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ABSTRACT
CRACK PROPAGATION IN LITHIUM FLUORIDE BICRYSTALS
BY

Jong Yeon Lee

The role of relative crystallographic orientation and
grain boundary orientation on crack propagation in LiF
bicrystals was studied experimentally. LiF bicrystals were
grown by Czochralski method with two single crystal seeds.
Constant complience specimens were fractured by driving a
wedge through ndtched specimens. Crack paths were observed
by optical microscope, and fracture loads were measured
using a load cell. Distribution of dislocations in the
fracture surface was studied by etching the fracture
surface. Crack paths and fracture loads were analyzed as a
function of the misorientation angles. The direction of
crack propagation was dictated according to.the misorienta-
tion angles, and the fracture loads were increased as the
misorientation angles increased. Cleavage steps were formed
in the adjacent grain boundary. Although the relative
crystallographic misorientation angles are different from
specimen to specimen, the crack front speed decreases
slightly as it approaches the grain boundary as is evidenced
by the uniform density of dislocation etch pits throught the

fracture surfaces.
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1 INTRODUCTION

In crystalline materials, fracture may occur by either
of two modes: transcrystalline cleavage or intercrystalline
fracture. Sometimes, intercrystalline fracture indicates
the presence of impurities segregated at the grain
boundaries, or the presence of thin films of a second phase
between the grains. In addition, there are many other
factors that affect the fracture mode such as temperature,
loading method, grain size, crystal structure, alloying
elements, testing environment, and relative crystallographic
orientation, etc.

In this work the role of relative crystallographic
orientation, and grain boundary orientation with respect to
crack path, on fracture was studied to gain a better
understanding of the fundamental mechanism of crack
propagation. For the experiment, LiF crystal was chosen
because it has a simple crystal structure, well defined slip
systems and cleavage planes; it is very resistant to
atmospheric corrosion and is transparent. It is moderately
plastic at room temperature, yet.creep resistant. As a
result, bicrystals of lithium fluoride were used as model

specimens during this investigation.

1.1 Advantages of Lithium Fluoride

Lithium fluoride is a transparent ionic crystal and has
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the rock-salt structure. The slip systems are one of the
simplest to analyze. The primary slip planes are the {110}-
type planes and the secondary slip planes are the {00l1}-type.
The slip directions are <110> in both cases. There is only
one <110> direction in each {110} slip plane. The slip bands
due to slip in planes perpendicular to the {100} plane are
known as 90° bands or orthogonal slip bands. On the other
hand, the slip in planes which are at an angle of 45° to the
{100} surface and intersect along <001> gives parallel élip
bands are 45° bands. There can be only one kind of mobile
dislocation in.each active primary slip plane and hence the
complication of dislocations with different Burgefs vectors
to be found in the same slip plane can be avoided. 1Initia-
tion of secondary slip is difficult at room temperature due
to the high stresses needed for moving dislocations in the
secondary slip planes [1l, 2]. 1In the rock-—salt structure no
two primary slip planes have the same Burgers vector, and
hence cross-slip at room temperature is improbable. In
lithium fluoride single crystal, normally at room temperature,
crack propagates along the primary cleavage planes. The
primary cleavage planes of LiF are {00l}-type planes and the
secondary cleavage planes are {110}-type. Grain boundaries
can be seen clearly by etching LiF bicrystals in very dilute

4

solution of ferric chloride in distilled water (10 ° molal

solution).

1.2 Theory of Fracture

The dominant feature of the mechanical properties of



ceramics is brittleness with virtual absence of plastic flow.
This is because there is an insufficient number of
independent slip systems to allow an arbitrary change of
shape in one grain to be accommodated by slip in its
neighbours. High stresses are thus set up near grain
boundaries resulting a brittle fracture.

Brittle fracture is not possible unless the cracks which
are nucleated can propagate at a high velocity (6 x 103 cm/sec
in LiF) [3] throughout the material. The elastic energy that
is released by the movement of the crack is the driving force.
This must be balanced by the surface energy of the new
surface that is created and the kinetic energy associated
with the rapid sidewise displacement of material on each side
of the crack. Mott [4] has made an analysis of the velocity
of a crack in an ideal elastic, isotropic medium. The crack
velocity 'V' is given by

ag
a

V=28V (1- ) (1)

where 'B' is a constant and 'Vo' is the velocity of sound in
the material. The term 'aG' is the length of a Griffith
crack, and 'a' is the actual crack length. When 'a' is large
compared with 'aG', equation (1) approaches the limiting
value 'BVO'. The constant has been evaluated for the plane-
stress condition and found to be B Z 0.38 [5]. Table 1 shows
that experimental values [3] for the crack velocity in

brittle materials agree quite well with the theoretical

prediction and that the limiting crack velocity is given by



Table 1. Velocity of propagation of brittle fracture[3]

Material Observed velocity v/v

ft/sec °
LiF 6,500 0.31
Steel 6,000 0.36
Fused quartz 7,200 0.42

v: velocity of crack in the material

v_: velocity of sound in the material
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V=0.38V =0.38 ( — )" (2)
o P

where E is Young's modulus and p is density of the material.

Since the bonding of atoms in crystals depends very
strongly on interatomic spacings, and the spacings are
disturbed near grain boundaries, it is expected that
boundaries will have less strength than the crystals them-
selves. The effect is rather small in the case of metals so
it is not difficult to obtain high-strength polycrystalline
metals. The reason that the effect is small is that the
cohesive energy in metals is insensitive to the exact
arrangement of the atoms, much of it originating from long
range interactions.

However, in ceramic crystals, atomic arrangements are
far more important because of the directionality of covalent
bonding, and its short range character. Therefore, it is
expected that the energies of grain boundaries in ceramics
will be higher relative to free surface energies than in the
case of metals.

There are various ways for estimating structural
weakening at grain boundaries. A few of these will be
considered in turn:

(a) Examination of the bubble raft photographs of Lomer and
Nye [6] suggests that about 35% of the atomic bonds are
completely missing in a high angle grain boundary. Thus
a strength reduction of at least this amount must occur.

