughness Values for Various Ceramic Materials* 
Fracture tou hness 

Material' G ( m ) *  (MPa. 

Alumina 

Alumina + 20 vol% Sic whiskers 
Alumina + 20 vol% TZP (1 mol% yttria)' 
Alumina + 40 vol% TZP (12 mol% ceria)' 
Polycrystalline cubic zirconia 
TZP (12 mol% cerial' 
TZP (2 mol% yttria)$ 
TZP (2 mol% vttria? 
PSZ (9 mol% magnesia) 

Silicon nitride, equiaxed grains 
Silicon nitride, elongated grains 
Silicon carbide, densification 

Silicon carbide, densification 

Silicon carbide + 25 vol% 

with increasing precipitate size' 

additive -alumina 

additive-boron and carbon 

titanium carbide 

1-2 
10-12 
1-2 
2 
2 

-50 
4-6 
1.5 
0.5 

50 

2-3 
-47 

2 

5-7 

2.5 

2.5-3 
4.5 
8-1 0 
8 

13 
3 

15-1 8 
12 
7 
8-1 6 

4 
10 
3.5-4.0 

2.5-3 .O 

6 

*Values determined at room temperature in author's laboratory using precracked (3- to 5-mm precrack 
length) applied-moment double-cantilever-beam specimen. TZP is polycrystalline tetragonal zirconia, PSZ is 
partially stabilized zirconia. *G represents average grain size of equiaxed polycrystalline matrix phase. 
Toughness values are quite sensitive to test temperature. "Diameter of grain. 
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Fig. 1. Crack bridging by discontinuous 
brittle reinforcing phases imposes a closure 
or bridging stress in the wake of the crack 
tip and enhances the fracture resistance of 
the brittle matrix. 

Reinforcing phase 

Fig. 2. Crack-opening displacement asso- 
ciated with the bridging zone is related to 
the tensile displacement in elastic bridging 
ligaments in the absence of interfacial fric- 
tion. At the end of the bridging zone, the 
maximum crack opening is equivalent to the 
displacement in the ligament corresponding 
to its fracture stress. 

(A) Bridging by Partially Debonded 
Reinforcement: The energy change 
associated with the bridging process 
can be shown to be a function of the 
bridging stress/traction, Tu, and the 
crack-opening displacement, u, and is 
defined as 

AJCb = joumax T, du 

where urnax is the displacement at the 
end of the zone" (Fig. 1). If the re- 
inforcement-matrix interface does not 
debond and the crack front moves 
past the reinforcement, the crack- 
opening displacement will be limited by 
the elastic displacement in the re- 
inforcement across the crack surfaces. 
In the absence of interfacial debond- 
ing, this is extremely small and is 
limited by Young's modulus of the re- 
inforcement (the smaller the Young's 
modulus of the reinforcement the 
greater the displacement). The lack of 
debonding also causes the stress 
imposed on the reinforcement to reach 
its fracture strength immediately behind 
the crack tip, where u is extremely 
small. Even with ultra-high-strength re- 
inforcements, the toughening effects 
are small. 

When interfacial debonding occurs, 
the stress and resultant strain imposed 
on the bridging reinforcement is no 
longer localized to the region between 
the main crack surfaces. As a result, 
greater crack-opening displacements 
are achieved within the bridging zone, 
yielding larger toughening effects. 
When there is no interfacial friction and 
the bridging stress increases linearly 
from zero at the crack tip to a maxi- 
mum at the end of the bridging zone 
(and immediately decreases to zero, 
see Fig. l), Eq. (2) can be simplified to 
Tmaxumax/2. For the simplest case, the 
maximum closure stress, T,,,, im- 
posed by the reinforcing ligaments in 
the crack-tip wake, is the product of 
the fracture strength of the ligaments, 
CT; and the areal fraction of ligaments 
intercepting the crack plane, A"/: 

T ~ , ~ = ~ ; A ~ I =  u;ve/ (3) 

where Ae' can be approximated by the 
volume fraction, Ve', for ligaments that 
have large aspect ratios (e.g., l l r r 30  for 
whiskers). For a composite where the 
reinforcements are uniaxially aligned 
normal to the crack plane, Ve' will equal 
the volume fraction of reinforcements 
added. For most reinforced com- 
posites, the reinforcing phase exhibits 
some degree of random orientation. 
There is no model at present to deal 
satisfactorily with this phenomenon. In- 
stead, we must use experimental ob- 
servations to determine the fraction of 
reinforcements contributing to the 
crack-bridging and pullout processes. 

Although this may cause some con- 
cern, the fact that the reinforcements 
have some degree of random orienta- 
tion means that the mechanical prop- 
erties will be less variable with regard 
to orientation of the stress axis. 

In the case of partially debonded 
bridging ligaments, the maximum 
crack-opening displacement at the end 
of the bridging zone, urnax, is equivalent 
to the tensile displacement within the 
debonded section of the ligament span- 
ning the crack at this point. This means 
that the maximum crack opening 

Umax=Ei ldb (4) 

is limited by the strain to failure of 
the ligament, E;, and the debonded 
length of the matrix-ligament interface, 
/ d b  (Fig. 2) .  The strain to failure of 
the partially debonded ligament, 

E; = a;/ E' (5) 

is a function of the strength, CT;, and 
Young's modulus of the reinforcing 
phase, E'. Next, the interfacial debond 
length can be shown to depend on the 
fracture criteria for the reinforcing 
phase versus that of the interface and 
can be defined in terms of either frac- 
ture stress or fracture energy. The 
analysis of Budiansky et a/." defines 
the critical debond length for debond- 
ing initiated just ahead of the main 
crack tip as 

/db=ryi/6yl (6) 

where yi/y'  represents the ratio of the 
fracture energy of the bridging ligament 
to that of the reinforcement-matrix 
interface, and r is the radius of the 
bridging ligament. This definition of the 
debond length likely describes only 
the initial debond length. If the inter- 
facial failure criterion (fracture energy 
or stress) is relatively low, we would 
not be surprised to see the interfacial 
cracks grow (Mode II) because of 
stresses on the bridging reinforce- 
ments in the crack-tip wake. Evidence 
for interfacial debonding is noted in 
Fig. 3, where debonding of Sic-whisker 
interfaces is observed. 

