Lawrence Berkeley National Laboratory
Recent Work

Title
MODELS OF CREEP CRACK GROWTH IN CERAMICS

Permalink
https://escholarship.org/uc/item/38j220hd

Author
Thouless, M.D.

Publication Date
1984-07-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/38j220hc
https://escholarship.org
http://www.cdlib.org/

JC-2S

LBL-18179

°]

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA REGE

I ,VEh

. , Do CE
S Materials & Molecular e G
j; Research Division T e
\Q\ ocu:w&r\? RysAéVc?Tlo

MODELS OF CREEP CRACK GROWTH IN CERAMICS

M.D. Thouless
(Ph.D. Thesis)

July 1984

5 ¢
et

.
g -
AT e Ak A

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098



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.



i

LBL-18179

MODELS OF CREEP’CRACK GROWTH IN CERAMICS
M. D. Thouless

(Ph. D. Thesis)

" Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Department of Materials Science and Mineral Eng1neer1ng
' University of California
Berkeley, California 94720

July 1984

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the

-U.S. Department of Energy under Contract No. DE-AC03-765F00098



) ‘mr B

Abstract. . .« « &« o « &

Nomenclature List . . .

IO

II.

Introduction . . .
1.1 Background. .

1.2 Previous Work

1.2.1 Direct Propagation of a'Crack'

1.2.2 Damage Zone Models. . . . . .

on Crack Propagation

©

CONTENTS

1.3 Work to be Addressed in this Dissertation . . . . . . .

The Crack Growth Model .

- 2.1 General Considerations. . . .

2.2 CaV‘ity GrOWth e e o. e o o o v.

2.3 Crack Growth. . . . . . . ..

[II.

2.4 The Stress Field. .

2.5 The Effect of Grain Size. o o

2.6 Conclusion. . . . .« .+« &

The Effect of the Sintering Stress . . e s o s s a4 s s = ®
3.1 General Considerations. . . . « ¢« ¢« ¢« ¢ v ¢« ¢ ¢ o ¢ o
3.2 Crack Growth Rate . . . . . . . . . e s s s s e o e e e
3.3 The Threshold Stress Intensity'Factor e e e e e e e e
3.4 Effect of Cavity Morphology « « « ¢« ¢ ¢ ¢« ¢ o ¢ o & o &«

3.5 CONCIUSIONS & o ¢ o o o o o o o © o 6 o o o o « o o o o

®w O O & W N

10
12
18
19
20
22
22
23
27
28
30



IV.

VI.

iv

Further Considerations S T T

4.1 Visco-elastic Constraint. . . . ¢ ¢ ¢ &+ o o o o o

4.1.1 Crack Growth with Elastic Constrainﬁ ..... .

4.1.2 DiSCUSSTON. o o o o o o o o o« o o o o o v . .

4,2 The Influence of the Fracture Toughness . . . . . . .

4.3 ConcluSionS © v ¢ o & « o o o o o o o o s o o o o o
High Temperature Crack Propagation and
Failure in a Ceramic Containing a Liquid Phase . . . .
5.1 Experimental. . o ¢ ¢« ¢ ¢ ¢ ¢ ¢« ¢ ¢ o @ .v. e o e e
5.1.1 Procedures. . .« ¢ ¢« ¢ ¢« ¢ ¢ o ¢ o o o 5 s o e

51:1.2. Méasurement50 . . o © o & s o © e & s o o o o o

5.1.3 Observations. . « ¢« ¢ ¢ ¢« ¢ ¢ o o e o 0 o o o o
5.1.4 Implications for Crack Propagation. . . . . . .

5.2 Crack Propagation Model . . . . . o ¢« ¢ ¢ ¢ ¢ o & & &

5.2.1 General ConsiderationsS. . « « o « « o o « « &
5.2.2 The Crack Growth Rate for a Unit
Damage Zone Size. . D

5.2.3 Crack Propagation in an Extended

- Damage Zone . . . . . c e e e e e o s o b5 s e
5f3 Discussion. . . . . e e 6 s s e e o e e e s e .
5.4 ConcluSTONS + ¢ & ¢ ¢« o ¢ ¢ o o o o o o o o o o« o .
Future Work. . . &« ¢ ¢ ¢« v ¢ ¢ ¢ o ¢ o o o = o o s o o o
6.1 Future Research for Single Phase Materials. . . . . .

6.2 Future Research for Liquid Phase Sintered Materials . .

41
42
42
42
43
45
45

45 =

46

50
52
53
55
55
55



Page

References. . « « - » ,‘é‘, © o s o o s o o s o o e s o o s s s o 58

ACKNOWTEdgemeNtSs « v o o « « « o « o o o o o o o o s o o oo oo 65

Appendix I. The Stress Field at a Crack Tip in a Linearly

Viscous Material. « . v v v ¢« v ¢ v o 0 e o a o o . . 66

Appendix II, The Constraint in a Visco-Elastic Material. . . . . 69

Appehdix ITI. Consideration of Meniscus Instabilities ... . . 70
Appendix IV, Approximate Relationships for the Crack Ve]ocity

in a Liquid Phase Sintered Material' ..... e e.. 72

Figure Captions ° .o e © e o °© s o o o e ©o o e o © o. ooooo e o 74



i

MODELS OF CREEP CRACK GROWTH IN CERAMICS
M. D. Thouless
(Ph. D. Thesis)
vMéterials and Molecular Research Division
Lawrence Berkeley Laboratory
and '
Department of Materials Science and Mineral Eng1neer1ng,
University of California
‘Berkeley, California 94720

July 1984

ABSTRACT

A mbdel is developed to describe the velocity of a dominant crack
in poiy—crysta]]ine'ceramicsvat elevated temperatures. The crack pro-
pagates by the growth and coalescence of cavities in a damage zone at
the crack tip. The growth of the cavities is assumed to be constrained
by the 11near1j viscous matrix surrounding the damage zone. The re-
sultant crack velocity is proportional to the applied mode I stress
intensity factor (K) and inversely proportional to the viscosity of
the material (n). It has a more complex dependence upon the grain
size (2), the cavity spacing (A), the damage zone size (i) and the
critical cavity size for grain facet failure (Af). The magnitude of
the stress in the damage zone is very small, but it'rises to a peak at
the periphery. In the regime away from the influence of either the
critical stress intensity factor or the threshold, the predicted vel-

ocities agree with published experimental results.
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The effect of.surface‘tension upon the crack velocity is shown to
be negligible except in the region of the threshold. It is possible
that Af may be approximated by the condition fof the cavity morpho- .
logy to change from a lenticular to a crack-like shape. This transi-
tion occurs at lower values of Af as (2/x) decreases or K increases,
consequently there is some resultant deviation from linearity with
applied stress.

At elevated temperatures, a ceramic responds visco-elastically to
stress; consequently at high crack velocities, the constraint may be
dominated by the elastic characteristics of the m&trix. An elastic
solution is presented which tends to the unconstrained solution at
large stresses. At lower stresses a threshold is predicted, but this
is shown to be invalid because its existence negates the elastic
assumption. In the vicinity of the critical stress intensity factor
(Kc) some of the grains fail by cleavage along the grain boundaries
rather than by cavity growth, this is the basis for a very simple
model designed to illustrate the asymptotic behavior of the crack
velocity in the region of KC. |

Finally, some experimental and theoretical work is presented for
crack growth in liquid phase sintered materials. The theoretical work
is essentially an extension of the original model, adapted for the case M
where the material properties are dictated by the presence of a liquid
phase along the grain boundaries. The experimental results are of only
a very tentative nature, and provide the background for proposed future

research.
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Nomenclature List

area fraction of the grain boundary that is cavitated
critical value of A at which facet failure occurs

value of A on the nth grain at the end of the time interval at

value of A on the nth

interval at
crack ve]ocity

3/2

=16/ QD sch /3kTFV

Burgers' vector

Burgers' vector of the jth'dislocation from the crack tip

rate equivalent of .the path 1ndependent integral

grain at the beginning of the time

2n 22(n-1) , 72(n=2)

= 2n=-Pm-1) ~ Z(h-l) (2m-T) 2(n 2)-
grain boundary d1ffus1v1ty
lattice diffusivity

Young's modulus

= sihzw
= (2u/3)'(2-3cosw+cos3w)
strain energy release rate when a grain boundary fractures

critical strain energy release rate for grain boundary failure

5/2 2 ,7/2 10 ,3/2 4 ,3/2
Mode I stress intensity factor
critical stress intensity factor

threshold stress intensity factor

Boltzmann's constant

(Zmol)

an A



an integer defining a grain position

an integer defining a grain position

void pfessure

distance of the liquid film interface from the grain center
radius of curvature of the void |

void radius in the plane of the grain boundary

ratio of the applied stress on a facet to the sintering stress

1/2
b

= o, AAM2)(18) 2y F

absolutevtemperature

time

3/ 3/2

b
grain center displacement for_tﬁe nth grain

grain center displacement = AF_ A 2/nF
cavity volume

number of grains in the damage zone
grain siie

surface tension

time for the crack to advance by one grain increment

thickness of liquid film in grain boundary

‘initial thickness of liquid film in grain boundary

grain boundary thickness

critical thickness of intergranular liquid film for crack
advance
viscosity
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= 1+ Dv/Db s

X3

bulk viscosity for a liquid phase sintered material
viscosity of liquid phase in a liquid phase sintered material
angle a grain boundary makes with the crack

value of e.below which grain boundaries fail by cleavage
cavity spacing

= [EF /(72 % F!% (1-9P))] (/) (1/sy)

Poisson's ratio

b

stress

applied stress on a facet

compressive stress acting on a facet

applied stress on the mth facet ahead of .a crack

compressive stress on the mth

facét ahead of A crack
dihedral angle |
effective atomic volume

normalized sintering stress = 1/s



I. INTRODUCTION
1.1 Background

Ceramics combine many usefulvproperties that make them appealing
for use in a broad range of apb]ications. In particu1ér, their high
melting points confef ubon fhem a resistance to creep far sdp;rior to
fhat of metals. Consequently, there is much interest in the devel-
opment of these materials for use aS‘components in higﬁ tempe?ature
engines. In.order to ensure that the optimum behévior can bevobtained-
in such applications, it is important to understand how ceramics be-.
have at elevated temperatures, and in parﬁicular to elucidate. the
failure mechanisms that operate. |

Atvlow temperatures, below about 1000°C,,ceramics fail in a
brittle ménner by'the catastrophic propagation of cracks. These orig-
inate at flaws which ére inherent in the fabricated material, or are
jntroduced during service. Brittle fracture is now fairly well under-
étood. 0f a more complex ﬁature is the process of failure at higher
temperatures known as creep rUpture.v Among the complexities associatéd
with this behévior, is the fact that ceramics can undergo extensive
permanenf deformation by creep brocesses at high temperatures.

Recent expérimenta] observations[l'sl suggest that at ieast two
typés of failure may be of .importance in single phase ceramics. The
first of these is of pertinence when a dominant crack exists in a
homogeneous material. The crack can remain sharp and grow under the
influence of an applied stress (Fig. 1). As the crack grows, the

- stress intensity factor associated with it can increase; when this



exceeds the critical value for the material, catastrophic failure re-
sults. At Tow values of the applied stress intensity factor,.a thresh-
old is observed below which the crack does not grow. Under these con-
ditions, the crack opens and blunts in a fashion dictated by the bulk-
creep properties of the material. In conjunction with the blunting,
intense démage is observed in shear bands inclined at about 30° to the
crack axis at its tip (Fig. 2).[1

The second type of failure is of importance in the absence of a
major flaw. This type of fai]uré is the subject of current experi-
mental research?ts]"Preliminary evidence suggesté that very small |
cracks may be nucleated in regions of inhomogeneities (Fig. 3). These
appear to grow rapidly even when the stress ihtehsity factor is below
“the threshold observed for 1afge cracks. When the cracks have grown
sufficiently, so as to leave the region of influence of the inhomo-
geneity, they usually blunt, cease to grow and develop shear bands.
The interaction of these shear bands can ultimately cause failure
along a serrated fracture surface (Figs. 4,5). Although thé models
presented in this thesis concentrate upon the propagation of a domin-
ant crack, possible implications for the othef type of failure are
discussed.

1.2 Previous Work on Crack Propagation

A variety of mechanisms have been proposed for the growth of cracks
at high temperatures. These exist for both liquid phase sintered cer-
amics[g] and single phase materials.[lo'lsl They may be divided

into direct crack extension models and damage zone models. A further

<
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displacement with no deformation of the grains,

division is made into those mechanisms that assume the material at the

crack tip behaves rigidly, and those that assume it behaves elasti-

- cally.

1.2.1 Diréct Propagation of a Crack

The direct propagation of an isolated crack, growing along

- the grain boundary of a bi-crystal (Fig. 6), has been analyzed in

Refs. 10 to 12. Under the inf]uehce of an applied stress, the atoms
diffuse 'along the crack surface and into the grain boundary. There

are two possible assumbtionS»regarding the stress field ahead of the

- crack. The simplest pertains if the atoms from the crack surface are

- deposited as a uniform layer along the grain boundary. In this case,

the grain boUndary thickening is accommodated by a pure rigid body
(10,11] and the stress
field is parabolic. In a more advanced model[ll’lz] the grains behave

elastically, and the grain boundary thickening varies as a function of

"position ahead of the Crackttip. The stress field, resulting from the

elastic deformation of the grains, is superimposed upon that predicted
from the applied stress acting on the crack. It is this modified'
stress field that dictates the crack growth (Fig. 6). The pertinence
of this type of model is restricted, because observations of fracture
surfacgstl] (Figs. 7,8) suggest that crack growth in ceramics occurs
by a damage zone process. The two figures show creep fracture sur-
faces in a single phase alumina, and-illustrate the intergranular

cavities typically associated with a damage zone mechanism.