However, this would be an underestimate for a



Apllied Stress ¢
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Grain 1

Grain Boundary

Grain 2

Figure 1. Schematic diagram of crack formation at a

grain boundary.



covalent or ionic crystal because it does not take into
account the abnormal atomic positions.

(b) A formal method consists of considering the energetics of
crack formation at a boundary. The geometric situation
is shown in figure 1.

The applied stress, ¢, produces a strain energy density
in the material of oz/2E where E is the elastic modulus.
Introduction of a crack of length, 2L, causes three changes.
First, the strain energy in a volume of uLz (for unit thick-
ness) is relaxed. This amount of energy is -nosz/ZE.
Second, some grain boundary, of energy -2Lygb, is eliminated.
Third, two new free surfaces, of energy +4Lys, are created.
In order for the crack to propagate there must be a net

decrease in the energy of the system. That is:

2 2
nobe

> (2y_ - v )2L (3)
2E s gb

where %¢p is the stress for fracture in the presence of the
grain boundary. If no boundary is present, y gb = 0, and the
Stress for fracture is og. Thus, the ratio of the fracture
Stresses in the two cases (eliminating the approximation made

for the strain energy term) is:

g Y
fb_ _ ’\/1 gb (4)
O 2y



and we see that, if the grain boundary energy equals twice
the free surface energy, the strength of the boundary is zero.
On the basis of the above argument, it seems quite
probable that some of the grain boundaries in polycrystals
of a substance would be quite weak, even in a very pure
specimen. This will be equally true of any substance whose
cohesion is based on nearest neighbor interactions. It is
extremely difficult to obtain unambiguous information about
the strength of grain boundaries because there is a strong
tendency for impurities to segreate at them. The fact that
polycrystalline nonmetallic substances commonly fracture
intergranularly suggests boundary weakness as would be

expected from the previous arguments.



2 CRYSTALLOGRAPHY

2.1 Crystal Structure of LiF

Lithium fluoride has rock-salt structure. The structure
is a nearly perfect example of ionic bonding with alternate
lattice points occupied by cations(Li+) and anions(F ). The
unit cell is composed of eight small cubes, each of whose
corners is occupied by an anion/cation. If the F  ions are
considered, it can be seen that they are arranged in face-
centered cubic fashion, with the Li.+ ions occupying all the
octahedral interstices in this array. It can also be seen

that the arrangement of F~ ions is the same as that of the
Lit ions, so that the Lit ions also are arranged in face-

centered cubic fashion. Another way of looking at the
structure is thus as two interpenetrating face-centered cubic
structures, one of F_ ions and one of Li+ ions, displaced
relative to each other by a distance of half the lattice
parameter along one of the three major crystal directions.
Thus, just as each Lit ion is surrounded by six F~ ions at the
corners of a regular octahedron, each F~ ion is surrounded by
six Li+ ions, also at the corners of a regular octahedron.
Each Li* ion is in six-fold coordination with oxygen atoms,
each of which receives one-third of a valence share. As a
consequence, all F~ atoms must, in turn, be in contact with
six Li* jons. The crystal structure of lithium fluoride is

shown in fiqure 2.
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Crystal structure of lithium fluoride.
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2.2 Deformation Behavior of LiF Single Crystal

In LiF crystals, the primary slip system is of the type
{110} <110> at low temperatures. Restrictions on slip systems
and slip directions result from both geometric and
electrostatic considerations. Thus, in LiF crystals the
direction of gliding, <110>, is the shortest translation
vector of the crystal structure and requires the smallest
amount of displacement across the glide plane to restore the
structure. Also, translation in the <110> direction does not
require any nearest neighbor ions of the same polarity to
become juxtaposed during the glide process, and no large
electrostatic repulsive forces develop.

There are six physically distinct slip systems: (A)
(Io1) p1o01), (o11) [o1I}, (I10) (IXIo] and (B) (101) [Io1],
(01I) po1i1), (IIo) [I10j. However, sets (A) and (B) each
produce the same strain, because the two sets simply
interchange slip plane and slip direction; therefore the two
sets are interdependent. The simultaneous activity of the
three slip systems produces only a rigid rotation about
[111]. Thus only two of the slip systems are independent,
so that LiF polycrystals can not undergo a general deformation
by {110} <1I0> slip.

At high temperatures, the secondary slip system is {001}
<110> type, and there are also six physically distinct slip
systems. From the six slip systems, three independent slip
systems can be chosen. Thus, {110} <1I0> and {001} <1I0>

slip provide five independent slip systems.
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The shortest Burgers vector for a perfect dislocation
in LiF crystal structure is %<1I0>. This is the operative
slip direction. There is only one <110> slip direction in
each {110} slip plane. Therefore, there can be only one kind
of mobile dislocations in each slip plane. As the primary
and secondary slip planes have a common Burgers vector, this

is the cross-slipping plane.

2.3 Fracture Behavior of LiF Single Crystal
2.3.1 Crack Nucleation

In semibrittle materials, the initiation of fracture
results from localized plastic deformation. LiF and many
ceramic materials fit into this category.

Zener proposed that localized plastic deformation could
lead to initiation of a crack. A specific example of such a
configuration is a pile-up of edge dislocations at an
obstacle, e.g., a grain boundary.

A more general pile-up model, which does not require
grain boundaries, was developed by Cottrell [7] and was
found experimentally by Washburn et al. [8]. Crack is
formed along the junction of two intersecting slip planes
[9, 10]. If we consider an (00l1l) cleavage plane intersected
by (101) and (10I) slip planes inclined at 45° to it, they
meet it along an [010] axis (figure 3(a)). A slip dislocation
with Burgers vector g[IOIJ gliding in (101) meets along this
axis a similar dislocation, with a Bufgers vector §1101]
gliding along (10I). They coalesce to form a new dislocation,

thus,
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Figure 3. Crack nucleation by dislocation interaction [7]
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a - a
—IT01] + —[101] —> a[001] (5)
2 2

and in so doing they do not release elastic energy, and
the resulting dislocation is unlikely to be stable.

