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Foreword

This book describes mechanical aspects of interfaces and surfaces in ceramic
containing systems. Various multicomponent materials were investigated. Sys-
tems studied include ceramic matrix composites, metal/ceramic bonded systems
and polymer particulate composites, as well as monolithic ceramics.

Fracture behavior has been observed, to develop criteria that identify fracture
parameters pertinent to structural design. Micromechanics models of mechani-
cal behaviors have also been developed whenever possible. Matrix cracking in
composites and edge effects in metal/ceramic bonded systems are examples
of modelled phenomena. This book gives detailed descriptions of interfacial
and surface phenomena in these ceramic containing systems.

The information in the book is from Mechanical Aspects of Interfaces and
Surfaces in Ceramic Containing Systems, prepared by A.G. Evans of the Uni-
versity of California, Berkeley, California, for the U.S. Office of Naval Re-
search, December 1984.

The table of contents is organized in such a way as to serve as a subject index
and provides easy access to the information contained in the book.

Advanced composition and production methods developed by
Noyes Publications are employed to bring this durably bound
book to you in a minimum of time. Special techniques are used
to close the gap between ‘““manuscript’” and ‘‘completed book.”
In order to keep the price of the book to a reasonable level, it
has been partially reproduced by photo-offset directly from the
original report and the cost saving passed on to the reader. Due
to this method of publishing, certain portions of the book may
be less legible than desired.



NOTICE

The materials in this book were prepared as
accounts of work sponsored by the U.S.
Office of Naval Research. Publication does
not signify that the contents necessarily re-
flect the views and policies of the contacting
agencies or the publisher, nor does mention
of trade names or commercial products
constitute endorsement or recommendation
for use.
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Introduction

Research during FY 1984 has considered four areas, concerned with the
mechanical behavior of materials: monolithic ceramics, ceramic matrix
composites, ceramic/metal bonded systems, and polymer matrix materials.
Water drop impact damage on brittle systems has also been investigated.

The research on monolithic ceramics represents the conclusion of
several years of study related to the fracture toughness of
polycrystalline ceramics. The emphasis of the present research (Paper I)
has been on the development of a comprehension of microcrack toughening
in single phase anisotropic ceramics, such as A1203. The study
illustrates how the stress, strain characteristics of a microcracking
system can be derived and then used to predict trends in the fracture
toughness. The dilatational strain associated with the microcracking is
thereby determined to be the ma jor toughening mechanism. The dilatation
is, in turn, related to the thermal expansion anisotropy and the grain
size.

Thermal fracture studies (Paper II) describe a technique for

evaluating edge flaw populations in ceramic devices: notably, multilayer

capacitors. The study, performed on standard capacitors, revealed that
the edge flaws are more serious than the surface flaws and hence, that
capacitor fracture upon soldering or thermal cycling is strongly
influenced by edge damage. The concept of thermal stress testing to
obtain flaw populations is-also shown to be applicable to other
components, such as turbine valves and turbochanger rotors. The
procedure may be used for evaluation or proof testing purposes.

The research on ceramic matrix composites (Papers III & IV) presents

an analysis of the mechanical behavior of a SiC/LAS composite with
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uniaxial reinforcement. The study reveals that the tensile properties
are dictated by a matrix cracking stress and an ultimate tensile
strength, whereas the fracture toughness is not a relevant material
parameter. Comprehensive investigation of matrix cracking indicates
that, in this composite, the good tensile properties derive from an
absence of chemical bonding between the fiber and matrix. Furthermore,
the matrix cracking stress is determined to vary with the frictional
shear resistance of the interface, the fracture toughness of the matrix
and with the thermal expansion difference between fiber and matrix (via
the residual stress).

Studies of the mechanical properties of ceramic/metal bonded systems
(Papers V, VI, VII) have begun to investigate the effects of thermal and
elastic anisotropy and of metal plasticity on the mechanical strength.
In particular, plasticity in the metal is determined to profoundly effect
several aspects of mechanical behavior. For example, crack blunting has
been observed at the interface of A1203/Nb, due to plastic flow in the
metal, resulting in interface strengthening. Additionally, stress,
strain hysteresis due to metal plasticity has been used to eliminate
residual stress in A1203/Cu strips. The influence on fracture behavior of
stress concentrations at edges, due to mismatch in elastic modulus, has
also been studied.

Polymer matrix particulate composites exhibit toughness

characteristics similar to those previously studied in ceramics (viz,
transformation and microcrack toughening). Hence, models of rubber
toughening and glass toughening of polymers have been developed (Papers
VIII, IX) using concepts based on stress, strain hysteresis. In these

instances, the dilatation of the material due to plastic expansion of
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the matrix around debonded, or cavitated, second phases has been studied
and used to predict trends in the toughness. The trends reveal
synergistic effects. Particularly strong synergism was identified in
rubber toughened systems wherein toughening by rubber stretching across
the crack faces was determined to be multiplicative with debonding and
shear banding in the process zone.

