Lawrence Berkeley National Laboratory
Recent Work

Title
MECHANICS OF MICROCRACK TOUGHENING IN CERAMICS

Permalink
https://escholarship.org/uc/item/8x2893549

Author
Fu, Y.

Publication Date
1983-09-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8x28g356
https://escholarship.org
http://www.cdlib.org/

""Z‘\ ,“ .-
LS a‘x ;{‘:"f

Uc-2s-
LBL-16839

<.

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA REck yp

Materials & Molecular JAN 1’*‘7’9~v
Research Division e, 84
DocumenTs QggT on

MECHANICS OF MICROCRACK TOUGHENING IN CERAMICS

Y. Fu
(Ph.D. Thesis)
4 » L )
September 1983 For Reference
Not to be taken from this_fo‘ouﬁ. '
o,
~
K
F‘
|
G
R
N
- .0

Prepared for the U.S. Department of Energy under Contract DE-ACO03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

[N



e

"

A

LBL-16839

MECHANICS OF MICROCRACK TOUGHENING IN CERAMICS

Yen Fu
(Ph.D. Thesis)

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

September 1983

This work was supported by the Director, Office
of Energy Research, Office of Basic Energy Sciences,
Materials Science Division of the U.S. Department
of Energy under Contract Number DE-AC03-76SF00098
and Office of Naval Research, Contract Number
N00014-81-0362.



e

R

A

Mechanics of Microcrack Toughening

in Ceramics

Yen Pu
Doctor of Philosophy Materials Science and
in Engineering Mineral Engineering
Departmant

Sponsors: Department of Energy Professor Anthony G. Evans

Naval Research Center Chairman of Committee

ABSTRACT

The formation of a crack tip process zone consisting of stress induced
microcracks has been observed to modify the fractu;e toughness of a material.
In' single phase polycrystalline ceramics .with micrbstructufal residual stressés
due to thermal contraction anisotropy, the grain size dependence of fracture
toughness is attributed to the microcrack toughening effect. Associated with
the process are several unique features; namely, the microstructural threshoid
for the onset of microcrack toughening and an R-curve characteristic. A
theoretical analysis of the mechanics of microcrack toughening, parallel to that
conducted by Budiansky et al for transformation toughening, is conducted,

whereupon the basis of these unique features are established.

The mechanics approach of modeling the toughening process is essentially
based on the stress/strain characteristics of a microcracking medium. Below
the microstructural threshold for spontaneous microcracking, the microcrack-
ing medium exhibits a nonlinear strain response to loading above the induced
microcracking threshold, by virtue of the elastic moduli decrease. During

unloading, a linear strain response resumes and a hysteresis derives from the



irreversible cycle, which cooresponds to a strain energy dissipation mode.

The microstructural configuration for the onset of microcrack toughening
originétes from the nucleation of discrete microcracks. The calculations of the
residual stress field around the primary crack show preferential orientations
and sites for discrete microcrack formation. The driving force for such a
cracking system is compared with that of primary crack extension to deterrnine
the onset configuration. It is found that microcfack zone formation is fully
suppressed below a critical grain size, ~40% of the critical .grain size for spon-

taneous microcracking.

The theoretical analysis of the mechanics of microcrack toughening
invokes both linear and nonlinear fracture mechanics concepts. The fracture
energies at the initiation of crack propagalion subject to a frontal rnicrocfack
zoné and at the steady-state cracking stage subject to an extended microcrack
zone are calculated, corresponding to the two exttremities on the R-curve. It is
found that the toughening effect derives from the nonlihear characteristies of
the microcrack zone; specifically, the R-curve originates from the hysteresis
associated with the gradual unloading of the microcrack zone wake. Addition-
ally..characteristics of the grain size dependence of the fracture toughness at
different stages of crack evolution vary significantly, due to the existence of the

R-curve. The predicted results of the fracture energies correlate quite well

with experimental observations.
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1. Introduct.ion

As science and technology improve, ceramics are emerging as a prospec-

tive category of materials for novel applications [1]. Among the superior pro-

. perties with practical applications of ceramics are hardness (abrasives), corro-

sion resistance (ceramic coatings), radiation resistance (nuciear fuels), high
temperature strength (engine componeﬁts. refractories), etc.. In particular,
many advanced technologies rely én the use of ceramics uniquely endowed with
certain optical (wave guides, filters), electrical (semicorxduct;)rs, ferroelectrics,

insulators) or magnetic (ferromagnetics) properties. However, in these situa-

tions, brittleness often presents a serious problem both in terms of the limita-

tion in toughness and of the unpredictability in strength [2] Therefore, it is’

extremely desirable to understand the failure processes as well as the possible

toughening mechanisms. Very often, these two efforts support each other.

In room temperature regime, several categories of mechanisms have been
observed to enhance fracture toughness [3]; narmely, crack bridging, crack
interaction and crack shielding. The unique example of crack bridging is the
WC/Co composite [4] in which the ductile Co phase is introduced into the brittle
ceramic phase, WC, and some plasticity is restored. The crack interaction
includes mechanisms as crack deflection and crack bowing where.the crack
plane‘ or crack front is distorted by certain microstructural features and thus
the crack propagation is hindered [5]. The interest of the present work is in
the crack shielding mechanisms; specifically, the microcrack toughening pro-

cess.

The concept of crack shielding is that, during fracture, a crack tip process
zone is induced which counteracts the applied stress intensity and relaxes the
crack tip singularity; a process similar to plastic zone formation [6]. Presently,

stress induced microcracking at microstructural stress sites [7-12] and mar-
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ten.sitic transformation of éartially stabilized ZrOz inclusions [13] are the major
mechanisms to accomplish this purpose. Specifically, in single phase anisotro-
pic polycrystall’m.e materials, grain size dependence of fracture energy has
been observed and attributed to the rﬁicrocrack toughening effect [14-25].
Hubner et al [18] and Knehans et al [17] have reported observations of an R-
curve. Several other observations [14,18,24,25] suggested a microstructural
threshold for onset of microcrack toughening. However, the basis of these
unique features have not been well established. In particular, experimental
measurements of fracture toughness with different tests (e.g. notch beam and
cantilever beam) yield conflicting trends of the grgin size dependence [14,15,
26,18-25]. Hence, the need is apparent to construct a theoreiical analysis to
understand the basis of the toughening effect and the special features associ-

ated.

'I;he theoretical analysis of the microcrack toughening process presents
several complexities. Specifically, the event of microcracking is random by vir-
tue of the orientations of the facets in the crack tip stress field and the crystal-
lographic orieniations of adjacet grains dictating the microstructural stresses.

Moreover, the microcracks would interact with each other as well as the macro-

crack to modify the applied stress field, and the exact fracture criterion in the

presence of a microcrack zone is not well established. Hence, many theoretical
approaches have been attempted to model the process but often only a few of
the complexities could be tackled. More importantly, either one or both of the
Qnique features (the microstructural threshold and the R-curve) were excluded
in these studies. For example, the ‘energy apprvc;ach by Lange [27] and Kreher
et al [28] established a Griffith-type energy balance fracture criterion and
attributed the toughening effect to an energy dissipation mode of induced

microcracking. On the other hand, the analyses of Buresch [29] and Claussen

g~
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et al [15.26] used a crack tip radius fracture criterion where toughening. ori-
ginated from a larger crack tip radius, essentially equivalent to the microcrack
zone radius. Yet, both appfoaches excluded the randomness factor, the
interaction effect and, more importantly, the associated features*. Hoagland et
al [30] conducted a more rigorous analysis using a computer simulation method
with a random array of microcracking sites. Additionally, the interaction effect
was incorpora‘ted and an R-curve was predicted. However, the randomness of
the residual stresses was excluded and the fracture criterion** invoked is ques-

tionable [31,32], hence, the basis of the R-curve remains doubtful.

Recently, Budiansky et al [33] constructed a successful continuum
mechanics description of martensitic transformation toughening. The analysis
is essentially based on the stress/strain characteristics of a transformation
medium; i.e. nonlinear strain response and hysteresis in unloading. Thereof,
the complexity of the interactions is well contained in the nonlinear
stress/strain behavior. Based on nonlinear fracture mechanics concepts and
energy balance considerations, their analysis revealed that the toughening
eflect originates from the nonlinear characteristics of the transformation zone
and an R-curve derives from the unoading hysteresis of the zone wake. The
intent of the present work is to establish a mechanics approach for the micro-
crack toughening problem paralell to Budiansky et al's analysis. Additioﬁally,
the random nature of the grain facet orientation and the residual stresses are
incorporated and the physical origin of the microstructural threshold are

assessed.

The study is deemed preliminary and the analysis is kept simple so that an

overall appreciation of the mechanics approach, a general understanding of the

*Onset of microcrack toughening and resistance(R) curve characteristic.
**that the projection of microcracks ahead of the main crack equals the crack pro-
pagation.



toughening process and the justification of the associated unique features can
be achieved. Both linear and nonlinear fracture rnechanicé concepts are
invoked in the analysis. The attention is mainly on a model simulating single
phase anisotropic polycrystalline systems, although microcrack toughening is
also observed in other polyphase systems [10,27]. Future refinements of the

analysis are intended and encouraged.

The main body of this work is divided into five sections. Separate introduc-
tions reviewing specific, relevent background information and discussion of
specific analysis methods, results and implications are provided in each section.
Correlations with experimental observations are conducted whenever possible

so as to substantiate the analyses and the predicted results. Sections 2 to 4

describe the general features of microcracking, followed by studies on the

toughening process in sections 5 and 6. In particular, section 2 analyses the
microstructural residual stresses from two approaches: the Eshelby procedure
and the first order approximaﬁon. The event of spontaneous microcracking at
grain facets subject to these residual stresses is examined and a generalized
microcracking criterion is established in section 3. Section 4 then conludes the
general description with the study of the stress/strain characteristics of a
microcracking medium. In section 5, the onset condition of microcrack
toughening is determined. Finally, the mechanics of toughening and R-curve

behavior are studied in section 8.
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2. Microstructural Residual Stresses

2.1. Introduction

In a solid body, residual stresses often exist in the absence of an external
load. The occurrence of these stresses originates from a mismatch in per-
manent strain among regions in the body. The range of the stresses created in
plastic deformation or welding is often on a macroscopic scale comparable to
the size of the body. However, residﬁal stresses localized in a microstructural
region, such as a grain, also occur. The thermal contraction (expansion) asso-
ciated with a temperature cha.nge is one major mechanism which can create
such microstructural residual stresses. In a heterogeneous system, each homo-
geneous part, such as a single phase region, possesses a unique thermal expan-
sion property. When the temperature changes, each éart undergoes a different
thermal contraction (expansion) strain and microstructural stresses can then
b.e. created. Microstructural residual stfesses can also occur in a single phase
material if the thermal expansion property of the single crystal is anisotropic
and each grain is randomly oriented [1]. Phase transformation is another com-

mon mechanism which can create microstructural residual stresses [1].

Most of the important eflects attributed to microstructural residual
stresses, especially in brittle materials, are caused by microcracks, initiated by
these stresses*. However, microstructural residual stresses can also influence
other properties of a material. In metal, it has been observed that these
stresses can lead to thermal fatigue [2], irreversible changes in shape and
creep [3]. The high dielectric constant of fine grain BaTiOs has also been

explained by residual stresses [4].