1.2.2 Damage Zone Models

In damage zone models it is assumed that cavities develop
ahead of the main crack in a region known as the damage zone (Fig. 9).
The cavities grow under the influence of the crack tip stress field

until they coalesce with the crack tip. This causes incremental crack

advance. The crack growth rate is then dictated by the characteristicé

of the cavity growth mechanisms, and by the magnitude of the crack tip
stress field. A review of these mechanisms has been given by the pres-
ent author[gl and e]sewhere,tl] so only a very brief summary is pre-
sented here. Depending upon the material and stress level, cavity |

[20-28]

growth may occur in the damage zone by diffusion and/or plas-

[29-32]

tic flow. In the diffusional regime, several modes of damage

d[24-28]

exist. It may consist of either equilibrium shape or crack-

like cavities[ll’lz] (Fig. 10), growing in arrays, independently or co-
operatively.[21;23]
The propagation of a crack into a damage zone has generally been

analyzed by neglecting the influence of the damage on the stress field.
Models of this type[13"16] have been generalized by Wilkinson and
Vitek.[13] The growth rate of thé cavities can be expressed as a
function of the local stress at the cavity location (Fig. 9), the
stress generally exhibits an inverse power law dependence on the dis-
tance frbm the crack tip (the exact form being determined by the def-

ormation law for the material). These models yield a general expres-

sion for the crack_ve]ocity (é);

W

LI
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‘or , | _ _ (1.1)

where K is the stress intensity factor, C: is the rate equivalent of |

the path independent integral, and the exponents 8 and g8' depend on the
cavity growth mechanism. Such models represent an upper bound for the

crack velocity.

It was first recognized by Dyson[33] thatrthe growth of cavities
must be compatible with the deformation of the undamaged matrix, and
constraining stresses result from any incompatibilities.[33“35] Sim-
ilar effects occur in the present problem of a crack extending into
a damage zone. The stress field ahead of the crack (Fig. 9), and

consequently the;cratk velocity, are modified by the damage. This

 concept of constrained crack growth is of central importance to. the -

development of the models in this thesis.

The modifications to the crack growth rate that occur in the prés- '
enée of'q stresé redistribution, caused'by the cavitation damage, have
not been comprehensively addressed. Hutchinson[36] has analyzed the
stress field due to a stationary crack with a cavifation zone surround-
ing it, but no attempt was made to derive a crack velocity. Raj and '
Baik[IZ] have developed a rigorous model for a crack with a co-planar
damage zone advancing along the grain boundary of an elastic bi-crys-
té]. Cocks and Ashby[18] have derived a simplified constrained crack
growth model for a polycrystalline material subject to power law creep.
This 1étter model invokes a generalized damage mechanism, and requires

that the damage rate be dictated by the creep rate of the material



£37,38]

ahead of the crack tip, as if there were no damage. This prem-

ise has been shown to result in an upper bound constraint and conse-
[19]

quently a lower bound crack velocity.

1.3 Work to be Addressed in this Dissertation

The primary emphasis of this work is focussed on the development
of a comprehensive model for the propagation of a dominant crack in a
polycrystalline ceramic. The crack is assuméd to propagate into a
damage zone which is subjected to a constraint from the surrounding
matrix. The growth laws for the cavities are coupled with the stress
field of the crack, as modified by the constraint, to yield analytical
expressions for the crack ve]dcity. The major advantage of this model
over previous ones is that it incorporates thereffects of a linear
viscous matrix, as'pertinent to most polycrystalline ceramics at creep

[39-40] Initially, crack growth in single phase

rupture temperatures.
ceramics is analyzed using approximations which permit investigation
of the effect of the daﬁage zone size. To this end, the surfacé ten-
sion of the ceramic is ignored. The results show very encouraging
agreement with experimental observations.

The next two chapters are modifications of the ba§jc model. In
Chapter III, the surface tension is included fn the analysis for a
damage zone of one grain length in size; the influence of a threshold
stress intensity factor can consequently be calculated. Visco-elastic
effects, which become important at high crack velocities, are analyzed
in Chapter IV. Furthermore, a very simple and basic model is also

presented to illustrate the effect of the critical stress intensity

factor.

L‘J



In Chapter V, the analysis is extended to the case where a glassy‘
second phase exists at the grain boundaries. vThis is done in an at-
tempt to elucidate the behavior of one type of micro-crack that may
cause failure in the absence of a dominant crack. The‘énalysis should
be apb1icab1e to the growth of cracks in liquid phase sintered ceram-
ics. Finally, in the last chapter, a brief discussion of the future
work that should be conducted in order to make further advances in the

field is presented.



II. THE CRACK GROWTH MODEL
A model for crack growth in the post-threshold regime is presented.
Damage in the form of grain boundary cavitation is assumed to occur
ahead of the crack tip[l] (Figs. 7,8). In this section the analysis
is performed for a linearly viscous, single phase ceramic; and the
implications for the resulting crack velocity are then discussed.

2.1 General Considerations

The crack extension, although macroscopically Mode I, locally
occurs on boundaries inéiined to the crack surface‘(Fig. 11). Such
boundaries aré subject to both shear and normal stresses. The shear
stresses cause grain boundary sliding and are considered to occuby a

[42,43] while the normal stresses

primary role in cavity initiation,
dictate cavity growth and coalescence. Tﬁe sliding induced nucleation
is not given explicit consideration in the present model, but is im-
plicitly involved in determining the damage zone size. Thé emphasis
of the present analysis is upon the normal stresses, in the presence
of freely sliding boundaries, and their influence on damage growth.
The pfoblem may be approximated by assuming that the damage zone
consists of an array of grains coplanar with the crack and embedded in

a linearly viscous matrix (Fig. 12).* Grain boundary sliding between

grains in the damage zone is assumed to accommodate the damage gradient

L/

*The normal stresses on the grain boundaries are evidently overesti-
mated in such a square grain.model. However, for random grain
boundary inclinations, the average normal stress is only about 12%
less than that for square grains.



and hence, to equilibrate the stress on each grain. The cavities on

a grain boundary are then expected to be of an approximately uniform
size, in accord with observation (Figs. 7,8). A direct consequence of
this premise is that the crack must advance by grain facet length in-
crements, when the cavities on the grain boundary adjacent to the crack
tip either reach a ¢éritical size or cpa]esce; This assumption is sup-
pdrted by observations[ll that the cracks always terminate at grain
edges (Fig. 1).

The tensile stress in the damage zone immediately ahead of the
crack is expected to be low,* as reinforced by observatioﬁs of equi-
librium—shapedvdiffusional cavities on fracture surfaces[l] (Figs. 7,8).
High stress mechanisms of cavity growth, such‘as.plastic or independent
diffusional growth, are consideréd unlikely. A suitable model consid-
ers grain boundaries containingvregular arrays of equilibrium-shaped
boundary cavities[zs] (Fig. 13). Expressions relating the growth rate
of equilibrium-shaped voids to the local stress on the grain boundaries
ahead of the crack thereby provide the initial basis for the analysis.
The rolerof potential crack-1like transitions ié examined in Chapter III.

The local stresses, as influenced by both the crack and the vis-

~cous constraint, are determined and used to obtain a set of expres-

sions relating the cavity size, position ahead of the crack tip, and

the crack velocity. Thereafter, the steady state crack velocity can

*A low stress on the grain ahead of the crack is expected from the
constraint on the damage zone (Section 2.4).
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be deduced, provided that the damage zone size and the critical cavity
~size for crack advance are specified.

2.2 Cavity Growth _ .

The rate of increase in the volume (V) of a cavity within the dam-
age zone,subject to a stress o, may be obtained directly from Needleman
and Rice[32] (this is the corrected form of an expression first given in

Raj and Ashby[25]) as;

. (BwQDbébg) a-2yFil2(1-a)1aal/2 + p ,
V- KT STA(L/AT = (1=A) (3-A) (2.1)
where
20 a
g= 1+ wDVG
bSb

and A, the area fraction of cavitated grain boundary, is related to the
cavity spacing (1) and the void radius in the plane of the grain bound-
ary (ry) by,[zs] ,
| A = (rb/x)2 ' N (2.2)
 is the effective atomic volume, Db and Dv are the grain boundary
and lattice diffusivities, Gb is the grain boundary fhickness, k is
Boltzmann's constant, T is the absolute tempefature, P is the internal
pressure of the void, and Fb is a geometrical term involving the di-
hedral angle of the cavity. Cavity growth results in a grain center
disp]aéement, u, related to the volume of the cavities by:[17]
u = V/m? | | (2.3) v

3 2 2
Fv’ and ry="r Fb,

Hence, invoking the geometric relations[17] V=r
where F = (2r/3) (2-3 cosy + cosy), Fy = sin’y, and ¥ is the dihedral

angle, the center displacement becomes,
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u = ?377 | (204)

giving a displacement rate

. 3F . |

rro

Combining equations (2.1), (2.2) and (2.3), the rate of change of cav-

itated grain boundary area becomes,

. [Banysy T\ [ 20F3/%\ [ e-2v FilPL-mat/Z e |
S ¥, | 272 ' (2.6)
kT T AYC(2an(1/R) - (1-A) (3-A))

Equation'(z.ﬁ) can be used to describe the growth of'cavities on any
grain ahead of the crack, provided that the stress on that grain is
prescribed. Ih this context it is recoghized that, for a slowly movfng
crack, a compressive stress (°c) develops normal to cavitating grain

boundaries, because of the constraint imposed by the viscous matrix.

'(qu fast cracks an elastic or visco-elastic constraint would be val-

id.) Hence, the stress in equation (2.6) must be a resultant stress
0 =0, -aq, (2.7)
whére 9, is the stress associatéd with the'uhconstrained crack tip
field.
The subsequent analysis of crack growth will be conducted, for
purposés of analytic tractability, on the premise that o appreciably

exceeds the sintering stress (¢ »>> 2(1—A)xSFé/2/AA1/2

) and that the
internal void pressure (P) is negligible. The effect of the sintering

stress is examined in the following chapter.
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2.3 Crack Growth

The constraint in the.crack tip damage zone can be modelled by
introducing a result from dislocation mechanics. A series of edge
dislocations are placed ahead and in the plane of the crack as in
Fig. 14 to represent the displacements of each grain.. The suh of the
Burgers' vectors at each point must correspond to the displacement at

that point,

z ' |
Un =Z bJ . (258)
J=n

where u, is the displacement of the nt

th

h grain and bj is the Burgers'
vector of the j~ dislocation from the crack tip.
In this model, for a viscous material, the compressivevstress at a

th

distance x from the crack tip caused by the n~" dislocation is*:

o (x) = mon__ W O (2.9)
(o "3nln2-x5 X . ¢

The total compressive stress at this point is given by:
z L]
nb
n n&
o (x) =Z ST Ve (2.10)
n=,1

Taking the stress at the center of the mth grain facet as a repre-

sentative stress for that facet[44] then gives;

*The above expression is derived from the elastic solution[11,12] for
the residual misfit stress o(x) at an arbitrary distance x from the
crack, introduced by an edge dislocation of Burgers' vector, b, lo-
cated at x=x':

Eb X

O(X) = -

4n(1-v2) (x=x") X
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| / 2n
%.m z—(z—ryn_ T (2.11)
T

n—
However, the misfit displacements are related by,

b = G -u

n =Y ~UYnel (2.12)

‘and therefore,

z Y Y
2n Ys ~Un+l | 2n (2.13)
m= 3l 2n—{2m=1) 4/ 2m=1 , .

n=1
Since uz+1 0, it can be readily demonstrated that,
= Un+l / 2n /72n 2(n-1)
Zn—(Zm-I) EE: <2n-(2m.1) = -1 =2m= (2.14)
so that,
z /__' ( : :
N7y 2n______/2(n1) |
Sem T S EmT ;u" <2n-(2m—17 2(n-1)-(2m-1)> (2.15)

Incorporating the displacement rate from equation (2.5) and noting

that the viscosity is given by[45’46]
o ; v
kT2
" T T2 8,E | (2.16)

‘where &£ = (1 + Dy2/Dpsp), the compressive stress becomes

y4

. k122 R L2 s ()
c,m 18anDb6bE TR Z’Fglz n n \2n-(2m-1) ~ 2(n-1)-(2m-1)

(2.17)

)
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The cavitated area pertinent to equation (2.17) can be obtained by

th

combining equations (2.6) and (2.7), for the m~" grain, (and ignor-

ing the y and P terms for analytic tractability) as

S
3/2
16400, 6, CF o -a

b'b> b a,m c,m (2.18)

A =
m 3er3Fv | A;/Z(Zzn(l/Am)-(l-Am) (3-A))

Then, by combining equations (2.17) and (2.18) to eliminate o the

c,m’
extent of cavitation on the grain boundaries within the damage zone can

be represented by the expression,

| | , ] |
2en(1/A ) - (1-A ) (3-A) ] A2 A < 492 ¢ >Z A2 4
n=1

9x"2"EV2m-1
: | 3/2
N /Z(n-1) [ 16m0y8pEFy (2.19)
Zn-(2m-1) ~ 2(n-1)=(em-1) | = IKTA3F %a,m .
) V'
or .
Am, ' )
1/2 { ' 42.°¢
A 2an(1/A )<(1-A_) (3-A )} dA_ +
I " A L L BN PR
Am,o :
2 An,f
}- Zn-IZm—IS Z‘H—I;-‘QN-IS n n
n=1A
n,o
At
15«90b5chg/2
- 3 - dt (2.20)
3KTASF ]
v 0

The limits of integration are obtained by assuming that the crack ad-

vances at a constant average velocity (a) in grain size increments,
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such that
a= g/at
where At‘iS the time interval between crack advance increments. The

th

cavity area on the n~" grain ahead of the crack is An o at the beginning

’

of the time interval (at), and at the end of the interval it increases

to Aﬁ,f. The crack advances when the cavity area on the first grain
reaches a critical value (Al,f)-at which the cavities link by either
brittle fracture of the ligament, or by rapid crack-like growth.