The a[001] dislocation produced by the above reaction
is a pure edge which lies in the (00l) cleavage plane. It
is thus geometrically identical with a cleavage knife, one
lattice constant thick, inserted between the faces of this
plane. Since this dislocation has low elastic energy and a
large Burgers vector, it will act as crack nuclei, as shown
in figure 3(a). This crack can gtow by other slip
dislocations in the (101) and (101) planes running into it,
as shown in figure 3(b). The applied stress has little
direct influence on the crack during the early stages of
growth and acts mainly through the force it exerts on the
dislocations moving into the crack. As the crack grows,
however, the direct action of the stress on it becomes more
important and eventually predominates as the crack becomes
longer than the slip bands from which it originated.

Also, Keh et al. [1l]] showed that cracks can form as a
Consequence of nonorthogonal {110} slip bands. The tendency
to form cracks at glide band intersections is greatest at
Very low homologous temperatures (about 77° K for LiF), for
Wide slip bands, and for large slip band spacings. When
S1lip bands are very finely distributed, crack formation at

Slip band intersections is suppressed.
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2.3.2 Crack Growth and Propagation

In order to fully understand the mechanism of crack
nucleation in crystals, it is necessary to have a good
understanding of the processes that occur during crack
propagation.

By the Griffith theory of crack propagation, the
condition for crack propagation is that:

T E (6)

where Ye = fracture surface energy

A= constant(:i)

o = tensile stress

L = crack length

E = Young's modulus.
The value of Ye depends on the speed of a crack, the
structure of the crystal, the temperature, and its cohesive
strength. The maximum speed of a crack in a crystal is
determined by the velocity of sound waves in it. In LiF
crystals, the maximum velocity is 2 x 10° cm/sec along {100}
planes.

When a crack moves slowly through an ionic crystal, the
motion is not elastic because dislocations are nucleated
near the tip of the crack. 1In LiF crystals, the critical
velocity below which dislocation nucleation occurs is about
6 x 103 cm/sec at room temperature. At velocities below

23 x 103 cm/sec crack in LiF crystals propagate in an
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unstable fashion; that is, their velocities oscillate between
high and low values [3]. Each time they slow down, they form
groups of dislocations. If sufficient time is available
after dislocations have been nucleated by a moving crack,
they can causes appreciable amounts of plastic flow, thereby
causing a large amount of energy absorption from the moving
crack.

Some crystal defects, such as lattice vacancies and
impurity atoms have little effect on the ease of crack motion.
Defects that have a large effect on crack propagation are
screw dislocations [12]. A screw dislocation converts the
crystallographic planes that lie perpendicular to it into a
helical ramp. Therefore, when a crack runs along one of the
planes and intersects the screw dislocation, it splits into
two parts. The two parts move along planes that are
separated from each other by a distance equal to the
component of the deslocation Burgers vector that lies
perpendicular to the planes. Eventually the two halves of
the crack join together along a step. Such steps can easily
be seen on the surfaces of cleaved crystals and they corelate
closely with etch pits at screw dislocations in the crystals.

LiF crystals prefer to cleave along {001} planes. Thus
these planes have the minimum surface energy. Secondary
cleavages are along {110} under certain conditions. The
surface energy of {001} plane is 340 ergs/cm2 and that of
{110} plane is 850 ergs/cm® at -196°C [13].

In a perfect crystal, a fast-moving crack is only
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impeded in its motion by the energy required to make the new
surfaces of the crack, and by the inertial mass of the crystal.
In imperfect crystals, other effects act to impede the motion
of cracks. The most important of these effects is the
plastic deformation that can occur at the tip of a slowly
moving crack. In a crystal that contains screw dislocations,
a crack front must split into two parts each time it
intersects a screw dislocations, and this provides another
impediment to the motion of the crack. Also, edge disloca-
tions can have an effect because the cohesion of a crystal is
reduced at their centers.

Cracks can move as fast as 2 x 105

cm/sec along {100}
planes in LiF crystals. This maximum, or terminal, velocity
is limited by the inertia of the crystal as it opens up to
form the crack. At crack velocities near the terminal value,
there is no time for dislocation nucleation; but at a much

lower velocity (6 x 103

cm/sec) dislocation loops begin to
form in front of a crack tip. This is only an approximate
value of the critical velocity because it varies with the
flow stress of each particular crystal. The higher the flow
stress, the lower the critical nucleation velocity.

If the velocity of a crack is allowed to drop below the
critical value, the dislocations that are nucleated move
increasingly large distances during crack propagation, and
cause increasing amounts of plastic flow. At velocities

less than about 50% of the critical velocity enough plastic

flow occurs to make crack propagation unstable [3].
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The dislocations that form in front of cracks are often
small complete loops and they form at places where no
dislocations existed previously. Thus a crystal need not
contain dislocations initially in order for plastic flow to
occur in it and impede crack propagation. By blunting the
sharp edge of a crack, plastic flow reduces its stress-
concentrating effect and therby makes it difficult for the
crack to move. However, according to impact tests on notched
specimens by Johnston et al., this effect is not large in
LiF until temperatures above about 400°C are reached.

The screw dislocations may be present in several forms:
as twist-type sub- boundaries: within glide-bands that
result from plastic deformation; or as parts of the small
dislocation loops that nucleate ahead of moving cracks. The
fracture energy of a surface that is roughened by the
presence of many cleavage steps is higher than the energy of

a smooth surface.
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3 GRAIN BOUNDARY

3.1 Role of Grain Boundry in Deformation

An extension of available knowledge obtained from the
deformation of single crystals to polycrystals is very
difficult owing to the imposition of additional constraints
by the grain boundaries. Extensive investigationg have been
carried out with bicrystals in order to understand the
constraints imposed by the grain boundary on the deformation
[14-2]1]). It was observed that slip lines in many cases are
continuous across the Soundary. Furthermore, additional slip
systems were found ot be activated in both grains. The
continuity of slip across the boundary implies that glide
dislocations pass through the boundary and that the boundary
itself undergoes deformation because of this passage [22].
The ease with which the boundary undergoes deformation should
control the ease with which slip can propagate from one grain
to the other.