In the absence of interfacial friction, 
crack bridging by the elastic "stretch- 
ing" of bridging ligaments which are 
partially debonded then dissipates en- 
ergy to the extent 

(7) 

where /db is defined by ry'/6y1. 
Again, the previous analysis consid- 

ered that there is no interfacial frictional 
interaction between the partially 
debonded reinforcement and the ma- 
trix. This would be appropriate, for ex- 
ample, when the thermal-expansion 
coefficient of the matrix, a,, IS less 
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than that of reinforcing phase, a/ .  
When frictional forces are imposed 

along the debonded interface, e.g., 
arn>aI, the previous analysis must be 
modified as noted in Refs. 7(c), 7(d), 
and 9. Here we address the case 
where the frictional shear resistance, 
r , ,  is constant along the partially 
debonded interface. The stress on the 
partially debonded whisker is no longer 
constant along its length (debonding 
per Fig. 2)  but decays from a maxi- 
mum at the point where the reinforce- 
ment exits the crack surface (y=O) to 
zero at the end of the debond (y= /db) .  

Thus, the stress in the reinforcement is 

and has a maximum value of 

+--- a d b 7 i  

r 

at y=O,  the crack surface. Conse- 
quently, the tensile displacement in the 
bridging reinforcement and the crack- 
opening displacement, u (Eqs. (4) and 
(5)), are altered: 

The term urnax can also be obtained by 
integrating over the range of stress 
acting on the whisker: 

For the case of elastic stretching of 
a partially debonded reinforcement 
subject to interfacial friction (7, is con- 
stant), the energy consumption is 

(W 
where the expression for du is obtained 
from Eq. (9a), which yields 

where again Afb can be approximated 
by Vfb for long, aligned reinforcements. 

From Eqs. (4) and (9b), we note that 
the tensile strain displacement achieved 
in the bridging reinforcement and, 
hence, the maximum crack-opening 
displacement at the end of the bridging 
zone increase as the debonded length 
or gauge length of the reinforcing liga- 
ment increases. Consideration of 
Eqs. (5), (6), and (8b) illustrates the im- 
portance of increasing the reinforcing 
phase strength and/or enhancing inter- 

face debonding to achieve greater ten- 
sile displacement within the reinforcing 
ligament. Ultimately, we can show from 
Eq. (2) (or the specific forms, Eqs. (7) 
and (10)) that increases in the crack- 
opening displacement supported by 
the bridging zone will enhance the 
fracture resistance achieved by such 
reinforcements, again emphasizing the 
importance of interfacial debonding in 
the toughening response. 

The resultant fracture toughness of a 
composite due to elastic stretching of 
a partially debonded reinforcing phase 
in the crack-tip wake with no interfacial 
friction is 

where / d b  is described by ry ' /6y1 . '8  
When elastic stretching of a partially 
debonded reinforcement includes a 
frictional component at the interfaces, 
the toughness becomes 

Fig. 3. Debonded whisker-matrix interfaces are associated with whisker bridging in the re- 
gion immediately behind the crack tip in a polycrystalline alumina matrix. lmages obtained by 
scanning electron microscopy of flexure bar containing indentation cracks propagated in four- 
point loading. 
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where / d b  now equals ru\/2r, , The over- 
all toughness of the composite then in- 
cludes both the specific bridging 
contribution from the reinforcing phase 
(Eqs. (7) and (lob)) and the fracture 
resistance of the matrix per discussion 
of Eq. (1). As Eqs. (lla) and (llb) imply, 
all the parameters contributing to the 
toughness must be accounted for and 
taken advantage of in the development 
of toughened ceramics and com- 
posites. For example, we cannot as- 
sume that every whisker will provide 
significant toughening effect or that the 
same whisker will work equally well in 
all matrices, as reflected by the need 
to control the diameter and strength of 
the whiskers. 

(B) Pullout: When pullout accom- 
panies frictional bridging, additional 
strain energy must be supplied to ad- 
vance the crack. The energy consump- 
tion due to pullout is determined using 
Eq. (2) as a starting point. The crack 
opening associated with pullout is 
equal to uhm (at the point behind the 
crack tip where the reinforcement is to- 
tally extracted from the matrix) minus 
urnax (the crack opening at the end of 
the frictional bridging zone). However, 
for most observations of discontinuous 
reinforcements, u,!,,&>umaX. The declin- 
ing pullout bridging stress with in- 
crease in crack opening (Fig. 1) can 
be described as 

Tu= Trnax( 1 -uluhar) (12) 

with the proviso that u,Aax-urnax ap- 
proaches u&,. The maximum bridging 
stress (Trna,=Apou~) is a function of the 
interfacial frictional shear resistance 
defined in Eq. (8b). uh has a peak 
value at the point where the reinforce- 
ment exits the crack surface (y=O, 
Fig. 2). To obtain pullout, the reinforce- 
ment must fracture at a position y>O. 
The pullout length I,,, is then generally 
less than /db and is a function of the 
defects and stress concentrations in 
the reinforcing ligament. The axial 
stress due to reinforcement pullout is 

(13) 

Assuming a linear decay in the pullout 
stress-displacement response and 
substituting Eq. (13) into Eqs. (12) and 
(2), the pullout contribution to the en- 
ergy consumption process is 

AKP"=(€CPPO~, r)1121po/r (14b) 

where A"" represents the areal fraction 
of pullouts and /,oxrr/ 127, . Again, for 

reinforcing phases with large aspect 
ratios, the volume fraction of pullouts, 
Vpo, closely approximates A"". 