For steady-state growth of the crack (i.e. a damage zone size

uniquely related to the velocity), the following conditions obtain

An,o = An+1’f
Az,o =0
9am = K//a{Zm=1)g*

Utilizing these conditions, equation (2.20) can be integrated to

obtain;
' z
v 2
T 8z(2/2 §: 3/2 BKat
( M- ) g(Am’f) = g(Am+1’f), + —Qj_'z_l_ Cm,n An,f = T
. _ 27%°¢ AR
n=1 | (2.21)
where,

a(A) = (3)A812 _ (2 W72 _ (101,312 (3,312 0

/en - 2/2(n=T} /2{n=2)
“m,n = (m- = mm)
16,0, 8, cFr

3kTFv

*It will be noted that the amplitude of the stress field at the crack
tip has been assumed to be dictated by the elastic stress intensity
factor, this can be done because the ceramic has been assumed to
creep in a linear viscous fashion (see Appendix I).
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Note that when n=l, the last term in the expression for Cm n must be
taken as zero. Equation (2.21) represents a set of z non-linear simul-.
taneous equations (m=1, 2 ... z) with z unknowns (Az,f’ A3,f,....Az,f, at)
which can be solved numerically for given values of A1 £ The results

are most conveniently expressed in terms of the following quantities:

akTr3
Dy 8,

== KA (FAR8 L) (rot?, 2,8 1 (2.22)

where G is a function. Alternatively, equation (2.22) may be expressed
in terms of the viscosity (equation 2.16) to yield an expression more

readily comparable with experimental measurements;

na = K/Z G*[2/x, z, A (] (2.23)
where, for simplicity of expression, Z/& has been set equal to unity
and F3/2/Fv has been taken as constant. This result has been plotted

v
in Fig. 15 in the form of a dimensionless velocity (na/Kv?) against the

damage zone size fpr various values of the parameters £/ and Al,f'

It is directly evident that the crack velocity is proportional to
the stress intensity factor and inversely proportional to the viscos-
ity. However, its dependence upon the damage parameters is less ap-
parent. Trends in the dimensionless velocity na/K/ZT with the damage
zone size z for various values of the relative cavity spacing (2/1)
and the cavftation area at coa]escence'(Al,f) afe depicted in Fig. 15.
The corresponding unconstrained craék growth rates are also shown.
These are given when the term . in equation (2.7) is equal to zero,
so that stress field is the unmodified linear field. [t can be shown

that the unconstrained crack velocity is given by,[41]
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z

: BK /2 1 . :
a _~:§;Z;I:;; Z T _ (2.24)
It is observed that there is a marked difference in behavior between
the constrained and unconstrained crack velocities for small damage
zone sizes, but that the two behaviors become. asymptotic at large z
'(such that a (12112). The influence of the damage zone size on the
crack ve]ocity can be rationalized by recognizing that the damage zone
is analogous to an extended crack and interacts with the surrounding
matrix in a similar fashiod.“Thus, as the zone length enlarges, so
the compliancé of the specimén increases and the constraint decreases.

The effec; of the constraint also decreases as. either Al,f or £/a
decrease, owing to a diminished constraining stress. The influence of
Al,f resides simply in the incfeased matter transport needed to induce -
crack advance: In contrast, the effect of 2/x appears to arise from
the 1afger cavity growth rates tﬁat occur at large ¢/x. This results
in an increased constraint from the viscous matrix, despite the smaller
volume of matter displaced prior to cavity coalescence. (Note that in
: Chapter‘IV an opposite trend in crack velocity with ¢/x is obtained
when conditions of elastic constraint are_pertinent).'

A comparison of the model with experimental results from Blumen-
thal[11 is presented in Fig. 16. Most of the requisite pérameters
have been obtained in the study with the exception of the damage zone
size, z. Satisfactofy agreement between the model and data occurs for

a zone size of a few grains; this appears to be very reasonable and

lends credence to the model.
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2.4 The Stress Field

An expression for the compressive stress on the grains in the dam-
age zone can be deduced from equations (2.15) and (2.16) as;

z

2 —
kT2 _ ° /2n @g(ﬁjfy
%c,m = u - » (2.25)
c,m 18“290[)6[)& 2m=1 nz=l n 2n-(2m-1) 2("—1)—(2"1-”

Then, noting that the displacement rate for all grains, including

m = n, can be obtained from equations (2.5) and (2.18) as;

‘; ) SQDbsb-z; oa,m - o‘c’m | (2.26)

equations (2.25) and (2.26) can be combined with the linear viscous un-

constrained crack tip stress field,

nicm=1)2

to yield an explicit solution for the stress,

' ¥4
o a 2% [z) 1 K/ /a(2n-T)E-o,
c,m = (—2‘9' ) x) t) T Z ZZR(I7A J=(T-A ) (3-A)

n=1

X (2 2R 1 C=Y ) (2.27)
n-(2m-1)  2(n-1)-(2m-1) -
Equation (2.27) represents a set of z linear simultaneous equations for
°c,m(1 <m< z), plus an infinite set of linear equations for °c,m(z <m).
The reﬁults, for the beginning of the waiting interval, at, expressed
in terms of the dimensionless stress (o/2/K), are plotted against the
distance ahead of the crack for several values of g/x, z and Al,f

(Fig. 17). It is evident that the constraining stress decreases and

hence the stress field ahead of the crack tends to the unconstrained
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field as the damage zone size increases, and as g/x and Al,f decrease,
for reasons discussed earlier. Note fhat, although-tne specific de-
tails of the stress distribution vary considerably inside the damage
zone, a maximum is always observed at the damage zone perimeter.

In Fig. 18 the stress fieldihaé been plotted for Al,f =0.7, 2=14
and 2/x = 10, at various times (&t) during the crack advance interval
(st/at = 0, 0.1 and 1.0). At the beginning of this interval (st/at = 0),
cavitation exists only on thé first three grain boundaries and the
maximum stress occurs on thé fourth grain. However, in fhis model,
before one tenfh of the time inferva] has elapsed cavitation occurs in
the fourth grain and the peak stress translates to the following grain.
The peak stress remains at this position until the corresponding point
in the following interval when the crack has advanced by one additional
grain.

2.5 The Effect of Grain Size

It has been shown that, at large damage zone sizes (z » =), the
constrained crack velocity tends to the unconstrained (i.e., upper

bound) velocity (equation 2.24),

: 4
© BK/T 1

a_-—3———
A g(Al,f) e

Hence, when A is independent of 2, the crack velocity is predicted to
. . . . - 1/2
increase with grain size as aaf™'".

The deviation between the constrained and unconstrained crack vel-
ocities increases as z decreases and reaches a maximum when z = 1,

For conditions of maximum constraint (z = 1), a closed solution for

the constrained velocity can be obtained as
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BK /T
. (2.28)
3[9(A R 8/2(z/x) 3/2

z/27% s]

If A is grain size independent, the trends in velocity depend upon the
magnitudes of g/x and A1 £e The maximum deviation from the uncon-
stra1ned case occurs when the first term in the denominator is neg-

3/2. It has been shown[19 41] that this lower bound

11g1ble, and aa L
ve]ocity is equivalent to the solution of the crack growth problem when
the damage is assumed to be strain controlled.

In conclusion, both direct and inverse relationships between the
velocity and the grain size are predicted by this model. Unfortun-
ately, no systematic experimental data that relate the creep crack
velocity of ceramic polycrystals,toigrain size current1y exist. It
is interesting to note that the inverse relationship arises from the
dependence of the diffusional creep rate on grain size.

2.6 Conclusion

In this chapter; a damage zone model has been developed for the

growth of creep cracks. In the model, the presence of the damage zone

is assumed to introduce a viscous constraint upon the crack growth.

The crack velocity (a) is predicted to be of the form (equation 2.23)

. _K JE
a G* [2/r, 2z, A1 f] .

The velocity is directly proportional to the stress intensity fac-
tor (K) and inversely proportional to the viscosity (n), but its de-
pendence upon the other parameters is more complex. It transpires
that two asymptotic forms for the velocity exist,; depending upon fhe

importance of the constraint. One asymptote is realized as the ratio
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of the grain'size to cavity spacing (¢/x) and the critical area ffac—
tion of cavities at coalescence (Al,f) are decreased, or as'thé dam-
age zone size (z) is increased. Under these conditions, the effect
of the constraint becomes neg]igib]e, and the crack velocity tends. to
that determined for unconstrained crack growth. At the other extreme
(2/x larée, Al;f > 1, z » 1), the constraining stresses become very
importanf and hence exert a substantial influence on the crack vel-
ocity. |

One of the most notable differences between the constréined and
unconstrained crack growth rates is the debendenée of the velocity
upon the grain size. Specifically, when the cavity spacing is inde-

pendent. of the grain size (2), then a a 11/2 in the absence of a

3/2

constraint, and a a ¢~ when a large grain size dependent con-

straint deVe]ops.
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[TI. THE EFFECT OF THE SINTERING STRESS

3.1 General Considerations

In the previous chapter a model was developed for crack growth in
polycrystal]fne ceramics. In the interests of obtaining an analytical
solution and investigating the effect of the damage zone size, the
surface tension term was ignored. The limitations of this assumption
‘may be examined by calculating the ratio (s) of the abp1iéd stress on
a facet (°a) to the sintering stress. The sintering stress is the
value of stress at which the cavities exhibit a transition between
growth and shrinkage. The ratio (s) is given by[zo]

s = o, 2 (1R)2y R0 (3.1)
where A is the éavity spacing, A is the area fraction of cavitated
grain boundary, Y is the surface tension and Fb is a geometrical
term involving the dihedral angle of the cavity. Obviously cavity
growth, and hence crack growth, can only occur if s > 1, and the ap-
proximation of Chapter Il is only valid if s >> 1. A plot of the'ratio
of the applied to the sintering stress as a function of the cavity size
(A1/2) is presented in Fig. 19, for assumed values of K, ¢ and ys.n
The assumption that s >>1 appears to be generally applicable for low
values of ¢/x, it is evidently not valid for £/x > 10. More generally,
the va}idity of this assumption is dependent upbn the material param-
eters and the stress intensity factor. A rigorous solution for the
crack velocity must thérefore také adequate account of the sintering

stress, and it is the intent of this chapter to present suitable mod-

ifications to the basic model.
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~

Of necessity, either the concept of a threshold stress intensity
 factor, or the effect of cavity nucleation rates-mUSt be introduced
into any model that includes a sintering stress. The rate of nucle-
-ation of cavities in the damage zone decreases exponentially with the
stress, resulting in an apparent critical stress.[zs] This finite
cavity nucleation stress provides a natural crack growth threshold in
viscous solids, (an alternative threshold arises in elastic solids, as
is demonstrated.in the following chapter). Specifically, the threshold
occurs when the stfess on the first grain boundary ahead of the crack
tip falls below the cavity nucleation stress.

In the first part of this chapter, a threshold is assumed in order
to deQelop.a description of post-threshold growfh consistent with_the
presence of a cavit} nucleatioﬁ stress. Then, tO'illusfrate a basis
for tﬁe crack-growth threshold, specific consideration is given to the
~ influence of the cavity ﬁuc]eation rate on crack velocities. Finally
the issue of a possib]e'transftion from equilibrium shabed cavities to
those with a crack-like morphology is addressed. |

3.2 Crack Growth Rate[47]

For reasons of mathematical tractability, the damage zone in this
section is assumed to be confined to a single facet ahead of the crack,
consistent with the observations of Section 2.3. As before, the vis-
cous constraint on the crack tip damage zone affects the stress, o,
acting upon ﬁhe damage zone. From equations (2.7), (2.11), (2.16) and
(2.18) this can be shown to be given by |

3/2

o = ay - (2eE) (FIES%) (a1 AM/%

A | (3.2)

The stress induces a void growth rate within the damage zone,
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I2y _ 2 (1-A) /A

1/2 ‘

: <4F§/2)(&>3¢ °a> 1-(/2/4°) (F IF3 2) (A 2)n AT
) A < )( A 20200 (1/A) = (1-A)(3-A)]

(3.3)

where Qs(l-A)/AI/2 = 1/s is the normalized Sinterihg stress for the

cavities in the damage zone. Rearranging equation'(3.3) gives,

- 3/2
A 2200 (1/8)-(1-8) (3-m) 11872/ 962) (21 2 ere)at 2 | o [ 4F .&)3<
(v JB)

1 - q (1-A)/a¢

(s
) _a
n

g
7

(3.4)

Crack growth can only occur if QS(I-A)/A]'/2 <‘1. Hence, the left-

hand side of equation (3.4) can be expanded by the binomial theorem.

