
' ' _' i r"/ /

TIIERMALLY INDUCED MICRO_HANICAL

IN CFJ_MIC/CI_RAMIC COMPOSITES

Zhuang Lil and Richard C. Bradt s ANI.JMSD/CP.-.-78152

IMaterials Science Division DE93 004860
Argonne National Laboratory,* Argonne, IL 60439

2Mackay School of Mines
Chemical and Metallurgical Engineering

University of Nevada-Reno, Reno, IVV 89557-0136

November 1992

w_.__ _, _ u.s._[

_ to_ m.gotU.$._N_nm _. [

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States li '_: '.., ' ' '
Government. Neither the United States Government norany agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi- :,_i.i_ 12 ._i t!j'iJ_i_
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringc privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views ..........
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Governmentor any agency thereof.

INVITED PAPER presented at the International Conference of Thermal Shock
and Thermal Fatigue Behavior of Advanced Ceramics, Schloss-Ringberg,
Germany, November 9-13, 1992; to be published in the Proceedings, edited by
G. Petzow and G. A. Schneider (Kluwer Academic Publishers).

*Work supported by the U.S. Department of Energy, BES-Materials Sciences,
under contract #W-31-109-ENG-38.

DISTRIBUTION OF THt$ LJOC<.,,v,C,,ITIS U_'.,IL.IMITED



THERMALLY INDUCED MICROMECHANICAL STRESSES
IN CERAMIC/CERAMIC COMPOSITES

ZHUANG LI (1)AND RICHARD C. BRADT (2)

(1)Argonne National Laboratory
Materials Science Division, Bldg. 212
9700 Scmth Cass Avenue
Argonne, IL, 60439, USA

(2)Mackay School of Mines
Chemical and Metallurgical Engineering
University of Nevada-Reno
Reno, NV, 89557-0136, USA

ABSTRACT: The internal micromechanical stresses which develop in
ceramic-ceramic composites as a consequence of temperature changes and
thermoelastic property differences between the reinforcing and matrix
phases are addressed by the Eshelby method, Results for two whisker
reinforced ceramic matrix composites add for quartz particles in porcelain
are discussed. It is concluded that the stresses which develop in the second
phase reiniorcing ini:lusions are quite substantial (GPa-levels) and may be
highly anisotropic in character. These stresses are additive to the
macroscopic thermal stresses from temperature gradients which are
encountered during heating and cooling, and also to externally applied.
mechanical stresses (loads). These micromechanical stresses are expected
to be highly significant for thermal cycling fatigue and other failure
processes.

INTRODUCTION

The development of thermal stresses causing thermal stress (shock)
damage to ceramic materials, both monolithic ceramics and ceramic/ceramic
composites may evolve through the occurrence of several different
conditions. In a macroscopic sense, whenever the temperature of a ceramic
object or artifact is changed, a thermal gradient develops. As most ceramics
display significant thermal expansion, the ceramic object or artifact
experiences a state of thermal stress which relates to the physical
properties of the ceramic, including the thermal expansion, Poisson's ratio,
elastic modulus, thermal heat transfer characteristics, etc, its geometry and
the magnitude of the thermal gradient which develops. This stress
development is a form of the ceramic object restraining itself from changing
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dimensions as a result of the thermal gradient. A somewhat extreme of this
condition is the specific case where a ceramic object is fixed at its
extremities and thus totally restrained from dimensional changes during a
uniform temperature change. A simple mechanics analysis of this latter
situation reveals that conditions of total restraint can develop very high
stresses, often exceeding lOfts of MPa for a AT of only a few 100"C. Of
course, the application temperatures of ceramics are much greater than a
few 100" C, thus readily creating severe thermal stress problems in many
instances.

