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Summary 

One of the primary paci ng items fo r rea liz ing the full poten
tial of ceramic-based structural components is the development 
of new design methods and protocols. This article focuses on the 
low-temperature, fast-fracture analysis of monolithic , whisker
toughened , laminated , and woven ceramic composites. A 
number of des ign models and criteri a are highlighted . Public 
domain computer algorithms, which aid engineers in predicting 
the fa t-fracture rel iabi lity of structural components, are 
mentioned. Emphasis is not placed on eva luating the models 
but instead is focused on the issues relevant to the current state 
of the art . 

Introduction 

Structura l ceramic components are being considered for a 
broad range of practical appli cati ons. Moti vation has emerged 
from innovative high-technology industries that inc lude aero
space , automotive, energy production, and mic roelectron ics. 
As a resu lt , current computational structural mechanics 
methods have to evolve to keep pace with these new technology 
initiatives. Noor (ref. 46) points out that developments in thi s 
field of mechan ics a re driven by the need for improved 
producti vity and cost-effective sy tems. He also notes that one 
of the pri mary pacing items is the prediction and analysis of 
fa ilure in structural components manufactured from new 
material s. Thus, realiz ing the full potential of ceramic-based 
material s requires the development of advanced structural 
analysis technologies , some of which are highlighted in thi s 
report. Specifica ll y, the objecti ve is to touch upon key design 

requirements peculiar to thi s material , with the intent of 
increas ing the design engineer 's awareness and confidence in 
using ceramic components. The focus of this d iscuss ion is 
aimed primarily at low-temperature « 1000 QC), short-term 
failure analysis of monolithic , whisker-toughened , laminated , 
and woven ceramic composites. From this viewpoint we can 
consider the mechanical behavio r of thi s material to be linear 
elas tic. Hence, littl e attention (wi th the exception of woven 
composites , where fiber architecture plays a key role) is given 
to the development of models that pred ict g lobal stiffness 
properties. Much of the report detail s the use of stochastic 
models that account fo r uncertainties associated with the 
variation in material strength . Several test-bed software 
programs are mentioned that inco rporate these stochastic 
models, are user friend ly, handle data efficiently, and have 
architectures that allow users to add features with minimal 
difficulty. 

The advantages of ceramic structural components (both 
monolithic and composite) include high strength , high sti ffness, 
and good creep and corros ion resistance. All of these traits 
are maintained even when components are placed in appli 
cations invo lvi ng very high service temperatu res. These 
properties provide the potenti al for greatly increasing fuel 
efficiency in aerospace and automotive engine applications, 
as well as for surpass ing anticipated stringent emissions 
standards in automoti ve systems. Considering that ceramics 
will be produced from abundant nonstrateg ic materials , it is 
not surprising that research has focused on improving ceramic 
material properti es through processing as well as on estab
lishing protocols for sound design methodology. The emerging 
ceram ics, particularl y si licon nitride and silicon carbide, have 
the potential for competing with metals in many demanding 
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applications. Unfortunately , ceramics also have several in
herent undes irable properties that must be considered in the 
design procedure. The most deleterious of these are low strain 

to lerance, low fracture toughness, and a large vari ation in 
fa ilure strength observed in monolithic material s. Under appl ied 
load , large stress concentrations occur at microscopic flaws, 
wh ich are unavoidabl y present as a result of process ing o r 
in-service environmenta l factors . The observed scatter in 
component strength is caused by the va riatio n in size and 
orientatio n of these flaws , which lead to sudden catastrophic 
crack growth when the crack driving force o r energy release 
ra te reaches a criti cal va lue. In addition , most ceramics exhibit 
decreasing bulk strength with increas ing component vo lume 
(the so-ca ll ed size effect). 

Analyzing components fabricated from ceramic materia ls 
require a departure from the usual determini stic design 
philosophy (i .e., the factor-of-safe ty approach) prevalent in 
designing metallic structural compo nents, which a re mo re 
tolerant of flaws. Since failure is governed by the scatter in 

strength, stati sti cal de ign approaches mu t be employed. 
Fractog raphic examination of failure surfaces indicates that 
the critical fl aws causing failure can be put into two genera l 
categories: defects internal or intrinsic to the material volume 
(volu me flaws) , and de fects ex trins ic to the materi al vo lume 
(su rface flaws). Intrins ic defects are a resu lt of process ing . 
Extrin sic fl aws can result from grindi ng or other fini shing 
ope rations, from chemical reac ti on with the environment , or 
from the internal defects intersecting the external surface. The 
different physical nature of these flaws results in dissimi lar 
fail ure response to identical loading ituations . Consequentl y, 
sepa rate criteria must be employed to de c ribe the effects of 
the appl ied loads o n the component sur face and volume . 

In view of the limita tions of mono lithic ceramics , it is not 
su rpri sing that the genes i of structural ceramics has included 
the add ition of a re inforcing second phase. Adding a second 
ceramic phase with an optimized interface improves fracture 
toughness , decreases the sensitivity of the brittle matrix to the 
aforementioned micro copic fl aws, and even improves 
strength . It ha been demonstrated experimentally that 
d isper ing whiskers in a brittle matri x will mitigate crack 
growth. The presence of whiskers near the crack tip modi fi es 
fractu re behavior by effecti vely increasi ng the required crack 
d riving fo rce through several mechani sms. These mechanisms 
include crack deflection, crack pinning, whisker bridging , and 
whisker pullout. In additi on, lowered creep rates and va ried 
success in improv ing res istance to thermal shock have been 
repo rted. Whisker reinfo rcement may also be combined 
w ith othe r toughening mechani sms, such as continuous fiber 
reinfo rcement , which results in a material system known as 
a hyb rid compos ite, o r employment o f a matrix materi al cap
ab le of undergoi ng stress- induced transfo rmation toughening. 
In add itio n to capturing the inherent scatter in strength , the 

reliability analys is of components fabricated from composite 
ceram ics must account for materia l symmetry imposed by 
the re info rcement. Fo r example, the whisker o ri enta tions 
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encountered in hot-pressed and injecti on-molded whi sker
toughened ceramics usuall y impa rt a loca ll y transversely 
isotropic mate rial symmetry . Whether the second phase im

parts an orthotropic, transversely isotropic , or isotropic mate
rial symmetry, structural re li ability models must acco unt for 
material o rientation in a rati o nal manne r. 