For a complete mathematical description of a boundary
separating two crystals, five parameters are necessary since
such a boundary has five degrees of freedom. For a
consideration of the shear of the boundary by the passage of
dislocations across it, it is advantageous to prescribe the
above five parameters in terms of the slip systems directly,
instead of in terms of Eulerian angles. Both descriptions,
however, are essentially the same. Figure 4(a) shows how the

grain boundary is specified with respect to the two slip
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Interface

Phase I _,,—””’ Phase II

52//91

(b)

Figure 4. (a) Coordinate axes in two adjacent phases
(b) Relationship between the two systems

of coordinates.
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systems in adjacent grains.

The reference coordinates, X;, X, X3 are chosen to be
parallel to b;, n; and b; x n, respectively, where b, is the
Burgers vector normal to the slip plane in crystal I. The
coordinates Xx;, X3, X3 correspond to b,, n, and b, x n,
respectively, where 92 and n, specify the slip system in
crystal II. The outward normal to the boundary before
deformation is denoted by n,. The relation between the two
systemé of coordinates is shown in figure 4(b).

Figure 5 schematically illustrates the passage of a
dislocation from crystal I to crystal II. In general, the
maénitude of the Burgers vector and the interplanar distances
'A' and 'a' need not be the same as indicated in figure 5.
In such cases, the continuity of slip planes across the
interface is established by the presence of interface
dislocations. Due to the relative rotation of the two slip
systems as well as to the difference in the magnitude of the
8lip vectors, a disturbance is left at the boundary when a
dislocation passes from one crystal into the other. Such a

disturbance is characterized by an effective Burgers vector
given by

b

by = (b; - ab,) (7

Here subscripts I refers to the grain boundary plane.

As a result of the shear, the boundary itself undergoes

Shape and orientation changes which can be determined from
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Phase I Phase II
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A: Magnitude of the Burgers vector

a: Interplanar distance

Figure 5. Passage of a dislocation from one crystal into

the other.
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the geometrical properties of the dislocation responsible
for the shear. When a dislocation with Burgers vector b,
cuts through the boundary, it leaves a ledge in the
boundary, the component of its height normal to the

boundary, hl' is given by

(by.n;) + (by.n;)
h, = 1°71 2°°1 (8)
2 .

In cases where the ledges are formed in the boundary, the
ledges and their associated dislocation are to be considered
as one entity since one cannot be separated from the other.
Whenever the ledge moves, either by glide or by climb, the
boundary undergoes migration [22]. Boundary sliding could
also occur along with migration if the dislocations
associated with the ledge have Bugreré vector components
parallel to the boundary. Many experimental observations
show that grain boundary sliding almost always occurs along
with grain boundary migration [23].

The displacement of the boundary as a result of its
migration owing to the motion of the ledge is given by the
component of the height of the ledge normal to the boundary,
hl(Equation 8). On the other hand, the magnitude of sliding
is given by the magnitude of the component of the Burgers
vector of the interface dislocation parallel to the

boundary, i.e., by

h, = by - (br.ny)n, (9)
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3.2 Role of Grain Boundary in Fracture

Accommodation problems for LiF single crystals become
more severe in LiF polycrystals. Here the barriers to slip
are grain boundaries and not other slip bands. The highly
localized shear strain associated with slip in one grain of
a LiF bicrystal at room temperature cannot be absorbed at
all in the grain across the boundary. There is absolutely
no source of accommodation other than elastic distortion of
the adjacent grain. The inevitable result is the generation
of a crack whenever a slip band intercepts the grain
boundary.

For unrestricted plastic deformation each of the grains
should be capable of undergoing a perfectly general change
in shape. According to the Von Mises criterion this is only
possible when the crystalline slip parameters give rise to
five independent slip systems. If there are less than five,
the plastic strain due to one grain cannot be completely
accommodated by its neighbors and high internal stresses
develop across grain-boundary interfaces.

Another important example of crack initiation resulting
from plastic flow is that due to the interaction of glide
bands with grain boundaries. Westwood [24] first observed
the formation of grain boundary cracks in MgO bicrystals at
room temperature. Such cracks forms as a result of stress
concentrations of two glide bands, one on each side of the
boundary, superimpose. Johnston et al. [25] demonstrated

that the stress concentration associated with a single glide
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band is also capable of nucleating a crack at the boundary
of MgO bicrystal at room temperature. The orientation of
the initial crack relative to the nucleating glide band
varies widely. It depends upon the state of the applied
stress and the degree of misorientation across the boundary.
The crack, which starts at the tip of the nucleating glide
band, may spread along the boundary, or it may propagaté
into either grain along a (100) or (110) plane. If there
is a tensile component of stress across the boundary, the
intergranular path is favored. for both high angle and
medium misorientation angles (tilts and twists 10°).
Regardless of the nature of the initial crack, i.e., whether
it propagates through the grain or along the boundary, the
crack lies on the obtuse side of the band in tension. For
simple tilt boundaries, the stress concentration is
generally relieved by the nucleation of glide bands in the

neighboring grain rather than by fracture.
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4 EXPERIMENTAL PROCEDURE

4.1 Bicrystal Growth

Some of the crystals grown by Bridgman method had
approximately <100> as the direction of growth, and these
were cleaved and used as seeds to grow lithium fluoride
single crystals. Lithium fluoride powder, obtained from
KAWECKI Chemical Company, was used and had the chemical
composition given in the table 2.