The study of microstructural residual stresses in anisotropic polycrystal

*see section 3

™
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due to thermal contraction mismatch was initiated by Boas and Honeycombe
(2], and an order-of-magnitude estimate to the stresses was given. Likhachev
then established a more rigorous analysis using matrix algebra and variational
principles [3]. The basic approach he used was to embed an anisotropic grain
into an isotropic rigid medium, having the same thermal expansion coefficient
ao as the polycrystalline body. The residual stresses (oy; )o developed in the
grain after a temperéture change AT are,

(041)0= Cije (@g—0g JAT | | (2.1)
where Cj, is tﬁe compliance tensor and a, the thermal expansion coefficient in
the k-axis of the grain. Using the variational principle, he then derived a tensor
factor My, such that,

i = Mijii (ut )o (2.2)
represents the resultant stresses in the grain after the relaxation of the
medium. It is clear that the Likachev theory is useful for calculating the most
prevalent residual stressesb in the grains. However, it does not provide an esti-
mate of the grain boundary stress distribution. Subsequently, Buessem- and
Lange [5] applied the Likhachev approach and gave an approximate analysis for
the grain boundary stresses, which are more relevent to the problem of grain

boundary microcracking.

The most rigorous approach for analysing microstructural residual
stresses was developed by Eshelby [6]. The unique feature of the Eshelby
approach is that the analysis is devoid of simplifications. Howevgr, Eshelby only
conducted calculations for ellipsoidal regions in a homog'eneous, isotropic
medium. Subsequently, Evans [7] applied the basic three-step (cutting.. strain-
ing and welding) Fshelby procedure to analyse the residual stresses in anisotro-
pic polycrystals due to thermal contraction mismatch. Both the Eshelby pro-

cedure and the Buessem and Lange model will be described and discussed in
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the next section.

2.2. Grain Boundary Residual Stress

Two methods are used to analyse the grain boundary microstructural resi-
dual stresses in single phase anisotropic polycrystals due to thermal contrac-
tion mismatch. The first uses the Eshelby procedure which is tedious but can
provide a detailed distribution of the residual stress field. The second method
follows Buessem and Lange’s model which provides a first order approximation
of the residual stresses. Although the result obtained with the second method
is less accurate, it is fairly simple and permits further manipulation in latter

studies.

2.2.1 Complete Solution with Eshelby Procedure

The' Eshelby procedure is an imaginary three-step process of
cutting,straining and welding which enables the calculatlion of misérostructural
residual stresses. In this procedure, the first step is to separate from the body
the miscrostructual features. whose permanent strains created the major part
of the miscrostructural stress of interest. To calculate the grain boundary
residual stress due to thermal contraction anisotropy in a two-dimensional sys-
tem (Flg 2.1), this step of cutting corresponds to separating the four grains
surrounding the grain boundary of interest, since the strains and elastic
responses in these grains would determine most of the grain boundary stress.
The remaining matrix is assumed to act as an isotropic medium, having the
same thermal and elastic pererties as the polycrystalline body. The cavity in
the matrix, as well as the four separated grains, would experience some stress-

free strain and remainin a stress-free state after the separation.

In the second step of straining, each separated grain is strained to fit back

into the cavity in the matrix by applying surface tractions on each grain. There
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are many ways to fit these grains back into the cavity; all of them will lead to

the same result. So, it is simplest to strain such that homogeneous principal

strains g

ed=(ag —a)AT ; k=12 (2.3)
are created in each grain where «a is the thermal expansio.n coefficient of the
polycrystalline body, «, is the thermal expansion coefficient of the grain in the
k-axis and AT is the temperature range where the residual stress accumulates®.
If the body is composed of randomly oriented grains, its thermal expansion
coeflicient a should be, '

a=(a;+az)/ 2 (2.4)
With the definition,

Aa=a;—-a=a—-az (2.5)

the principal strains ¢{ and ¢J can be expressed as

el=AaAT ' ' (2.6a)
ed=—AaAT (2.6b)

The homogeneous stresses 05 in each grain are related to the strains ¢ by,
ol=Cjuel (2.7)
where Cj;y is the compliance tensor of the single crystal grain. For simplicity,
it is assumed that the elastic property is isotropic such that
ol=Ee/ (1+v)=EAaAT/ (1+Vv) (2.8a)

od=Eel/ (1+v)==EAaAT/ (1+4v) (2.8b)

where alr. 027' are the principal stresses, E is the Young's modulus and v is the

Possion ratio. With the coordinate system shown in Fig. 2.1 and 4¥,, taken to be

grain boundary, the stresses in each grain are,

(0.L),=FEAaAT cos 28,/ (1+v)
(o], )n=—EBDaAT cos28,/ (1+v) - (2.9)

*AT = Tp- Tambiens : See section 2.3.
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(0L )n=EbalT sin28,/ (14v)
The surface tractions P, dS on each grain can be obtained from the equilibrium
" conditions on the surface (see Fig. 2.2),

PdS=0[dS; (2.10)

During this process, the matrix remains in the stress-free state.

In the last stép, the separated grains are welded back to the matrix and
the surface tractions P;dS relaxed. In the caléulation, tﬁe' surface traction
relaxation is realized by replacing the surface tractions with body forces of
opposite sign. These body forces would create an additional stress field a.§ in
the whole body. In the present two-dimensional problem of the grain boundary
residual stresses, each infinitesimal element of the body force is treated as a

c

point force acting on an infinite plate. The stresses o;; are then calculated by

superposition of these point force stress fields.

.The resultant residual stresses 'a.;j of this system, due to Lthermal contrac-
tion anisotropy, are then given by,

o =0t +a§ ‘ (2.11)

Results of o;; along grain boundary for several different surrounding micros-

tructures are shown in Fig. 2.3. Details of the results are given in Ref.1.

2.2.2. First Order Approximation

As shown in Fig. 2.3, the residual stresses ¢,; vary along the grain boun-
dary. Additionally, the amplitude of thie grain boundary stress depends upon
the microstructure around the grain boundary, e.g. the crystallographic orien-
tations of the surrounding grains. In latter work, it is necessary to use the
expression of the stress field amplitude as a function of the parameters (3,)

describing the facet configuration®*. Although the Eshelby procedure can give a

*see section 3

U
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complete solution of the stress ﬁeld,‘ the complexity of the result make further
usage extremely difficult. ‘Therefore, it is desirable to find a suitable

simplification which can also serve as the stress field amplitude.

In the complete solution of the stress field as obtained in section 2.2.1,
there is one méjor component (o;;)y which originates directly from the
mismatch between the two grains 1 and 2 adjacent to the grain boundary .of
interest. Specifically, if an avérage of_ the residual stresses in grains 1 and 2 (:
as given in equation (2.9)) is taken, .then,' |

(0yy)m=~EAaAT(cos 28, +cos 285)/ 2(1+v) . (2.12a)

(0zy )m =EDaAT(sin 20, +sin285)/ 2(1+v) - {2.12b)

This component predominates the grain boundary residual stress, except close
to the edges where the influence of the body forces on the nearby grain boun-
daries becomes importan~t. As the expressions of (o;j)y show, the major com-
ponent is constant -along the grain boundary. So, it appears adequate to use
this component as.a first 6rder approximation of the grain boundary stress
field. The physical significance of this first order approximatioq can also been
seen from Buessem and Lange's model of the grain boundary r‘e/sidual stress. In
their model (Fig. 2.4), the thermal contraction of the network, formed by the
‘ lines connecting the center of gravity of all grains is assumed to conform most
closely to the macroscopic contraction of the body. Also, the stresses at the
center of a grain boundary are considered to be predominantly determined by
the thermal and elastic properties of the two adjacent grains. Finally, the grain
boundary is assumed to be perpendicular to the line connecting the centers of
the two adjacent grains. Under these assumptions, they gave an expression for

the grain boundary stresses gy;,

aw=(5‘n;°‘2n ~a)EAT/ (1+v) (2.13a)
Oy =( af;a—g—)EAT/ (1+v) (2.13b)
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where al' are the thermal expansion coefficient in grain i in the normal direc- -
tion to the boundary and af are the thermal expansion coefficient in grain i in
the tangential direction to the boundary. From Fig. 2.1, if ¥; is the angle
between maximum contraction (a;) and the grain boundary, then,

al=a,sin?y; +acos?Y; - (2.14a)

aP=a,cos?, +azsin®y; . : .' (2.14b) -

Substitutirig these expres‘si_ons into equation (2.13), yields the same expressions
for (Uij)y given in é‘qUation. (2.12). Therefore, the expression for thé major
component (o,;,- Ju derives directly from the mismatch of the adjacent grains. It
is a ﬁrsf order appfoximation to the grain boundary_ stress field in the sense
that the influence of mismatch and constraint on the nearby boundaries is

neglected.

2.3. Discussion

There are advantages and ciisadvantageé associated with both the Eéhelby.
procedure and the first order approximation. The selection between the two
methods would be determined by. the nature of the problem. The Eshelby pro-
cedure can, in general, provide complete solutions of the microstructural resi-
dual stress flelds of complex microstructure, thus, it is possible to use this
method to justify other simplified approach, e.g. the first order approximation.
Furthermore, the compléte solution often contains certain features of the
stress fleld which can not be obtained in simple approaches. For instance, it
shows the logarit_hrnic stress concentration effect at the junction of facets
which may be important to the microcrack nucleation process. In the latter
study of the onset of microcrack toughening, we also used the Eshelby pro-
cedure because the onset condition is mainly determined by the detailed
microstructural stress distribution near the main crack tip. On the other hand,

the first order approximation can provide simple expressions for the residual
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stresses and permits further manipulation. It is also easier to extract informa-

‘tion about the general behavior of the residual stresses from such simple

expressions. For example, from the first order approximation, the most pre-
valent residual stresses in ghe grain would be EAaAT/(1+v) (tension) in one
principal axis and -EAaAT/(1+v) (compression) in the other principal axis.
Furthermore, the first order approximation can be easily extended to irregular
microstructures and three dimensional analysis [10] which are more pértinent'

to real systems.

In the practical application of the solutions of residual stresses in aniso-
tropic polycrystais. it is necessary to choose approbriate values for the major
parameters E, v, Aa and AT. Whereas the values of E and v can be obtained
easily, those for Aax and AT should be considered more carefully. At high tem-
peratures, the thermal contraction mismatch can be relaxed by diffusional
creep. Evans and Clarke’s [8] analysis showed that there is a freezing tempera-
ture T, below which the relaxation stops and the residual stress increases
linearly with AT=T,-T. The freezing temperature is a function of the grain
boundary length [ and the cooling raf.e T, since diffusional creep is a time-
dependent process. The values of Ty can be either obtained from experimental
creep data or theoretical prediction. Furthermore, the linear relation between
the thermal strain g and AT, i.e. £;=-AaAT, is based on the simplification that
Aa is constant in AT. A more accurate solution, if the variation of Aa in AT is
large, for g would be to integrate the differential strains de;=¢;dT from the
freezing temperature. This factor can be incorporated in the present analysis
by replacing AaAT with the integrated ¢;.

It should also be noted that the present stress analysis is performed for a

system prior to any stress-modifying processes such as microcracking and plas-

tic deformation. In most ceramics, the motion of dislocation, twinning and
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hence plastic deformation are limited. The analysis‘is then applicable. The

problem of microcracking in a residual stress field is studied latter.