For aerospace components (specifi ca lly those of the national 
aerospace plane, the space huttle ma in engine , and adva nced 
heat eng ines) , ceramic prototypes have already demonstrated 
funct ional capabilities at temperatures approaching 1400 °C , 
which is well beyond the operati ona l limits of most metallic 
materials. Furthermore , compos ite ceramics (e.g. , continuous 
fiber, laminated , and woven ceramics) offer s ig nifi can t 
potential for raising the thrust-to-weight rati o of gas turbine 
eng ines by tailoring directions of high spec ifi c reliability . In 
general, continuous ceramic fiber composites ex hibit an 
increase in fracture toughness , which a llows for" graceful " 
rathe r than catas trophic failure. When loaded in the fiber 
direction these compos ites retain substantial strength capacity 
beyond the initiation of tran ver e matrix crack ing altho ugh 
neither constituent would exhibit such behavior if tested alone. 
Indeed, first matri x cracking consistently occurs at strains 
greate r than that in the monolithic matri x material. As 
additional load is applied beyond first matrix cracking , the 
matrix tends to break in a series of c rac k bridged by the 
ceramic fibers. Additional load is borne increas ing ly by the 
fibers until the ultimate trength of the compos ite is reached. 
For mo t applications the design failure stress will be taken 
to co incide with the first-matrix-cracking stress. The reason 
for this is that matri x c rac king usually indicates a loss of 
component integrity and a ll ows high-temperature ox idation of 
the fibers , which leads to embrittlement of the compos ite . 

The ongo ing metamo rphos is of ce ramic material systems 
and the lack of standardi zed des ign data have tended to min

imize the emphasis on modeling. Many structural components 
fabricated from ceramic materi als were designed by " tri al 
and error ," s ince emphas is was placed on demonstrating 
feasibility rather than fu lly unde rstanding the processes 
contro lling behav io r. This is understandable during periods 

of rapid improvement in material properties for any system . 
Current research combines experimental investigation of fa il
ure mechani sms with the development of failure models. This 
faci litates improvements in process ing and allows one to ga in 
insight and intuitio n befo re constructing multiaxial failure 
theo ries that in some respect re fl ect the appropriate micro
structural behavior. Most models for ceramic composites focus 
on mode I fracture behavior , a lthough some model are 
amenable to multiax ialload conditions . Many of the modeling 
techniques have been adapted from ex isting technologies in 
other material sy tems . In thi s article several phenomeno
log ica l, semiempirica l, fracture mechanics , and stat i ti cal 
models are briefly highlighted. Public domain computer 
algorithms that , when coupled with a general-purpose 
finite e lement program , pred ict the fa t-fracture reliability 
of a structural component under multiaxial loading conditions 
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are mentioned . Here the emphas is is not on evaluating 
the model s in detail. More complete di scuss ions are avail
able elsewhere . We simply wish to ca ll attention to i sues 
relevant to the current state of the art . 

Methodologies for Monolithic Ceramics 

Traditional ana lyses of component fa ilure usually employ 
determ ini stic approaches where failure is assumed to occur 
when some allowable stress level o r equi va lent stress is 
exceeded . The most widely used of these theories are the 
max imum normal stress, maximum normal strain , ma ximum 
shea r stress , and maximum di stortional energy criteria of 
failure . These phenomenological theories have been reasonably 
success ful in predicting the onset o f y ield failure in ductile 
materi als. However , fo r the reasons mentioned in the 

introduction, these determini stic techniques are not relevant 
to monolithic ceramic component design. The first probabilistic 
approach that accounted for the scatter in fracture strength and 
the s ize effect in brittle material s was introduced by Weibull 
(refs. 57 to 59). This approach is based on the previously 
developed weakest link theory (WLT) attributed to Midgley and 
Pierce (refs . 25 , 37, and 44) who o rig inally proposed it whil e 
testing ya rn . The weakest link theo ry is analogous to pulling 
a cha in , whe re catas trophic fa ilure occurs when the weakest 
link in the cha in i broken. Unlike Pie rce , who assumed a 
Gaussian di stribution of strength , Weibull assumed a unique 
probability density function that bea rs hi s name . To extend 
the approach to mult iax ial states o f stress , Weibull proposed 
calculating a quanti ty , referred to as " the ri sk of rupture," 
by averag ing the tens il e no rmal stress in all directions . 
Although this approach is intuitively plausible , it is somewhat 
arbitrary . It lacks a closed-form solution and therefore requires 
computati onally intensive numerical modeling. Barnett et al. 
(ref. 3) , and Freudentha l (ref. 26) proposed an alternati ve 
approach, usually referred to as " the principle of independent 
action" (PI A) , for fi nding the failure probability due to multiaxial 
stress fi elds. This principle states that the urvival probability 
of a uniforml y stressed material e lement in a multiaxial stress 
state equal the product of the survival probabilities fo r each 
principal stress applied ind ividuall y. Qualitati vely, the PI A 

theory is equi va lent in a probabili stic sense to the maximum 
stre fa ilure theo ry . The Weibull method of averag ing the 
tens il e normal tres over the unit sphere (about a ll poss ible 
directions), and the PI A model have been widel y appli ed in 
brittle material design (refs. 16 , 20 , 41 , 48 , and 60) . 