On a scale only slightly less than that of the complete ceramic object
or artifact itself, yet at a size level which is usually greater than the ceramic
microstructure, are the residual stresses which are developed in the glazes
on ceramic whitewares during cooling. Although Chinese and Japanese
artisans have developed glazes which intentionally yield cracked, or crazed
glaze patterns with considerable aesthetic merit, most glazes are usually
designed to exist at compressive stress levels of 50-100 MPa in order to
avoidanyunsightlycracking.Althoughtheanalysisforactuallycalculating
the stressesinglazesmay be considerablymore complicatedthan similar
calculationsfora ceramicmonolith,treatingtheproblemasa thinlayeron
aninfiniteslabhasproventobesatisfactory.Thoseresultsindicatethatthe
magnitudesofthe thermalstresseswhich developin the glazeand the
underlyingceramicbodyrelatetothedifferencesintheirelasticproperties
and thermalexpansions,aswellasto the relaxationtemperatureofthe
glazeduringcoolingand thethicknessoftheglaze,ltissignificantthatthe
thicknessoftheglaze,thatisitsdimensions,oritsgeometricrelationship
totheceramicbodyisofimportance.Thisillustratesthesignificanceofthe
geometricaspectsof thermallyinducedstressesin a manner which is
differentfrom thesimplethermalgradienteffectsduringheattransfer.

The geometryofthereinforcingphasemicrostructureisa critical
factorinthedevelopmentofinternalthermalstressesinceramic/ceramic
composites.This has been demonstratedforSiC whiskersreinforcing
various matrices °_, and also for Al203 whiskers in both mullite and garnet
matrices, a) The aspect ratio of the whiskers,their length/diameter ratio, has
a significant effect. This is particularly true for short whisker, or fiber
reinforcements where (L/d) is less than about five. Equally important are
the thermal expansion and elastic anisotropies of the reinforcing phase
inclusions for they are invariably single crystals. Since the elastic properties
of single crystals are fourth order tensor properties, individual crystal
reinforcing phases will be elastically anisotropic. This paper addresses the
thermal stresses, or thermally induced micromechanical stresses in
ceramic/ceramic composites which are associated with the reinforcing
inclusions. It fLrst reviews the Eshelby approach to calculating the thermally
induced micromechanical stresses associated with reinforcing phase
inclusions, then discusses the results for several ceramic/ceramic



composites, including SiC whiskers in alumina, _1_Al20s whiskers in mu_te _2_
and quartz particles in a porcelain. <s_

The conclusions reaffirm that four factors influence the thermally
induced micromechanical stresses that are associated with the rain forcing
phase within ceramic/ceramic composites. Those factors are:

(i) the thermal expansion mismatch between the phases,
(ii) the elastic modulus mismatch between the phases,
(iii) the geometry of the reinforcing phase or inclusions, and
(iv) the volume fraction of the reinforcing phase.

Of course, ff one superimposes externally applied stresses upon a
ceraw_c/ceramic composite, then those applied stresses mustadd to the
internal micromechanical stresses as a second order tensor. Macroscopic
thermal stresses from the thermal gradients during rapidly heating or
cooling would do likewise. As the internal, thermally induced
micromechanical stresses may be quite substantial, in fact they often reach
the GPa range, it may be expected that those stresses will make a
substantial contribution to mechanical fatigue and also fatigue from thermal
cycling. Their variation during thermal cycling can be expected to create
local stress levels that far exceed those experienced during normal
mechanical cycling from the external design stresses.

MICROMECHANICAL STRESS FORMULATION

Most researchon ceramicreinforcedpolycrystallineceramicmatrix
compositeshas emphasizedthe interfacialpropertiesof the reinforcing
inclusionphaseandthematrbcHowever,recentstudieshavedemonstrated
thatthe internalmicromechanicalstresseswhich are generatedby the
thermalexpansionand elasticmodulidifferencesbetweenthereinforcing
inclusionphase and the matrixassume a very importantrolein the
mechanicalpropertiesofallceramic/ceram/ccomposites<4_.Studiesofthe
microme:hanicalinternalstressesinanisotropicsinglephasepolycrystalline
ceramicmaterialsand inmultiphasecompositeshavebeeninprogressfor
severaldecades.Numerous mathematicalmodels have been propose&
However,among thevariousmodels,itisthemodificationsoftheEshelby
equivalentinclusionmethod <7-i0)which appeartobe themost promising,
eventhoughtheyarenotreadilyadaptabletodescribecrystallographically