Experimental measurement of the residual stress is difficult. The iﬁdirect
methods are to monitor certain features associated with microcracking, such
as the elastic strain or the critical grain size, induced by the residual strains.
The prediction of the éritical grain size from the analysis based on the calcu-
lated residual strains is in good agreement with the experimental data*. The
direct method of measuring residual strains as performed by Blendall and Coble

[9]. is to monitor the broadening of spectroscopic lines caused by the average

strains in the body. From equation (2.8), the most prevalent residual stresses.

oy in the grains are

01=FEAaAT/ (1+v) (2.15a)
G=~EAaAT/ (1+V) , (2.15b)
Taking values of E=420Gpa, v=0.22, Aa=3.7-1077° C~! and AT=1500 °C which are

consistent with Blendall and Coble's experimental conditions, we obtain
0,=230Mpa and 0,=-230Mpa, which are also in good agreement with the experi-

mental data (~120Mpav).

For some cases, it is desirable to minimize the residual stresses. The fol-
lowing mehtods are possible. Slow cooling of the body from the fabrication tem-
perature lowers the freezing temperature. Once below T,, the body can be
cooled as rapidly as the thermal shock limit allows. However, because of the
exponential temperature dependence of the creep rate, the extent that T can
change 7, is limited. Alternatively, a reduced randomness in gfain orientations
reduces the mismatch strains. For instance, in HCP materials, alignment of
grains in the c-axis would reduce the thermal contraction mismatch and hence

the residual strains. Finally, introducing a grain boundary glassy phase'. with

*see section 3.

£
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good wetting property allows creep relaxation through a solution -precipitation

mechanism, that persists to a fairly low temperature.
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FIGURE CAPTIONS

Schematic showing of residual stresses on grain boundary caused by anisp-
tropic cpntraction of nearby grains. |
Schematic of surfaée forces needed to restore the .shape of a grain after
thermal contraction.

Plots of normalized residual stresses along grain boundaries vs distance

from corner for four different grain facet configurations a-d.

Idealized picture of a grain with six neighbors in a plane (after Ref. 4).
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3. Spontaneous Microfracture in Microstructural Residual Stresses

3.1. Introduction

Brittle materials with microstructural residual stresses are often suscepti-
ble to microcracking, which can either occur spontaneously [1-5], upon cooling,
or be inducéd by an external stress [6,7]. Microcracks are characteristically
stable and isolatéd. because of the alternating tensile and compressive nature "
of the microstructural stress. Furthermore, the microcracks often form on
interfaces where the fracture resistance is low and stress concentrations are

present.

Spontaneous microcracking is generally observed to initiate at a threshold
[3,5.8], such as a critical temperature change, AT,, or a critical grain size, AS.
At AT, or K, spontaneous microcracking initiates at grain boundary facets sub-

ject to the maximum residual tension [1,9,10].

‘A fracture mechanics analysis of micracracking reveals an essential depen-
dence on microstructural dimensions [1,10] {even though the magnitude é)f the
residual stresses is generally independent of these dimensions*). In particular,

"dimensional considerations dictate that microcracks initiate when the grain
facets exceed a critical size {§. Many experimental observations confirm the
exilstence of a critical grain size [1,8,11,12,16]. Hence, a generalized micro-
cracking criterion may be established by incorporating {§ as a parameter which

is generally known or easily measurable.

Above the threshold, the microcrack propensity is expected to increase
[10] as more grain boundai‘y facets satisfy the microcracking criterion of
microcracking. Many physical properties have been observed to be modified by

microcracks under such situations. These include the thermal diffusivity [5],

*gee section 2
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dielectric constant, and acoustic transparency. Adc-litionally', there is
signiﬁ'cant reduction in the elastic moduli (e.g. £.v,u) [34.8] _'fhe intent of this
section is to use the generalized microcracking criterion .of microcracking to
deduce both the microcracks density N and the elastic moduli. Correlations

with experimental data are also presented.

3.2. Initiation of Spontaneous Microfracture

In single phase anisotropic polycrystalline materials, microcracks gen-
erally form at grain boundary facets, where the fracture resistance is lower
than thé grain interior. Moreover, stress concentration effects or nonuniformi-
ties near facet junctiovns assist the nucleation and formation of a facet micro-
crack. The stress concentration effect near a facet junction (Fig. 3.1) is
characterized by a logarithmic singularity [1,13]

Oy (2)=[1 4+ F\(81.8285.0. )i (1 2) o . @1a)

Ony (2)=[14F2(9,,92,83.¢...)In(L/ z) oz )u ' (3.1b)

where (0,;)y is the magnitude of the residual stress given in equation (2.12),

(oyy Ju=—0p(cos 28, +cos2%,)/ 2 (3.2a)
(0zy) = op(sin29,+sin29,)/ 2 (3.2b)

where
op=EAaAT/ (1+v)

l is the grain facet size and F,, F, are shape functions of the configuration
parameters, 8;, 83, 83, ¢....., of the grain facet (e.g. crystallographic orientations
of adjacent grains, angles between facets, etc.). Due to the logarithmic term,
In(l/z), the stresses are singular (g+=), near the junction (z -0). Therefore,
facet microcracks are most likely nucleated at the junction and then propagate
along the facet*. This argument may be substantiated by the experimental

observation that the initiation of spontaneous microfracture is dependent upon

*[n many ceramics, the crack blunting mode is suppressed because of limited plas-
tic deformation.
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the grain boundary facet size {. Such a behavior does not derive from the mag-
nitude of the residual stress (og), which does not depend on the grain facet
size. However, the scale effect contained in the logarithmic singularity in (t/z)
allows the stress to be sustained over a larger area of grain facet as { increases,
thereby enhancing the tendency for microcrack nucleation. Conseguently,
larger grain facets subject to the same residual stress amplitude are more sus-

ceptible to microfracture.

The details of the nucleation subject to the logarithmic singularity are not
well known. One postulate [1] is that the stress singularity acts in conjunction
with an extrinsic inhomogeneity (e.g. voids, second phase inclusions) at the
junction, forming a fracture system with the inhomogeneity as a microcrack
precursor. Then, when ! is large enough, the precursor becomes unstable and
nucleates into a microcrack. After nucleation, the microcrack propagates along
‘the grain facet, motivated by the net residual stresses, (o,,)y and (o4)y-
Finally, the microcrack is arrested at the neighboring -junctions. because the
édjacent boundary facets are generally subjeét to residual compression and are
inclined to the microcrack plane, causing the crack driving force to be greatly

reduced (Fig. 3.2.).

Several analyses [1,9,13,14], based on diflerent specific approaches, yield
essentially the same relation for the critical facet size {J for the initiation of
spontaneous microfracture, on facets under maximum tension op,

12=B(K3*/ ap)? (3.3)
whére KZ% is the grain boundary facet toughness. Only the value of the
coefficient @ varies in different analysis. For example, the analysis by Evans [1]
invoked the superposition method in fracture mechanics to calculate the stress
intensity factors K of precursors of varying sizes c contained in the stress

singularity (equation (3.1) with ¥,=9, =n/2). As seen from the result [13] in
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Fig. 3.3, where K is normalized by \/Z' precuirsors on larger boundary facet are
subject to higher K and hence, are more susceptible to microcrack nucleation.
Furthermore, there is a maximum of K at ¢/I~0.2. If I is small enough such
that K. is smaller than the grain boundary toughness K¢, the microcrack
nucleation should be fully suppressed. Following this criterion, the critical
facet size {7 coincides with §~3.1.
Alternatively, if it is assumed that ¢/1=0.1[14] is the most prevalent size of

the precursor, a similar result is obtained with §~3.7.

3.3. Microcrack Density versus Grain Size

In a material with uniform grains of facet size {> I, a proportion of grain

facets subject'to residual stresses lower than the maximum (due to misorienta-
tions of adjacent grains) may satisty the microcracking criterion. Generally,
both normal ¢ and shear stress T are present on the grain boundary facet, such
that the nﬁcrocraﬁk is simultaneously under opening K; and shearing KH stress

intensities.

In a uniform biaxial stress field with o and T resolved on the crack plan'e. K;

and Ky for a crack of diameter 2a are [18]

Ki=(2/Vn)ovVa (3.4a)
Kg=(2/vVm)rva ' (3.4b)

and the generalized fracture criterion [15] is

Kors =(KF + KK, (3.52)
Ki=0 (3.5b)

where K is the fracture toughness. It follows that an effective fracture stress
O4ry may be defined as

Oors =(c?+ 7o)k (3.8)

The effective residual stress Oqry On a grain facet under biaxial stresses

can be calculated from equation (3.2) as
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1 .
a,”=7§—[1+cos(21},—2132)]”a}? _ - (3.7)
Generalizing the microcracking criterion, equation (3.3), by replacing ap with
0e¢sr. the condition for microcracking becomes,

I=B(KZY/ 04y, ) (3.8a)

and
(o Ju=0 (3.8b)
The ambiguity regarding f and the difficulty of measuring A¥*° may be
removed by combining equations (3.3) and (3.8) to yield the generalized cri-
terion for microcracking,

(L/18)=(0p/ 0gsz)? (3.9a)

and

(0 )u=0 (3.9b)

Inserting o,,, in equation (3.7) and (g, )y from equation (3.2) into equation

{3.9), it follows that a grain facet of size I would microcrack if the configuration

parameters 39,, ¥; satisfy the relation

2 l
< — 3.10
1+cos(29,-233)  I§ ( 3)

and

cos 29, +c0528,<0 ’ (3.10b)

In a material with a large number of randomly oriented grains of uniform

‘facet size I, all possible facet configurations (¥,, ¥,) would occupy a square

domain (Fig. 3.4), and each area element in the domain is equally populated.

Points in the domain satisfying equation (3.10) correspond to microcracked

grain boundary facets. Hence, the fraction f of spontaneously microcracked

facets in the material is given by,

f=A,/A ‘ (3.11)

where A, is the area encircled by equation (3.10) and A is the total area (n?).

Integrating the area encircled by equation (3.10), f is obtained as
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f:%-cos"l\/lj/l - (3.12)
The numerical result for { versus L/ ¢ is shown in Fig. 3.5. If there are g grain

facets per unit volume in the medium, the microcrack density N is

N=gf=%-cos”‘\/l§/l (3.13)
Furthermore, it is noted that in a uniform grained material, [ is proportional to

the grain size, R, hence

N= %cos“’\/ﬁ’f/}? (3.14)
Additionally, since the residual stresses accumulated as gp=FAaAT/ (1+v),
a decrease in temperature below the critical temperature range A7,, would

result in a microcrack density
N= ;qr-cos“(ATc/AT) (3.15)

3.4. Elastic Moduli of a Microcracked Body

Many physical properties of anisotropic materials have been reported to be
modified by spontaneous microcracking. Most significant are the reduction of
the elastic properties, Young's modulus E, Poisson ratio v, and shear modulus wu.
In particular, the Young's moduli of several noncubic ceramics have been
observed [3,4,8] to decrease monotonically as the average grain size R became

larger than the critical grain size & for spontaneous microcracking.

A theoretical analysis of the elastic properties of a microcracked body has
been performed by Budiansky and O’Connell [17]. The elastic constants E, v
and u of a solid medium with a random distribution of circular microcracks of

size 2a were calculated as,

£=1_£Q—v2)(10—317)8

E 45 {2-7)

L_,_32 (1-v)(5-0)

#-1 5 (2-0) £ (3.186)

a_ 45 (v-7)(2-p)
16 (1-v*)[10v-0(1+3v)]

e=Na

Fay
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It is noted that the microcrack density would saturate at N=9/16a? where the

elastic constants -0.