Using Eqs. ( 1 4 )  and (lob), we can 
determine the relative contributions ob- 
tained from pullout versus that from 
frictional bridging: 

where the ratios I P o / r ,  / p o / l d b 3  and 
Vpo/Vfb' have strong influences. 

(2) Toughening Response with 
Bridging Whiskers 

Before proceeding further, let us ex- 
amine an example of the toughening 
response in ceramics reinforced with 
discontinuous elastic SIC whiskers. In 
Sic-whisker-reinforced alumina, the ob- 
served upper limit value of Ip0/r is -4, 
and the calculated value of r, (=PO,, 
where p is the coefficient of friction 
(-0.25) and crr is the radial thermal- 
expansion mismatch stress (-1 GPa) 
(Ref. 19) imposed on the interface) is 
-250 MPa. Using a whisker strength of 
8 GPa," and assuming reasonable val- 
ues of VP0/Vfb' (0.25) and the average 
of the l p o / / d b  ratios (0 .25) ,  A J p " +  
AJfb' is found to be 2.5AJfb'. This term 
then can be substituted for the AJcb 
term in Eq. (lb) to determine the con- 
tributions from both frictional bridging 
and pullout for Sic-whisker-reinforced 
aluminas (see next section). Note that 
/& can be defined for the frictional 
debonded interface case using Eq. 
(8b) with ab=u: . Then, using the 
above values for T,, CT;, and E', /db is 
calculated to be approximately 6.5 
pm. The ratio /p , / /db (0.25) is consis- 
tent with the observed Ipo/r ratio of -4, 
i .e. ,  /,,=0.25(6.5 pm)=4(0.4 pm) ,  
respectively. 

Similar evaluations of the relative 
contribution of pullout can be made for 
other composite systems using Eq. (12) 
and experimental observations. For in- 
stance, Sic-whisker-reinforced mullite 
and soda-lime-glass-matrix compos- 
ites have thermal-expansion coeffi- 
cients which are comparable with that 
of Sic. Thus, T, decreases; this cou- 
pled with the observed decrease in the 
IP0 / r  ratio indicates that the pullout 
contributions are markedly diminished 
in these two particular systems as 
compared with the alumina-based 
composite. Evaluation of these sys- 
tems suggests that AJPD + AJfb=l,lAJfb 
for the mullite system and AJpo + A J b =  
A J f b  for the soda-lime-glass-matrix 
composite based on the observation 
of the pullout parameters. 

The frictional bridging versus pullout 
behaviors predicted are, of course, in- 
fluenced markedly by the whisker 
strength and interfacial shear stress 
values. Although measurement of these 
two properties are, at best, difficult, we 
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can use experimental observations of 
interfacial debond lengths, pullout 
lengths, and the residual stresses im- 
posed on the whiskers to make rational 
choices of these properties. This ap- 
proach leads to the evaluation of the 
contribution of pullout as compared to 
frictional bridging. These evaluations of 
the relative contribution of pullout ver- 
sus frictional bridging are quite useful 
because they provide a means to (1) 
describe the "toughening" effects 
derived from these two mechanisms 
and (2) indicate how a transition from 
the absence of pullout to extensive 
pullout (or vice versa) can significantly 
alter the fracture resistance of the 
composite. 

The experimental fracture toughness 
results obtained in Sic-whisker-  
reinforced ceramics (Fig. 4) support 
the salient features of the models for 
frictional bridging and pullout as shown 
by a comparison of the experimental 
data with predicted curves. Here the 
predictions are based on analysis of 
the pullout of frictional bridging contri- 
butions (Eq. (15)) described in the pre- 
vious paragraph. With this in mind, the 
toughening due to friction and pullout is 
calculated based on Eqs. (llb), (14b), 
and (15). 

The results in Fig. 4 reveal several 
important features. First, both frictional 
bridging and pullout of the whisker re- 
inforcement contribute to the fracture 
resistance as shown by comparing the 
predicted curves with the experimental 
results. This is particularly evident for 
the alumina composites, where fric- 
tional bridging based on Eq. (llb) ac- 
counts for a significant portion, but not 
all, of the toughening. However, it is 
known that pullout occurs in this sys- 
tem, and the inclusion of a pullout 
component with frictional bridging pro- 
vides a good description of the ob- 
served behavior. This import  ant 
contribution of pullout is further high- 
lighted by the data for the alumina 
compos i te  us ing the same S i c  
whiskers which had been oxidized prior 
to composite fabrication. The tough- 
ness of this composite falls on the fric- 
tional bridging curve (Fig. 4) consistent 
with the observed diminished pullout 
contribution. 