(11)
faceted second phase inclusions. One reason for its popularity is that the
Eshelby approach can exactly solve the stress field of an anisotropic single
crystal grain, or second phase inclusion. It is also relatively straight forward
to apply to actual ceramic systems. Using extensions, or modifications of the
Eshelby method and its matrix forms, the following related thermoelastic
stress problems can be directly addressed and solved: (i) the stresses within
an anisotropic single crystal grain, whisker or second phase inclusion, (ii) the
stresses at the interface between the second phase inclusion and the matrix,
(iii) the average stress within the composite matrix, (iv) the effect, or role



ofthegeometryofan anisotropicsinglecrystalinclusion,(v)theeffectof
theinclusionconcentration,oritsvolumefractionwithinthematrixand(vi)
the changeof stresseswithinthe inclusionand matrixby an applied
external stress.

Figure 1 schematically illustrates an anisotropic ellipsoidal inclusion
that is situated within an isotropic matrix. For the analysis, the thermal
expansions and elastic properties of the second phase inclusion are
consideredtobe anisotropic,whilethoseofthe surroundingmatrixare
assumed to be isotropic.The descriptivegeometricparametersof the
ellipsoidalinclusionaredenotedasL and d,whereL isspecifiedasparallel
totheXa axisoftheinclusionand thed coincideswiththeXIand X2axes.
The angle,inFigureIisdefinedastheanglebetweentheXIaxisandthe
directionofinterest.Two locationswithinthematrix,justoutsideofthe
inclusion,areofspecialinterest.One isat the equatoroftheinclusion,
=0°,asdenotedby pointB and theotherisatthepoleoftheinclusion,

, =90",asdenotedbypointA.Ifthe(L/d)ratiooftheinclusionisequalto
unity,thentheellipsoidalinclusionisspherical.Foran (L/d)ratiowhichis
much lessthanone,theinclusionapproximatesa fiattabularplatelet,and
when the (L/d)ratioismuch greaterthan unitythen the inclusion
approximatesa longcylindricalwhisker.Those threespecialgeometric
shapes of the inclusion are also illustrated in Figure 1 alongside the
inclusion.
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Details of the formulation of the micromechanical stress calculations
associated with the inclusion in Figure 1 can be found in several
references. (7"9)They are presented only in their final matrix form hero• To
determine the micromechanical internal stresses it is necessary to solve for
the eignstrain, etl, which is generated by the thermal expansion and elastic
moduli differences between the second phase inclusion and the matri_ The
eigenstrain of the inclusion is expressed in Equation (1) as:

[<C_><S>,<CU>-II/<CD><_>]<e'>=<C1><er>-<CD><eo>

where <o°>, < Er> and <e'> are each 6 x 1 matrices of the applied stress,
the thermal strain and the e_,enstrain, respectwely. The <C_>, <C_> and
<Ca> are each 6 x 6 matrices of the elastic stiffnesses for the inclusion, the
matrix, and the difference between the inclusion and the matrix,
respectively. The <S> and <_> are each 6 X 6 matrices of the Eshelby
tensor and the average Eshelby tensor. These are directly related to the
geometry of the inclusion and the elastic properties of the matrix. The Vr
is the volume fraction of the second phase inclusion. Equation 1 can be
considered to be the fundamental equation for the microstructural design
of two phase, ceramic reinforced, ceramic matrix composites on a mechanics
basis.

The stresses inside of the inclueion are obtained from:

<o_>=<o°>+<cU>[<S>-<I> -V/<S"->]<e*>, (_)

•where <I> is the 6 x 6 identity m_tri_ The average stress in the matrix is
determined from:

<o_>=<oo>- V,<CU>Z_><e'>, (s)
,t

and the stresses just outside of the inclusion in the matrix are expressed by:

<o_> =<oh'>-<CU> <B><CU><e'> +<CU><e*>, (4)

where <B> is related to the elastic constants of the matrix and the unit
vector outward from the inclusion.