From the trends in elastic constants plotted in Fig. 3.6, it is apparent that

the variation in E/E or 7/v with Na® may be approximated as

Bl 18y N (3.17)

As grain facef. microcracks resemble circular cracks, equatioh (3.17) is
expected to be valid for a microcracked material with {=2a. Hence, since the
microcrack densily N increases as the grain facet size I becomes larger (equa-

tion (3.14)), the elastic constants £ and U would decrease accordingly as

- _ 3 L
E-Poy B2l o ETR (3.18)
E v o ‘

In the next section, comparison of this result with expérimental data is

presented and discussed. '

3.5. Discussion

The primary contribution of the present section to ﬁhe main topic, i.e. the

mechanics of microcrack toughening, is the establishment of the generalized

microcacking criterion. In later sections, it is incoporated into the analysis of
induced microcracking subject to applied stress, which is an essential feature
in the microcrack toughening process. The unique feature of the criterion is
that it yields conditions of microcracking of facets subject to general stfesses
characterized by amplitudes og,. In partiéular, it has been demonstrated that,
based on the criterion, the microcrack density N above the spontaneous micro-
cracking threshold (R)IR:.') can be derived. Furthermore, the associated effect

of moduli decrease has been quantified.

The prediction capability of the criterion can be justified from the com-

parison of the predicted Young's modulus (equation (3.18)) with experimental
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observations such as the dalta for MgTi,0s (R$~1.5um,E~36-10"%psi), and
Fe,TiOs (R,f~1.5prn.E~25'10'8psi)‘reported by Cleveland and Bradt [8], as shown
in Fig. 3.7. It is seen that, the predicton fits the data points fairly well, if the
grain facet density is taken to be g*=10/i3. This value is slightly higher than
the facet density g expected in a microstructure of uniform equiaxed grains
where each grain with 12 facets occupies volume '32!3, each facet is shared by

two grains and

12
2213
The deviation is believed to originate from the following simplifications. The

=3/ 18 | (3.19)

gQ

analysis of the facet stress is based on a two-dimensional model. Additionally,

the interactions among microcracks (e.g. modification of residual stresses,

coalescence of adjacent microcracks, etc.) are excluded both in the calculation.

of microcrack density and in the the Budiansky and O'Connell’s analysis where
the relations for the elastic moduli of a microcracked medium are adopted. The
good correlation between the prediction and experiments reflects that the

qualitative results obtained conform to real systems. Quantitatively, in a prac-

tical three-dimensional system where interaction effects are present, the-

"effective” microcrack density N*=g*f causing the elastic moduli decrease may
be 2-3 times as large as N obtained in the present section. This conclusion will

be furthef substantiated in later sections.

In many situations, spontaneous microcracking deteriorates special pro-
perties desired for certain applications. Sometimes, severe spontaneous micro-
cracking causes disintegration of a sintered material [2]. In these cases,
suppression of microcracking may be achieved by either reducing the magni-
tude of the residual stresses as proposed in section 2.3, or to control the
microstructural dimension (e.g. grain size) below the threshold for spontaneous

microcracking. In a few situations where controlled microcracking is desired,
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such as to enhance thermal insulation, the relation for the microcrack density
in equation (3.14) or (3.15), as dependent on various parameters, may be

adopted for microstructural design purposes.
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FIGURE CAPTIONS

Schematic>of residual stresses on grain boundary facét arising from ther-
mal contraction anisotropy of adjacent grains.

Schematic illustrating the alternating tension/compression nature of the
grain facet residual stresses.

Plot of normalized s£ress intensity factor vs crack size for a grain facet
microcrack precur‘sor.

Schematic of grain facet configuration domain and configuration points
corresponding to spontaneously microcracked facets.

Fraction of spontaneously microcracked facets vs normalized grain facet
size in single phase anisotropic polycrystals above microcracking thres-

hold.

Effective moduli of randomly distributed circular cracks (after Ref. 17).

Comparison of calculated Young's modulus decrease above microcracking

threshold with experimental data of MgTi,0s, and Fey7iOs (after Ref.8 ).
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4. Induced Microcracking : Effects of Applied Stress

4.1. Introduction

Microfracture of grain boundary facels under residual stresées, which did
not occur spontaneously, may be induced by applied stresses [1,2},8,4]’. The
applied stresses are linearly superposed on the residual stresses. Thiis_, thev
effective stress may be large enocugh to satisfy the generalized microcracking
criterion. |

Initiation of induced microcracking is expected to occur at a certain thres-
hold load on grain facéts under maximum efTective stress. As load ris increased
further, microcrack propenéity increases and the eflective elastic moduli
decrease accordingly, similar to the elastic behavior in spontaneous micro-
cracking. By virtue of the moduli decrease [5], the strain increases, resulting
in a nonlinear stress/strain bghavior. During unloading, th‘e microcrack den-
sily remmains unchanged, the stress/strain trvajectory deviates from the original
in the loéd'mg stage and a hysteresis in the loading cycle is present
(correspondingrto dissipation of strain energy from Lhe loading system). Such
nonlinearity resembles that observed in work-hardening materials and marten-
sitic composites [6,7].

The purpose of the present section is to study how microcracks are
induced by applied stresses and the accompanying effects, namely, the non-
linear stress/strain laws, the energy dissipation, etc. The information obtained
may then be incorporated into the analysié of the main topic of this study,

mechanics of microcrack toughening, as will be done in section 8.

4.2. Microcracking under Applied Stress
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4.2.1. Effective Stress on Grain Boundary Facet

Suppose that a uniform biaxial stress field {with principal stresses o, >o,,
k=0, /o, and 0,>0) is incrementally applied on a single phasc anisotropic
polycrystalline material with uniform microstructure (equiaxed grains with uni-
form grain size R and uniform facet size I ). If R is smaller than "1{’2. spontane-
ous microcracking is fully suppressed. As the external stress field is applied,
microcracking is expected to be induced when the resultant stresses on the

grain facet are large enough.

Pertaining to the two-dimensional model of the grain boundary facet resi-
dual stresses established in section 2, an extended model incorporating the
applied stresses may be constructed as shown in Fig. 4.1. The configuration of
the grain facet is now characterized by three parametérs. ie. cr‘ystallographic
orientations of the adjacent grains 9,, ¥9; and the angle a between the facét. and
o,. With Osﬁl,vﬁz. a<m, all possible combinations of ¥,, ¥, and « would occupy a
cubic domain in a three-dimensional space (Fig. 4.2). Each volume element in
the cubic domain is equally populated with facets of the corresponrding

configuration ¥,, ¥; and a.

The applied stresses resolved on the grain facet would be

04 =0,5in’a+0zc0s%a (4.1a)
Tqa ={0,~02)sin acosa (4.1b)

By superposition theory, these stresses are linearly superimposed upon the
residual stresses (equation (2.12)) to obtain the total stresses on the grain

facet as

cos 28, +cos 2%,
2

sin 29, +sin 29, . )
T(=0p 5 +{0,=0z)sin acosa (1.20)

0,=~0p +0,sin®a+0,cosa (4.24)

and the effcetive stress g, defined in cquation (3.6) would be
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”cff=[H(191’1’2-a-51.52)]%01? (4.3)

where

H(%,.82.0,5,.52)=1/ 2+1/ 2cos (26,~28p +s £ sin®a+sfcos’a .
—cos 29, c0s 28,(s sin®a+s,c0s%a)

+(sin 29, +sin 29;)(s,—s,)sinacosa

4.2.2. Threshold Load for Initiation of Induced Microfracture
As the external load is gradually applied, initiation of microcracking is
expected to occur at grain boundary facets under maximum eflective stress
Ogrr» i-€. 8,585 =a=7/2, as,
Oery =0p+0, (4.4)'
Thus, invoking the generalized microcracking criterion established in section
3.3, induced microcracking would initiate when o, reaches the critical value 6§

which satisfies the criterion,

g [2 X
L/ 18=( =22 (—tmm)? (4.5
Oers Og+0p
‘or equivalently,
ol=(V1E/1 -1)op (4.6)

4.2.3. Microcrack Density versus Applied Stress

As the applied stress g, exceeds o5, more grain facets would satisfy the
microcracking criterion and the microcrack density N is expected to increase.
Following the general relation of the effective stress, eqation (4.3), microcrack-
ing would occur at facets where the configuration parameters ¥,, ¥, and a

satify the relations,

H(9,.82.a,5,,52)=l5/1 (4.7a)
and
oy £0S 2V, +cos 28, ] -
—=- - +s,snr1za+s3(30s2a>() (1.71)
o 2

and the corresponding points in the configuration domain (Fig. 4.2) would
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occupy a certain volume V which is a function of s,, s;and {/!;. The fraction f
of facets microcracked is then

t=v/n® (4.8)

and, from equation (3.13), the microcrack density N is

N=gf=gVv/n (4.9)
Numerical integration methods* are used to calculate f and results are
shown in Fig. 4.3. Several unique features are observed. The fraction f of

microcracked facets is approximately proportional to (¢,-0¢) as
f=m(o,—0f)/or (4.10)
The coeflicient m is dependent upon the ratio k =g,/ 0, varying from m= 1/2 at
k=1 to m=1/4 at k=0, and insensitive to the normalized grain facet size l/lf.

Meanwhile, the microcrack density N may be obtained as
N=gm({o,—0f)/ op o (411)
4.3. Stress/Strain Laws for Microcracking Material

4.3.1. Nonlinear Strain Response

Microcracks induced by an external load will interact with the external
load, as reflected in the nonlinear strain response of the microcracked medium.
One significant effect deriving from such interactions is the microcrack
toughening mechanism.

As shown in section 3.3, microcracking reduces the elastic moduli, E and v,
(equation (3.17)). Microcracks induced by the applied stresses o, and g, are
e)?pected to react sirnilarly, such that.the elastic moduli can be obtained by

combining equations (4.11) and (3,17) as

E/ E=v/v=1+y=Ho,/ op (4.12)

*3o.n Geasslen meihod énd Monie Carlo method were mvoxred, end s . .6 resa’is
weee goliened
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where
'B=2gl3m /9 (4.13)
y=Bol/op=B(VIi{/1l-1) (4.14)

The second equality in equation (4.14) derives from equation (4.8). Moreover, it
is noticed that the elastic moduli pertinent to the overall strain response of the

medium, are controlled by the applied stresses.

Thus, the overall principal strains £, and ¢; are

8;=(UI'T/02)/E : (415&)
- e2=(03-Vo )/ E (4.15b)

With £ and ¥ given in equation (4.12), the stress,/strain laws of a microcracking
medium (if g,>6) would be
e,=s,[1-kv(1+y=Bs,))/ (1+y=-Bs,) (4.16a)

ep=sy[1-v(1+y-Bsa/ k)/ k]/ (1+4y-Fsa/ k) (4.18b)
where e = (1+4v)/ AaAT. Notice that, the principal strain is dictated only by the

pricipal stress along‘the same axis. Other unicjue fe'atures are observed in the
numerical results of equation (4.16) as shown in Fig. 4.4. If the ratio k is kept
constant during loading (do/dt>0), the stress/strain response would be hnear
below the microcracking threshold (o,<cf). Above it, the stress/strain
response becomes nonlinear since the microcrack propensity increa;es and the
stiffiness of the medium decreases. The nonlinear response resembles that of a
work-hardening material. Furthermore, the trajectory of the stress/strain
curve may depend upon the history of loading (if k varies). Yet, the total strain
¢ at a certain stress ¢ is only dictated by the current stress state (¢, and g;), as

shown schematically on Fig. 4.5.