A Making the 's,ubstitut:ion'AI/2 = X, the expansion yields,
2 292"2 (=1)"n1x%" 2 4 .. a7 N oy
n z:rl ey ( | -4k s &% - x - 30 27 (1) (2)) X
X 9n
n=0 r=0 ‘ _
4F3/2 3 o
= b L ‘5)._3 (3.5)
- \9F A E/n :

v

Equation (3.5) can now be integrated in the form,

n -1)"n! 2+2r-n 42
z : 285 z 5‘(@[ )X (-atnx=3 + =5, (
9 n
n=0 _ r=0 0 ’

>| o
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to give
412\ 43 t
ZZ 2 Z;:%HT FiXe) = Fxg) ) =g (%). E)2Z @
where,*
Cy3t2r-n
F(X) = = Fegrmg { 420X - T * 3 "'g%(%) () }* 5oz X7
1 7+2r-n
- 7o X

The Iower limif 6n the cavity size (Xo) is dictated by the crack
growth threshold criterion. The specific relation between XO and the
threshold stress intensity factor Kth is determinéd by equating the
stress on the center of the facet within the damage zone to the sinter-
ing stress, whereupon,

0, = Kep/ V7T = g (1-X2) /X | (3.8)

For initial purposes, Kth is arbitrafiiy selected (e.g. to coin-
cide with experimental obse%Vations) and assumed to be abrupt. A more
detailed examination of the threshold, involving considerations of
cavity nucleation rates within the damage zone is presented in the
following section. These considerations prbvide a rationale for the
existence of a relatively abrupt threshold, based on the inability of
cavities to nucleate within a finite time, below the threshold. The

upper limit Xf represents the cavity size at which facet failure

*[f r—(n 3)/2 the first term is replaced by #nX{22nX-3 +
(8/2/9%2)(2/2)2(z/E) , if r=(n-5)/2 the second term becomes +4&nX,
and if r=(n-7)/2 the last term is -2nX. Note that if n=0, the funct1on
F(X) is equivalent to the function g(A) in equation (2. 21)
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occurs quité abruptly. Herein Xf is regarded as a variable. How-
ever, it may perhaps be specified a priori by the transition to a

crack-1ike morphology, as discussed in Section 3.4. Upon substitut-
| ing at = 2/5 and oy = K//?f the crack velocity can be derived from

equation (3.7) as

na 4Fg/2 2‘3 z c n " -1)"n! -1
o vy (B (8) {2 20l D dphrir FOg) - FOQI™

n=0  r=0
(3.9)

The resultant relative stress, s, acting upon the damage zone is given by:

1/2 2 Ca (1-A)
A 42 (2 4
s=omay |1- o2 (3) (3) [1 - = J[zmum)g (1-A) (3-4)

JS

O AC R

The crack velocity predicted by equation (3.9) has been plotted in
Fig. 20, and the resultant stresses acting upon the damage zone are
shown in Fig. 21. The shape of these curves is easily rationalized.
When the cavities are nucleated, the applied stress must just equal:
the stress caused by the surface tension, so tﬁat S = 1;, A maximum
value of s results because the magnitude of the applied stress is de-
termined by two competing processes. As the ligaments between the
cavities are reduced, the stress across the section must increase;
but, at the same time, the growth rate of the cavities, and conse-

quently the constraining stress, also increase with cavity size.
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3.3 The Threshold Stress Intensity Factor[47]

In the preceding analysis, it was assumed that a sharp threshold
stress exists below which it is impossible to nucleate cavities and
hence to pr0pa§ate a crack. A simple calculation is included in this.
section to demonstrate the basis for this assumption. The nucleation

rate (p) for grain boundary cavities subject to a normal stress, ¢

a,
is given by[25]
3
4~7F g, Q
4xy v a
p = D,s.(p. ... -p)exp {=- .+ - (3.11)
91730 b’°b'"max | asz kT
a a
where p is the number of cavities per'unit area, o is the number

max
of possible nucleation sites per unit area, @ is the atomic volume, k

is Boltzmann's constant and T is the absolute temperature. This equa- _

tion can be re-expressed in terms of the viscosity, n, [45,46]
sz3 | "4*3Fv %a & ,
3 (pmax — ©) exp > * T - (3.12)
30 an v ‘ aakT '

Near the threshold, a damage zone of a single grain is most plaus-

ible, so that aé = K//7%. With this premise, equation (3.12) can be

integrated to give

3 3, )
Pmax vkT2 /;Efn ~4ny QFV K
Pmax T °n 30" “Kn KKkT /2l kT

where tn is the time required to nucleate a density of cavities e
Experimental observations indicate that a certain cavity density al-
ways accompanies.crack propagation, suggesting that a minimum density
o is needed to allow continuous cavity growth in the damage zone.

Adopting this hypothesis, tn becomes the minimum residence time



28

needed to observe crack propagation. Consequently, comparison of
the residence time with the steady state crack velocity a from
equation (3.9) reveals a regime of nucleation limited crack growth,

when tn > zlén; Nucleation limited crack growth occurs with the

velocity,
a, =2/t (3.14)
or,
3 2
na_ = /;}7§25 — exp i ;VQ L K22
n —
XK [0, [ (opayeg)]  [(WDKT /R KT

The resulting plot of na and nén against K/g is shown in Fig. 22.
The development of a very sharp threshold is noted, due to the nuclea--
tion limited regime. However, the magnitude of the threshold is sev;
eral timeé greater than that observed experimentally.clj The dis-
crepancy probably arises because, (as commented upon in Section 2.1),
additional stresses caused by grain boundary sliding transients aid
' - [48]

the cavity nucleation process.

3.4 Effect of Cavity Morphology

Previously, it has been assumed that surface diffusion is suffi-
ciently rapid to maintain continuity of chemical potential over the
surface of the cavities. Consequently, since the surface energy is
assumed to be isotropic, the cavities exhibit a constant curvature and
are referred to as being equilibrium shaped (Fig. 10). If the growth
rate of the cavities becomes too rapid (either owing to a high stress,
or boundary diffusivity) the surface diffusion cannot maintain a con-

stant chemical potential, and a transition to a crack-like morphology
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occurs[zo’zz] (Fig. 10). .Since the volume increases less rapidly with
growth rate for a crack-like cavity, the constraihing stress will di-
minish, and the growth must accelerate. It is therefore conceivable
that the bulk of the time for failure of a grain facet will be from
nucleation to transition; the transition point may perhaps be taken

as an approiimation to the coalescence area-Af. A schematic of the

_ f&iluré of a facet by this process is shown in Fig. 23. At the trans-
ition point a "nose"[zz] develops on the cavity, which then proceeds

to grow in a‘crack-1ike fashion. When these protuberances meet, a
dimpled surface is left, as is observed'experimehtally[l] (Figs. 7,8).
Obviously, if the fracture surface is left at elevated temperatures for
an extended-period-of time,vthe dimpies,will be removed by surface dif-
- fusion. | |

The relationship between the relative stress (s) and the area (A)

at which the transition occurs is approximately:[zol
s = 1.5+ 3.2 o(A) | ' (3.15)
where, '
~ o(A) = (1-A) Q (A) a/al/?

Q(A) = 32 [29n(1/A) - (3-A)(1-A)1/[4(1-A)3]

~and a is the ratio of the surface to boundary diffusivities (DSGS/Dbsb).

Equatiqn (3.15) is plotted in Fig. 25.

From equations (3.10) and (3.15) it is possible to determine the
conditions-for transitiop and the resultant crack velocity, as illus-
trated in Figs. 25 and 26. Unfortunately, approximations in the ana-
lytical expression for the transition, given above, appear to induce

spurious effects into the precise relationships. However, the general
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trends are believed to be valid; in particular that the critical value
of A at which the facet fails decreases as K increases or (2/1) de-
creases. The observations of B]umenthai[l] do indeed suggest that

Af falls as K increases. This results in a deviétion from linearity
of the dépendence of the crack velocity on stress (in the example
illustrated in Fig. 26 the exponent on the stréss becomes 2.5).

3.5 Conclusions

The preceding analysis reveals that the existence of a threshold
determined by the sintering stress, does not appreciably reduce the
post-threshold crack velocity. -The calculations of the damage zone
stresses are, howeyer, affected by the siniering stress.

When the érack growth is limited by the cavitybnucleation'rate,
then a very precipitous threshold is encountered. If only normal
stresses on the grain boundary are considered, the resultant threshold
is considerably higher than that observed éXperimental1y. This 1endsi
substance to the belief that cavity nucleation and consequently the
damage zone size is determined by grain boundary sliding, and not by
normal stresses. |

Finally, it is shown that a transition to a crack—]ike.morphology
may occur on the grain facet; in the damage zone. The point of this
transitjon may perhaps be taken as an approximation to Af. The
transition is suppressed by a high surface diffusivity and grain size

to cavity spacing ratio, it is enhanced by high applied stresses.
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IV. FURTHER CONSIDERATIONS

4.1 Visco-elastic Constraint

In the model developed in the previous two chapters, the damage at
the crack tip was assumed to be constrained by a linearly viscous med-
‘ium. However, the constraint in real systems is expected to be visco-
elastic in nature. An estimate of the range of applicability can be
made by considerjng the relaxation time of the material TR = G/ns,

where G is the shear modulus and n_ is the shear viscosity. Spe-

s
cifically, if the time for the craék to advance by one grain is sigh-
ificantly greater than the relaxation time, then the constraint is

dominated by its viscous characteristics. Otherwise, the elastic

properties become important. The visco-elastic problem is posed, but
not solved, in Appendix II. The elastic solution is presented in this
chapter and compared with the unconstrained and viscously constrained

solutions.

4.1.1 Crack Growth with Elastic Constraint

In the absence of a sintering stress, the growth rate of

cavities in a crack tip damage zone is given by equation (2.1)

/. 3/2
;\ i 8Q Dbéb; ZﬂFb o
Vrr I\ Py \Nat 2 m(1a) - (1-A)(3-A)

where the stress (o) is related to the applied stress (ca), by the

relation (equation (2.7))
0=0a-—0c
and o is. the constraint on the damage zone, imposed by the elastic

deformation of the surrounding material.
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The constraint is modelled as in Chapter II; the cavitating grains
are replaced by édge dislocations of variable Burgers' vectors corre-
sponding to the displacements of the grains caused by cavity growth
(Fig. 14). In this chapter, attention will be limited to a single
- cavitating facet. The stress at the mid-point of this grain is taken
as a representative stress for the facet. Therefore, following Sec-
tion 2.3, the constraining stress is given by |

0. = Eb/[/Zn(1-v?)2] o (a)
where E is Young's modulus and v is Poisson's ratio. This is the
elastic equivalent of equation (2.11).

The grain center displacement (u=b) can be expressed in terms of

A by equation (2.4)

u = aF A2 4e2
Hence, .
o = [E FI(/2°F 2 (1-v%))] (a/n)a¥/? (4.2)

Substituting equation (4.2) into (2.7) and (2.1), and re-arranging

gives,
1/2 . 1600, & cF3,2
A~ [2an(1/A)-(1-A) (3-A)]A _ b%="b | (4.3)
(1-uA>'¢) KTAF a
where, .
w = [E F 028 2002001 (a12) (11a)).
Equation (4.3) can be integrated as;
A At
f 3/2
AL 2o0n(1/8)-(1-A) (3-A)JdA 167D, 8pCFy
3/2 = T O’a dt (4.4)
5 (1-uA~"") 3kTa Fv 5
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The limits of integration have been defined in Section 2.3. The left-
hand side of equation (4.4) can be re-expressed in terms of the vis-

cosity given by equation (2.16) to yield,

112 ik 3o [
A T2n(UA)-(1N (-A)JoR (o) (c) (&) Zaf 4 (4.5)
(l—uA3/2) | 9 Fv E/\A/ n
0 0

Cavity growth can only occur if the applied stress is larger than
- the constraint. This condition can be e*pressed mathematically as

uA3/

2 < 1. If the inequality is satisfied then, as in Section 3.2, |
the left-hand side of equation (4.5) can be expanded by the binomial

theorem and integrated. The integration is facilitated by'substi-'

tuting X =‘A1/2 and noting that[49]
n+l n+l '
j;" Pox gy S AKX . (4.6)
(n+1) |

Furthermore, if the applied stress at the center of the cavitating
grain is assumed to be representative for the entire facet, then it
can be related to the stress intensity factor by ¢ = K//7g. Hence

performing the integration in equation (4.5) and re-arranging one

obtains:
3/2 _ '«
2F 3 -1
na = ) () K& wag (A) (4.7)
9/7F g (k [Z n ‘"f J
v n=0
where,
. [2anA 4A Y
(A,) = A(3n+3)/2 f _5+9n f _ __f
Intt¢) = ¢ I3 T 3pe3)2 30*8) T T3nFT)
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and,
w = [F1(/2r (1-9)F)/ )] (BURVD) (r/4).

Equation (4.7) has been plotted in Figs. 27 and 28. The unconstrained
| solutions, obtained by putting n=0 and dropping all other terms in the
summation, and the viscous constraint solutions from Chapter II are
also shown on these figures.

4,1.2 Discussion
A threshold stress intensity factor is introduced by the
elastic constraint. This threshold is predicted despite the absence
of a cavity nucleation stress, and is given by the condition uAi/2 =1,
theréfore,

KopvT = [F  (e/Zx(1v2)F3/2)] (a/2) E2 A3/ (4.8)
When the applied stress intensity factor is lower than the threshold,
the predicted compressive stress exceeds the applied stress before the
critical cavity size for crack advance can be reached. In practice
thi§ threshold is unimportant because the elastic model loses appli-
cability as the velocity decreases, and in the absence of a critical
nucleation stress, no threshold exists for the viscously constrained
model.

An indication of the range of validity for the elastic model as
opposed to the viscous mddel, can be estimated by comparing the time
for the crack to advance by one grain with the relaxation time (TR)
of the material. For the elastic constraint to be applicable

g = ng/G ~ n/E >> g/a | (4.9a)
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therefore,

nd »> EL | | | (4.95)
VSubstituting the values for Young's modulus and the grain size used in
Figs. 27 and 28, the condition becomes na >> 3x105Pé m'l; conversely if

na is less than. this value, the viscous solution‘is valid. It should
be noted at this point that, at very high ;rack velocities, the elas-
tically‘constrained solution tends to the unconstrained so]ntion.