However , the Weibull and PI A hypotheses do not specify 
the nature of the defect-causing fa ilure . Attempts to experi
mentally verifiy the polyax ial predictions of these theories have 
been inconclusive . Subsequently, the accuracy of these theories 
has been questioned , and other tati sti cal models have been 
proposed whose basis is found ed in fracture mechanics . 
Gri ffith (refs. 28 and 29) proposed a fracture theo ry for linea r 
elas tic brittle materials where failure was due to the presence 

of cracks of spec ified s ize and shape di stributed randomly 
throughout the materia l. He o ri g inall y a sumed that no inte r
action takes place between adjacent cracks and that fa ilure 
occurs at the fl aw with the least favo rable o rientation relati ve 
to the far- fi e ld stress . The Griffith energy balance criterion 
fo r fracture states that crack growth w ill occur if the energy 
release rate reaches a cri tical va lue . Griffi th 's theory prov ides 
a sound phys ical bas is fo r describing the rupture process in 
an isotropic brittle continuum . However , it does not a llow for 
the scatter in strength , s ince crack size and orientation are not 
treated as probabili tic quantities. The concepts developed by 
Batdorf and Crose (ref. 5) are important in that they represent 
the first attempt at extending fracture mechanics to reliability 
analys is in a consistent and rational manner. By describing 
material vo lume and surface imperfec tions as randoml y 
oriented noninteracting di scontinuities (cracks) with an 
assumed regula r geometry , they explicit ly treated the mode I 
and mode II (even mode III if appropriate) contributions to 
the fracture process . They ass umed that mi xed-mode o r 
unimoda l failure occurs when the effective stress , which is 
a combination of normal and shea r stresses, on the weakest 
flaw reaches a criti cal level. The effecti ve stress is a functi on 
of the assumed crack configuration, the ex isting stress state , 
and the fracture criterion employed . Accounting fo r the 
presence of shear on the c rack plane reduces the normal stress 
needed fo r fracture and yields a more accurate re li ability 
analysis. However , Batdorf's first approach only consider 
coplana r crack ex tension. Several c riteri a have been 
subsequentl y proposed , such as Shetty ' s wo rk (ref. 52) , that 
account for out-of-plane crack growth under mi xed-mode load 
conditions. 

These sta tistica l fa ilure theories can be readil y integ rated 
with the finite element methods of tructural analys is. 
Component integrity is computed by ca lcul ating e lement-by
element re liability , since each element can be made arbitrarily 
small so that the element stress g radient is neg lig ible. 
According to the weakest link concept, the component 
surv ivability is s imply the product of the indiv idual element 
reliabilities. A public domain computer prog ram that is coupled 
with several general-purpose finite element codes has been 
developed at the NASA Lewis Resea rch Center to perfo rm 
this type of reliability analysis . C A RES (Ceramics Analysis and 
Re liability Evaluation of Structures , refs. 30 , 3 1, and 47) is 
an integrated computer prog ram that couples elasto tati c 
analys is output from e ithe r the MSC/ NAST RAN o r A SYS fi ni te 
e lement codes with two-parameter Weibull and Batdorf 
fracture stati stics to predict the fast-fracture re liability of 
monolithic ceramic component . CA RES has two primary 
functi ons: (1 ) estimation of the Wei bull shape and scale 
parameters and the Batdorf crack density coefficient from the 
fracture data of simple uniaxial tensil e or fl exura l spec imen , 
and (2) fas t-fracture reliability eva luati on fo r a finite e lement 
model of a ceramic component under mechani ca l or thermal 
loading or both . Data analys is and re liability eva luati on are 
performed as a fun ction of temperature and surface area or 
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Figure I.-Comparison of risk-of- rupture intensities for volume naw anal ysis using principle of independe nt action (PIA) and strain energy release criterion. 

volume or both . Materia l pa rameter calcul ati ons are indepen
dent of fi nite element output . Component reliabili ty for volume 
flaws i determined from element tre , temperature, and 
volume ca lculations are independent of fi nite element output. 
Component re li ability for vo lume fl aws is determined from 
element stress , temperature, and vo lume output by using 
isoparametric three-dimensiona l or ax isymmetric elements . 
Rel iabi lity fo r surface fl aws is ca lcul ated from isoparametri c 
shell element stress , temperature , and area data . For example , 
CARES has been used for the preliminary de ign of silicon 
nitride mi xed-fl ow rotors, which have applications in small , 
high-temperature engines. Making use of cycli c symmetry, 
we analyzed a single blade and a section of the roto r hub; the 
risk-of-rupture intensities along with the component probabili ty 
of fa il ure are presented in fi gure I . Note that the ri sk-of
rupture intensity is independent of individual element geometry 
and prov ides the des ign engineer with a means of identi fy ing 
critical reg ions of the component. The analysis was performed 
by using two of the ava il able design options, the PI A criterion 
and the strain energy release rate criterion. 

Methodologies for Whisker-Toughened 
Ceramics 

As a result of the strong hybrid ionic-covalent bonds in 
mo nolithic ceramics, these materials uffer from low stra in 
to fai lure and low fractu re toughnes . One of the initial 
approaches taken for improv ing the mechanica l performance 
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of ceramics is adding a second phase. The assumption is that 
proper tailo ring of the compos ite microstructure will dramat
ically improve the mechanica l properti es. Thi s ongoing effort 
has included the d isper ion of whiskers and parti cle rein
forcements . Conceptua ll y, one hopes that adding a second 
phase will perturb the stress fie ld near the tip of a criti cal crack 
so as to reduce the stress intensity. Lange (ref. 39) ori ginally 
proposed a method for computing the stres nece sa ry to 
propagate a crack fro nt that bow between two obstacles and 
developed a modified Griffith equati on where the increase in 
fracture surface ene rgy is directly re lated to a line tension 
effect. The approach a sumes that the whiskers have a higher 
frac ture toughness than the matri x and that the crack fron t 
penetrates the matrix materi al in a nonlinea r fas hion (i .e. , 
" bows out"). The postu lated behav ior is analogous to the 
motion of d islocations through a precipitate-hardened material. 
Evans (ref. 2 1) and Green (ref. 27) have suggested mod ifi
cations to thi s model that account fo r whisker morpholog ies. 
Toughening by crack defl ection arises from the c rack front 
tilting o r twisting o r both as it encounte r the second phase. 
This produces noncoplanar crack extension and a lower tres 
intensity at the crack tip . The d irection taken by the crack front 
after de fl ection is controll ed by whisker morphology and the 
residual stress fie ld (e.g., tensile o r compress ive). A fractu re 
mechanics model for crack defl ection that accounts fo r mi xed
mode behav ior has been proposed by Faber and Evans 
(ref. 23). Angelini and Becher (ref. I) have presented ev idence 
fro m electron microscopy observations that indicates whi ker 
may bridge the crack as it propagates . From these data Becher 
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and coworkers (ref. 6) developed a model for predicting the 
increase in frac ture toughness due to the closure stresses 
imposed on the crack by the bridg ing whiske rs. Finally, 
Wetherhold (ref. 6 1) developed a model based on probabili stic 
principles that enables the computation of an increased energy 
absorption duri ng fractu re due to whisker pullout. However , 
in contrast to continuous-fi ber-reinforced ceramics (discussed 
in the next section) , whisker pullout is limited by the short 
lengths of the whiskers (typica lly less than 100 {tm). 