4.3.2. Stress/Strain Hysteresis

Another important characteristic of a microcracking material is the

stress/strain hysteresis. Following the previous systeny, if the applicd stross is
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removéd after reaching a peak value op, fhe microcrack density is retained
since miérocracking is an irreversible process. Accordingly, the elastic moduli
E, and 7, remain constant as,

Es E‘l=z7/ v=14+y-B0o,/ 0g (4.17)
Therefore, the unloading stress/strain trajectory is linear (Fig. 4.8), resulting in
a clock-wise hysteresis. Frpm a thermodynamics viewpoint, a part of the strain
energy dissipates (through microcracking) during loading and cannot be
retrieved du‘ring unloading. The amount of strain energy dissipation. equivalent
to the area enclosed by the hysteresis, corresponds to the work done by the
external load through a complete cycie of loading. The stress/.strain trajectory
.during further loading follows the straight line characterized by E’p and v, until
sigms, is reached. At this point, new microcracks are induced and the non-
[inear behavior resumes. Such hystereses are also obsérved in work-hardening

materials and martensitic composites [7].

4 .4. Discussion
The stress applied on a grain facet to induce microcracking is refered to as

the grain facet strength S. In some studies [1,2], this parameter has been

treated as a constant. More generally, a Weibull distribution has been assumed
18]

P=1-exp[-(S/ S)14] (4.18)

where P is the probability that a grain facet will fracture at S, and A,S',q are
constants. From the present study, it is see‘n that the statistical nature of S
derives from the variation of the effective stress on the grain facet
éonﬁguration-parameters inherent in orientation randomness. Therefore, f
given in equation (4.8) may readily be viewed as the distribution funclion
equivalenl Lo P. 1t is seen that the distribution depends upon the facel size ! as

well @as Lhe magnitude of the residual stress gp.
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Evans [9] et al observed that, acoustic emission can be moAn.itored in
polycrystalline Al,0; as grain facet microcracking is induced by the applied
stress. In modeling the process, they assumed a simplified Weibull distribution
for the grain facet strength S as

f=A(S/S)s (a9
By comparing the model with the observed data, g=10 was obtained. This result
can be correlated to the distribution function f obtained in equation (4.8). As
shown in Fig. 4.7, the numerical results of f versus o, (equivalent to S) calcu-
lated from equation (4.8) have beevn plotied on logarithmic axes. In the proper
range of microcrack density {(f~0.1-0.5) relevent to the slow crack growth sys-.
tem, the f versus g, relation may be approximated as the simplified Weibull
funection and the corresponding exponent q may be obtained from the slope of
the curve as q~3-10, conforming-also t:o the experi_men_tal‘observations. Fuarth-
ermore, in a material with a statistical distribution of grain facet size, the

strength will be modified as

P(S)=fr(St)p(t)dl ' (4.20)
0
where p(i)dl is the fraction of facets with sizes between I and I +dl.

Induced microcracking influences the mechanical strength of a material in
the fellowing aspects. Two failure modes in a material loaded without pre-
cracking have been observed in different grain size regimes. In small grain
samples, failure generally originates from pre-existing flaws appreciably larger
than the average grain size, and no induced microcracking is observed [10]. In
large grain samples, however, a prominant grain size dependence of strength is
observed [11], which has been attributed [12] to a failure mode of coalescence
of stress induced microcracks. More significantly, during fracture of a pre-

cracked material, formation of a process zone around the macrocrach, consist-
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resistance of the maferial. 'The compliant nﬁcrocréék zone shields the macro-
crack. félé#es the stress singularity at the >crack tip, and hinders the crack
pro.pagation. Such interactiohs among the induced microcracks and the slress
field are contained in the stress/strain chacteristic of the microcréck zone.
_Hence, the mechanics of toughening may readily be analysed bas"ed upon. such

.characterictics. Analyses following this approach are pré’_sented in section 8.

Although noniinear behavior of a microcracking rﬁaterial is predicted, no
diréct expverlrnental observation has been reported. The primary reason is that,
in the majority of f.ests where the bglk sample is stressed, the coalescence of
microcracks leads to- catastrophic failure before appreciable nonlinearity is
established. Hence, nonlinearity may only obtain in the microcrack process

zone, restrained by the unmicrocracked surrounding.

Analagous to the analysis in section 3 on spontaneous microcracking. the
analysis in the pr"esent sectioﬁ is based on a simplified two dimensional stress
field and the inleractions among the microcracks are excluded. Due to these
simplifications, it has been suggested in section 3 that the "effective” micro-
crack density causing the moduli decrease might be higher than the calculated
one. A similar situation is expected here, namely, the coefficient B in equation
(4.13) characterizing the extent of moduli decrease (d£/dg¢), is larger than
predicted (i.e. m~1/4-1/2, g~3/1% and B~1/3-2/3). This statement will be
further substantiated in section 6 where the nonlinear characteristics are
incorporated into the analysis of microcrack toughening at steady-state crack-

ing stage and predictions are compared with experimental data.

Finally, another simplification is the exclusion of permanent strains associ-
ated with spontaneous microcracking, which are expected to be present in
aclual situations since residual strains are relaxed during microcracking. Con-

sequently, in a real system, strains should be higher, permancent strains should
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‘exist after unloading, and rn_oré strain energy should be dissipated (F‘ig._4.8).

Incorporation of such effects is encouraged in future studies.



10.

11.

12.

55

REFERENCES

R. G. Hoagland, J. D. Embury and D. J. Green, Scr. Metall., 9, 9, 907 (1975).
A. G. Evans, Scr. Metall., 10, 1, 93 (1978).

R. C. Pohanka, R. W. Rice and B. E. Walker, Jr., J. Am. ceram. Soc., 59, 71,
(1978). ,

F. A. McClintock, Fracture Mechanics of Ceramics, (Ed. R. C. Bradt, D. P. I.

Hasselman and I'. F. Lange) Plenum, N.Y., vol.1, 93 (1974).
B. Budiansky and J. 0'Connesll, Int. J. Solids and Structure, 12, 81 (1976).
F. F. Lange, J. Mater. Sci., 17, 225 (1982).

B. Budiansky, J. Hutchinson and J. Lambropolous, Int. J. Solids and Struc-

ture, 19, 337 (1983).

A. G. Evans, J. Am. ceram. Soc., 58, 239 (1974).

A, G, Evans and M. Linzer, J. Am. ceram. Soc., 56, 575 (1973).

A. G. Evans, J. Am. ceram. Soc., 65, 127 (1982).

R. W. Rice, Trea.tise on Materials Science and Technology, 11, 199 (1977).

A. G. Evans and Y. Fu, to be published in Advances in Ceramics.



4.1.

4.2.

4.3.

4.4

4.5.

4.6,

4.7.

4.8.

56

FIGURE CAPTIONS

Schematic of résultant stresses on boundary facets of anisotropic grains
subject to applied stress.

Schematic of facet configuration domain with points corresponding to
microcracked facets subject to loading.

Fraction of microcracked facets vs normalized applied stress in anisotropic
polycrystalline materials a) with varying facet size subject to uniaxial load-
ing b) with fixed facet size.subject to biaxial loading.

Nonlinear stress/strain curve of a microcracking material in loading stage
(do,/de>0).

Schematic illustrating non-linear stress/strain characteristic of a rﬁicro-
cracking medium. |

Schematic illustraling hysteresis in stress,//strein cycle.

Plot of fraction of microcracked facets vs normalized applied stress on log-
arithmic axes.

Schematic illustrating effects of permanent strain associated with micro-

cracking.



APPLIED STRESS cr,

\,\ MAXIMUM
THERMAL CONTRACTION

XBLB839- 6355

Fig.4.1

57



58

CONFIGURATION DOMAIN

6 (VOLUME 73)

Fig.4.2

B - |

POINTS CORRESPONDING TO
_MICROCRACKED FACETS

(VOLUME V)

2

THRESHOLD MICROCRACKING
‘ SURFACE

2/ [cs = (O-R/ o'eff)z
(oo.) =0

XBL839-6356



FRACTION OF FACETS CRACKED, %

60

59

40

0 = FACET SIZE

2032/

0.2 04 0.6 0.8 1.0
NORMALIZED APPLIED STRESS, O]/O'R

XBL 839-6357

Fig.4.3a



FRACTION OF FACETS CRACKED, %

40

o1
s
{ 2/8;-05
_<}':_ =>02 o , _
—J PRINCIPAL
{y - STRESS RATIO:
| - O/ =1~
2
20 4
40
o) d - L. ; l
0. 0.2 04 0.6 0.8

NORMALIZED APPLIED STRESS, 0;/0g

.O

XBL839-6358

Fig.4.3b

60



o o O
> ) )

NORMALIZED STRESS, cr/ch ,
o
N

61

ONSET OF
NONLINEARITY

o] [ 2
NORMALIZED STRAIN, € (I+v)/AcAT

Fig.4.4

3

4 S

XBL 839 -6359



STRESS, O

STRESS/STRAIN TRAJECTORY

ONSET OF e

NONLINEAR!TY//
/

INTRINSIC
E

N

\/
v

HE<E (0])

STRAIN, €

XB8L839-6360

Fig.4.5

62



STRESS o

o9

S

SATURATION
(y< hs)

STRAIN ENERGY
DISSIPATION

STRAIN €
XBL83 9- 634l

Fig.4.6

63



FRACTION OF FACETS CRACKED, %

£= FACET SIZE

4 /007

10"
0.8

-llll

0.6

1
[ .

T
|

0.1 I ] ' I 1
O.1 0.2 04 06 08 10

NORMALIZED APPLIED STRESS (UNIAXIAL), o; /oy

XBL 839-6361

Fig.4.7

64



65

NO PERMANENT STRAIN

EXTRA STRAIN ENERGY
DISSIPATION

STRESS |

f— STRAIN
PERMANENT
STRAIN DUE TO
MICROCRACKING

XBL839-6362

Fig.4.8



86

5. Onset of Microcrack Toughening

5.1. Introduction

When a macrocrack is present in a single phase anisotropic pblycrystalline
material, the crack tip stress field may induce microcracking at nearby grain
boundary facets to form a microcrack zone around the imacro.crack (Fig. 5.1).
The microcrack zone is capable of modifying the toughness of thelmedium, thus
y.ieldivng.a toughening effect [1-4]. Experimental observations [5] showed that,
in single‘ phase anisotropic polycrystalline ceramics, the toughening mechanism
is suppressed below a certain grain size threshold (Fig; 5.1). The physical origin
of this threshold may be attributed to the condition of nucleating discrete
microcracks ahead of the macrocrack tip. Evidently, this process.is assisted by
the presence of residual stresses; otherwise, the 'direct propagation of the mac-

rocrack would dominate the nucleation of discrete microcracks.

In section 3, the process of micx"ocrack'mg at grain boﬁndary facets subject
to residual stresses has been studied. In the presence of a macrocrack, the
residual stresses can both encourage the initiation of a discrete microcrack
and suppress macrocrack exténsion. The specific intent of the present section
is to analyze this dual influence of residual stress and hence, to establish the
existence of a critical grain size for process zone initiation. Specifically, the
Eshelby method is invoked to analyse the stress distribution, since the onset
condition is dictated by the detailed structure of the stress field. Finally, the
critical grain size for the onset of microcrack toughening may be predictéd and

correlated with experimental observations.

5.2. The Stress Analysis

The microcrack initiation p'roblem is addressed by considering the

simplified plane stress configuration depicted in Fig. 5.2, consisting of a hexago-
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nal gfain (subject to thermal contraction anisotropy) located at a crack tip in
an, otherwise, isotropic body. This configuration is u‘sed to permit a direct com-
parision of primary crack extension along the grain boundary with microcrack
initiation at one of the neighborihé grain corners. This comparison is achieved
by adopting the following procedure. The residual stress in the crack-free body
is computed. Th.e rprirnary crack is then inserte_d into the system and the stress
intensity factor K at the} primary crack, associated with the residual ahd
applied field, is calculated (as a function of crack advance along the contiguous
grain boundary). Thereafter, the modified residual field induced by the relaxa-
tion of the stress along the crack surface is determined and used to calculate
the stress intensity factor at a secondary crack located on the neighboring
grain corner. Finally, the incidence of discrete microcracking is assessed by

allowing K at the secondary crack to exceed K at the primary crack.