Lithium fluoride single crystals were grdwn by the
Czochralski method (figure 6) under the conditions and
improvisations described below for achieving faster growth
rates with relatively perfect crystallographic orientations.
The high density-graphite crucible, holding the melt, and
the seed were rotated in opposite directions at the rate of
approximately one to two revolutions per minute to obtain a
homogeneous melt and a planar solid-liquid interface. The
furnace was water-cooled. The rod holding the seed was also
water-cooled to maintain a necessary longitudinal
temperature gradient. The heating element was made of
graphite. Two chromel-alumel thermocouples were placed at
diametrically opposite points, and a potential-divider
circuit was used to find the average thermo-emf. Argon gas
was used to provide an inert furnace atmosphere. A small
positive pressure of argon atmosphere was maintained in the

furnace to obtain an inert atmosphere. The crystals were



27

Table 2. Chemical composition of LiF powder

LiF 99.200 %
H,0 0.700 %
SO4 0.050 ¢
Acidity as HF < 0.040 ¢
Fe203 < 0.020 %
Na < 0.005 %

(Weight percent)
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Figure 6. Czochralski furnace for growing LiF bicrystals.
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grown at the rate of %" to %" per hour.

To avoid sub-boundaries propagating from the seed
during the growth process, off-centering and necking
nethods were employed. The growth prefers to follow the
common axis of rotation [ 26], thereby introducing an
initial curved growth immediately next to the seed if the
seed is made in contact with the melt at a point away from
the axis of rotation. This is called the off-centering.

In the necking technique, the crystals were at first pulled
out much faster than the normal growth rate. This made the
crystals grow as thin as needles. After some:time,‘the
growth rate was decreased and the temperature of the melt
reduced in order to obtain crystals of the required size.
The formation of a neck between the seed and the growing
crystal prevented most of the sub-boundaries in the seed
from propagation into the grown crystals. These single
crystals having relatively perfect crystallographic
orientation were cleaved and used as seeds to grow lithium
fluoride bicrystals.

Lithium fluoride bicrystals were grown by the
Czochralski method from lithium fluoride powder using two
LiF single crystal seeds. To grow bicrystal, two LiF single
crystal seeds oriented differently were used together as
seeds. The procedures of growing the bicrystals by the
Czochralski method were the same as that mentioned above.
The two seeds were held by two seed rods fixed at 45° to

each other. In each seed rod the seed could be set at any
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rotation since these were held by set screws. For the

pregent experiments the bicrystals were grown with a

constant tilt angle of 45° and at various twist angles.

4.2 Specimen Preparation

The LiF bicrystals were cut with a low speed saw having
thin diamond blade. To cut safely without damaging the
grain boundary, the cutting speed was kept extremely slow.
The thickness (2.5 mm) of the specimen was the same in all
specimens. The bicrystal was cut so that the surface of
the crystal A is (00l1) plane and that of the crystal B is
(0I1) plane. So far as possible, the specimens were also
cut so that the grain boundary lay transverse across the
mid-section of the specimen as indicated in figure 7. The
specimens were indexed by X-ray back-reflection Laue
method. Triangular shaped specimens were cut with a
crystal saw and were etched with a very dilute solution of
ferric chloride in distilled water (10_4mola1 solution).
To reduce the weakening effect of etching on grain
boundary, specimens were etched very lightly. After
etching, grain boundaries were relatively clear enough to
be seen with the optical microscope.

Frcature surfaces of selected specimens were etched to
investigate cleavage steps and dislocation etch pits.
dilute ferric chloride solution was used also as etchant.
Etched specimens were washed in distilled water and rinsed

in ethyl alcohol and ether and dried.
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Figure 7. Specimen geometry.
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Selected specimens were coated with a thin(about 100 g)
layer of gold in a sputtering'equipment. This was done to
eliminate charging on the surfaces of the specimens during
scanning electron microscope studies since the specimens

were electical nonconductors.

4.3 Test Fixture

The test fixture used for measuring the fracture load
is similar principle to the one used by Gilman [27] for
measuring the surface energies of crystals. A schematic
drawing and picture are shown in figure 8. It consists of
a screw-driven hardened steel wedge for starting crack.
The wedge was ground to a 30° chisel wedge with convex
curvature so it made initial contact with a crystal at only
one point. The load was applied by slowly pushing the wedge
into the crack by turning the drive screw with hand. To
measure this load a load cell was used. Four micro-strain
gages were nounted on a aluminum block having dimensions of
9 mm wide, 1.5 mm thick and 22 mm long. To make it
sinsitive enough to very small load, thin aluminum block
was used. These micro-strain gages were connected to an
amplifier which converts the strain(resistance) to that of
voltage. The change of voltage was read by the digital
multimeter, and the load cell and digital multimeter were
calibrated by the INSTRON universal testing machine in the

test set-up. 23.4 mV corresponded to one kg loading.
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Load Cell

Specimen

Screw Drive

Figure 8. Test fixture for fracture load measurement.

B
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4.4 Test Procedure

Forty-one specimens were prepared from twelve LiF
bicrystals having different relative crystallographic and
grain boundary orientations.

The etched triangular specimens were bisected by crack
initiated at notch. The fracture loads applied by screw-
driven wedge were measured by a load cell and from the
geometry of the wedge, tensile components of fracture loads
were calculated.

The crack paths were observed by an optical microscope
having long focal length. The magnification range used was
30-100X. The crack paths near the grain boundary were
photographed for the analysis. The angles of crack paths
and grain boundaries were measured from the pictures by
accurately graduated protractor.

The cleavage steps of fracture surface of etched
specimens were investigated with optical microscope and SEM.
Dislocation etch pits formed on fracture surface by the
crack propagation were also investigated with SEM. Cleavage
steps and dislocation etch pits near the grain boundary

were photographed for the analysis.
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5 RESULTS

5.1 Measurement of Misorientation Angles

Using optical micrographs of the fractured specimens,
crack paths were analyzed. Measurement of the angles
between crack paths and grain boundaries makes it possible
to find out the misorientation angles.

The measured values of misorientation angles in all
the forty-one specimens tested are included in table 3.
Specimens were cut from twelve different LiF bicrystals
grown with different twist angles ¢. Crystal orientations
were controlled by twist angles 4. Thus, all specimens
from one bicrystal have the same ¢ value.