A notable difference between the model of this chapter and the one
presented in Chapter II, is that in the present study the constraint
becomes more significant as the grain size to cavity spacing ratio
increases. Consequently, the crack velocity decreases as (2/x) in-
nreases; This difference arises because, at a constant Qalue of A,
the gggé of matter deposition into the grain boundaryr;ncreases with
(2 /1) but the amount decreases. It is expected that the inclusion of
a sintering stress into the elastic model will magnify the effect of
(2 /2) upon the crack velocity, because the trends are in the same
direction.

4.2 The Influence of the Fracture Tonghness

A mixed mode of crack propagation, inyolving both cavity growth

. and intergranular cleavage, is believed to occur as the applied stress
approacnes the critical value. The incidence of cleavage increases as
‘the applied stress is increased, and consequently the evidence of cavi-
tation is observed to diminish.[l] The propensity for failure of a
grain boundary by either mechanism depends upon the properties of that
facet, and wi]] vary in a probabilistic fashion. This concebt'yie]ds

the basis for the following simple model.
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A crack extending across a cleaving facet is assumed to grow with
infinite velocity. Its velocity across the other facets is given by
equation (2.28) |

a = B/ a(A) + 822 AY % 1(274%0)11

for a co-planar damage zone of one grain, and in the presence of a
viscous constraint. If the probability that a grain boundary will
fail at a given stress intensity factor K is Pf(K), so thatv

Ke

Pf(K)dK =1, . (4.10)

0
then the average velocity (&av) is given by

aav = é/[l-Pf(K)] (4.11)
Equations (4.11) and (2.28) can be combined to evaluate the crack vel-
ocity as a function of K, if Pf(K) is known. A realistic model would
.account for the statistical variation in the cleavage tendency due to
the differences in the strengths of individual grain boundaries. The
simple approach, presented here as a first approximation, assumes that
the surface energy is constant for all facets, and the random orienta-
tion of the boundaries ahead of the crack is responsible for the dis-
tribution of Pf(K).' This model therefore invokes a concept ignored
in the earlier portion of thé thesis, namely that the grain boundaries
are disfributed at random angles to the crack. In the previous chap-
ters, it was assumed that the facets were co-planar with the crack.

This was done so as to enable the known result for the stress field of

a dislocation co-planar with a craék to be used. It was only recog-
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nized in passing that the unconstrained stresses normal to the grain
boundaries vary as a function of the ‘grain boundary angle.
If all the grain boundary energies are equal, then the boundaries
“inclined at the steepest angles to the crack will require a greater
stress intens%ty factor to separate them, than those at shallower ang-
les. It is this difference in separation tendency that produces an
approximation for the function‘Pf(K) to be used in equation (4.11).
The orientation of the boundaries will a1§o alter the magnitude of the
constraint term. Owing to the additional complexity of such a consid-
eration, it will be ignofed in ordér to present an analysis i]]ustraf-
ing the basic principle. Inclusion of the accurate constraint would
not_fundamenta]ly a]ter‘either the stress at which cleavage begins
(except if cavity'nutleatiqn is_inhibited by the constraint), or the
important trends. It will simply affect small details of what is in
any case a very abproximate model.
‘A grain boundary}immediately éhead of the crack is assumed to make
an angle o with the crack (Fig. 29). e can take the values 0 < [o |< /3
with equal probability. It is further assumed that if the strain ener-
gy release rate (ng) for the grain boundary exceeds a critical value
ng, then the facet will fracture in a brittle fashion with no cavity
growth. If the crack is subjected to a mode I stress intensity fac-
tor (K), then ng is‘given by[so]
£6%® = kd(1-2) + K5(1-7) | (4.12)
where, |

ky = c053(9/2) K
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and
k, = sin(e/2) cos®(e/2) K
Therefore,

£69%/(1-v2) = K°

cos4(e/2) (4.13)
Now it is assumed that the macroscopic value of Kc for the bulk
material occurs when ng = ng, even on boundaries for which-
e = n/3 (this condition ensures that all boundaries in the materié]
fail by a brittle mode). Therefore; if o =1/3, G - ng and K = K_
then, ‘ | ' ,

£63°/(1-v%) = 9kZ/16 (4.14)
Grain boundaries for which ¢ = 0 fail before all others, they fail if

k% > €63%/(1-v%) (4.15)
Hence from equations (4.14) and (4.15) it can be shown that at least
some of the boundaries will fail in a brittle fashion if

K/Kc > 0.75 . : (4.16)
It is observed from Fig. 16[1] that this is approximately the value of
stress intensity factor at which the influence of Kc is observéd,

Equation (2.28) can be modified for the case when all the grain

boundaries are inclined at an angle e to the crack. If the variation
in the constraining term with respect to the angle is ignored, then
the crack velocity is given by,

a = (KIK_) BK_/ cos(e/2) (A [g(A) + 8/2(2/2) 2R3 %) (274%) 17T (4.17)

Now consider the application of a stress intensity factor of such a
magnitude that all grain boundaries for which |e|< ec fail by clea-

vage. If the grain boundary angles are randomly distributed, the
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probability of the facet immediately ahead of the crack failing in a
brittle fashion is given by

Pf(K) = ec/(n/3) = 3ec/n ' (4.18)
The remainder of the boundaries (e, <|e]< n/3) separate in a
sub-critical manner with an average velocity of:

= (kIK) Bk /IO [g(A)*82(2/0) 2R 2/(274°8)1} [ cos®(er2)doln/3-0_]
: e
(o
(4.19)

Consequently, from equations (4.11), (4.18) and (4.19), the average
velocity (éav) over the entire range of grain boundary angles is
given by:

i 4
ay, = (K/K.)BK_ /zo3 [g(A ) + 8/Z(4/r)2A 3’2 z/(2772€)]}

av

x/3
[3n/(w—30 ) ] j- cos3(9/2)de o (4.20)
9. ,

This equation can be integrated to give the result;

. -1

ay, = 2n(K/K_JBK_ /_{A3[g(A )+8/_(1/x) A2 (274%0)])

((3-sin?(a/6)Isin(a/6) - [3-sin? (o /2)1sin(6_/2)} (n-30,)7% (4.21)
“The value of @, can be determined from equations (4.13) and (4.14)

K /4 = Keos? (e /2) - | (4.22)
Using a standard trigonometric formula, equation (4.22) can be re-

expressed as

-1 ' |
9. = COs (3Kc/2K -1) (4.23)
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for
K/Kc > 0.75
Equations (4.21) and (4.23) can be combined, and the crack velocity
plotted as a function of the stress intensity factor, as in Fig; 30.
4.3 Conclusions
In this chapter the effect of a visco-elastic constraint on crack
growth at é]evated temperatures has beeh investigated. To approkimate
this behavior, the viscous solution is considered to be valid if (equa-
tion 4.9b);
na > Eg
Otherwise,'a model incorporating an elastic constraint is a suitable
approximation.

-~ An elastic constraint gives rise to'a threshold, butvthis is of no
significance, because in the region of a threshold, the condition forv
using the elastic model is invalidated. A major difference between
the viscous and elastic solutions is, that»for a fixed Af the depend-
ence upon the grain size to cavity spacing is inverted between the two.

As the applied stress intensity factor is increased towards the
critical value for catastrophic failure, the number of cavitating
facets decreases and the number that fail in a britt]e fashion cor-
respondingly increases. A simple model to illustrate the trends 6f
this effect, shows the expected stroﬁg deviation from linearity in the
velocity versus stress plot. This occurs when the stress intensity
factor is above about 75% of its critical value, and is in accord with

experimental observations.[ll
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V. HIGH TEMPERATURE CRACK PROPAGATION AND FAILURE
IN A CERAMIC CONTAINING A LIQUID PHASE

Amorphous second phases are often present in limited quantities
along two grain interfaces and at three grain junctions within poly-
~crystalline ceramics. The amorphous material often derives from sin-
tering additives, or it may be present as an impurity. In bpth cases,
the ahorphdus regions exert a very imporiant influence on the me-
chanical behavior at high temperatures. In liquid phase sintered
materials, cracks initiate and propagate entirely within the second
phase,[9’51] " Furthermore, even in nominally single phase matéria]s;
isolated zones containing glassy phases may be responsible for the nu-
cleation of cracks and ultimate fai]ure.[l]

Spherical or oblate‘cavities[SI’SZ] have been observed to
nucleate in the liquid film. The nucleation has been attributed
to stress concentrations caused by gfain boundary sliding trans-
ients.tg’sz] The cavitie§ can then grow, resulting in the failure
of individual facets,[51] This process occurs qnder both general
loading, and within the damage zone ahead of a crack tip. The latter
process is reéponsib]e for sub-critical crack propagatidn.tg] A num-
ber of preliminary studies have been made of the nucleation of cavi-
ties,[g’SI'ss] but the process is hot yet satisfactorily understood.
The créck propagation stage of failure has not received significant
attention,[g] In this chapter some preliminary observations of crack
growth fn a model two phase material (A1203/Si02) are presented. Then,
based on these and related observations, a damage zone model of crack

growth is derived and discussed.
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5.1 Experimental

5.1.1 ' Procedures
The alloy selected for study (~96%VA1203/10% 5102) contained

grains ~4uym in diameter and a continuous amorphous phase. The material
was thus'chemically stable in the air environment used for testing, and
had a grain size similar to the single phase alumina investigated in
prior research. A comparison of results should theréfore reflect the
direct influence of the amorphous phase on the creep rupture process.

Beam specimens (25 x 3 x 3 mm) were tested in. four point flexure
at constant displacement rates of ~8.5 x 10'5 m s'l, at 900°C and
1100°C. Some tests were conducted to failure, others were interrupted
and the surface examined in the SEM to assess the mode of damage evo-
1ution} In the latter tests, the load was retained until the specimens
had been cooled to room temperature. In some instances, the specimens
were then fractured at room temperature, in order to examine the frac-
ture morphology associated with the creep damage. A few tests were
performed on specimens containing indentation cracks, introduced as
described e]sewhere.[l] The indentation load of 20 N was selected

so that the cracks were approximately semi-circular and about 100um in

radius.

5.1.2 Measurements
A1l constant strain-rate tests were characterized by the
appearance of a peak load, determined by the primary and tertiary
modes of creep (Fig. 31). Steady-state conditions were never observed.
Characteristic schemes for rupture based on the steady-state creep rate

" (e.g. the Monkman-Grant relation) cannot, therefore, be applied to the

Ll
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present material. This contrasts with single phase alumina in which

[1,56] and the bulk vis-

extensive steady state flow precedes rupture,
cosity dictates the crack gfowth rate.

Some creep data were obtained by compression tests performed on
columns (3 x 3 x 8 mm) at a strain rate of ~8.5 x 10'5 mvs'l. Thé data
obtained are-shown in'Fig. 32. The associafed activation energy, of
480 = 50 kJ molfl, is similar to the value for single phase a]uminas,[57]
but is very different froh the activation energy for the viscosity of

-1

the glassy phase in silicon nitride (680 kJ mol™* in Ref. 58).

5.1.3 . Observations

The creep damage induced on the tensile surface of the
‘specimens was examined in a scanning electron microscope. Avmulﬁi-
plicity of small cracks was observed to nucleate on the tensile side
of the specimen above a threshold stress of 50 to 100 MPa (at 1100°C).
Certain‘cracks could be readily associated with an inhomogeneity such
as a large pore (Fig. 33) or the edge of the specimen, but other cracks .
were nucleated in apparently homogeneous material (Fig. 34). The in-
dividual cracks then propagated across the tensile surface. Such
cracks generally formed and grew more rapidly than indentation cracks
placed on the same specimen, so that failure surfaces of indented sam-
ples rqrely included the indentation. For this reason, attempts at
specific measurements of the growth rates of small cracks, using in-

dentation techniques,[ll have not been successful at this juncture.
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Observations of the crack tip region on the tensile surface, indi-
cated a relatively thick layer in a small zone near the tip (Fig. 35).
This layer contained a series of holes, separated by ligaments, and is
presumed to consist of amorphous material.

The incidence of crack blunting in this material was investigated
by repeatedly reducing the stress on a nucleated crack, and re-examin-
ing the region around the crack tip. No significant morphological
changes were detected at the crack. tip for the loads (0.5 to 0.95 of
the growth load) and times (up to 5 hours) used in these tests. Crack
blunting effects thus appear to be less dominant than in single phase
méteria]s. Consequently, crack propagation times are deemed to con-
tribute more importantly to the overall creep rupture process in ma- .
terials containing an amorphous phase.

A substantial morphological difference was observed between the
creep damaged and brittle fracture regions. This was particularly
apparent in the specimens that were fractured at room temperature
(Figs. 36 and 37). The crack front can be identified in this figure
by a transition in the appearance of the fracture surface. The creep
damaged regions were ihvariab]y intergranular (Fig. 36) and revealed
the presence of amorphous islands. By contrast, the brittle fracture
fegions were relatively planar.and consisted of an appreciable propor-
tion of transgranular failure (Fig. 38). The transgranuTar nature of
the brittle failure was made more evident by etching using a dilute HF
solution (Fig. 39). At very high strain rates (and crack velocities),

the cracks grew between agglomerates (Fig. 40).
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 5.1.4 JImp]ications for Crack Propagation

The preceding measurements and observations suggest that

creep rupture in materials cohtaining a continuous amorphous phase
is strbngly influenced by the propagation of intrinsically nucleated
cracks. The propagation involves the presence of co—pIanar damage
near the crack tﬁp, manifested as holes in the liquid phase. A co-
planar damage zone descfiption of creep crack growth is thus deemed as
pertinent to this class of microstructure. Furthermore, the fracture
surface observations (Figs. 35 and 36) suggest that the holes nucleate
at the three grain channels and grow across the two grain interfaces.
A hole spacing dictated by the grain size is thus implied. |

The size of the damagé zone énd its dependence on crack velocity
or micrdstruétuke cannot be assessed from the present study. Simi-
larly, the crack surface displacement required for the failure of the .
1iquid phase in the damage zone has not been unequiroa11y deduced.
Further'work will be needed to assess both of these important charac-
teristics.