5.2.1. The Residual Stress

The residual stress in the crack-free body can be calculated using the
Eshelby procedure as described in section 2. The stresses are computed for the
grain configuration in which the maximum thermal contraction is perpendicu-
lar to f,he main crack, as required to optimize secondary crack nucleation prior
to primary crack extension (by providing both a maximum tensile stress along
the neighboring grain boundary and a maximum cblosure at the primary crack).
The stresses at the location of present interest along the prospective crack
plane, the contiguous grain boundary and adjacent to the neighboring grain
corner, are plotted in Fig. 5.3. The stresses along the neighboring grain boun-
dary are tensile; while compression develops along both the contiguous boun-

dary and along the prospective crack plane.
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5.2.2. Stress Intensity Factors

5.2.2.1. The Primary Crack.
The local stress intensity factor at the primary crack tip, when located at
the grain corner, can be ascertained from the residual and applied field by

applying the weight function [6]
K“® ==+ [ ThdS | (5.1)
Sr

where K™ is the applied stress intensity factor, T is the traction associated with
the second step in the Eshelby procedure, applied through the line Sy in the

plane, and h is a weight function,

h,=cos 32,;-(21/—1 +sin %sin 9-21-,;)/ 2Vem(1-v)Vr

For a mode [ applied stress intensity factor, A7, the local stress intensity factor
deduced from equation (5.1) becomes

KP%=KP—0.7EAaATVT / (1+v) ' (5.2a)

Kife¥=0 (5.2b)

Propagation of the primary crack along the contiguous grain boundary
modifies the stress intensity factor. The modiﬁcation can be approximately
determined by adopting the following procedure. The stress intensity associ-
ated with the residual field is ascertained by regarding the crack as a coplanar
extension of the kink (Fig. 5.4): with élosure tractions placed over the crack
surface during the second step in the Eshelby procedure and opposing trac-
tions imposed over the top surface of the crack and along the remainder of the
grain boundary during the third step. The resultant traction distribution is

depicted in Fig. 5.4. The tractions over the crack surface generate the stress

2 2m
k=] = —_
7 ["rCOS[ 3

intensity factors

EfaATVET / (1+v) (5.3a)
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kf= [ rsm[ 3"]EAaAT~/Ea‘/(1+u) (5.3b)

where Aa is the kink crack length. The tractions over the grain boundary

influence k in accord with the weight function described by equation (5.1), as
expressed by

kf=—[EAaATVI / (1+V)]x,(Ba/l) (5.4a)

kE=[EAaATVT / (1+v)]xa(0a /L) (5.4b)

. where x; and xp are functions of Aa/!. The stress intensity at the kink induced
by the applied field is expressed in terms of stress intensities k;/° and k7
deduced from the angular dependence of the original, unkinked crack tip field
as [7]

Ic, =K"[3cos (8/ 2)+cos(38/2)]/4 (5.5a)

Kf"[szn(ﬂ/ 2)+ssm (38/2)]/4 (5.5b)
where 19 i/ 3 is the kink angle.

Extensién of the kinked crack alpng the contiguous grain boundary is
assumed to occur in accord with a critical value of the strain energy release
rate. Hence, a coplanar strain energy release rate, , is determined from the
stress intensity factors using

E 7 (1=)=(XkP)*(Lkp)?=(K*)? (5.6)
where the summation is taken over the contributions to k from the surface
tractions, the grain boundary tractions and the applied field. The final result

can be expressed in the form

K*(1+v) _ [ EAGATVT Aasl
EAaATVT ™~ [ Kr(1+v)

where F} is the function plotted in Fig. 5.5. The effective stress intensity factor

(5.7)

typically decreases as a function of kink advance, up to kink crack length ~0.1
1. The kink crack is thus capable of initial stable advance under increased

external loading: a feature that must be accounted for in subsequent analysis.
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5.2.2.2. The Secondary Crack

The analysis of sécondary crack initiation requires that the res;dual stress
along the neighboring boundary firstly be cornphted in the presence of the pri-
mary crack. This is achieved in accord with the method devised by Hirth et al.
[8] involving the determination of the elaétic interaction field between the
Esh‘elby tractions and the crack. The a‘nalysis esfablishes that the incorpora-
tion of the prirnary crack reduces the residual tension along the boundary, as
depicted in Fig. 5.6. The stresses associated with the applied loading are then
superimposed, in order to obtain the total stress along the neighboring boun-
dary.

The initiation of a secondary crack is presumed to occur from small
defects located near the three grain interface, as in prior analyses of thermal
expansion induced microcracking *. A stress intensity_factor may then be

deduced from the stresses by applying the superposition. solutions_,[g]‘.

kf=(2/ mc )”].a(::)\/z/ (c—-z)dz (5.8a)
0 .

ki=(2/ mc )”}T(z)\/z/Zc—z$dz 7 (5.8b)
0

where c is the length of the secondary crack, and ¢ and 7 are the normal and
shear stresses along the crack-free grain boundary. Incorporating the stresses
o and 7 into equation (5.8), and using the coplanar strain energy release rate
criterion (équation (5.8)) to establish an effective K for secondary cracking,

yields an expression of the form

K{(1+v) _ . EAaATVT ' 59)
EAATVT ~ ! Kr(1+v) /L] (5.9)

where F; is the function plotted in Fig. 5.7.

*Although the necessity for a small defect is an unsatisfactory feature of *his type
of analysis (an unidentified strong elastic singularily tnay exist at the grain junc-
tion), reasonable correlations with experiment can be achieved.
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5.3. Microcrack Initiation
The initiation of a discrete microcrack ahead. of the primary crack requires
that the stress in(ensity factor associatea with the defect at the neighboring
three grain corner attain the critical value for grain boundary rupture, ch'b',
before the stress intensity at the primary crack kink becomes critical. This is
achieved when
K =K>K*. (5.10)
The appropriate choice of A* coincides with the minimum K%, that obtains
during kink advance, because this minimum presages the onset of unstable
extension of the kink to the neighboring corner, when K%, =k%%. The K° per-
tinent to microcrack. initiation is assumed to be the value that obtains when
c/l~0.1, as suggested by prior studies of spont..aneous microcracking. Applying
these selections for K* and KA® to equation (5.10) allows the critiéal condition

for rnicrocrack initiation to be expressed as

0.38EAaATVI;

Khin =Kc/1=01)=K2= (1+0) (5.11a)
when
K (1+v)/ EAalphs ATVT ~1.5. (5.11b)
For
Kr(1+v)/ EAQATVI <15 , Kinin <K¥c/1201) (5.12)

and the secondary crack forms prior to extension of the primary crack along
the contiguous boundary.
The result expressed by equation (5.11) can be reformulated in terms of a
critical grain size, {;, for discrete microcrack formation
L =7.7(K2)?(1+v)%/ (EAaAT)?
It is instructive to compare this critical grain size with that associated with
‘spontaneous microfracture during cooling, {J. 'or the grain configuration dep-

icted in Fig. 5.2, the spontaneous microcrack condition is given by
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, ' 18=19.6(K2)*(1+v)%/ (EAaAT)? (5.13)
Comparison of equations (5.12) and (5.13) gives

1,=0.407. (5.14)
Discrete microcrack initiation around a primary crack thus occurs when the
gra;in size reaches ~40% of the grain size needed to induce spontaneous

microfracture during cooling.

5.4. Discussion

The preceding aﬁalysis has indicated that discrete microcracks can initiate
prior to primary crack extension whenever the material grain size exceeds a
threshold value. This threshold grain size is appreciably smaller than the criti-
cal grain size for spontaneous microcracking. For the specific, simplified grain
configuration employed in the present analysis, discrete inicrocracking occurs
at grain sizes > 407 of the level required for spontaneous microcracking. More-
over, it is noticed that this ratio does not involve other microstructural param-"'

eters, so, the prediction is readily applicable to single phase systems.

The prediétive capability of the analysis may be substantiated by the
experimental data for Al;0y, BaTiO3 and Ab,;0s as shown in Fig. 5.8. Although
only the onset of toughening is analysed in this section, an analysis of the
toughening effect within the operative regime will be presented in section 6
where it is shown that the toughness enhancement is fully suppressed at R=FAj;.
From data for Al,0; in Fig. 5.8, R is observed to be ~150um. thus the predicted
onset condition is R, ~60um, which is close to the observation, £, ~30um. Simi-
larly, for BaTiOs, observed R¢ is ~20um, observed &, is ~10um and predicted £,
is ~8um. For Mb,0s, observed A? is ~10um, observed R, is ~3um and predicted
R. is ~4um. So, a satisfactory correlation between the prediction and experi-

mental data is obtained.
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Several .irnplic'ations rrﬁy be derived from the present analysis. In studying
| the influence of grain size on foughness, the microcrack toughening mechan-
ism can be excluded in small grain samples. If'this mechanism is to be used for
the purpose of toughness enhancement, tl'\i'e grain size of the material should
exceed K, , which can be predicted if & isg‘_knovy(n. More prefe_raﬁly, the grain
size should be set between 0.41?;:? and K¢ where toughness enhancement is
6ptima1.‘ Finally, it is encouraged to study thé microcrack tou_ghing procéss in

composite systems to see if similar threshold conditions exist.
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FIGURE CAPTIONS

The expected variation of fracture toughness with grain size. '

Schematic illustrating the formation of kink and secondary crac_ks
(discrete microcrack) during crack propagation in bdlycrystals.

Plot of normalized residual stress (a) along the prospective main crack

plane, (b) along the contiguous grain boundary, (c) along the neighboring

grain boundary, for the configuration shown in the picture.

Schematic of the kink crack system showing the boundary tractions and

effective crack for stress intensity factor calculations.

Normalized stress intensity factor vs relative crack length for the kink

crack (shown in Fig. 5.2).

Normalized tensile stresses on the neighboring grain boundary with and

without crack.

Normalized stress intensity factor vs relative crack length for the secon-
dary crack (shown in Fig. 5.2).

The grain size dependence of the fracture energy for Al,0g, Nb,05 and TiO,

(after Ref.5).
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8. Mechanics of Microcrack Toﬁghening

6.1. Introduction

In single phasé anisotropic polycrystailine materials, the occurrence of
nﬂcroéracking is associated with the rnicrostructiu_'al residual stresses arising
from thermal contraction rn‘isn}atch' ambng _randomly orientéd grains. In the
v presericé of a macrocrack subject to load, the craék éip stress field induces
"discrete microcracks at the neérby Boundary facets to form a microérack pro-
cess zone. This process zone is expected to modify the fracture toughness [1-
16]. In pé_rti-cular, the microcra'c'k;-:d process zone is more compiiar_xt than the
un-microcracked ‘region [1,18]. Hence, the crack tip stress singularity is
relaxed, rendering an increase in toughness. waei/er, the microcracks adja-
cent to the macrocrack tip deteriorate the local fracture resistance of the
medium and thus, partially counteract the compliance toughening [16].