From the above equations it is evident that the eigenstrain, _tl, m
directly related to the thermally induced micromechanical stresses. In
Equation (1) it can be seen that the eigenstrain and thus those stresses are
influenced by the following four parameters: (i) the difference between the
matrix and the inclusion thermal expansions, Aa, and (ii) their elastic
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moduli difference, AE, (iii) the geometry of the inclusion, expressed as its
aspect ratio, (L/d), and (iv) the volume ft'action or concentration of the
reinforcing phase inclusions, Ve The relationships between the eigenstrain
and those four composite design parameters are defined through Equation
1. The first and the second terms on the right hand side of Equation
l,<eT> and <cD> respectively,indicatetheeffectsofAa and AE on the
micromechanicalstresses.On the lefthand sideofthe Equation1,the
Eshelbytensor<S> and V_ respectively,indicatethegeometricaleffects
and theeffectoftheconcentrationofthesecondphaseinclusions.

AlthoughtheformulationofEquations(1-4)appearstobe relatively
complicated,it has been successfullyappliedto SiC whiskersin a
polycrystaUine alumina matrix and also to sapphire whiskers in garnet and
mullite matrices by Li and Bradt (1,2).For the former, their theoretical
calculations are in excellent agreement with the X-ray diffraction
experimental residual stress measurements of Abuhasan et al (12)for the
same composite in several ways. First, the magnitudes of the internal
stresses are nearly the same for the theoretical calculations and the
independent X-ray diffraction measmements. However, more importantly
the experimental results substantiate the necessary assumptions for the
theoretical calculations, namely that the micromechanical stresses in the
inclusions will be highly anisotropic, but those in the polycrystaUine matrix
are essentiallyisotropic.Majumdar, et al (6)and Tome et al (13)have
employedneutrondiffractiontechniquestomeasuretheresidualstresses
withinsimilarSiC/AL03 compositesand theirresults'alsoconfirmthe
theoreticalcalculationsfrom applyingEquations1-4.Itmust be concluded
that Equations (1-4)satisfactorilydefine the thermally induced
micromechanicalresidualstressesin ceramicreinforcedceramicmatrix

composites.

MICROSTRESSES IN CERAMIC/CERAMIC COMPOSITES

ApplicationoftheEshelbytechniquetoceramiccompositesystems,
thatisceramicsecondphasesor inclusionswithinceramicmatrices,can
onlybe properlyappliedtothoseceramicsystemswherethesinglecrystal
elasticconstantshavebeendeterminedforthereinforcingphase,thatisthe
secondphaseinclusions.Thisis,unfortunately,a severerestriction,forthe
singlecrystalelasticconstantsofmany crystalstructureshave neverbeen
measured.Inaddition,becauseoftheanisotropyoftheEshelbyformulation,
theprincipalaxialthermalexpansioncoefficientsoftheinclusionphaseare
alsorequired.The truthisthatonlya fewsystemscanbe analyzedby this
rigorousmethod,however,thosethathave been areinterestingand have
yieldedinformativeresults.



Before addressing those results, it is appropriate, in fact necessary,
to briefly address literature calculations which do not fully take into account
the complete thermoelastic anisotropy of the inclusions or the second phase.
These types of calculations abound in the journals, but none will be singled
out for criticism. It must be emphasized that the elastic properties of
crystals are fourth order tensors, and thus are anisotropic even for cubic
single crystals such as beta-SiC whiskers. In fact, the Young's modulus of
cubic SiC in the <111> is about twice the value in the <100>. <14)The
failure to incorporate the elastic/thermal anisotropy into calculations of the
stresses associated with single crystal inclusions that possess such
significant anisotropy can result in very large errors. Analyses which apply
only averaged property coefficients for the inclusions and do not fully
incorporate the thermoelastic anisotropy must be viewed with considerable
reservation.