5.2 Crack Propagation Model

5.2.1 General Considerations

‘The experimental observations of the preceding section
provide the basis for a preliminary crack propagation model. The
characteristics of the model are similar to that developed for crack
propagation in single phase materials. vSpecifically, the crack grows
into a damage zone contained within a creeping medium. In this in-
stance, the damage consists of holes contained within the amorphous

phase. The holes grow by viscous flow of the second phase and
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eventually coalesce to allow crack advance. Simultaneously, the medi-
um is subjéct to creép by a so]ution/re—pfecipitation process, dictated
by the grain size and the diffusive properties of the amorphous phase.
For preliminary analysis, the damage zone is considered to cbnsist
of a single grain; an assumption that allows a straight-forward ana-
lytic solution for the crack growfh rate. Trends in the crack growth
rate with the damage zone size are considered in a following section.
The failure of the liquid phase is considered to-occur at a critical
strain in the liquid or, equivalently, a critical crack surface dis-
placement, Sc- This premise is tantamount to assuming that failure
proceeds when the holes reach a critical volume, independent of the
crack velocity. A suggestion that Tiquidkphase failure coincides with
the onset of a finger-like instability is discusséd in Appendix III.

5.2.2 The Crack Growth Rate for a Unit Damage Zone Size

In this section, the cavitation of the 1iquid in a region,
one facet size in length, ahead of the crack is considered. The holes
grow from the three grain channel at the extremity of the facet and
extend across the intervening two grain fnterface (Fig. 41). Sliding
of the grains is assumed to occur readily, so that the grain facet re-
mains essentially parallel as the holes grow towards their critfcal
coalescence volume.

For é compietely wetting liquid, as required for a liquid phase
sintered material, the governing equation for the flow of the liquid

is given by[51’59]
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2 12 nE e IO
e dfe(x) 3 |
-3 (5.1)

dx2 s

where o.is the stress, n, is the viscoﬁity of_the liquid phase, §

is the liquid thickness, s is the rate of change of the thickness, and
x is measured from the grain center. Using the boundary conditions
do/dx = 0 at x = 0, and ¢ = 2y/§ at x = = R (where the liquid inter-
face is at x = R and y is the surface tension of the liquid) an equa-

tion for the stress can be obtained as

O(X) =
§

Volume conservation of the liquid yields a relationship between R and
-6Agiven by,
s 2 - - :

R 1 /2 " 0 v -4

i“z(%'f)(é_) () | (53
where s  is the initial thickness of the liquid phase and % is the
grain facet length.

The stress obtained from equation (5.2) must equal the applied

stress minus the constraining stress, when averaged over the first
grain (cf. equation 2.7). A1l values are taken at the mid-point of

the first graid. Therefore,

.
2 . K 2v2 .
2 o(x)dx = K- - 22 4 (5.4)
2 J(; A7 b

where K is the applied stress intensity factor and "y is the effective
viscosity of the polycrystal (due to solution/re-precipitation con-

trolled creep). Substitution of equation (5.1) into (5.4), followed

6n, 8
S @ L o (5.2) .
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by integration yields;

{8/17 nl(%)3+-:2;-//§‘nbls= 'K/I—4/1Ty(%) B (5.5)

Noting that R is related to & (equation 5.3), a differential equation

in § and time (t) can be obtained, as,

1 2, 1r3606 3 /% 1r2604‘"‘4
i, |3 (3-8 (2 i-9) (@) (5
A 2 2
3 @D (Y
3 2/2 . ?
(52T | e [B(E -8R - (55

It will be noted that the right-hand side of equation (5.6) must be
greater than zero if the cévities are to grow. This condition gives

rise to a natural threshold stress intensity factor.

Failure of the facet is deemed to occur when the 11ddid thickness
reaches a critical value cc, at a time t = at. Upon facet failure
the crack advances by a facet length, so the crack velocity is given
by a = 2/at. Subject to these conditions, equation (5.6) can be ex-

pressed as the integral,

[ . at
‘ 6 4 2 2171 Cs
jf Cl(cols) + Cz(solc) + C3(50/s) + C4J[1-C6(50/5) } ds = ;; dt
3
0
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where -  Ci'a'/¥(£766";'i7473 (nglng) A
C, = 3/7(2/s, - w/8)% [(2-8)/4] (ng/n,)
Cy = 3/n(2/sy = w/4) [(x-8)/4T (ny/n,)
Cq = /7 [(x=8)181% (ny/ny) + (27213/7)
Cy = K VE- 2/ay [(x-4)/4]
Cg = 2/my (218, - w/8)/C;

The denominator on the left-hand side can be expanded by the binomial
~ theorem because of the growth condifion (06(60/5)2 < 1). Such an ex-
pansion.enables the integratidn’to be conducted analytically, to‘giVe
an expression for the:crack velocity,

2n+3 2n+3

: = ¢, [ /8 c °
npd = C(2/6,) [Z Cg {’zn—is[l - (’c’%) ]+ ?"_'2*3' [1 B (i) ' } |
- U 'n=0 ' V

. e 2n+1 c ¢ \2n-17))-1 (5-8)
3 4
o i-(2) | ()]

Consequently, it is possible to calculate a crack velocity if the ma-
terial properties and the critical ]iquidvthickness are known. Typical
trends are plotted in Figs. 42 to 44, for various values of “b/“g and

8§ /8

/%o The specific chmces,__cclso = 21.5 and cc/so = 68.2 have been

'~ made, because these values coincide with the upper bound (which occurs

when the two menisci come into contact) for 9,/6o = 100 and 1000 respec-
tively.
The crack velocity is evidently dependent upon a large number of
parameters. However, it is apparent from Figs. 43 and 44 that two
distinct'regimes of behavior exist above the threshold. When the

ratio of the bulk viscosity to the viscosity of the intergranu]ai phase
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(“blng) is very large; then "ba is independent of the viscosity ratio.
The crack velocity is theréfore inversely proportional to g and inde-
pendent of Ny Conversely, at lower values of the viscosity ratio, the
velocity is inversely proportional to the viscosity of tﬁe intergranu-
lar phase and independent of the bulk viscosity. Furthermore, apprec-
iably above the threshold, equation (5.8) can be expressed in these two
regimes as:

npd ~ SK/E(ng/n ) [Va(els)2T0 (5.92)
or ,

nd =~ 3/AKT(els,) [2/2(s f6, - 1)1

if ng/n is very large. (5.9b)

An analysis is preSented‘in Appendix IV which reveals that these two
cases cdrrespond to the two 1imit§ of zero and maximum constraint, re-
spectively.

5.2.3 Crack Propagation in an Extended Damage Zone

The analysis of the preceding section has been developed
for a damage zone of a single grain. [t is possible to elucidate the
trends in crack velocity with an'increasing damage zone by adapting
the analysis of Chapter II. Two limiting regimes of behavior have
been identified corresponding to the degree of constraint, as shown
in Appénqix IV. In this section, the effect of the damage zone size
is considered for each limit separately, to give an indication of the
trends.

In the absence of a constraint, the growth of the film thickness

th

(am) on the m~ facet ahead of a crack is given by a modified ver-

sion of equation (A3.2)
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o T T ’“/?“ﬁz(zlao)3‘(&676m)6éM';’K/EY(/?ﬁij”""*“” - ’”.(g:ioi
Upon integration this yields, , '
. (/7 n, /5) (z/co)? [(so/ai,m)5 - (solsf’m)s] = K/Z/(a/Zn-T) (5.11)

th

where Gi ‘and § are the film thicknessgs on the m~ facet at the be-

i,m f,m
~ginning and end of the time interval, at.
If there are z grains in the damage zone then, using the previous no-
tation, Gi,z = Gf,m’ and 5f,1 = sc; also at steady-statg si,m-l = 5f,m°,
Equation (5.11) therefore represents a set of z equations in z unknowns.

' By adding these equations, the crack velocity

- z
a = [sK/1VA(2/8,)2 [1-(5,/8%17F (1/n)) 3 17/ T (5.12a)
: ' | n=1 '
is obtained. For large va]ueé of z, this reduces to the approximatipn
& ~ [SKVE1V(2/80)°] [1-(85/8)°T ™ (1/n)) (/22) - (5.12)
The unconstrained crack velocity is.therefore proportional to the square
root of fhe'grain size, this is the same result as for single phase ma-
teriais.[19’41]

- For the maximum constraint limit, equation (A4;4) becomes,

z

2ny, - [ /7 /3(n-1) "
— D ) - r2(n-l - 5.13
g :%;a n (Zn-(zm-lj n-1) = (2m—I)) = (5.13)

Remembering that &, , integration and re-arrangement yields

iml~ 6f,m

Z .
S Con (8¢ 0/85) = (3/312) (2/8;) (KVE/nya) | (5.14)

n=1
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where (as in Chapter 1)

c - /2n . 2/2(n-1) + Y2(n-2)
m,n ~ 2n-(2m-1) 2(n-1) - (2m-1) 2(n-2) - (2m-1)

(for n = 1, the last term in the expression for Cm n is taken as 0).

Once again, a set of z linear equations has been obtained which can be
readily solved. In this case there is a very strong dependence of the
crack velocity uponAthé damage zone size; the exponent on z varies be-
tween approximately 1.5 (if z is small) and infinity.

The normalized crack velocity is plotted in Figs. 45 and 46 as a
function of damage zone size, for a number of different values of the
important parameters in the two regimes. It will be abpreciated that
the lines are asymptotes. The detailed solution is dictated by the
asymptote which yields the lowest velocity for a givén set of pafam-
eters. ' Consequently, as in Chapter II,'the maximum constraint is more
1ike1y to be applicable for small damage zones, whereas the uncon-
strained solution is more important for larger damage zones (because
the zone behaves as an extended crack).

5.3 Discussion

The high temperature crack propagation data in liquid phase mater-
ials suggest that the crack velocity is proportfonal to a relatively
high power (> 6) of the stress intensity.[g’so'szj The model appar-
ently indicate§ an exponent of unity. The difference may be associated
with mechanism changes, as argued for single phase materials. There
are, however, two parameters whose variation with K is not specified,
namely S¢ and z. Both of these have a substantial influence upon the

crack velocity and need further study. Intuition suggests that §. may

z
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- well decrease with "an increasing strain rate and hence stress, this
would raise the exponent on K. There i§ a greater 1atitud¢ in the
effect of the damage zone size; but again, the relation bétween the
applied stress and the damage zone size is not known. A simple
assumption; made in prior studies, is that the damage zone is tak-
en to be proportional tb the square of the applied stress intensity
faétor,[g’;7] however it is ‘felt that such a simple relationship may
not be appropriate. | | |

The threshold condition is given when the stress on the first grafn
is less than the back stress due to the surface tension of the intef—
face. The threshold stress intensity factor is therefore givén by

KepdT = 2770 (218, ~ o (5.15)

This may have an ihportant bearing upon the growth of cracks in liquid
phase regions contained in single phase matrices. In areas'with thick
intergranular films the thfeshold can bé reduced to very low levels in-
deed, and cracks may grow in such regions even when the applied stréss
intensity factor is much lower than the observed threshold for the
bulk ceramic.
5.4 Conclusions

In this chapter, a model has beén presented for the propagation of
- cracks in materials with a glassy phase along their grain boundaries.
~The model is an adaptation of that developed in earlier chapters for a
single phase material. The magnitude of the resultant velocity is very
dependent on a number of parameters. There are two limiting cases for

the velocity that can be expressed analytically. When the bulk vis-



54
cosity is'very much larger than the viscosity of the intergranular
phase, then the crack velocity becomes

¥4

-1
Zcm,n(‘sf,nlco)

n=1

malK/T = (3/712) (18,)

Alternatively it is,

. -1 B -
nba/K/I = (5//x) (60/2)2 [1 -~(60/6C)5} (“b/"z) Eé; 1/V2m-1

Experimental data suggest that the stress dependence should be much
higher than that predicted by the model. . This discrepancy could arise
because the velocity is very dependent upon 8¢ and z, and the relation-
ship between these parameters and the stres§ is not yet understood.
Further work is required to address this issué.

Some preliminary experimental results for liquid phase sintered
materials have been described. Among the more interesting and sig-
nificant results were the observed fracture'mechanism changes. At
low temperatures, transgranular fracture accompanied»catastrophic4
failure. At higher temperatures, intérgranu1ar sub-critical crack
growth occurred; at very high crack velocities this appeared to be-

come inter-agglomerate in nature.
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e eee =TT T WL FUTURE WORK

6.1 Future Research for Single Phase Materials

The theory associated with the growth of dominant cracks in single
phase ceramics at high temperatures is believed to be satisfactory
within the limits of determining the undefined parameters (Fig. 47).
This was confirmed by the experiments of Blumentha].cl]. However, one
aspect that arose in the model, but has not yet been subject to exper-
imental investigation, is the dependence of the‘crgck velocity upon
the grain size. It would be informative to conduct Blumenthal's ex- R
periments with a series of aluminas of differing grain size.

Two very important parameters have been retained in the theory as
variables that must be determined experimenta11y; these are the damage'
zdne size and the éavity'spacing. ‘Both are connected with the nucle-
ation stage of the prdcess, and are not well understood. Substantial
additgonal work remains to be done in this area to enable it to be
fully. comprehended.

For reasohg described in detail in the introduction, far more work
must be applied to study the methanisms of failure in the absence of a
dominantbcrack. In particular, the influence and development of the
shear band process is of prime importance. Experimental investiga-
tions in_thié field are being currently conducted,[8] but a parallel
theoretical study would also be of value.