The pri mary intent of these models is to consider the 
composite a a tructure and develop predicti ve methods fo r 
optimiz ing the microstructure. Ultimately , these concepts 
would be used to simila rl y refine the des ign of structural 
components. Whenever practical, elegant des ign methods 
inco rporate the relevant phys ics of fa ilure into the analys is of 
a component's macro copic response. However, at thi s point 
obstacle ari e that prevent taki ng thi s approach in analyz ing 

components manufactured fro m whisker-toughened ceramics . 
Fi rst, the c rack mitigation processes strongly interact, and it 
i d ifficult to experimentall y detect o r analytica ll y pred ict the 
sequence of mechanisms leading to fa ilure. Furthermore, with 
the exception of the model by Faber and Evans, the methods 
mentioned prev iously consider only mode I failure . This 
precludes conducting a structural ana lys is on a component 
subject to multi ax ial states of stress. Finally, these initial 
analytical techniques have focused primarily on pred icting 
behav ior by using determini tic approaches . Even though 
improved process ing techniques have resulted in the reduction 
of inhomogeneities , unifo rm whisker di stributions, and dense 
matrices , fa ilure remains a stochastic process fo r di screte 
particle-toughened materials. 

The Wei bull modulus is a good mea ure fo r quanti fying 
variability in fa ilure strength . For thi s cla s of ceramic 
compos ite, Claus en and Petzow (re f. 13) have cited the 
Weibull modulus of 24. Even at this level the variability is 
still too high fo r the application of determini tic trength 
theorie . An alternative approach that conveniently sidesteps 
the aforementioned obstacles is to compute reliability in terms 
of mac rovariable by using phenomenolog ica l criteria. 
Focusing a design approach at the macroscopic level repre ents 
a philosophical drawback, fo r it excludes any consideration 
of the microstructural events that involve interactions between 
individual whiskers and the matri x. This point of view implies 
that the material element under con ideration i smal l enough 
to be homogeneous in tress and temperature yet large enough 
to contain a uffic ient number of whiskers so that the element 
is a stati stically homogeneous continuum . Obviously, these 
condi tions cannot always be met fo r they depend on charac
teristic component dimensions , the severity of gradients within 
the component, and the relati ve size of the material micro
structure. However , when these conditions are satisfied , multi
ax ial reliabili ty models can be systematically fo rmulated under 
the assumption that the materi al is homogeneou and ha 
stocha tic properties and behav ior that can be deduced from 
well-cho en phenomenologica l experiments . From a historical 

perspecti ve the phenomenological approaches are usually (but 
not alway) supplanted by techniques that accurately reflect 
the phys ics of the microstructu re. Precedence fo r th is can be 
found in modeling monolith ic ceramics, where the detai led 
concepts of Batdorf have fo r the mo t part supe rseded 
phenomenologica l approaches such as the PI A model. 

Duffy et al. (ref. 17) presented the deta il s of using 
phenomenological approaches in des igning whisker-toughened 
ceramic components. Depending on its fab rication a whisker
toughened composite may have isotropic , transversely 
isotropic, o r orthotropic material ymmetry. The principle of 
independent action might be an appropriate first approximation 
of phenomenological theory fo r isotropic whisker compos ites . 
Duffy and Arnold (ref. 18) pre ented a noninteracti ve 
phenomenologica l model for whisker-toughened compo ites 
with a transversely isotropic material symmetry often 
encounte red in hot-pressed and injection-molded whisker

toughened ceramics . In their di scuss ion they adopted the 
viewpoint that re li ability is governed by weakest link theory 
and assumed the ex istence of a fa ilu re function per un it 
vo lume, where the unit volume was considered to be an 
individual link . If the fa ilu re of the individual links were 
considered to be statistical events (a sumed to be independent), 
then through an appropriate volume integration of this function 
an overall component re liability could be computed. Thi s 
approach required the specification of a unit vector that 
identified a local material orientation. The material orientation 
was defined as the normal to the plane of isotropy, and the 
dependence of the fa ilure function accommodated this 
o rientation. The stress and the local preferred d irection were 
allowed to vary from point to point , so that the stress fi eld 
and the unit vecto r fi eld had to be specified to defi ne the fa ilu re 
function . Since the sca lar-va lued fa ilure fu nction was 
dependent on second-order tenso rs, the fo rm of the function 
had to remain invariant under proper orthogonal transforma
tions. This required the function to be insensitive to the global 
coordinate system used to define the stress tensor and material 
directions. Through the use of inva riant theory, a finite set 
of invariants, known as an integrity basis, was defined . The 
invariants of the integri ty basis can be likened to a basis vector 
that helps to span a particular vecto r space (e.g. , the set of 
unit vectors that span the Cartesian space) . A slightly di fferent 
set of invari ants that co rrespond to phys ica l mechani sms 
related to failure was con tructed from the integ ri ty bas is . 

These invariants can be identifi ed with a principal tre s or 
a component of the stress tractions coincident with a material 
direction. For o rthotropic compos ites the fa ilu re function must 
also reflect the appropriate materi al symmetry. This requires 
two orthogonal vectors to identify local materi al orientation , 
and Duffy and Manderscheid (ref. 19) have propo ed a model 
fo r whisker-toughened ceramics with orthotropic material 
symmetry. 