Cracks initiated from notch grew along the (100)
primary cleavage plane in crystal A and propagated along
the grain boundary or propagated across the grain boundary
into the crystal B. The crack paths were dictated
according to the relative crystallographic and grain
boundary orientations. The misorientation angles of some
specimens (figure 9, 10) are almost zero, so that the crack
paths looks like a straight line. When the misorientation
angles(4) were small, transcrystalline fractures occured as
shown in figure 9 to 13. But, when the misorientation
angles were larger than the critical angles, the crack
propagations were intercrystalline as shown in figure 14 to

15. When ¢ values are similar to critical angle (¢= 54.50),
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primary and secondary cleavage occured simultaneously as

shown in figure 16.

5.2 Measurement of Fracture Loads

By using load cell and testing fixture shown in figure
8, fracture loads were also measured. The measured values
of fracture loads are also listed in table 3.

Voltage change of 23.4 mV was found to be equivalent to
1l kg load. Thus the compressive component of fracture load,

Pc, is obtained by equation 10.

voltage change in mV
P = (kg) . (10)
23.4

The apex angle of the wedge is 30°, therefore, tensile

component of fracture load, Pes is obtained by equation 11.

P, = —<—— (kg) . (11)

5.3 Fracture Surface Studies

By investigating fracture surfaces of specimens with
optical microscope, cleavage steps were found in crystal B.
These cleavage steps are formed when a crack intersected the
twist boundary. Some typical pictures of the cleavage steps
are shown in figure 17 to 19. The density and height of

these cleavage steps seem to depend on the twist angle of
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the boundary. As the twist angle increases, number of
cleavage steps to the step height increase as can be seen
in figures 17 and 19.

By etching technique, dislocation etch pits were
investigated with optical microscope and scanning electron
microscope. Figures 21 to 24 show the typical distribution
of dislocation etch pit in the region near the boundary.
Slip lines are also shown in figure 20.

For the preparation of SEM specimen, gold sputtering
was done on the surface of etched specimens. In general,
the distribution of etch pits is uniform as shown in figures

21 to 24.
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Table 3. Fracture mode and fracture load for various 6 and ¢
specimen © ¢° fracture load fracture
number nv | P, (kg) mode

1 83 0 160 25.52 transcrystalline(l)

2 89.5 1 120 | 19.14 transcrystalline(l)

3 87 1 290 | 46.25 transcrystalline(1)

4 55 2 60 9.57 transcrystalline(l)

5 84 3 transcrystalline(l)

6 84 3 100 | 15.95 transcrystalline(l)

7 89.5 4 140 | 22.33 transcrystalline (1)

8 70 5 140 22.33 transcrystalline(1)

9 31 5 70 | 11.16 transcrystalline(l)

10 84 7 100 15.95 transcrystalline(l)

11 85 7 140 22.33 transcrystalline(l)

12 86 7 140 22.33 transcrystalline (1)

13 88.5 | 11.5 120 { 19.14 transcrystalline(l)

14 83 33 210 | 33.49 | transcrystalline(l)

15 89 33 190 | 30.30 transcrystalline (1)

16 70 33 20 3.19 transcrystalline(l)

17 71 33 30 4.78 transcrystalline(l)

18 77 33 transcrystalline(l)

19 36 42 100 | 15.95 transcrystalline (1)

20 90 45 10 1.59 transcrystalline(l)

21 88 45 300 47.85 transcrystalline(1l)

22 89 A5 transcrystalline(l)
23 42 52 50 7.97 intercrystalline
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specimen o ¢o fracture load fracture
number mvV Py (kg) mode
24 58 52 510 81.34 branching
25 59 52 transcrystalline(l) |
26 67 54 290 46.25 ' | branching
27 78 58 300 47.85 branching
28 60 78 220 35.09 transcryatalline(l)
29 12 80 130 20.73 intercrystalline
30 20 80 190 30.30 intercrystalline
31 30 80 310 49.44 intercrystalline
32 35 80 550 87.72 intercrystalline
33 13 82 180 28.71 intercrystalline
34 86 82 transcrystalline(2)
35 73 82 transcrystalline(2)
36 14 86 60 9.57 intexrcrystalline
37 22 86 220 | 35.09 intercréstalline
38 24 87 270 | 43.06 intercrystalline
39 18.5 87 140 | 22.33 intercrystalline
40 34 87 250 39.87 intercrystalline
41 15 87 intercrystalline
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o: 83°, Twist(¢): 0°, Tilt: 45°
Magnification: 80X, Specimen number: 1

Figure 9. Transcrystalline crack propagation along the

primary cleavage plane.



Figure 10.

(100)

e}

9.5°

(100)

}

0: 89.5°, Twist(¢): 1°, Tilt: 45°
Magnification: 80X, Specimen number: 2
Transcrystalline crack propagation along the

primary cleavage plane.
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8: 70°, Twist(e): 33°, Tilt: 45° \
Magnification: 80X, Specimen number: 16
Figure 1l. Transcrystalline crack propagation along the

primary cleavage plane.
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0: 90°, Twist(¢): 45°, Tilt: 45°
Magnification: 80X, Specimen number: 20

Figure 12. Transcrystalline crack propagation along the

primary cleavage plane.
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0: 86°, Twist(¢): 82°, Tilt: 45°
Magnification: 80X, Specimen number: 34

Figure 13. Transcrystalline crack propagation along the

secondary cleavage plane.
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0: 42°

Twist(¢): 52°, Tilt: 45°
Magnification: 80X
Specimen number: 23

Figure 14. Intercrystalline crack propagation.
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6: 15° \
Twist(¢): 87°, Tilt: 45°

Magnification: 80X
Specimen number: 41

Figure 15. Intercrystalline crack propagation.

O
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A

o: 78°, Twist(g): 58°, Tilt: 45° \
Magnification: 80X, Specimen number:27

Figure 16. Crack path branching.