6.2 Future Research for Liquid Phase Sintered Materials

A major area in which considerable effort could be expended'prof-
itably, is in the study of crack growth in liquid phase sintered ma-

terials. Some elementary work of a theoretical nature and parallel
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preliminary experimental studies have been presented in the previous_
chapter. It would be very instructive to repeat Blumenthal's experi;
ments, measuring crack velocities as a function of the stress intensity
factor, temperature, grain size and amount of liquid phase. The re-
sults of Chapter 5 suggest that an investigation into the influence of
agglomerates upon the crack growth in commercially available materials
would also be of interest.

The effect of sfrain rate and temperature upon the strengths
of materials with a glassy phase have been reported.[9’63'65] The
strengths generally follow the form shown schematically in Fig. 48.
The peak appears to be peculiar to liquid phase sintered materials,
it moves to higher temperétures»with an increased strain rate. Cur-
rently, no completely satisfactory exp]énation of this phenomenon
exists in the literature.

An investigation into the variation of ffacture toughness with
temperature would be of paramount interest, since a great deal of
confusion exists in the literature. There is evfdence that the
fracture toughnesses at very high strain rates do not in fact in-
crease with temperature,[66] but these strain rates are far in ex-
cess of those used for observing the peak in fracture strength.

It is possible to obtain unambiguous results for the fracture
toughness in the,reg{me where transgranular fracture accompanies ca-
tastrophic failure. The criticaT flaw size can be readily determined
from Scanning Electron Microscope pictures, and the critical load can,
of course, be measured. This type of experiment should be performed

over as wide a range of strain rates and temperatures as is possible.
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Trends in the variation of'ﬂKc withnféﬁbé;;turé should bé elucidated,
and an attempt made to correlate it with the variation of strengths.
Where Kc canhot be measured, the effect.of.inter—agg]omerate crack
growth could be investigated. The basis of the model developed in the
previous section would be unchanged, but the effective grain size.would
have to be replaced by the agglomerate size. This, coupled with the
larger amount of liquid phase present, may.profoundly affect the vel-
ocity. The simplifying assumption of using the average stress on the
first grafn ahead 6f the crack would be invalid for agglomerates Be—
cause of their size. The model‘wou]d therefore have to be adapted
without this assumption. It is of importance to note that the vis-
cosity is dependent only upon the}grain size, and consequently the

- constraint should be essentially independent of the agglomerate size.
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APPENDIX I
THE STRESS FIELD AT A CRACK TIP IN A LINEARLY VISCOUS MATERIAL

A discussion of the stress field at a crack tip in materials sub-
ject to elastic deformation and primary or secondary creep is given in
a number of Refs. [1-3].v A brief summary of the result for a material
undergoing pure secondary creep, and in particular linearly viscous
flow, is presented here.

A constitutive law for creep may be of thé form:

(cgley) = (ogla,)" (A1.1)
where ée is the equivalent strain rate, g is the equivalent stress,
éo and %, are normalizing parameters, and n is the power law creep ex- -

ponent. If_equation (Al.1) is obeyed then, for plane stress, the stress
at a position r and angle e ahead of é crack is given by;[3'5]
0y = (I/In)ll(n+1)(ag/éo)ll(n+1)cs*(lﬂh+1) r—l/(n+1) ae(e) (A1.2).
where In is a numerical coefficient given by,[s] CS* is the time depend-
ent equivalent of the J fntegra]'(formally J = dJ/dt), and ae(e) is a

function of e.

In the limit of n = 1, In = 2n, ée/ag is equal to the viscosity n,
) .

. and KI = nCS*, so that when e = 0,
K
1 1/2 [
g = —— (nC_*) = — (A1.3)
v2xrr s vV2nr
where KI is the mode I stress intensity factor. Since it is well known

2

that in plane stress, EG = KI (where G is the strain energy release

rate, and £ is Young's modulus), it follows that a sufficient proof

2

I if n =1 is to show that EG = nCS*.

that nCS* = K
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If n.= 1, then J is synonymous with the strain energy release
rate G, and CS*.becomes equal to the time dependent equivalent of
G = (é). For a crack of length 2a in an infinite elastic plate of
thickness b, the well known Griffith analysis[s] shows that the
strain energy (U) stored in the region of the crack is given by:

U = ralbo’/E. . | (A1.4)

So that the strain energy release rate (equals the rate 6f change of
strain energy with respect to the crack area) is given by;

6 = o’ralE. |  (AL.5)

A similar approach shows that in a linearly viscous plate, the rate of

change of strain energy with respect to time is given by;

U = nalbo?/n. ' (A1.6)
So that the time dependent equivalent of G is,

6 = o%nan. (AL.7)
Hence EG = nG, and nC.* = K% as required.
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APPENDIX II
THE CONSTRAINT IN A VISCO-ELASTIC MATERIAL

The constraint for a visco-elastic body can be calculated by the
method described in Ref. 1. The Fourier transform of the misfit stress
(BC) at an arbitrary distance x from a crack in a Maxwell solid, intro-
duced by an edge dislocation of Burgers' Vector, b, located at x = x',

is given by;

; - QKP + 0)F x )
#P(3KP + 40)(x-x*) :

where a bar signifies the Fourier transforh of. a variable, K is the

bulk modulus, P = (llrR + d/dt), Q =6 d/dt, G is the shear modulus,

ng is the shear viscosity, and tp = G/n . Since 6/K = 3(1-2v)/2(1+v),

the inverse Fourier Transform leads to the constraint for a Maxwell

type material,

. v A ™ ‘f(l*v)t/(3TR(1—V)1
o() 8,(I+\,(xxf Vx { \.’)e _

(A2.2)
'Therefore if x' =2, x =2/2 and u = AF A 312 /= F3/2 as in the text, then
3/2
v (2) [e-w . (1%v) -(1+“-)t/(3TR(1"\’))}
© 2/ lR P (1ew) F O f |

| (A2.3)

Note that if t = 0, the elastic solution (equation 4.2) is generated.
The solution of the crack growth problem with this form of con-

straint is complicated. The description of the approximate behavior

given in the text is sufficient to illustrate the important trends.
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APPENDIX III
CONSIDERATION OF MENISCUS INSTABILITIES

The only ill-defined parameter in the crack growth relations der-
jved in Chapter V, is tﬁe critical thickness of the intergranular film
at which the facet fails (6.). One possible criterion pertinent to
determining §. is the meniscus instability. This is analogous to the
idea developed in Chapter III, in which a transition of cavity morphol-
ogy was suggested. ThiS'approacﬁ is outlined below, but unfortunately
is not viable for reasons that became apparent during the analysis.

The conditions under which the meniscus of a film of liquid between
two parallel plates becomes unstable and develops "fingers" is given by

Fields and Ashby,[!]

YO
A e =N (A3.1)
crit _ “QVR
where Aerit is the critical wave-length of the disturbance that grows

"most rapidly, and VR is the velocity of the interfacé at x = R, given
byl1]

a do ‘ ‘ :
o = = Tz, (), | (3.2)
This can be readily demonstrated to reduce to

Vg = §(R/s) : ' (A3.3)

Combining equations (A3.3), (5.6) and (5.3) yields the condition;

: , 1.
()‘CT‘it/Z)Z = Y"‘2(‘50/‘?‘)2 (5(:/60) [% (9./60 - 1’/4) (60/6(:)2 + (!;%)J ;

(A3.4)

lc 6, ¢ 4, . 2, . ! 7] -1
1(5o/sc) z(ao/sc) 3(solsc) Cy - Cs(so/sc) o
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Hence, §. can be obtained once (a /1) for meniscus instability has

crit
been prescribed. For unconstrained growth, the critical value of the

wave-length for finger-like growth decreases as the film thickness in-
creases. This leads to the expected result that, after a period of
stable meniscus propagation, the critical wave-length becomes suffi-
vcient]y small (e.g. less than the grain size) that inétability necés—
sarily occurs. However, constraint appears to reverse the trend, and
the critical wave—length increases as growth proceeds, because of the
depression of é; induced by the constraint. Conseduently, the con-
dition of instability can only be satisfied at the beginning of growth.
Such behavior may occur and lead to finger-like cavities in some in-
stances. However, a more generalﬁzed cfiterion for 8c is evidently

needed to provide a complete description of crack growth rates.
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APPENDIX IV
APPROXIMATE RELATIONSHIPS FOR THE CRACK VELOCITY IN A
- LIQUID PHASE SINTERED MATERIAL
The unconstrained crack velocity may be derived by ignoring the

constraint term in equation (5.5) and assuming that if K >> Kth’ the
surface tension term may also be ignored so that, |

8/ ny(R/8)> & = K/Z ‘ | (A4.1)
but from equation (5.3), |

(RI6) =~ (1/2) (nls,) (s,18)
so that,

in, (118,)° (6,/8)° & = /T (A4.2)
which upon integration between the standard limits as in équation (5.7)
yields

a = (KN (1180)% [L - (s,/8)°T (1/ny) (A4.3)
which compares with equation (5.9a).
| The opposite limit obtains when the constraint is so 1afge that it
equals the applied stress, and the cavity grows under a zero net stress
(which can only occur, of course, if the surface tension term is ig-
nored, as is valid when K >> Kth)' In this case the governing equation
reduces to

2/2 y §/3/7 = K/T h (A4.4)
which upon integration yie]ds‘equation_(s.gb)

a = [3/7 KvT (al8,)12/Z (s 18, - 1)] (1/n).
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The existence of these two limits has an interesting parallel with the
model developed in Chapter II for crack growth in a singie phase ma-
terial. For a damage zone of one grain, the crack velocity is given
by equation (2.28)
| a = BK/Z 1°[g(A,) + 87 (8/3)% A/274%]

The unconstrained solution is obtained when the first term in
the denominator dominates, and the maximum constraint solution per-
tains when the second term dominates.[41] It was shown that this

latter case is applicable when the damage is strain control1ed.[19]
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FIGURE CAPTIONS

Scanning electron micrographs of a crack tip in a single phase
alumina after loading at 1300°C. Arrows denote successive
crack tip positions. (Courtesy W. R. Blumenthal)

S.E.M. micrographs of a crack in alumina near the crack-growth
thrésho]d. Intense damage is 1ocated in shear bands at the
crack tip. (Courtesy W. R. Blumenthal)

Crack nucleation in large grained regions and in an area con-
taminated by glass. (Courtesy W. R, Blumenthal)

Four stages in the failure of alumiﬁa, (a) crack nucleation,
(b) crack propagation, (c) crack blunting, (d) crack coales-
cence of shear bands. (Courtesy W. R. BTumentha])

An alumina bar aftef faf]ure by creep rupture. The interac-
tion of shear bands results in a serrated fracture surface.
(Courtesy B. J. Dalgleish)

An isolated crack growing along the grain boundary of an
elastic bi-crystal. A flux of atoms flows from the surface
of the crack (js) into the grain boundary (j.). If the
diffusion a]dng the boundary is slow compared to surface dif-
fusion, then the atoms are deposited non-uniformly along the
boundary and the stress field is modified.

S.E.M. micrograph of a creep fracture surface. The crack

propagated downwards. (Courtesy W. R. Blumenthal)
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S.E.M. micrographs of the cavitated region on a creep fracture
éurface, (a) near the original crack front, (b) fn the central
region, (c) at the end of the damage zone. (Courtesy W. R.
Blumenthal)

A damage zone model of crack growth, the présence of cavities
modifies the stress field ahead of the crack.

Equilibrium and crack-like cavities with dihedral angles y.
Cavitation occurs on the boundaries ahead of the crack tip
which_ére subject té both shear and normal stresses.

The theoretical situation considered in this thesis. Tﬁe

damage zone consists of an array of grains co-planar with the

" crack and embedded in a linearly viscous matrix.

The arrangement of equi]ibrium.cavities onvé grain boundary -
in the Raj and Ashby model for intergranular failure at ele-
vated temperatures.

An array of dislocations ahead of a crack, used to model the
constraint.

Plots of normalized crack velocity against the number of
grains in the damage zone, for ¥ = 75° and /& = 1.
Predictions of constrained crack growth (forva damage zone of
a single grain) as a function of the stress intensity factor
compared to experimental values from Ref. 1. The spread in
the theoretical lines represents the uncertainty in the

values of viscosity.
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Plots of normalized stfess against the rafio of the distance
ahead of the crack to the grain size (n), immediately after
an increment of crack advance.z/f = 1. t(The stress has been
drawn as a éontinuous curve for clarity, although to be
Strictly in accordance with the,hode] it should have been
plotted as discrete values for each grain.) |

A plot of the normalized stress against the ratio of the dis-
tance ahead of the crack to ghe grain size, at various times
between increments of crack advance (st/at). z/Z =1. (See
also the note on the caption of Fig. 17).

A plot of the relative stress on the damage zone (assumed to
consist of a single grain) as a function of the cavity size,
y=1JdnL, k =3 MPasm, 2 = 2x107%m, y = 75°. The effect of
the sintering stress has been ignored.

A piot of the product of the crack velocity (constrained) and
viscosity against K/% illustrating the effect of‘the inclusion
3 1

of a sintering stress in the model. Kth/T'= 2x10° Nm ",

A plot of the relative stress on a damage zone of a single
grain as a function of the cavity size, y =1 Jm'l,
k7T = 4x10° Pa m, K., /T = 2x10% Pa m.

A plot of na against Kv/2, illustrating how a threshold may
arise if crack propagation is limited by cavity nucleation.
The separation of ligaments by a transition to crack-like

cavity growth.
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The transition curves for equilibrium to crack-like growth as
a function of the ratio of the applied stress to sintering
stress (s) and the cavity size, for various values of the
boundary to surface diffusivity ratios (a).