The phenomenolog ical reli ability models mentioned 
previously have been inco rporated into a test-bed softwa re 
program given the acronym TCARES (Toughened Ceramics 
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Analysis and Reliability Evaluation of Structures, see ref. 17) . 
This is a public domain computer algo rithm and is a direct 
offspring of the C ARES algo rithm mentioned prev iously . When 

cou pled with a general-purpose finite element program, the 
algo rithm enab les the des ign eng ineer to predict the fast
frac ture reliabili ty o f a structural component under multiax ial 
load conditions . 

Methodologies for Continuous-Fiber
Reinforced Ceramic Composites 

Although whisker-toughened ceramics have enhanced 
toughness and reliability , they do not ubstantially lessen 
the pos ibility of catas trophic fa ilure , a problem that restricts 
thei r use in certain applications. Continuou -fibe r- re in fo rced 
ceramic composite , however, can prov ide significant increases 
in fracture toughness along with abili ty to fa il in a non
catastrophic manner (often referred to as "graceful " fa ilure). 
Prewo and Brennan (refs. 7 , 49 , and 50) have demonstrated 
that inco rpo rating fibers with high strength and stiffness into 
bri tt le matri ces with s imilar coeffi cients of the rmal expan ion 
yields ceramic compos ites with the potenti al o f meeting high
temperature pe rfo rmance requirements. Typica l stress-stra in 
cu rves of unidi rectional systems are bilinear when loaded along 
the fi ber directi on, with a d istinct breakpo int that usually 
co rre ponds to transverse matri x c racking . Since monolithic 
ceramic are much stronger in compress ion than in tension, 
fi bers are incorporated to mitigate tensile failure by bridging 
inherent matri x fl aws. Yet one should be mindful that the 
fa il ure cha racte ri ti cs o f these compos ites are controlled by 
a number of loca l phenomena including matrix c rac king , 
debond ing and slipping between matri x and fibers , de
lamination, and fiber breakage. Re lati ve to des ign issues , the 
current state of the art focuses on unidirectional compos ite. 
At pre ent most research is concerned with predi cting 
compos ite tensil e strength in the fiber directi on, which 
add res es the upper bound problem . Conver ely, a tensile load 
applied transverse to the fibe r directi on results in fa ilure 
behav ior s imilar to that of a monolithic ceramic, which 
represents the lower bound of composite strength . Fo r this 
reason (and since most structural applicati ons in vo lve multi
ax ial states of stress) practical continuous- fiber composites are 
reinforced in two or three direction by u ing laminate, woven, 
or braided architectures. Eventually , angle-ply laminate 
respon e must be understood and new fa ilure modes 
(e .g . , delamination) must be admitted to design protocols. This 
will occur a process ing techniques fo r these compos ite 
system develop and mature. However, since current analytical 
research effo rts have concentrated on predicting the tensile 
strength of unidirectiona l compos ite, attention is given to thi s 
ystem in the remainder of the section. Method fo r analyz ing 

laminated ceramic compos ite ystems are lowl y emerg ing, 
and mature des ign concepts are limited . Hence, laminates are 
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not di scussed , and woven compos ites are mentioned in the 
nex t secti on. 

The various des ign methods mentioned here can be g rouped 
into catego ries entitled " phenomenolog ical," " fracture 
mechanics ," and ' 'statistica l." With the exception of the last 
catego ry the analyti ca l des ign concepts are determini stic, 
predi cting fa ilure by using s ing le-va lued strength parameters. 
A number of theories ex ist that treat unidirectional compos ites 
as homogenized , ani sotropic materia ls. These phenomeno
log ica l crite ri a are fa mili ar to des ign eng ineers experienced 
in dea ling with polymer matri x compos ites. The Tsa i-Wu 
(re f. 55) model is the most notable, and the reader is 
encouraged to tudy two excell ent rev iews of pheno
menologica l fa ilure models by Laboss iere and ea le (ref. 38), 
and ahas (ref. 45) fo r a broad treatment of thi s subject . We 
touch upon these criteri a fo r completeness and note that they 
can accommodate multiax ial states o f stress. However , they 
a re determini stic , and fo r those primarily concerned w ith 
predicting tensile strength in the fibe r direction, other models 
based on the principles of fracture mechanics are available. 

Specifica ll y , the ea rly fracture mechanics approaches for 
predicting strength were concerned with the occurrence of first 
matri x cracking due to tens ile loads in the fiber directi on. The 
first model was proposed by Aveston, Cooper , and Kelly (ACK) 

(ref. 2). The model, postul ated on the bas is of energy prin
c iples , assumes a purely fri ctional bond between the matri x 
and the fiber. This a llows fo r s igni fi cant slipping at the 
interface. Appli cation of an energy ba lance approach leads to 
an express ion fo r the stra in co rresponding to first matri x 
cracking . This express ion includes the matri x fracture surface 
energy, the stiffness and vo lume frac tions of the matri x and 
the fiber , the interfacial shea r strength , and the fiber diameter. 
Whereas the AC K model simply consider the change in energy 
before and after crack propagation, the more rigorou analysis 
of Budiansky, Hutchinson, and Evans (BH E) (ref. 8) considers 
a propagating crack. The analys is considers the change in 
potenti al energy with respect to c rack growth , which is 
essentia ll y the Gri ffith energy criterion. The model was 
developed for a general class o f fracture problems known as 
steady-state cracking and includes the combined effec ts o f 
fri ction and no rmal residual stress at the interface. Usuall y , 
the two limiting cases of unbonded fri ctionally constrained 
fibers and initially bonded fiber subject to res idua l stresses 
are considered. The results of the initi al case (i.e., the large 
fiber lip condition) can be generalized to the ACK model. The 
second case of an initiall y bonded interface that debonds as 
the crack tip approaches the fiber assumes that the lost integri ty 
of the bond is permanent. Shea r stresses are not allowed to 
develop in the debonded region downstream from the crack 
tip . Mar hall , Cox , and Evans ( MCE) (ref. 42) have deri ved 
a model based on a stress intensity factor app roach and 
consider the transition from notch-insensiti ve , large-crack 
behav ior to notch-sensit ive , sho rt-crack response. Th is con
siderati on was not taken into account in the prev ious two 
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and mature des ign concepts are limited . Hence, laminates are 

6 

not di scussed , and woven compos ites are mentioned in the 
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models. However, the MCE model falls short in prov iding 
consistent modeling parameters. McCartney (ref. 43) has 
suggested corrections to the MCE model and provides valuable 
new insights relating to the computation of a threshold stre s, 
below which matrix cracking is impossible regardless of the 
size of the preexisting defect. 