Second, the fracture toughness due 
to bridging and pullout contribu- 
tions does increase with volume/areal 
content of the reinforcing phase as 
predicted. Third, the toughening contri- 
butions increase as the ratio of Young's 
modulus of the composite to that of 
the whisker increases. This is best il- 
lustrated here by the increase in tough- 
ness due to crack bridging (Eqs. (lla) 
and (1%)) with increase in fc at a given 
whisker content. For these examples, 
E" values increase according to the 
rule of mixtures (EC=E"(1-V,)+€"Vf ); 
thus, at a constant volume fraction of 

whiskers, E" increases in the order 
from glass (Em=80 GPa) to mullite 
(€"'=210 GPa) to  alumina ( E m =  
400 GPa) versus Sic (€w=500 GPa). 
This then contributes to the increase in 
frictional bridging contribution for alu- 
mina versus mullite versus glass at any 
given whisker content. 

Earlier experimental observationsg 
show that the frictional-bridging and the 
pullout-toughening contribution from the 
whiskers increases as r (the whisker ra- 
dius) increases, as predicted by Eqs. 
(llb) and (14b). For example, the tough- 
ness of alumina composites containing 
20 vol% Sic whiskers increases from 
-6.5 to -9 to -12 MPa.m"' when the 
mean diameter of the SIC whiskers in- 
creased from 0.3 to 0.75 to -1.5 pm, 
respectively. 

(3)  Role of Material Properties and 
Characteristics 

The model of the toughness contri- 
bution due to bridging by discontinu- 
ous, br i t t le reinforcing ligaments 
provides a very useful means of de- 
signing such composites and analyz- 
ing their response, as shown by the 
observations for whisker-reinforced ce- 
ramics and glasses (Fig. 4). In addi- 

0 I0 20 30 40 

~ ~ C ~ w h i s k e r  content (volo/o) 

Fig. 4. Toughening contributions obtained by crack-bridging proc- 
esses yield substantially increased fracture toughness. Curves rep- 
resent the behavior predicted for frictional bridging, AKfb, and the 
combined effects of frictional bridging plus pullout, AKpo, for alumina-, 
mullite-, and glass-matrix composites. Solid symbols indicate experi- 
mental data obtained with as-received 0.8-pm-diameter Sic 
whiskers; open circle is that for an alumina composite made with the 
same whiskers in a preoxidized condition. 
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tion, we can examine the effects of 
various characteristics on the tough- 
ness and consider what features may 
limit the toughness. The model also 
emphasizes that certain requirements 
are placed on the properties of the 
reinforcing phase and the matrix- 
reinforcement interfaces. A brief exami- 
nation of some of the critical features 
is in order. 

Note from Eqs. (11) and (14b) that 
toughening from the discontinuous re- 
inforcement is greater when the matrix 
and reinforcing phase have compa- 
rable Young’s moduli, when the re- 
inforcing phase has very high fracture 
strength, and when the reinforcement 
content increases and i ts cross- 
sectional dimension (diameter) are 
large as discussed earlier. These fea- 
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Fig. 5. Thermat-expansion mismatch radial compressive stress acting on the whisker-matrix 
interface restricts interface debonding and pullout. (A) Thermal-expansion-mismatch strain 
fringes observed in matrix increase in number during cooling, reflecting an increase in mis- 
match and stress. (B) Analytical studies show that such stresses can be reduced by incorpo- 
rating proper interfacial fi~m/tayer.‘~ 

tures must be characterized (and not 
assumed) when developing com- 
posites. For example, examination of 
the whiskers would eliminate those that 
contain defects (e.g., large axial pores 
or large surface steps) which would 
be expected to reduce the whisker 
strength and pullout length. Other fac- 
tors must be considered also. For 
example, the maximum diameter of 
the reinforcing phase which can be 
used will be limited by the thermal- 
expansion-coefficient (a) mismatch be- 
tween the reinforcement and matrix. 
The larger thermal-expansion coeffi- 
cient of the alumina matrix versus the 
SIC whiskers, which have a polyhedral 
cross section, coupled with the high 
Young’s modulus of each, produces 
substantial axial (and hoop) tensile 
strains in the alumina, which increase 
with decreasing t e m p e r a t ~ r e ’ ~ ~ , ~ ’  
(Fig. 5(A)). (Note that, at low tempera- 
tures, the mismatch stress does not 
change significantly because of the 
decrease in mismatch in the thermal- 
expression coefficients.) Earlier studies 
show that larger diameter SIC particles 
cause matrix cracking during postfab- 
rication cooling and degrade the prop- 
erties of such composites.” This is 
consistent with the increase in the 
stress intensity associated with these 
residual stresses and the greater 
propensity for microcracking with in- 
crease in size of the Sic whiskers. 
Thus, the maximum reinforcement di- 
ameter used may well depend on the 
elastic and thermal-expansion proper- 
ties of the matrix versus those of the 
reinforcing phase. 

As noted earlier, debonding of the 
matrix-reinforcement interface during 
crack extension is one of the critical 
factors in such toughening processes. 
This occurs when the interfacial failure 
conditions are much less than those 
required to fracture the reinforcement. 
The formation of a debonded interface 
spreads the strain displacement im- 
posed on the bridging reinforcing liga- 
ment over a longer gauge section, 
generating a larger crack-opening dis- 
placement per unit of stress supported 
by the ligament. As a result, the bridg- 
ing traction/stress supported by the re- 
inforcement increases more slowly with 
distance behind the crack tip, and a 
longer bridging zone is developed be- 
hind the crack tip. The resultant in- 
crease in crack-opening displacement 
with distance behind the crack tip 
(Eqs. (4) to (6) and (9)) significantly 
enhances the fracture resistance/ 
toughness of the composite. The inter- 
facial debonding process and sub- 
sequent straining and pullout of the 
reinforcement can be affected by 
residual stress and whisker surface 
morphology. 