(primary and secondary cleavage)
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o: 88.5°

Twist(¢): 11.5°
Tilt: 45°
Magnification: 200X
Specimen number: 13

Figure 17. Cleavage steps formed by the crack

passage through grain boundary.
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6: 36°
Twist(¢): 42°
Tilt: 45°

Magnification: 80X
Specimen number: 19

Figure 18. Cleavage steps formed by the crack

passage through grain boundary.
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8: 12°

: o
Twist(¢4): 80
Tilt: 45°
Mabnification: 200X (SEM)
Specimen number: 29

Figure 19. Cleavage steps formed by the crack

passage through grain boundary.
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6: 89.5°
Twist(¢): 4
Tilt: 45°
Magnification: 200X

o

Specimen number: 7

Figure 20. Slip lines formed by crack propagation.
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0: 89.5°
Twist(¢): 4
Tilt: 45°
Magnification: 100X (SEM)

o

Specimen number: 7

Figure 21. Uniform distribution of dislocation

etch pits.
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o: 85°
Twist(¢): 7
Tilt: 45°
Magnification: 100X (SEM)
Specimen number: 11

o

Figure 22. Uniform distribution of dislocation

etch pits.
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Figure 23.

8: 86°

Twist(¢): 7°

Tilt: 45°
Magnification: 350X (SEM)
Specimen number: 12

Uniform distribution of dislocation

etch pits.
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8: 90°
Twist (¢): 45°
Tilt: 45°

Magnification: 75X (SEM)
Specimen number: 20

Figure 24. Uniform distribution of dislocation

etch pits.



6 DISCUSSION

6.1 Seed Setting

In order to make the intersected lines of cleavage
planes of crystal A and B parallel to the [001] direction,
two different arrangements of seeds can be used as shown in
figure 25, 26. If the seeds with [100] growth direction are
arranged to be parallel to each other as shown in figure 25,
the maximum misorientation angle is 45° because there exists
two primary cleavage planes i.e., (100) and (010) planes in
crystal B. Thus, to grow the bicrystals having large
misorientation angles (>45°), two seeds were set as shown in
figure 26. To change the misorientation angles, one seed
was rotated keeping its (00l1) plane to remain perpendicular
to crystal growth direction. Thus, the grain boundaries of
the bicrystals grown by such seed setting have twist
character and tilt character. The range of twist angle is
0° to 90°, whereas the tilt angle is 45°.

Based on crystal structure of LiF and seed setting, the
bicrystals grown have one primary cleavage plane, (100), and
one secondary cleavage plane, (011), along which crack could
propagate in grain B when crack reaches the boundary in

grain A by (100) cleavage.

6.2 Specimen Geometry
Most quantitative treatments of fracture are based on

the Griffith criteria,

56



Figure 25.

(0l10)
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(a)

(b)

(a) Schematic drawing

(b) Top view

(001)

(010)

(o01)

(100)

(0lo0)

Parallel seed setting (tilt: 0°, twist: ¢)
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K010) | '(100)
]

29
Y L
~ (010) (001)
2 B
\
Qo° (100)

(b)

Figure 26. 45° slant seed setting
(tilt: 45°, twist: ¢)
(a) Schematic drawing

(b) Top view



59
0 = (—)F (12)

where o is the stress at fracture, E is the elastic modulus,

Y. is the "surface energy", and 'a' is the crack length.

s
But, this equation can be applied only for ideally brittle,

linear elastic fracture.
Irwin took the approach that the surface energy should

be replaced by a strain energy release rate, Gc, hence

(13)

which includes all the energies involved in fracture, both
elastic and inelastic.

In determining Gc using double cantilever beams (DCB)
the fracture energy is equated to the strain energy at crack
initiation. Assuming that the specimen responds elastically

(except at the crack tip)

P2
_1 "¢ dc
6. =7 3 aa (14)

Where 'b' is the specimen width and 'dc/da is the change in
the compliance of the specimen with crack length. 1In the

Case of a DCB, equation (14) becomes

4Pc 3a 1l
G = ( + ) (15)
c szb h3 h
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where 'h' is the beam height and Eg is the bending modulus.
Mostovoy designed a tapered double cantilever beam
specimen such that 'dc/da' is a constant, 'm', over the

length of the specimen, and equation (15) becomes

G = _E_ m . (16)

The taper is determined by the bracketed term in equation
(15) [28, 29, 30]). The advantages of this specimen is that
Gc is given by the load, Pc' without any need to measure
crack length. Also, this specimen design allows the crack
to propagate at constant velocity for a constant rate of
separation unless the fracture energy is a function of crack

speed. Also stress is relatively insensible to crack length

for this specimen geometry.

6.3 Direction of Crack Propagation

The brittle fracture of single crystal is considered to
be related to the resolved normal stress on the cleavage
plane. Fracture occurs when the resolved normal stress
reaches a critical value. The component of the tensile
force which acts normal to the cleavage plane is P cos ¢
where P is external load and ¢ is the angle between the
tensile axis and the normal to the plane. The area of the
Cleavage plane is A/cos ¢ where A is the cross-sectional
area normal to the tensile axis. Therefore, the critical

NOormal stress for brittle fracture is
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P cos ¢ P
g = = cos” ¢ . (17)
A/cos ¢ A

Most brittle fractures occur in a transcrystalline
manner. However, if the grain boundaries contain a film of
brittle constituent, the fracture will occur in an
intercrystalline manner. The grain boundary weakness is an
intrinsic characteristic of nonmetallic substances, so
intercrystalline fracture could also happen in a very pure
specimen. The critical normal stress is related to the
surface energies of the cleavage planes and grain boundary.
Thus, depending upon the relative crystallographic -and grain
boundary orientations, and according to the conditions of
stress concentration, the direction of crack propagation is
decided.

The effective surface energy(ys) was determined by the
following method [31]. Notched single crystal and bicrystal
specimens were fractured in three point bending. Values of
the fracture stress(oF), the notch depths(c), and the
elastic modulus (E) as determined from the notched-bar three-
point bending test, were used to obtain the effective
fracture surface energy.

When the notch depth(c) is small compared with the beam
depth, the effective surface energy(vs) is given by Irwin

and Orowan as

(l-vz)noFc
y = (18)
2E
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where, v is Poissons ratio, E is Young's modulus, and op is

the fracture stress, op is given by

(19)

where, Pf is fracture load, 'b' is breadth, 'l' is span, and
'd' is the specimen thickness. The specimen geometry is
given in figure 27. The experimental values of the surface
energy are listed in table 4. From Hooke's law, the

following relation is derived.