Another model based on the principles of fracture mechanics 
has been proposed by Ballarini and Ahmed (ref. 4). This 
approach utilizes a local-global model (i. e., a combination of 
microstructural and macrostructural analyses) that con iders 
the vicinity of a crack tip to be a process zone. This zone is 
embedded in an an isotropic continuum that is then modeled 
by conventional finite element methods. The local hetero
geneous zone (or region) consists of the fibers, the matrix , 
and the fiber-ma tri x interface and is represented by a 
succession of spring elements . This allows the region to behave 
as an anisotropic continuum , subject to the condition of plane 
strai n. Each spring stiffness corresponds to the elastic 
properties of the materials they represent. It is assumed that 
each material has a predetermined critical rupture energy, 
and that the springs are released in the order that these cri tical 
values are attained, permitt ing the crack to propagate in a 
noncoplanar fash ion. The local zone is embedded in the 
global region by enforcing displacement compatibility at the 
nodes common to the local elements and the global 
isoparametri c e lements. 

Recently, experimental results have clearly indicated that 
the fiber-matrix interface plays a key role in determining the 
strain to failure and toughness of thi s material system. Control 
of interface behavior essentia lly determines the load transfer 
between the fiber and the matrix. Composites with high 
toughness but relatively low matrix strai n to failure exhibit 
extensive debonding at the interface. This is accompanied by 
substantia l pullout of the fibers from the matrix. Composites 
with low toughness but excellent matrix stra in to failure fail 
owing to the propagation of a single near-planar crack that 
passes through the matrix and the fiber (i .e., the composite 
behaves as though it were a monolithic ceramic). Therefo re , 
before mechanical models can be developed and evaluated and 
composite behavior can be empirically correlated with the 
properties of fiber-matrix interfaces, the fundamental prop
erties of these interfaces must be fully understood. Evans and 
hi s coworkers have intens ively investigated and evaluated the 
debonding properties of various unidirectional ceramic 
composites (ref. 54 is typical of their work). Charlambides 
and Evans(ref. 10) proposed a model that predicts the trends 
in interface debonding during fiber pullout for composites with 
the interface ubject to residual tension. The results provide 
the knowledge needed to assess the role of debonding. Evans 
et al. (ref. 22) use basic mechanics to analyze both initial 
debonding along interfaces and the kinking of interface cracks 
into a fiber. The results indicate that debonding requires less 
than about one-fourth of the interface fracture energy requ ired 
for the fiber. Furthermore, they have shown that, when thi s 

condition is met , fiber failure does not normally occur by 
defl ection of the debond through the fiber. Instead , fiber failure 
is governed by weakest-l ink statistics. 

The criteria discussed so far have all been deterministic. 
Some phenomenological and mechanistic models are amenable 
to stochastic formulations. We note that there is a great dea l 
of intrinsic variabi lity in the strength of each brittle constituent 
of a ceramic matrix compo ite but, depending on the composite 
system , the matrix crack ing trength may be deterministic or 
probabilistic. However , the ultimate unidirectional composite 
strength wi ll always be probabili ti c, since its value is 
determined by the strength distribution of the brittle fiber. 
Thus , stati st ica l models are required for those composite 
ystems that possess a great deal of scatter in the initiation 

of first matrix cracking or have linear stress-strain curves to 
ultimate failure. The criteri a of Sun and Yamada (ref. 53) 
and Cassenti (ref. 9) are based on statistical design method 
that make use of avai lable distributions of experimental 
strength data. These are quite simi lar to the methods proposed 
by Duffy and Arnold mentioned in the preceding section , and 
indeed both can be shown to be specia l cases of the previously 
c ited work. Three stochastic models , described by Jayatilaka 
(ref. 32), for the ultimate unidirectional strength of a composite 
are based on the variation in fiber strength. For composites 
with high fiber volume fractions, the mo t conservative model 
is predicated on bundle theory , an ana lytical approach 
discu ed in detail by Daniels (ref. 15). The method is 
applicable when the cumulative fiber strength is adequate to 
carry the load after matrix failure. The other two models 
discussed by Jayat il aka are less conservative and app li cable 
to the behav ior of polymer matrix composites. 

Methodologies for Fabric-Reinforced 
Ceramic Matrix Composites 

Advancements in textile weavi ng technology have resulted 
in significant new opportunities for utilizing high-performance 
two- and three-dimensional fabric-reinforced ceramic matrix 
composites in high-temperature structu ral applications (see 
Fareed et a l. (ref. 24) and Ko et al. (ref. 34». Attract ive 
features include improvements in damage to le rance and 
reliability , flexibility in fiber placement and fabric archi tecture , 
and the capability of near-net-shape fabrication . This latter 
feature is of particular interest , since applications where these 
material s can have a ignificant effect often require complex 
geometric shapes. However, designing structural components 
that are fabricated from material incorporating ceramic fiber 
architectures also represents new and distinct cha llenges in 
ana lysis and characterization. Prefo rms, which serve as the 
compo ite skeleton, are produced by weav ing , knitting , and 
braiding techniques (see ref. 36). Woven fabr ics (i .e. , two
dimensional configurations) exhibit good stability in the 
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material s can have a ignificant effect often require complex 
geometric shapes. However, designing structural components 
that are fabricated from material incorporating ceramic fiber 
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fab ric , made from three sets of yarns that interlace at 60 0 

angles , offer nea rly isotropic behavior and higher in-plane 
shearing stiffnes . A three-dimensional fabric, consisting of 
three or more yarn diameters in the thickness direction, is a 
network in which ya rns pass from fabri c surface to fabric 
urface . These three-dimensional systems can assume complex 

shapes and prov ide good transverse shear strength , impact 
resistance , and through-the-thickness tensil e strength . 
Furthermore, the problem of interlaminar failure is totally 
eliminated . 