Finally, the research studies on water drop impact damage have

involved the development of schemes for statistical damage
characterization, pertinent to the influence of the damage on infrared
transmission losses. Three aspects of this issue have been addressed.
Techniques developed for characterizing the spatial variation in crack
damage (Papers XI, XII) allow experimental results evaluated for a wide
variety of impact conditions and target materials to be unified. In
particular, the inner damage radius and the number density of cracks have
now been fully characterized. Theoretical studies (Paper X) have
involved the development of a computer model to simulate the crack
damage. The model is based on the fracture mechanics of cracks engulfed
by the short stress pulse generated by drop impact. Inertial effects of
the crack faces are a particularly important aspect of the model. The
computer scheme thereby allows the stress pulse to activate statistically
distributed, small pre-existing surface cracks and create a distribution
of crack damage. The simulation has, thus far, successfully predicted
the number density of cracks in the damage zone, by incorporating stress

pulse attenuation.
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. Some Effects of Microcracks on the
Mechanical Properties of Brittle Solids

I-a. STRESS, STRAIN RELATIONS

Y. Fu and A.G. Evans

Department of Materials Science and Mineral Engineering
University of California
Berkeley, CA 94720

ABSTRACT

An analysis of microcracking in a brittle polycrystalline
aggregate is presented. The analysis is based on the combined
influence of the residual stress and the applied loads. Microcrack
densities are predicted as a function of load and correlated with
acoustic emission measurements. The non-linear characteristics of the
stress-strain curves of microcracking materials are calculated, as
required for subsequent evaluation of microcrack toughening in brittle

materials.
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1. INTRODUCTION

Localized residual stresses typically form in polycrystalline
brittle solids, due to thermal expansion a.nisotropy."'u The residual
field often induces a stress intensity of sufficient magnitude that
microcracks nucleace,5 especially when present in conjuntion with
appreciable applied stresses. The resultant microcracks influence the
mechanical properties of the material, in addition to having important
effects on optical and thermal properties. The intent of this article
is to describe the source of the microcracks and to evaluate the
stress, ‘strain response of materials subject to stress induced
microcracking. The associated effects of microcracks on crack
propagation are presented in a companion paper.6

In the present paper, the stresses that result from expansion
anisotropy are firstly assessed. Then, fracture concepts that account
for observations of thermal microcracks are discussed. Thereafter, the
concepts are used to predict the microcracking that occurs upon
application of applied loads and hence, to predict stress, strain
relations for microcracking brittle solids. Experimental measurements
that relate to stress induced microcracking are, where available,

correlated with the predictions.

2. RESIDUAL STRESSES
The analyses of the residual stress caused by expansion anisotropy
were originally concerned with the stresses induced within grains. The

results of such analyses, obtained using variational principles,
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revealed stresses of the 1’or-xn,2

%5 =My o

(°Lj)o = cijkk(“o - o )AT (1)

where a, is the thermal expansion coefficient of the polycrystalline
aggregate and a is the thermal expansion coefficient along the
k-axis of the grain, AT is the cooling range, cijkl is a compliance
tensor and Mi,jkl is a relaxation tensor. However, since microcracks
in polyerystalline brittle solids typically occur along grain
boundar1335'7, the stresses along boundaries are deemed more pertinent
for present purposes.

Grain boundary stresses are conveniently analyzed using the
Eshelby pt'cmedm"e.s'8 In this procedure, the first step entails
removal of the microstructural entities, followed by unconstrained
straining. Then, surface forces are applied to restore the entities to
their original shape, whereupon they are reinserted into the body.
Finally, interface tractions are imposed to establish stress continuity
in the system. For polycrystalline solids subject to thermal expansion
anisotropy, it can be showng that the grain boundary stresses may be
adequately assessed using four anisotropic grains, contained within an
isotropic matrix with the average properties of the polycrystal (fig.
1). With this approach, the stresses o'ij within each grain, due to

application of surface forces, are given by
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“S<DIRECTION OF
MAXIMUM CONTRACTION

¢

Fig. 1 The four anisotropic grains with an isotropic matrix used

for residual stress analysis.
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Oy = EAaAT cos2 9ﬂ/(1+\))

cyy = EAaAT cosZen/(1+v)

Oy = EAaAT sin29n/(1+\') (2)

where,

Ao = 01 - (Ql + 02)/2
= a, - (cx1 + uz)/2;

the subscripts 1 and 2 refer to the principal strains, and en is the
angle between the axis of maximum contraction in grain n and the
grain boundary plane.

These stresses are modified during the final step in the
sequence, when interface tractions Pi (fig. 2) - equal in magnitude
but opposite in sign to the surface forces - are applied around the
grain boundaries after insertion into the matrix. Resultant stresses,
evaluated for two dimensional grain arrays, with several grain
orientations, are presented in fig. 3.

The stresses can be considered to comprise of two principal
components: uniform stresses at the grain facet center and singular

stresses near the grain corner. The uniform stresses, o originate

M
ij’
from the mismatch between the two grains adjacent to the grain boundary

of interest and are given by;
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Fig. 2 A summary of the interface tractions, P;, imposed to achieve

stress continuity in the final step of the Eshelby sequence.