Figure 2 illustratesthe results for the Eshelby analysis applied to
three ceramic/ceramic composites, a silicon carbide whisker in a
polycrystalline alumina matrix, a sapphire single crystal in a polycrystaUine
mullite matrix and a quartz particle in a glass matrk. These calculated
results are for a single inclusion in an infinite matrix. However, the effects
of the volume fraction of the inclusions on the matrix stresses can also be
addressed. The reader is referred to the original manuscripts for those
effects and others as weil. _x_)Space simply does not permit the presentation
of more complete analyses in this manuscript. Nor does it permit further
discussions of the thermoelastic anisotropy of the materials. The focus of
the remainder of this paper will be on the inclusion associated
micromechanical stresses which result from cooling to room temperature
after manufacturing at elevated temperatures.

The Xs axes of the reinforcing phase inclusions for these calculations
were the [111] for the SiC, the [0001] for the sapphire and also the [0001]
for the quartz. The (L/d) ratios as defined in Figure 1 were only examined
to a value of five for the quartz, as those particles may be expected to be
more of an equiaxed geometry than the single crystal whiskers. The AT's
were 600"C for the quartz porcelain and 1000" C for both of the other two
composites. The stresses specified in Figure 2 are those as they have been
defined in the Figure 1 schematic of the eUiposidal inclusion.

There are a number of significant features to these stresses and to
the effects of the anisotropies of the second phase inclusions. Several will
be addressed in the following discussion. Perhaps the most striking aspect
of these stresses is their magnitude, which as it was previously noted, have
been confirmed by bo_.h X-ray diffraction _5.12_and neutron diffraction, c6'1s_
The internal stresses in the whiskers are in the GPa range, many times the
macroscopic strengths of these composite materials and many times the
anticipated design stresses. For the case of SiC whiskers in alumina, where





the thermal expansion coefficient of the whisker is less than that of the
matrix, the whiskers are in a state of compressive stress of 2 GPa along
their longitudinal axis and 1 GPa in the radial direction. It has been
suggested that these very high compressive residual stresses in the
whiskers make a significant contribution to the room temperature
toughness of these SiC whisker reinforced polycrystaUine alumina ceramic
matrix composites. One can hardly dispute that hypothesis for that
composite system is the only one which has experienced widespread
commercial success to date. <15_

Alumina or sapphire whiskers reinforcing mullite is an extremely
attractive composite system from the thermodynamic stability point of view,
as 3 AI203•2 Si02 and Al20s are in equilibrium in air to temperatures above
1700"C. It is unfortunate that there is such an unfavorable thermal
expansion mismatch in this system, one which creates significant tension
within the reinforcing sapphire whiskers. Sapphire whiskers in a mullite
matrix would develop longitudinal tensile stresses of over one GPa, a value
which is well in excess of their reported tensile strengths, thus fracturing
the whiskers as reported by Mali et al._le_It is a prediction which can be
made from the previously outlined Eshelby stress calculations without ever
actually manufact!_r:'_u_the composite.

Both of these whisker composite systems exhibit a strong (L/d)
dependence of the internal micromechanical stresses. These internal
stresses reach an asymptotic value between (L/d) ratios of about six to ten.
This result sends a strong message to the microstructural designers of these
types of composites, for it reveals that there is little, or nothing, to be
gained by putting very long fibers in these structures, when and if the
mechanical property enhancement is based on the residual micromechanical
stress state of the fibers. Furthermore, since the processing of powder-
whisker (fiber) systems is quite difficult for long fibers, there is really no
need to go to extremes to process very long fiber composite systems. An
(L/d) ratio of six to ten is adequate.

The effect of the (L/d) ratio on the residual micromechanical stresses
in these two fiber systems illustrates a significant feature for ali whisker
composites. This geometric effect is included within the matrix of the
Eshelby tensor, <S>, in Equation 1. One type of whisker (SIC) is highly
elastically anisotropic, but it is isotropic in its thermal expansion, whereas
the other whisker (sapphire) is much less anisotropic elastically, but
possesses a much greater thermal expansion anisotropy. In spite of this
contrast, both exhibit very similar stress versus (L/d) profiles, albeit one is
in compression and the other is in tension. This very vividly illustrates that
the geometry of the reinforcing inclusion phase has a profound effect on the
residual stress state. That effect is superimposed on the thermoelastic
anisotropy of the crystal structure of the inclusion. The form of the rapid



increase of the micromechanical stresses for platelet geometry (L/d) ratios
of less than one suggests extreme caution to those designers which attempt
to use platelets for composite reinforcements, particularly when the
platelets have a greater thermal expansion than the matrix.