Complex textile configurations and complicated yarn/matrix 
interface behav ior represent a challenge in determining the 
properties of these compo ites. Considerable effort has been 
devoted to eval uating the effecti ve ne s of var ious 
reinforcement architectures based on approximate geometrica l 
ideali zation . Chou and Yang (ref. 11 ) have summarized the 
resu lts of extensive studies in modeling thermoelastic behav ior 
of woven two-dimensional fa brics and braided three
dimensional configurations. They proposed a unique method 
of constructing structure-performance maps, an example of 
which is shown in figure 2. The rel ati ve e ffectiveness of 
various textile reinforcing schemes can be a sessed by using 
these maps. In the future as these materials emerge, the maps 
hould serve as a guide for design engineers wishing to specify 

these materials . 
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Several analytica l models have been developed to predict 
the mechanical prope rties and structura l behavior of these 
compos ite . The approaches are based on modifi ed lam inate 
theory , a geometri c unit cell concept , or both . For two
dimensiona l woven-fabric-reinforced composites , Chou and 
Ishikawa (ref. 12) have proposed three models based on 
laminate theo ry. These models are known as the mosa ic, 
crimp, and bridging models . The mosa ic model igno res fibe r 
continuity and treats a fa bric composite as an a semblage of 
cross-ply laminates . The crimp model takes into account the 
continuity and undulation of the ya rns; however , it is only 
suitable fo r plai n weaves. The bridg ing model , developed for 
satin weaves , is essentiall y an extension of the crimp model. 
This model takes into consideration the contribution to the total 
stiffness of the linea r and nonlinea r ya rn segments. 

The concept of a geometric unit cell has been widely used 
to characte rize the complex structure of three-d imensional 
fiber-reinforced compos ites and to estab li sh the constituti ve 
relation . In gene ral, thi s approach assumes that the thermo
elastic properties are functions of fiber spatial o rientation, fiber 
vo lume fracti on, and braiding parameters. Ma et a l. (ref. 40) 
developed a fiber interlock model that a sumes the yarns in 
a unit cell of a three-d imensional bra ided composi te consist 
of rods which form a parallelepiped . Contribution to the overall 
strain energy from ya rn ax ial tension, bending, and lateral 
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compress ion are considered and formulated within the unit cell. 
Yang et al. (ref. 62) proposed a fiber inclination model that 
assumes an inclined lamina is repre ented by a single set of 
diagonal yarns within a unit cell. Ko et al. (ref. 35) have also 
proposed a unit cell model where the stiffness of a three
dimen iona l bra ided composite is considered to be the sum 
of the st iffnesses of a ll its laminae. The unique fea ture of thi s 
model is its ab ility to handle three-dimensional braid as well 
as the other multidirectional reinforcements , including five- , 
six- , and seven-di rectional ya rns that are either straight or 
curvilinear. Finally , Crane and Camponeschi (ref. 14) have 
modeled a multidimensional braided composite by using 
modifi ed laminate theory . This approach dete rmines the 
extensional stiffness in the three principal geometric directions 
of a braided composite . We note that these analytical models 
are based on prev ious resea rch related to polymeric and metal 
matri x compo ites. Although much of the current modeling 
effort is in its infancy, the aforementioned approaches have 
demonst.rated merit relative to experimenta l data . However , 
caution is advised, since agreement between model pred ictions 
and experimental data is subject to interpretation. Yet accurate 
prediction of mechanical properties are a necessity when 
conducting stress-strain analyses , which logically precede all 
fa ilure studies. 

Predicting the onset of fa ilure represents a complex task 
because of the numerous fa ilure modes encountered in thi s 
class of materials. As research progresses, deterministi c and 
probabilistic schools of thought will emerge. For either case, 
model ba ed on the principles of fracture mechanics as well 
as phenomenological models will be proposed . It is expected 
that determini stic approaches will precede the development 
of probabili stic concepts. Initial re earch regarding fa ilure 
analysis for whisker-toughened and long-fi ber ceramic 
compo ites typically borrowed concepts from polymer and 
metal matrix composite research. We anticipate a similar trend 
with woven composites. For example , the work of Yang 
(re f. 63) and the prev iously c ited work of Chou and Ishikawa 
have proposed techniques fo r pred icting the onset of short
term failure in fabric-reinforced polymer composites that make 
use of the maximum stress and maximum strain failure 
criteria. The work by Walker et al. (ref. 56) represents another 
potential concept that could be used . Here mesomechanics is 
employed to predict the behavior of meta l matrix composites. 
This approach takes advantage of the periodic nature of the 
microstructure and homogenizes the material through volume
averaging techniques. In Walker 's work a damage parameter 
can be included as a state variable in formulating constitutive 
relationships . Other suitable failure concepts may emerge from 
the fi eld of continuum damage mechanics a well. 

Currently, phenomenological approaches may be the logical 
first choice owing to the complex ity of the microstructu re. Yet 
it should be realized that random microcracks and voids are 
present in woven ceramics. These microdefects may lead to 
stati stica ll y distributed fa ilure and failure modes . However , 
at this time fa ilure models based on probabilistic concepts have 

------

not been proposed . Furthermore, the evolution of the 
micro tructure in response to a hostile thermomechanical 
environment must be tudied in order to prov ide rational de ign 
protocols fo r materials with tailored fiber architectu res. 
Experiments are needed to identify the underlying mechanisms 
of failure , and innovative experimental techniques must 
accompany the development of constitutive model that 
incorporate damage evo lution at the microstructural level. The 
task will be iterative, requiring constant refinement of 
co rrelations between phy ical mechanism and mathematical 
description. As proces ing methods improve , it is likely that 
the popularity of fab ric-reinfo rced ceramic matrix compos ites 
will increase. Fiber preform de ign, con titutive modeling, 
and materi al processing will require the combined talents and 
efforts of materia l scienti sts and structural engineers. 