The mismatch in properties (as just 
noted) may be an important factor in 
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the choice of reinforcement-matrix 
combinations. However, this need not 
eliminate various combinations; i.e., the 
mismatch between alumina and the 
Sic whiskers is quite large, yet this is a 
very important example of toughening 
by discontinuous reinforcements. A key 
consideration, however, is that a very 
high radial compression (clamping) 
stress is imposed normal to the inter- 
face that may hinder interfacial de- 
bonding and pullout of debonded 
whiskers. If such expansion mismatch 
stresses could be reduced, pullout 
may be promoted. The analysis of 
Hsueh et a/.’3 of these mismatch 
stresses reveals that interfacial films or 
coatings can be incorporated to dimin- 
ish the radial compressive stress act- 
ing on the interface (Fig. 5(B)). For 
expansion mismatches similar to those 
in the Sic-whisker-reinforced alumina, 
an interfacial layer with a larger 
thermal-expansion coefficient and a 
low Young’s modulus is desired. X-ray 
studies of Sic-whisker-reinforced alu- 
mina by Predecki et a/.” confirm this 
effect using carbon coating on the 
whiskers to reduce mismatch stresses. 
Preliminary results indicate that the 
fracture toughness is indeed enhanced 
by the introduction of the carbon coat- 
ing. This improved toughening effect 
can be attributed to the reduced 
clamping stress imposed on the whis- 
kers; however, the coating may also re- 
duce the interfacial debonding stress 
and thus increase the toughness. 

In a similar manner, the pretreatment 
of the SIC whiskers noted earlier by the 
preoxidation of the whiskers can re- 
duce the fracture resistance. On the 
other hand, heat treatments of the Sic 
whiskers under reducing conditions, 
which tend to reduce the surface oxy- 
gen content and enhance the surface 
carbon content, yield whiskers which 
produce greater fracture toughness.’ 
Finally, another aspect that is deemed 
important is that the interface be rela- 
tively straight and smooth. Whiskers 
that have very corrugated surfaces 
with deep reentrant corners could re- 
sult in a mechanically interlocked 
(zigzagged) interface. Such interlock- 
ing interfaces are expected to be 
much more resistant to debonding. For 
example, studies of gold-glass inter- 
faces show that the Mode I fracture 
energy for interfacial cracks is reduced 
by an order of magnitude for a flat in- 
terface versus a mechanically inter- 
locked in ter fa~e. ‘~  In addition, such 
surface features could (1) act as stress 
concentrations and reduce the whisker 
strength and/or (2) limit pullout. 

(4) Crack Bridging by Other Brittle 
Reinforcements 

Discontinous brittle reinforcements 
of various geometries are found to im- 
part toughness to ceramics. These re- 

inforcements include second-phase 
 platelet^^^-^^ and el~ngated,‘”~’ plate- 
like,32 and/or large’4,33-36 matrix grains. 
Observations of the wake of the crack- 
tip region in these systems indicate 
that these reinforcements also bridge 
the crack. In this section we review 
some of the toughening effects ob- 
served in ceramics reinforced by such 
features. The influence of the matrix 
microstructure (e.g., both elongated 
and larger grains) is of particular inter- 
est because this also provides a 
means of modifying the matrix micro- 
structure to obtain additional toughen- 
ing as we shall show later. 

(A) Crack Bridging b y  Noncubic 
Matrix Grains: Size €ffects: In non- 
cubic ceramics, bridging ligaments are 
often formed by matrix grains that are 
left intact behind the crack tip and 
thus provide for increased tough- 
ness,34-36 As noted in alumina ceram- 
ics, the toughness increases with 
increasing grain size33-36 up to a criti- 
cal grain size above which sponta- 
neous matrix microcracking and 
microcrack linkage degrades the 
toughness.33 This toughening behavior 
is analogous to that for the whisker re- 
inforcement described earlier and is 
analyzed here using a similar ap- 
proach; i.e., the additional energy con- 
sumed by the bridging zone is defined 
as the product of the bridging stress 
and crack-opening displacement. How- 
ever, the bridging stress supported by 
ligaments, formed possibly by micro- 
cracking along grain boundaries, can 
be shown to be the product of the fric- 
tional shear stress required to pull out 
each bridging grain, Tgb, times the 
fraction of bridging grains, Agb, as dis- 
cussed in a separate paper.35 Other 
types of matrix-bridging processes 
and their contribution to the fracture 
toughness have been discussed re- 
~ e n t l y . ~ ~  As we formulated earlier, the 
grain-bridging zone length is dictated 
by equating the crack-opening dis- 
placement at the end of the zone, u*, to 
that required to completely pull out the 
bridging grains. Assuming that one-half 
of the grains must be pulled out to dis- 
rupt a ligament, u* is equal to one-half 
the grain size, d, and the incremental 
increase in strain energy release rate 
due to grain bridging, AJgb, is 

The J” term in Eq. (Ib) then becomes 

J” =J” +Agbr,bd/2 ( W  

Substituting Eq. (16b) for the J” terms 
in Eq. (la) allows us to determine the 
fracture toughness effects due to grain 
size in noncubic composites. The 
model is consistent with experimental 
observations as noted in Fig. 6, where 
the experimental fracture toughness of 
unreinforced alumina (Vw=O%) is found 
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Fig. 6. Fracture toughness of alumina ce- 
ramics is enhanced by increase in the ma- 
trix grain size. Similar toughening effects 
due to grain size/grain bridging are ob- 
served in Sic-whisker-reinforced alumina. 
Substitution of Sic platelets results in 
toughening contribution which is cornpa- 
rable to that obtained with whiskers. 
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to increase with increase in the square 
root of the matrix grain size. 