The variatioh in the resultant stress on the damage zone

changes the cavity growth from an equilibrium to a crack-like

mechanism.

A plot of the resultant crack velocity against applied stress
intensity factor, assuming that the critical cavity size for

coalescence is given by the size at transition. 2/x =5,

KV = 4x10° Nm~L, K% = 2x10° Nm~L.

A plot of the crack velocity against applied stress intensity

factor, showing the relationship between the unconstrained,
viscously constrained and e]éstically-constrained solutions.
The values of the parameters used are Af = 0.2, 2/x =5,

E = 300 GPa, and 2= 10'6m.

A plot of the crack velocity against‘applied'étress intensfty

factor showing the relationship between the unconstrained,

viscously constrained and elastically constrained solutions.

The values of the parameters used are Af = 0.2, 2/x = 10,

E = 300 GPa and 2= 107%m.

A schematic illustrating the configuration c&nsidered in
Section 4.2. A grain boundary extends at an angle e to the
axis of the crack, the magnitude of e can take any value

between Q and «/3.
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A plot of normalized crack velocity against KIKC; showing the
influence of the critical stress intensity factor. Af = 0,2
and 2/x = 5.

A schematic illustrating a typical load/displacement plot ob-
tained for liquid phase sintered alumina in four point bending
tests.

An Arrehenius plot for the viscosity of the 1i§uid phase sin-
tered alumina.

S.E.M. micrograph showing the association of some micro-cracks
with porous regions. The white spheres have been identified
as gold from the coating process.

S.E.M. micrograph showing the nucleation of a crack in an

~ apparently homogeneous region.

S.E.M. micrograph of crack tips, illustrating the zone pre-
sumed to contain amorphous material.

S.E.M. micrograph of the fracture surface of a liquid phase
sintered alumina. The specimen was held at load while being
cooled to room temperature, it was then fractured. .The pic-.
ture shows a region immediately behind the crack front, illus-
trating the ligaments and islands of amorphous material.
S.E.M. micrograph of the fracture surface of a liquid phase
sintered alumina after an interrupted test. The crack front
can be identified by the transition in the appearance of the
surface. The creep damaged region is intergranular, whereas

the region fractured at room temperature is transgranular.
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S.E.M. micrograph of a room temperature fracture surface of a
1iquid phase sintered alumina.

S.E.M. micrograph of a room temﬁerature fracture surface of a
1iquid phase sintered alumina after an etch in 5% HF acid for
20 minutes. The glassy phase has been removed to clearly re-
veal the transgranular nature of the fracture surface.

S.E.M. micrograph of an inter-agglomerate failure surface ob-
tained at high strain rates.

The theoretical coﬁfiguratidn considered in Section 5.1.
Ahead of the crack there exists a grain boundary of length 2,
filled with a liquid phase of thickness §. Cavities are in-

itiated in the triple points at the end of the grain.and'growv

| towards the center. -

A theoretical plot of “bd against K% for a liquid phase

sintered material. The ratio of the critical to initial film

thickness has been taken to be 1.5. (- = = =) represents the

) represents the plot for

plot for z/&o = 100, and (
2,50 = 1000. |
A theoretical plot of n_a against the ratio of the bulk to
3 1

liquid phase viscosities. K /%= 2x10° Nm .

A theoretical p]ot'of "bé against the ratio of the bulk to
liquid phase viscosities. K/Z = 10x10° Nm™'.
Theoretical plots of the normalized velocity against the num-
ber of grains in the damage zone size (z) for a 1iguid phase

sintered material. The difference between the unconstrained

and constrained solutions is illustrated. 2/60 = 100.
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Fig. 46 Theoretical plots of the normalized velocity against the num-
ber of grains in the damage zone (z) for a liquid phase sin-
‘tered material. 2/6o = 1000. |

Fig. 47 A plot comparing the theory presented in this thesis with the
experimental results of Blumentha],[ll The theoretical curve
includes the effect of a threshold and the critical stress in-
tensity factors.

Fig. 48 A schematic showing the variation of strength with temperature

and strain rate for liquid phase sintered ceramics.
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XBB 836-5499

Fig. 1. Scanning electron micrographs of a crack tip in a

' single phase alumina after loading at 1300°C.
Arrows denote successive crack tip positions
(Courtesy W. R. Blumenthal).
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XBB 827-6183A

Fig. 2. S.E.M. micrographs of a crack in alumina near the crack-growth
threshold. Intense damage is located in shear bands at the
crack tip (Courtesy of W.R. Blumenthal).
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XBB 827-6184A

Fig. 3. Crack nucleation in large grained regions and in an area
contaminated by glass (Courtesy of W.R. Blumenthal).
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: NUCLEATING HETEROGENEITY
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A) CRACK NUCLEATION

B) CRACK PROPAGATION

DAMAGE  ZONES

) CRACK BLUNTING
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p) CRACK COALESCEHCE AT SHEAR BANDS
XBB 836-5001A

Fig. 4. Four stages in the failure of alumina. (a) crack nucleation,
(b) crack propagation, (c) crack blunting, (d) crack
coalescence of shear bands (Courtesy of W.R. Blumenthal).
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XBB 834-3482

Fig. 5. An alumina bar after failure by creep rupture. The
interaction of shear bands results in a serrated
fracture surface (Courtesy of B.J. Dalgleish).
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Fig. 6. An isolated crack growing along the grain boundary of an elastic bicrystal. A flux
of atoms flows from the surface of the crack (jg) into the grain boundary (jp). If
the diffusion along the boundary is slow compared to surface diffusion, then the

atoms are deposited non-uniformly along the boundary and the stress field is modified.
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0o

XBB 834-3479

Fig. 7. SEM micrograph of a creep fracture surface. The crack
propagated downwards (Courtesy of W.R. Blumenthal).
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XBB 834-3477
Fig. 8. S.E.M. micrographs of the cavitated region on a creep
fracture surface, (a) near the original crack front,

(b) in the central region, (c) at the end of the damage
zone (Courtesy of W.R. Blumenthal).
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XBL 832-5230

Fig. 9. A damage zone model of crack growth, the presence of cavities
modifies the stress field ahead of the crack.
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Fig. 10. Equilibrium and crack-like cavities with dihedral angles .



Fig. 11.

Cavitation occurs on the boundaries ahead of the crack tip
which are subject to both shear and normal stresses.

Grain Boundaries

XBL 832-5229
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Fig. 12. The theoretical situation considered in this thesis. The
damage zone consists of an array of grains co-planar with
the crack and embedded in a linearly viscous matrix.
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Fig. 13. The arrangement of equilibrium-cavities on a grain
boundary in the Raj and Ashby model for intergranular
failure at elevated temperature.



94

O

f

Viscous Matrix

damage zone

O'C‘,, 0c,2 O 3 ; Rigid Grains

Y 4id
T i/

Cavities TTT MITT| 2}
%, %,2%3

Viscous Matrix

!

O
XBL832-5228

Fig. 14. An array of dislocations ahead of a crack, used to
model the constraint.
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Plots of normalized crack velocity against the number
of grains in the damage zone, for ¥ = 759 and

g/E = 1.
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Predictions of constrained crack growth (for

a damage zone of a single grain) as a function of
the stress intensity factor compared to experimental
values from Ref. 1. The spread in the theoretical
lines represents the uncertainty in the values of
viscosity.
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Fig. 17. Plots of normalized stress against the ratio of the distance

ahead of the crack to the grain size-(n), immediately
after an increment of crack advance.z/& = 1. (The stress
has been drawn as a continuous curve for clarity, although
to be strictly in accordance with the model it should have
been plotted as discrete values for each grain.)
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A plot of the relative stress on the damage zone

(assumed to consist of a single grain) as a function

of the gavity size, y = 1 dm-1, K = 3 MPa/m, 2 =

2 x 10~

m, ¢ = 750, The effect of the sintering

stress has been ignored.
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Fig. 20. A plot of the product of the crack valocity (constrained)

and viscosity against K/2 illustrating the effect of the
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Fig. 21. A plot of the relative stress on a damage zone of a
single grain as a function of the cavity size,
y = 1dn-l, k/2 = 4 x 103 Pam, K /% = 2 x 103 Pa m.
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Fig. 22. A plot of na against K/2, illustrating how a threshold may

arise if crack propagation is limited by cavity nucleation.
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Fig. 23. The separation of ligaments by a transition to crack-Tike
cavity growth.
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Fig. 24. The transition curves for equilibrium to crack-like growth
as a function of the ratio of the applied stress to
sintering stress (s) and the cavity size, for various values
of the boundary tu surface diffusivity ratios (A).
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Fig. 25. The variation in the resultant stress on the damage zone
changes the cavity growth from an equilibrium to a
crack-1ike mechanism.
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Fig. 26. A plot of the resultant crack velocity against applied
stress intensity factor, assuming that the critical
cavity size for coalescence is givgn by .the size at
transition. /A = ?, KVZ = 4 x 10° Nm~1,

KthJE =2 x 10° Nm~+,



107

L]

unconstrained

na/Pam 7
IC?
:
-
crack growth X
" with viscous - &
constraint i
/ crack growth with
R elastic constraint .
4
|O | 1 1 L 1 1 l 1
03 2 4 6 8 To}

KJ/2 /Pam

XB8L 8410-7417

Fig. 27. A plot of the crack velocity against applied stress
intensity factor, showing the relationship between the
unconstrained, viscously constrained and elastically
constrained solutions. The values of the parameters used
are Ag = 0.2, 2/ = 5, E = 300 GPa, and & = 10-6 m.
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Fig. 28. A p.ot of the crack velocity against applied stress
intensity factor showing the relationship between the
unconstrained, viscously constrained and elastically
constrained solutions. The values of the parameters used
are Ar = 0.2, &/A = 10, E = 300 GPa and ¢ = 10-6 m.
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Fig. 29. A schmatic illustrating the configuration considered in
Section 4.2. A grain boundary extends at an angle 6 to
the axis of the crack, the magnitude of 6 can take any
value between 0 and /3. '
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Fig. 30. A plot of normalized crack velocity against K/Kc, showing
the influence of the critical stress intensity factor.
Af = 0.2 and /X = 5.
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Fig. 31. A schematic illustrating a typical load/displacement plot
obtained for liquid phase sintered alumina in four point
bending tests.
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Fig. 32. An Arrehenius plot for the viscosity of the liquid phase
sintered alumina.
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XBB 830-10872

Fig. 33. S.E.M. micrograph showing the association of some micro-
cracks with porous regions. The white spheres have
been identified as gold from the coating process.
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XBB 830-10873

Fig. 34. S.E.M. micrograph showing the nucleation of a crack in an
apparently homogeneous region.
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Fig. 35. S.E.M. micrograph of crack tips, illustrating the zone
presumed to contain amorphous material.
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XBB 830-10725

S.E.M. micrograph of the fracture surface of a liquid
phase sintered alumina. The specimen was held at load
while being cooled to room temperature, it was then
fractured. The picture shows a region immediately behind
the crack front, illustrating the ligaments and islands
of amorphous material.
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S.E.M. micrograph of the fracture surface of a liquid
phase sintered alumina after an interrupted test. The
crack front can be identified by the transition in the
appearance of the surface. The creep damaged region is
intergranular, whereas the region fractured at room
temperature is transgranular.
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XBB 848-6572

Fig. 38. S.E.M. micrograph of a room temperature fracture surface of
a liquid phase sintered alumina.
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XBB 848-6573

S.E.M. micrograph of a room temperature fracture surface of
a liquid phase sintered alumina after an etch in 5% HF acid
for 20 min. The glassy phase has been removed to clearly
reveal the transgranular nature of the fracture surface.
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XBB 830-10722

Fig. 40. S.E.M. micrograph of an inter-agglomerate failure surface
obtained at high strain rates.
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Fig. 41. The theoretical configuration considered in Section 5.1.
Ahead of the crack there exists a grain boundary of length
2, filled with a liquid phase of thickness §. Cavities are
initiated in the triple points at the end of the grain and
grow towards the center.
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Fig. 42. A theoretical plot of npya against K/2 for a liquid phase
sintered material. The ratio of the critical to initial
£film thickness has been taken to be 1.5. (- - - -) represents
the plot for 2/6, = 100, and () represents the plot

for 2/50 = 1000.
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Fig. 43. A theoretical plot of n a against the ratig of Ehe bulk
to liquid phase viscosi%ies. KYZ = 2 x 10° Nm™
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Fig. 44. A theoretical plot of nbé against the ratio_of t?e bulk
to 1iquid phase viscosities. K/2 = 10 x 107 Nm™*.



Normalized Velocity, ngya/KJ/E
o

=
-—"‘
— = = unconstrained o)
constrained
L | L1 N SO A
| 2 4 6 8 o)

Fig. 45.

Damage Zone Size, Z
XBL 8410-7427

Theoretical plots of the normalized velocity against the
number of grains in the damage zone size (z) for a

liquid phase sintered material. The difference between
the unconstrained and constrained solutions is illustrated.
2/60 = 100.



Normalized Velocity, 7

b0 /K2

o

()
N

= = = ynconstrained

10— constrained =
=10°
Mo/
| ] | ] ] | L =11
I 2 4 6 8 10
Damage Zone Size, Z
XBL8410-7426
Fig. 46. Theoretical plots of the normalized velocity against the

number of grains in the damage zone (z) for a liquid
phase sintered material. z/éo = 1000.
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Fig. 47. A plot comparing the theory presented ip this thesis with
the experimental results of Blumenthal .t The theoretical
curve includes the effect of a threshold and the critical
stress intensity factors.
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Fig. 48. A schematic showing the variation of strength with temperature
and strain rate for liquid phase sintered ceramics.



&

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




AR e
e
IR ¢

TECHNICAL INFORMATION DEPAR TMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