The stresseswithinand abouta quartzparticleinatypicaltri-axial
_ porcelain are also presented in Figure 2._s)These are quite interesting in

several respects. It .is well known that traditional quartz-porcelains are
prone to internal mlcrocracking about the quartz particles. _17)These are
partially spherical cracks which appear to parallel the particle quartz surface
just removed from the particle into the glass matrix. These cracks are
caused by the art stress in Figure 1, which Figure 2 reveals is a tensile
stress that can reach a level of several hundred MPa. The Eshelby
calculations suggest that these cracks will most likely occur perpendicular
to <2110> directions for platelet shaped quartz grains, but perpendicular
to the < 0001 > for more fiber shaped or elongated quartz grains. Ali of the
micromechanical stresses for the quartz/porcelain system appear to reach
asymptotic values at low (L/d) particle ratios, except for the tensile stress
in the <0001 > which increases nearly linearly beyond an (L/d) value of five.
This further illustrates the geometrical/anisotropic coupling of the
micromechanical stresses associated with second phase inclusions.

An importantfeatureoftheseveryhighmicromechanicalstressesis
theirdirectassociationwiththereinforcingphasesandtheinclusion/matrix
interface.The characterof the interfacebetween the matrixand the

reinforcingwhiskersor particlesiswellknown to be a criticaldesign
parameterforvirtuallyallcomposites.Itsproximitytotheseveryhigh
stressesand the high strainenergy densityof the inclusionand the
immediatesurroundingmatrixisparticularlycritical,potentiallyincreasing
itssusceptibilitytolocalizeddegradationphenomena.If,forexample,one
isinterestedintheeffectsofexternallyappliedstressesonthecyclicfatigue
ofthesecomposites,and the mechanism isone ofinterfacialdebonding,
failureorcrackingadjacenttoa reinforcinginclusion,thenitisnecessary
toconsidertheinternalmicromechanicalstressesaswellastheexternally
appliedmacroscopicstresses.This synergismcan be addressedby the
Eshelbymethodasithasbeen formallyoutlinedby LiandBradt_i)intheir
originalpaperon SiCwhiskersinpolycrystallinealumina.

SUMMARY AND CONCLUSIONS

Application of the Eshelby method to the calculation of the internal
micromechanical stresses which develop in ceramic/ceramic composites
during temperature changes is outlined. The methodology is then applied
to two ceramic whisker reinforced ceramic matrix composites and to quartz
in porcelain for the determination of the residual stresses which result from
cooling to room temperature after elevated temperature processing. Several



practical consequences of these types of theoretical calculations are then
discussed.

The general Eshelby derived equation clearly establishes the physic_al
and structural characteristics of ceramic matrix composites with ceramic
reinforcing second phase inclusions that affect the internal micromechanical
stresses. There are: (i) the thermal expansion mismatch, (ii) the elastic
modulus mismatch, (iii) the geometry of the reinforcing inclusion phase, and
(iv) the volume fraction of the reinforcing phase. The residual stresses
which result from cooling to room temperature after processing at elevated
temperatures can be in the GPa range, a level which is far beyond the
macroscopic design stresses of structural ceramics. As these very high stress
levels are directly associated with the reinforcing phases and the
inclusion/matrix interface, they may be instrumental in promoting failure.

A significant geometric effect o_urs as the m/cromechanical stresses
associated with whisker reinforceme_ _exhibit a strong (L/d) dependence.
The stresses reach asymptotic level _,_.tween (L/d) values of six to ten in
most cases. This result suggests that it may not be necessary to utilize long
whiskers or fibers in these types of composites, a welcome conclusion since
long whiskers or fibers are difficult to process into fully dense composites.
The rapid changes of the micromechanical stresses near the platelet
geometry for an inclusion also suggests that the optimal design of
particulate reinforced ceramic/ceramic composites may be considerably mol:e
di/ticult to achieve than for whisker reinforced composites.
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