An important characteristic of the microcrack toughening process is the
existence of resistance(R) curve behavior [9,12-15] (Fig. 6.1), i.e. the fracture
resistance, G, is a monotonically increasing function of the crack tip advance
distance Aa, i.e. Gp(Aa). rather than a single-valued parameter. Several experi-
mental observations [2,14,15] of prominent R-curve behavior have been
reported. Yet the basis for its existence has not been well established and con-
fusion often arises among experimental toughness measurements obtained with
different tests [22-29] (e.g. notch beam and double cantilever beam tests) which
monitor fracture instability at different stages of crack propagation. Further-
more, most of the theoretical analyses [7,8,10,12] attempting to simulate micro-

crack toughening have not incorporated the R-curve effect.

A recently established continuum mechanics description [17,18] of mar-
tensitic transformation toughening [19,20] has features similar to microcrack

toughening: specifically, the existence of nonlinearity and hysteresis in the
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stress/strain response of the‘. process .z.one' [18] (Fig. 3.2). Studies by McMéek—
ing and Evans [17] and Budiérlsky et al [18] 'rev.t-aaled that R-curve behavior ié
inherent in the martensitic transforrﬁ_ation system, originating from the gra-
dual unloading of the process zone wake which forms during crack'propagation.
The purpose of the pre'sent study is to establish a similar continuum mechanics
descriptio‘n ofAmicrocrack toughenfng, as needed Ito quantify the tdﬁghening
process, to identify the physical origin of the R-ﬁurve and to clarify the tough-
ness measurements obtained with various.tésts. For this purpose, the non-
linear characteristic of a microcracking medium is analysed. The fracture
energies may then be calculated bbth at the initi;ation of crack propagatioh. and
at the steady-state crack propagation stage, corresponding to the two extremi-
ties on the R-curve. Correlations between the results of the theoretical
analysis and experimental d-ata of several noncubic ceramics are also

presented.

8.2. Nonlinear Characteristics of a Microcracking Medium

Pertinent to the macrocrack tip stress state, the nonlinear stress/strain
characteristics of the microcrack zone are constructed on the overall strain
response of a microcracking medium subject to a uniform plane-strain stress
field (with principal stresses g, >0’2‘. ¢,>0 and o3=v (0,+0z). While parallel ana-
lyses have been performed in section 4, based on a two-dimensional stress

model, a few modifications are required for the present system.

From the discussion in section 4, it ‘has been suggested that, in generaliz-
ing the analysis from two-dimensional to three-dimensional, the relations of the
elastic moduli £ and U above the microcracking threshold ¢,>0¢ given in equa-
tion (4.13) remains valid,

E/E=v/v=1+y-Bo,/op (6.1)

where
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B=2gl°m/9 - (8.2)

y=Bof/og=B(\/13/1 -1) : (6.3)

except that B will be larger than predicted from the two-dimensional analysis.

The constitutive equations for the principal strains ¢,, £; and 3 can be

expressed in terms of the elastic moduli as,

e1=[o1-(02+03))/ E
£2=[a2—V(0,+03) ]/ E (6.4)
83=0

Consequently, by substituting equation (6.1) into equation (6.4), the strains

become

_ 1—(k+k')v(1+y=Bs,)
21751 l+y=-5s,
14+(1+k' / k)v(1+y=Bsa/ k)

l+y—-Bsy/ k

23=0

(6.5a)

€2=Sz

where

§;=0;/ 0g (6.5b)
e; =&, (1+v)/ AaAT
k=0y/0,
k'=0g/ 0,=V(0,+0,5)/ 0,=(1+k )T

Some numerical results obtained from equation (6.5) are shown in Fig. 6.2. It is
apparent that, during loading (80 /8¢>0) above the microcracking threshold
{(0,>0§), the stress/strain behavior is nonlinear. During unloading (8¢ /8£<0),
the microcrack density maintains the value Ny obtained at the loading peak 0,.
Therefore, the stress/strain curve is linear in the unloading stage, as charac-
terized by E’;, and Up obtained at. 0p. Hence, in the absence of unloading tran-
sients, the stress/strain trajectory exhibits clock-wise hysteresis (Fig. 6.3). The
area enclosed by the hysteresis equals the strain energy dissipation of the
external load. as the medium is completely unloaded. Hence, the ﬁrstrloading

cycle is an irreversible process.
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' 6.3: Mechanics of Microcrack Toughening

The macrocrack tip stress field induces microcracking at nearby grain
facets to form a microcrack zone around the macrocrack. Because of the non-
linear characteristic and stress/strain hysteresis of the microcrack zone, the

fracture resistance is modified, giving rise to microcrack toughening.

The model used here to describe microcrack toughening comprises a solid
medium composed ‘of anisotropic grains of uniform size, with a semi-infinite
crack under plane-étrain mode | loading (Fig. 6.4). The crack tip stress field
prior to microcrack zone formation can be expressed in terms of its principal

components as

K;
01= Jgereosg(1+sing)
__K 2§ B
ag-\/z_ﬂ_?cos2(1—s1.'n.2 (6.-6)

__K o)
03= —=—=2vC0Ss >

vVenr

where Kj is the stress intensity factor and r, ¥ are the polar coordinates.

The microcrack zone structure and the mechanics of toughening are
dependent upon the histqry of macrocrack evolution. Suppose the macrocrack
is originally in a medium free of microcracks. As the load is gradually applied, a
frontal microcrack zone is induced in a region ahead of the crack tip where the
stress fleld concentrates. In turn, the microcrack zone modifies the crack tip
stress field. When K; exceeds the apparent toughness, crack propagation ini-
tiates and a microcrack zone wake forms (Fig. 6.5), in which the volume ele-
ments are gradually unloaded (80/ 8a <0). Due to the hysteresis behavior asso-
ciated with these elements, the stress and strain fields are further modified,
such that K; must be increased to sustain the crack propagation, thus giving
rise to R-curve behavior. In this study, we focus on two distinctive crack propa-

gation stages: initiation of crack propagation and steady-state crack propaga-
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tion (Fig. 6.1).

8.3.1. Initiation of Crack Prépagation

The configuration of the system at the initiation stage is shown schemati-
cally in Fig. 6.6. The macrocrack is originally in a microcrack-free medium and
gradually loaded to the crack propagation point (K;=KZ). The microcrack zone
is enclosed by the boundary on which the maximurm principal §tress 0, equals
the critical stress o§ for microcrack induction. Close to the crack tip, the
stress field varies rapidly and the microcrack density is expected to reach a

saturation value N, in a zone around the macrocrack tip (Fig. 6.6).

The fracture toughness A7 is modified by the microcrack zone in two
aspects. First, the microcracks adjacent to the crack tip deteriorate the load-
bearing ability bf the local medium and reduce the fracture toughness. The
amount of deterioration can be approximated as [16,30]

K=K (1-Ns/ g) (6.7)
where K is the intrinsic toughness of a microcrack-free medium, K? is the
degraded toughness (which also characterizes the crack tip stress field) and

N, /g is the fraction of facets microcracked in the saturation zone.

Meanwhile, the stress and strain fields are modified by the presence of the
microcrack zone. Since the material response is linear both in the unmicro-
cracked region outside the microcrack zone and in the saturation zone where
the microcrack density is constant, stress intensity factors can be defined in
each region (Fig. 6.6). The stress intensity K7, which chacterizes the linear field
in the unmicrocracked region remote from the crack tip, is the stress intensity
factor applied on the system. Meanwhile, XJ*? (in the saturation zone) is experi-
enced by the crack tip and dictates crack propagation (A}?=K?). As each
volume element in this system has experienced an increasing strain, the path

independent J-integral [21] can be applied,



91

J={(an‘0\'jnjui.z)ds (6.8)

where

T
W=faijd8ij (69)
[¢}

1 is the displacemeht vector and #' is the unit normal to the contour [" encir- .

cling the crack tip. If I is chosen in the unmicrocracked region,

J=(1-2 WK}/ E (6.10)

Whereas in the saturation zone,

J=(1-v)(Kf®)/ E, (6.11)
where E, and U, are the elastic moduli pertinent to the saturation zone, which
cian be obtained from equation (3.17) with Na3 replaced by N,l3/8. Since J is
independent of path, equations (6.10) and (6.11) can be combined. At the crack
propagation condition, Kf*=K2 and K¢ is related to A? by

K=H(v,N, 1) K2 - (6.12)

where

1—-(1-2N,13/9)%2
(1-123)(1-2N,13/ 9)
Combining equations (86.7) and (6.12), the observed toughness A® can be

Hv.N; )=

obtained as

K=H(1-Ny/ g) K (6.13)

or, in terms of fracture energies* ' '
G:=H?*(1-N,/ g )? G} (6.14)
The grain size dependence of the fracture energy Gf at the initiation stage
may be oblained if the unknown parameters are estimated as follows. The
structure of the saturation zone is not well known. From the analysis in section

5, it is believed that, at the fracture instability (K=K ), only those facets adja-

*G=(1-1*)K?/ E
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cent to the macrocrack Eip subject to residual tension are susceptible .to
.discrete microcracking. Adjacent facets subject to residual compression
remain intact until fractured by the extension of the macrocrack. Thus, the
microcrack density adjacent to the macrocrack tip is expected to saturate at
N;~g/2. Moreover, since the saturation zone consists of rnicrocr_acks on adja-
cent facets, thg saturation zone size hy is expected to be approximately equal
to the facet size (. Pbisson’s raﬁio v of the unmicrocracked medium is taken to
be v=1/4, repfesentative of most ceramics. From section 3, th.e effective micro-
crack density Nf is expected to be larger than predicted with N=0.5g where
g~3/1%. Thus, an estimated N*~0.5g*=9/413 is taken. Replacing these estima-
tions into equation {6.13), it is seen that the toughening effect at this stage is
quite small,

GI~1.1GE (6.15)
It is also noted that the toughening is independent of the grain size R, a result

which is not influenced by the estimations adopted.

6.3.2. Steady-State Crack Propagation

In the steady-state crack propagation stage, the crack is imagined to have
propagated extensively such that the fracture energy required to maintain the
propagation has reached a steady-state value GZ* pertinent to the asymptoté in
the R-curve (Fig. 6.1). The configuration of the system is also in steady-state,
such that the microcrack zone wake and the saturation zone wake extend to

=-=, each with constant height (Fig. 6.7). The microcrack zone front is defined
by 80,/ 8a >0*, and the boundary is given by ¢, =¢¢. The microcrack zone wake,
defined by do/ da <0, has a constant half height h,, dictated by the conditions,

o,=0f and 480,/0a=0 (6.186)

The microcrack density in the wake maintains the maximum value obtained at

*Under quasi-static crack propagation, 80/ 8a =-30/ 0zx.
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the peak of g, =0,.

Differences in fracture energy between the initiation stége and the
steady-state stage, due to the presence of the semi-infinite microcrack zone
wake, can be calculated frqm energy balance considerations. In the steady-.
state, as the crack tip propégates forward by an increment..da. the stress and
strain fields translate iﬁ uhison. This translation is equivalent to the -creation
of an extra region of micfocrack zone, of width da, at x=-=, which has been
complétely unloaded. A strain energy dissipation is associated with this pro-
cess. From the energy balance relation given by Budiansky et al [18], the
apparent fracture energy GZ° in the steady-state is

"m : '
GE=Gr*+2 [ U(y)dy - (8.17)
[+]

where G/ is the fracture resistance of the crack tip,

GHP= MME;-G: | ’ (6.18)

and U(y) is the residual energy density (the energy dissipation associated with
the hysteresis in the volume elements at height y and x=-«). In the unmicro-
cracked region remote from the macrocrack,

GE=(1-R)(K*/ E ' (6.19)
where K3®is the apparent toughness, characterizing the remote stress field.