(€3) Platelet and Rodlike Reinforce- 
ments: Matrix Grains and Second 
Phases: Other reinforcing-phase ge- 
ometries, aside from whiskers, can re- 
sult in crack-bridging phenomena and 
enhanced toughening effects. Earlier 
work on alumina ceramics has pro- 
duced microstructures that contained 
large (100 to 200 p m  across by 
-10 p m  thick) platelike alumina grains 
in a medium-sized (-5 pm), equiaxed, 
grained matrix.3* These materials have 
excellent thermal-shock resistance; in 
fact, their thermal-shock resistance is 
much greater than that of any of the 
varieties of ceramics tested, including 
zirconias, various other oxides, silicon 
nitrides, and aluminas with equiaxed 
grains. Further examination shows that 
samples containing -25 vol% of these 
large single-crystal alumina plates 
have fracture-toughness values of 
-7 MPa.m”‘. The large face dimen- 
sions of the platelike grains do reduce 
the strength of the material; thus, we 
must modify the plate size to optimize 
strength and toughness. On the other 
hand, aluminas with only the -5-pm- 
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Fig. 7. Fracture toughness of self-reinforced silicon nitride can be increased in the presence of 
elongated grains. (A) Data from H. Okamoto and T. Kawashima3’ illustrate the increase in 
toughness with increase in diameter of the elongated grains. (6 )  Toughening is associated with 
crack bridging and pullout of the elongated matrix grains (H.T. Lin3’). 

equiaxed grains have toughness values 
of only 4 to 4.5 MPam”*. Microscopy 
observation of the aluminas containing 
the platelike grains reveal that cracks 
deflected along the interface between 
the matrix and the large platelike 
grains. This produces plates that 
bridge the main crack and contribute 
to the high toughness in much the 
same manner as do Sic whiskers. 

We can perceive that the logical ex- 
tension is to consider whether or not 
crack bridging by second-phase 
platelets contributes to fracture tough- 
ness. Work by Hori et aLZ5 reveals that 
composites composed of an equiaxed 
polycrystalline matrix of titania with 
dispersed alumina platelets exhibit an 
increase in fracture resistance. Specifi- 
cally, this work shows that, under con- 
ditions where the platelet dimensions 
remain fairly constant, the toughness 
increases with increasing platelet con- 
tent leading to nearly a threefold 
increase with 30 vol% of alumina 
platelets. In our own studies, alumina 
has also been found to be toughened 
by the addition of Sic platelets.z6 An 
example is seen in Fig. 6, which re- 
veals that, for a comparable matrix 
grain size, the particular SIC plateletst 
used yield an increase in fracture 
toughness that is similar to that 
achieved with SIC whiskers. Micros- 
copy observations of these com- 
posites show that crack bridging by 
the reinforcement is again occurring. 

Perhaps one of the most intriguing 
areas is the reinforcement of silicon ni- 
tride‘8-30 and SiA10N3’ ceramics by the 
in situ growth of elongated or whisker- 
like grains. Numerous experimental 
results reveal that this is also a po- 
tent toughening approach resulting 
in toughness values in excess of 
10 MPa.m”‘ in the silicon nitride 
ceramics. Such materials have been 
labeled as self-reinforced, and, from 
the crack observations of Li and 
Yamanis,*’ crack bridging by these 
elongated grains contributes to the im- 
proved toughness. Sufficient additional 
experimental results exist for us to 
begin to test how well the current 
crack-bridging models describe the 
toughening effects of such elongated 
grains. 

show 
that the toughening contribution from 
crack bridging increases with increase 
in volume content of the elongated 
grains. More recent observations also 
reveal that the bridgihg contribution 
increases with increase in the cross- 
sectional dimension of the elongated 
grains (Fig. 7). In fact, these authors 
have shown that KC is proportional 
to the square root of the diameter of 
the elongated grains,38 which is in excel- 

The results of Tajima et 

+Superfine grade SIC platelets, C-Axis Technol- 
ogy, Clark Summit, PA. 
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lent agreement with the behavior pre- 
dicted for crack-bridging processes by 
Eqs. (8), (lla), (llb), and (14b). These 
diverse sources of observations sup- 
port crack bridging by the elongated 
grains as an important toughening proc- 
ess in these silicon nitride ceramics 
(Fig. 7). As shown in Fig. I these self- 
reinforced silicon nitrides exhibit excel- 
lent fracture strengths as well. 

(5 )  Coupled-Toughening 
Responses 

An area of remarkable potential is 
the coupling of two or more toughening 
mechanisms within the same com- 
posite. The possibility exists to design 
ceramic composites with discontinu- 
ous reinforcing phases to achieve frac- 
ture toughness values in excess 
of 10 MPa.m’”, i.e., approaching 
20 MPa.m’”. From the foregoing dis- 
cussions, it is apparent that second- 
phase re in forcements,  such as 
whiskers and platelets, combined with 
matrix microstructural tailoring may 
offer such potential. In addition, re- 
inforcement by a discontinuous second 
phase could be combined with trans- 
formation toughening. Each of these 
is briefly considered in the following 
sections. 