Future Directions 

Ceramic material ystems will play a signi fica nt role in 
future high-temperature app lications. To this end , a number 
of issue must be addressed by the structura l mechanics 
resea rch community. We begin by pointing out that recent 
progress in process ing ceram ic material systems has not been 
matched by mechanica l testing efforts. There is a definite need 
for experiments that support the development of reliability 
models . Initially thi s effort should include experiments that 
test the fundamental concepts embedded in the framework of 
current stochastic models. As an example , probing experiment 
could be conducted along various biaxial load paths to establish 
level surfaces of reliability in a particular two-d imensional 
stress space (similar to probing yield surfaces in metals). One 
could then verify such concepts as the maximum stress 
response , which is often assumed in the multiaxial reliab ility 
model s proposed for these material s . After a theoretical 
framework had been established , characterization tests would 
then be conducted to provide the functional dependence of 
model parameters with respect to temperature and envi ron
ment. Finally, data from structural tests that are multiax ial 
in nature (and possibly nonisothermal) would be used to 
challenge the pred icti ve capabilities of models through 
comparison with prototypical response data. These tests 
involve inhomogeneous fi elds of stress , deformation , and 
temperature and would include two-bar tests as well as plate 
and shell structures . Results from structural testing prov ide 
feedback for subsequent modification . Ad hoc models result 
in the absence of structured interaction between the experimen
tali st and the theoretician . The va lidity of these models is then 
forever open to question . Furthermore, we cannot over
emphas ize that this genre of testing supports the development 
of methods for des igning components , not for designing the 
material . Currently , this effort is hampered by the quality and 
scarc ity of data . Ceramic properties pertinent to structural 
des ign, which include stochastic parameters, vary with the test 
methods . The mechanics research community is begi nning to 
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realize thi s, and a consensus is beg inning to form regard ing 
the adoption of standards . However , we wish to underscore 
the fundamental need for experimental programs that are 
relevant to structural mechanics issues. 

Although the d iscussion in previous secti ons focu ed on 
time-independent analyses , using ceramics as structura l 
components in harsh service environments requires thoughtful 
consideration of reliability degradation due to time-dependent 
phenomena. Thi issue finds relevance in the des ign of 
monolithic and composite ceramic components. For monolithic 
ceram ics (and perhaps whisker-toughened ceram ics), 
mechan isms such as subcriti ca l crack growth , creep rupture , 
and stress corros ion must be dealt with . Computational 
strateg ies a re needed that extend current methods of analysis 
involving subcritical crack growth and creep rupture to 
multiaxial states of stre s. Furthermore, the bulk of current 
li terature dealing wi th stress corrosion highlights experimental 
observations , with little at tention g iven to failure analys is. 
Several authors have suggested dealing with thi s mechanism 
analytically through the u e of chemica l reaction rate theory. 
Indeed , th is approach would be a good starting po int , since 
it deals wi th the chemistry of failure at the microstructural 
level. However , the development of current methods for 
predicting the serv ice life of ceramics is hampered by the lack 
of data on the behavior in various environments of interest. 

La rge strides have been made in understanding crack growth 
behavior in monolithic and whisker-toughened ceramics. 
However, one important aspect that has not been addressed 
in detail is the effect of risi ng R-curve behavior. Clearly , brittle 
materials need to be toughened , and this is often accomplished 
by creating a process zone around the crack tip . Within thi s 
zone locali zed energy diss ipation takes place and results in 
the development of damage to le rance through an increas ing 
res istance to crack growth with crack extens ion. Under these 
cond itions fracture toughness becomes functionally dependent 
on crack ize . Failure of material exhibiting R-curve behavior 
wou ld depend not on the initial distribution and orientati on 
of flaw sizes but on the rate at which resistance increases with 
crack growth. Several authors have discussed in theo reti ca l 
terms the effect that R-curve behavior has on the tochasti c 
parameters that are necessa ry for hort-term failure as well 
as on life pred iction (ref. 33) . Again, little data ex ist that 
correlate strength d istribution to this behav io r. Furthermore, 
if ceramic materials mimic ductile failure locally, cycl ic fatigue 
may become a design issue. Under cyclic loads the process 
zone advances a the crack tip extends, and brittle fracture 
mechanics may need to be modified to account for pseudo
ductile fracture (ref. 51 ). Hence, appl ication of modi fi ed 
metallic fa tigue anal yses may be a di tinct poss ibility . 

Carefu l thought is also required in defining structural failure 
in woven ceramics and long-fiber lam inated ceramics. Current 
research initiative have focused on the analys is of first matrix 
cracking and ultimate strength (i n the fiber direction) of an 
ind ividua l lamina. These ana lyses must be extended to multi 
axial states of stress , and fa ilure in an ang le-p ly lamina must 
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be dealt with effectively . In a lami nate these types of failure 
mechani sms effectively reduce the sti ffn ess of the fa il ed ply . 
Reduced st iffness causes loca l redistribution of the load to 
adjacent layers. In addi tion , delamination between laminae will 
relax the constra ining effects among layers and allow in-plane 
strains to va ry in steps within a laminate. These effects requ ire 
the development of rational load redi stribution schemes. 
Failure analysis of woven ceram ics must initially dea l with 
quantifying damage induced by service loads in the absence 
of a discernible macrocrack. Here phenomenological approaches 
such as continuum damage mechanics wou ld offer the most 
promise. Furthermore, issue germane to component life such 
as cyclic fat igue and creep behav io r must also be addressed 
analytica ll y and experimenta ll y for both types of composi tes . 

In closing , we recognize that when fai lure is less sensiti ve 
to imperfections in the material , stochast ic methods may not 
be that essential. Yet trends in design protoco ls are moving 
in the direction of probabilistic ana lyses (even for metals) and 
away from the simplistic safety fac tor approach. In this sense 
brittle ceramics will serve as prototypical materials in the study 
and development of reliab ility model that will act as the basis 
of future design codes. 
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