As the nonlinear stress and strain fields in the microcrack zone are unk-
nown at present, the microcrack zone height is estimated using two bounds.
First, the nonlinear stress fleld in the zone is assurned to be bounded by two
linear elastic stress fields, one characterized by the applied stress intensity
.factor K** and the othér characterized by the crack tip stress intensity factor

K'? (Fig. 6.7)*. The normalized principal stresse sup tip at height y from x=-«

The studies of Budiansky et al [18] reveal that, for the transformation problem, the
‘z,?tne neight is dictated by the intermediate stress intensity factor, K=K""P +( K%
Py2
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to x=+= are shown in Fig. 6.8. The maximum in the curve g, corresponds to the
peak load experienced by the volume element at height y and x=-o;

0p K/ 2Vy ' (6.20)
where K can be either K or K''P.

Furthermore, from Fig. 6.8, it is seen that the ratio k=0,/0, varies from
k~1 at x=+= to k~1/3 at x~y/5 (where 0,=0,). To simplify the calculation of
U(y). k is assumed to be constant, whereupon the upper bound of U(y) is calcu-
lated with K=k” and k=1 and the lower 't>ou1;1d of U(y) is calculated with K=K°
and k=1/3. Under plane strain and constant k conditions, the principal strains
£, and ¢ are given in equation (6.5). The strain energy density U(y) consists of
two components: one from the interaction between ¢, and ¢, and the other from
0z and &,* thus,

Uly)=U,(y)+Uxy) : (6.21)

where

Ui.(y)=f0id8i
and U,(y), Us(y) represent the areas enclosed by the hysteresis loop (Fig. 6.3).
Replacing the curve between g5 and o, in the hysteresis with a straight line,
U(y) can be approximated as a triangular area. From equations (6.5) and

(6.21), it follows that

1+k 1
Uly)= : (6.22
W)= g el l+y=y0,/ 05 (6.22)

+2129(0,/ 0§)—1-20%]
The total strain energy dissipation involves the saturation zone and the micro-

crack zone;

- hy R
Z{U(y)dyzsz(y)dy +2 [ U(y)dy (6.23)
0 hy

*No shear components are invoived since the stress field is given in principal com-
ponents.
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 The strain energy dissipation in the saturation zone is simply,

Ry .
2 fU(y)dy ~2U(hy)h, (6.24)
o] .

" since the saturation zone should be small. Replacing y in equation (6.20) by hy

and inserting g, in équation (6.22), the total strain energy becomes

h, .
- 1- u2 1+k
2{U(y)dy. KZ[‘,:(1 2y Q(yv )] (6.25)
where
v= 2"“;(/" (6.26)
and

2(1—v)
1+y

—(1—1—1n [(1+y)v=y]-(1-21”y)(2-v)

Thus, the upper bound of the apparent fracture energy (G:*)y is given by com-

Q(y,v,u)z——‘yL—+2u y(1-2in v)+ = (8.27)

bining eciuations (6.17), (6.18) and (6.25) with K=K** and k=1 as

38\ N’ [ Q o i
( Gc )U—(l‘?)zHelz(l_ug) Gc . . (6-28)

Similarly, the lower bound of the apparent fracture energy (G®), is obtained

with K=K*P and k=1/3 as

( G:‘)L=(1-i;’—)2r!-1"'+——g— G} (6.29)

3(1-13)

The grain size dependence of the steady-state fracture energy GJ® may be
obtained with the following estimations. From section 4, the parameter B is
expected to be larger than predicted (B~2/3). Thus, an estimated B~1-2 is

taken. From equation (6.3), ¥ can be expressed as a function of R/RS;

y=B(NR:/ R -1) (6.30)
The parameter v can also be obtained as a function of R/&. From previous

discussion, it may be assumed that the saturation zone size A, is related to the
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facet size !l as

hy =1l ' (6.31)

At the threshold facet size [, of microcrack zone formation (lc=0.4l,f), the

microcrack zone is expected to coincide with the saturation zone, so that

hy=hp, =wl (6.32)
From equation (6.20), it follows that

205VAm _ 205wl

=1 ) :
K K ' (6.33)
Interting equation (4.6), w should satisfy
ZO'RV‘U). 1 .
= — 2.7 (6.34)
K V-V, _
and v in equation (6.26) is obtained as
v 2 2.7(1-~/R/ R?) (6.35)

Inserting these estimates into equations (6.28) and (6.29), the upper and lower

bounds of $® can be obtained as a function of #/K¢, as plotted in Fig. 6.9.

6.4. Discussion

The calculation of the fracture energies at the two extreme stages in the
R-curve can be correlated with the experimental data of fracture energy, in
several single phase noncubic ceramics; especially the grain size dependence.
The correlation not only substantiates the present model and analysis, but also
clarifies controversies about the exact grain size dependence of.the fracture
energy of noncubic ceramics, arising from data obtained with different tests
(e.g. notch beam, double cantilever beam). The correlation is conducted only
for R<FK] since spontaneous microcracking is not considered in the present
analysis. Furthermore, it is noticed that the formation of the microcrack zone

is fully suppressed if #<0.4/* and the microcrack toughening mechanism is no

*see sectlion 5
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longer operative.

The fracture energy at the initiation of crack propagation as given in equa-

‘tion (6.15) is expected to conform to the experimental data obtained with rﬁost

NB tests [22-27] where fracture instability is monitored at the initiation of frac-
ture from a sawn notch (i.e.v a frontal microcrack zone only). The general
observation in these tests is that the toughening is not detected as seen from
the Al,05 data summarized [12] in Fig. 8.10. These results confirm the predic-

tion of equation (6.15).

Meanwhile, the trends in the steady-state fracture energy with grain size
plotted in Fig. 6.9 should conform to experimental data obtained with most DCB
tests [22,23,28,29] which monitor the equilib}rium of a crack after extensive
quasi-statir; propagation (i.e. an extended microcrack zone), such as the data
summarized [10] in Fig. 6.11. Compaﬁson of these data with the predicted
behavior in Fig. 6.9 shows that a good conformation is obtained (especially the
unique features distinctive in the sleady-state cracking stage). The toughening
is quite significant (~100% enhancement) in the grain size range where
toughening is expected (0.4<R/R$<1.0). No toughening is observed at #=A and
R=0.4/}. Furthermore, the experimental data lie closer to the predicted
upperbound of G, indicating that the linear stfess field characterized by K¥ is

a better approximation of the actual non-linear stress field.

It is substantiated that microcrack toughening derives from the nonlinear
characteristic of the microcrack zone, and inherent in this process is an R-
curve behavior arising from the stress/strain hysteresis in the microcracking

medium (which dissipates additional strain energy when a microcrack zone

- wake gradually forms during crack propagation). Consequently, experimental

measurements of fracture energy of microcracking materials using tests like

NB, DCB, which monitor fracture instability at different stages during crack
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propagation, are expected to vary. Moreover, ch§cteristics of the grain size
dependence of the fracture energy of such materiais can vary significantly if
“"fracture energy” is coflﬁhed in a certain stage in the R-curve. For instance,
the fracture energy at the initiation of the R-curve, as usually measured with
the NB test, would exhibit no grain size dependence. Conversely, the fracture
energy at the asymptote of the R-curve, as usually measured with DCB test,
shows a pronounced toughening effect between 0.4K; and A§. Differences
among tests should be discriminated accordingly. Ideally, it is appropriate to
measure the complete R-curve. DCB tests which allow stepwise measurement of

the fracture energy thus appear more desirable.

A continuum mechanics approach to analyse the microcrack toughening
process has been presented which enables the calculation of the fracture ener-.
‘gies at two extreme stages in the R-curve. Semi-quantitatively, the results
reveal the dependence on various microstructural parameters, e.g. R, Aa, AT,
etc... The analysis can be extended to incorporate a more accurate solution of
the nonlinear stress and strain fields pertinent to the nonlinear microcracking
medium. The nature of the saturation zone also needs to be studied. Moreover,
analyses which incorporaté the permanent strain effects associated'with micro-
cracking (e.g. higher strain energy dissipation in hysteresis) are expected to

yield more toughening effect in the steady-state cracking stage.
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'FIGURE CAPTIONS

Schematic oflR-curve characteristic and microcrack zone configuration at
different stages of crack propagation.

Nonlinear stress/strain curve of a microcracking medium subject to
plane-strain biaxial loading.

Sche.matic_ illustrating the nonlinear characteristic and unloading hys-
teresis of the microcrack zone.

Schematic of the stfess field around a semi-infinite crack.

Schematic illustrating the evolutioﬁ of the microcrack zone configuration
during crack' propagation.

Schematics of {(a) frontal microcrack zone and saturation zone, (b) th;-:‘
nonlinear stress field ahead of the crack tip, at the initiation of crack pro-
pagation. |

Schematics of (a) extended microcrack zone and saturation zone.-(b) the
nonlinear stress field ahead of the crack tip, at the steady-state of crack
propagation.

Distribution of principal components of a linear stress field around a
crack.

Plot of the grain size dependence of fracture energies at the steady-state

crack propagation stage.

8.10.NB values of fracture energy of Al,03 vs grain size (after Ref. 12).

6.11.DCB values of fracture energy vs grain size for Al,04, Ti0; and Nb,05 (after

Ref. 10).
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7. Conclusion

Whereas ,speciﬁd results, implications relevent to the topic of each section

have been presented in separate discussions, the general conclusions pertinent

to the primary topic of this work are:

1)

2)

3)

4)

5)

8)

7)

A continuum mechanics description of the microcrack toughening
process can be constructed. The constitutive behavior of the micro-
crack zone is based on the overall strain response of a microcracking

medium subject to a uniform stress field.

A generalized microcracking criterion has be constructed for micro-

cracking at facets subject to general stresses.

The. effective microcrack density causing elastic moduli decrease is
1ai'ger than calculated based on a two-dimensional anafysis and other
simplifications.

Induced microcracking is initiated at a threshold load. Above the
threshold, the stress/strain behavior becomes nonlinear. During
unloading, linearity resumes and a hysteresis is present correspond-

ing to dissipation of strain energy.

The stress/strain characteristics resemble those of hardening materi-
als and mertensitic transformation composites. Hence, similarities in

process zone toughening effects are also expected.

There is a grain size threshold, R=0.4/¢ for the onset of microcrack
zone formation, deriving from the microstructural requirements for
nucleating discrete microcracks. At R=0.4R], the microcrack zone

coincides with the saturation zone and no toughening is observable.

The fracture energy of a microcracking material is described by an R-

curve, which derives from the gradual unloading of the microcrack



8)

9)

I10)

11)

1186

zone wake irreversible to the loading stage such that additional strain

energies are dissipated in the hysteresis.

At the initiation stage of crack propagation, the toughening effect ori-
ginates from the nonlinear strain response of the frontal microcrack
zone, counteracted by an detoughening effect due to induced micro-
cracks adjacent to the macrocrack tip. The overall toughening effect

1s quite small:

At the steady-state of crack propagation, additional toughening
derives from the extened microcrack zone wake. At R=F%, spontane-
ous microcracking initiates, the hysteresis is greatly reduced no

appreciable toughening is observable.

Characteristics of the grain éize dependence of the fracture energy
lirfﬁted in a certain region in the R-curve can vary significantly. At ini-
tiation stage, no grain size dependence is observable. At steady-state,
a pz‘ondunced toughness enhancement may be observed between 0.44;

and A;.

Usually, NB tests monitor the fracture energy at initiation cracking

stage; whereas DCB tests monitor it at steady-state cracking stage.
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