(A) Whisker Reinforcement Coupled 
with Matrix Grain Bridging: As dis- 
cussed earlier, the fracture resistance 
of ceramics, especially noncubic ce- 
ramics, increases with increase in the 
grain size as a result of grain bridg- 
ing 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 
matr ix toughness (especial ly in 
the case of noncubic matrices), and 
the whisker-reinforcement contribu- 
ti0r-1.~~ For a simple additive combina- 
tion of these toughening processes in 
Eq. (lb), the overall composite tough- 
ness is 

K&=[EC(J+AJgb+AJwq]’” (174 

where AJgb is the energy consumed by 
matrix grain bridging (Eq. (I&)), AJ”’ 
includes whisker bridging and pullout 
contributions, and J” is the energy 
consumption by lattice bond rupture. 
Substitution of Eq. (16b) into Eq. (17a) 
describes the combined toughness: 

K k  = [(J” + Vgb7,bd/2 + AJw3Ec] ’I2 (1 7b) 

This coupled-toughening behavior is 
observed in Sic-whisker-reinforced alu- 
minas (Fig. 6). The matrix microstruc- 
ture can be readily modified using 
multiple toughening mechanisms to fur- 
ther enhance the fracture toughness of 
a com-posite by increasing the matrix 
grain size. Thus we must develop/opti- 
mize those parameters controlling the 
whis-ker reinforcement and matrix 

micro-structural toughening contribu- 
tion to take full advantage of these 
materials. 

Because of the crack-bridging tough- 
ening contribution from the elongated 
matrix grains in silicon nitrides, we 
might expect that reinforcement with 
Sic whiskers could be combined with 
that from the elongated matrix grains 
to further enhance the toughness. This 
appears to be the case. Let us recon- 
sider the data by Shalek ef which 
indicate that a hot-pressed, fine- 
grained silicon nitride can be tough- 
ened by the addition of SIC whiskers 
(Fig. 8) in a manner predicted by 
Eqs. (7), (llb), and/or (14b). In these 
cases, lower processing temperatures 
appear to generate a fine-grained 
matrix, whereas high temperatures 
produce elongated matrix grains and 
higher toughness. Combined with this 
is the fact that, with an increase in 
whisker content, it becomes more diffi- 
cult to generate the elongated matrix 
grains (whiskers can be effective 
grain-growth inhibitors). Thus, although 
we can combine toughening due to the 
elongated matrix grains and the 
whiskers, greater variability in the frac- 
ture toughness may be achieved as 
the whisker content is increased in 
these self-reinforced silicon nitrides 
(Fig. 8). Recent studies of Chu and 
Singh4’ further illustrate the important 
contribution of the presence of the 
elongated matrix grains in promoting 
the toughness of whisker-reinforced sili- 
con nitride composites. 

(6) Whisker Reinforcement Plus 
Transformation Toughening: The frac- 
ture toughness, K c ,  of tetragonal 
zirconia-toughened composites can be 
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Fig. 8. Fracture toughness of silicon nitride ceramics reinforced 
with Sic  whiskers is dependent on the silicon nitride matrix 
microstructure. A fine-grained matrix exhibits lower toughness than 
when elongated matrix grains are formed. Presence of SIC whiskers 
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266 Journal of the American Ceramic Society - Becher Vol. 74, No. 2 

described by 

K"= K" + A K ~  (1W 

AKJ=A(er)EcVrr~" (18b) 

where AKT is given by 

and defines the contribution associ- 
ated with the stress-induced transfor- 
mation of tetragonal-zirconia particles 
or grains. In Eq. (18b), A is a constant 
related to the stress state, eT is the 
transformation strain, and VT is the vol- 
ume fraction of zirconia that actually 
transforms. As shown here, AKr is pro- 
portional to the transformation zone 
size, (rT)l'z.''a However, using a small- 
scale yielding criteria, we can show 
that the magnitude of r T  is dependent 
upon the ratio of the matrix toughness 
to the critical transformation stress, 
C T ~ ,  required to transform the tetragonal 
zirconia (~K" ' /V: ) . ' ' " ,~~ This simply 
means that, the greater the resistance 
of the matrix to fracture, the greater 
the distance away from the crack 
where the stress is sufficient to trans- 
form the tetragonal zirconia. Thus, in a 
composite matrix containing tetragonal 
zirconia, increasing the matrix tough- 
ness raises the toughness of the com- 
posite in two steps: first, by simply 
enhancing the matrix toughness 
(Eq. (la)), and, second, by the trans- 
formation-toughening contribution 
(Eq. (18b)) where f p K m .  

If we use the preceding approaches 
to toughen the matrix in combination 
with transformation toughening, a syn- 
ergistic toughening effect should be 
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Fig. 9. Greater fracture resistance can be achieved via coupled- 
toughening effects, combining whisker reinforcement with zirconia 
toughening in a ceramics matrix Whisker reinforcement and transfor- 
mation toughening associated with the dispersed tetragonal-zirconia 
particles were combined to raise the toughness of mullite by more 
than fivefold 

possible. Earlier show that 
combining transformation toughening 
with reinforcement by a discontinuous 
second phase can result in a toughen- 
ing response that is larger than simply 
additive. To illustrate this, mullite com- 
posites containing reinforcing Sic 
whiskers with and without dispersed 
zirconia particles were evaluated. All 
samples were tested at 800°C because 
samples could be treated to produce 
either monoclinic-zirconia or tetragonal- 
zirconia particles. The tetragonal- 
z i r con ia  p a r t i c l e s  in th i s  case  
spontaneously transformed from the 
tetragonal to the monoclinic phase on 
cooling to -750"C, the M, tempera- 
ture. On heating, all monoclinic parti- 
cles converted to the tetragonal phase 
at -1050°C. Thus, at 800"C, which is 
only slightly above the M, temperature, 
it is quite easy to transform tetragonal 
zirconia; i.e., C T ~  is small, and strong 
transformation-toughening effects oc- 
cur when these particular zirconia par- 
ticles are in the tetragonal phase.43 
This is illustrated for results obtained 
at 800°C in Fig. 9, which shows that 
mullite reinforced with 20 vol% Sic 
whiskers is toughened by a factor of 
-2 times that of the unreinforced mull- 
ite. At this same test temperature, the 
addition of monoclinic-zirconia parti- 
cles to the whisker-reinforced mullite 
produces a composite with a tough- 
ness that is approximately 3.5-fold that 
of m ~ l l i t e . ~ ~  The combined effects of 
whisker reinforcement and monoclinik 
zirconia here are simply additive 
(Fig. 9). However, when the same vol- 
ume percent of zirconia particles are in 
the tetragonal phase, the combined 
toughening results in a much greater 
toughening effect (e.g., fivefold to 5.5- 
fold increase in toughness) (Fig. 9). 
Similar strong toughening effects have 
been described by Claussen et a/.'4 
These findings confirm the strong 
coupled-toughening behavior predicted 
by Eq. (18) and suggest continuing ef- 
forts to improve the transformation- 
toughening response by the addition of 
reinforcing phases. 

Based on earlier studies of transfor- 
mation-toughened  ceramic^,^' the 
toughness of these types of compos- 
ites are a function of the test tempera- 
ture when transformation toughening 
occurs. The extent of the transforma- 
tion-toughening contribution is also de- 
termined by the alloy content, volume 
content, and size of the transformable 
zirconia particles. The latter factors 
also indicate that processing of such 
composites requires careful selection 
of compositions and advanced proc- 
essing technology to achieve the de- 
sired microstructures. However, a mul- 
tiple toughening mechanism approach 
provides a means of obtaining sub- 
stantial additional increases in fracture 
resistance. 
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111. Concluding Remarks 
Over the years considerable effort 

has been expended by the ceramics 
community to develop processing ap- 
proaches leading to dense, very fine 
equiaxed grained, single-phase (where 
possible), polycrystalline ceramics with 
minimum defect sizes and minimum 
defect-size distributions. The goal has 
been the development of ceramics with 
improved fracture strengths; in fact, 
some still wish to produce ceramics 
with strength in excess of 1 GPa in this 
manner. As Lange* observes, the proc- 
essing must control the source of all 
potential defects. In fact, it is not clear 
that ultrahigh strengths are needed for 
a great majority of the current and fu- 
ture applications of ceramics. We are 
more concerned with the mechanical 
reliability of ceramics. High initial 
strength is not a solution if the material 
is readily degraded as a result of serv- 
ice conditions. We must also look for 
approaches to overcome the low frac- 
ture toughness of ceramics if we are to 
avoid damage and attendant loss of 
strength. 

As discussed here, we now need to 
readdress microstructural design of 
structural ceramics (e.g., materials with 
high fracture toughness and useful 
strength) to take advantage of tough- 
ening by crack-bridging processes. We 
see from earlier discussions that the 
incorporation of discontinuous, elastic 
reinforcing phases (e.g., whiskers, 
platelets) promotes crack-bridging 
processes and achieves significant 
toughening. However, this approach 
also requires at tent ion to  those 
parameters (e.g., interfacial structure 
and properties, reinforcement strength, 
morphology, size, and mismatch be- 
tween matrix and reinforcement) that 
control the toughening contribution. In 
addition to examples already cited, we 
note, for example, that not all whiskers 
are the same in terms of defects and 
strength, which limits the toughening 
contribution. Similarly, smooth whisker 
surfaces are beneficial in the interfacial 
debonding required for the crack- 
bridging contribution to toughening. 

However, the design of toughened 
ceramics must, where possible, seek 
to optimize the matrix microstructure 
when grain shape and size can be 
used to obtain greater fracture resist- 
ance by crack bridging. Matrix micro- 
structural design is, perhaps, best 
illustrated by the self-reinforced silicon 
nitrides where large elongated grains 
can contribute to both high fracture 
strength and high fracture toughness. 
Another classic example is the alumi- 
nas with larger grains (either “equiaxed” 
or platelike) which have high tough- 
ness. However, we are reminded that 
the incorporation of large matrix 
grains, second-phase platelets, and 
datelike matrix wain structures to 

toughen the ceramics can result in 
lower strengths. Toughening by large 
grains and platelets is based on the 
ease of interfacial debonding. The 
large two-dimensional platelet or grain 
surfaces could also readily act as 
flaws. This simply means that we must 
be prepared to make some trade-offs 
in platelet dimensions in designing for 
strength and/or toughness. In an in- 
stance where high strength was not 
needed but high damage resistance 
due to thermal shock was needed, alu- 
minas toughened by the incorporation 
of platelet alumina grains readily met 
the service requirements. The trade- 
offs in grain size in noncubic ceramics 
(e.g., aluminas) offer an option to opti- 
mize the overall or specific mechanical 
properties rather than limiting these 
properties. 

Combining various toughening proc- 
esses, e.g., matrix with reinforcement 
bridging or reinforcement bridging with 
transformation toughening, offers the 
opportunity to develop very tough (10 
to 20 MPa.m’”) ceramic composites. 
We will be remiss if these combined 
toughening processes are not used. 
From even these limited considera- 
tions, we can see that there is tre- 
mendous potential for enhancing the 
mechanical performance of ceramics 
by such microstructural design ap- 
proaches. Again, attention to a variety 
of microstructural and phase proper- 
ties will be required, but herein lies the 
opportunity to develop toughened ce- 
ramics. With these opportunities come 
challenges to the processing and ma- 
terials design communities. 
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