Ey
Uth = a (20)
(o}
where o., = theoretical strength for fracture
E = Young's modulus
Y = surface energy
a, = lattice constant .
By substituting the constants of LiF (E=10.2 x 1011 dyn/cmz,

a, = 4.027 x 10-8 cm) to the above equation, the theoretical
strength needed for separation is calculated. The values
are listed in table 5. Intercrystalline fracture happens
when °c>°gb' and transcrystalline fracture happens when 0>
CQ:pl or °c>°cp2 depending upon the relative crystallographic
and grain boundary orientations.

When a crack tip approaches the grain boundary, crack

Propagation can occur by one of the following four modes:
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f
4

Figure 27. Specimen geometry for three point bending

test to determine fracture surface energy.
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Table 4. Experimental values of surface energy

Yepl (surface energy of {001} plane) 520 ergs/cm2

Y cp2 (surface energy of {011} plane) | 2,000 ergs/cm2

ng (average grain boundary energy) 940 ergs/cm2
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Table 5. Calculated values of theoretical strength

ocpl (primary cleavage plane) 1.15 x 1011 dyn/cm2

°cp2 (secondary cleavage plane) 2.25 x 101l dyn/cm2

11

ogb (grain boundary) 1.54 x 10 dyn/cm2
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intercrystalline fracture, transcrystalline fracture along
the primary cleavage plane, transcrystalline fracture along
the secondary cleavage plane, or fracture along the
secondary cleavage plane existing in the crystal containing
intial crack.

If tensile stress og is applied on the crack tip at
grain boundary of a bicrystal, theoretical strengthes and
the resolved normal stresses are equal at the critical point

(just before the crack propagation).

Scpl = % cos? ¢ (21)
9p2 = % cosz(90°-¢) (22)
b = g cos? @ (23)
°cp2.A = og cos2 45° . (24)
From the results of experiment (table 5)
%cpl = 0.746 %gb (25)
Ocp2 = 1.461 °gb (26)
ocpl = 0.511 °cp2 (27)
9cp2.A = 1.461 b . (28)

By crystal structure, the angle between (100) plane and the
secondary cleavage plane (110) in crystal A is 45° as shown
in equation (24). From the equations (23), (24) and (28)

o cos? 45° = 1.461 o_ cos? & . (29)

g g
Thus, crack propagation along the secondary cleavage plane
e@xisting in crystal A occurs when 0>54.2°. But, if 0>54.2°

crystal A does not contain (110) plane in the direction of
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crack propagation. Therefore, such crack propagation is
impossible to occur.

From the equation (21), (23) and (25) the condition for
transcrystalline fracture along the primary cleavage plane
is cos2 ¢ < 0.7437 cos2 @ and the condition for
intercrystalline fracture is cos2 ¢ > 0.7437 cos2 6. these
conditions are shown in figure 28.

Likewise, from the equation (22), (23) and (26) the
condition for transcrystalline fracture along the secondary

cleavage plane is

o cos? (90°-¢) < 1.461 o cos? o (30)

and the condition for intercrystalline fracture is

o cos? (90°-4) > 1.461 9y cos? o (31)
These conditions are shown in figure 29. The orientation of
grain boundary does not have any effect on the cleavage
direction along the primary cleavage plane or secondary
cleavage plane. So, from the equations (21), (22) and (27)
the condition for crack propagation along the primary
Cleavage plane is cos2 ¢ > 0.511 c052 (90°-¢) and that for
Secondary cleavage plane is cos2 ¢ < 0.511 c032 (90°-¢).
These conditions are shown in figure 30. Thus, by

Superimposing the crack propagation conditions shown in

figure 28, 29 and 30 the angular conditions for different
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crack propagation modes is shown in figure 31.

The curve of figure 28 shows the various combinations of
critical angles (6 and ¢) at which intercrystalline fracture
and transcrystalline cleavage along the primary cleavage
plane could occur simultaneously.

The curve of figure 29 shows the various combinations
of critical angles(® and ¢) at which intercrystalline
fracture and transcrystalline cleavage along the secondary
cleavage plane could occur simultaneously. The critical
value of ¢ is 54.5° at which transcrystalline cleavage could
occur along the primary cleavage plane or secondary cleavage
plane.

Thus, in the zone 'TR.l.' in figure 31, only
transcrystalline cleavage (along the primary cleavage plane)
could occur. And, in the zone 'TR.2' in figure 31, only
transcrystalline cleavage (along the secondary cleavage
plane) could occur. In the zone 'IN.' in figure 31, only
intercrystalline fracture occurs. But at the critical point
which is the junction of three curves, the three possible

modes of crack propagation could occur simultaneously.
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Figure 28. Locus of critical angles for inter-

crystalline fracture and primary cleavage.
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Locus of critical angles for inter-

Figure 29.

crystalline fracture and secondary cleavage.
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Figure 30. Locus of critical angles for primary

cleavage and secondary cleavage.
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Figure 31. Crack propagation mode for various 0 and ¢.

Experimental points are indicated in the same plot.
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intercrystalline fracture
transcrystalline(primary) cleavage
transcrystalline (secondary) cleavage
intercrystalline propagation zone
transcrystalline(primary) propagation zone
transcrystalline (secondary) propagation zone
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6.4 Relation Between Fracture Load and Misoeientation

Angles
In the case of intercrystalline crack propagation,

fracture load is a function of 6 values. To find out the

relation between fracture loads and 6 values, some

experimental results are presented in table 6 and 7. The

compared values are the ones having similar ¢ values.

Likewise, in the case of transcrystalline crack propagation,

fracture load is a function ¢ values. Some experimental

xresults are also selected and compared in tables 8 and 9.

The corresponding 6 values are similar.
The relations between fracture loads and 6 are shown in

f£igure 32 and 33. From the curves, fracture load for

intercrystalline fracture increases as the angle 6

increases. Likewise, from the curves shown in figure 34 and

35, fracture load for transcrystalline fracture increases as

the misorientation angle ¢ increases.
As the fracture paths changed depending upon the
Xelative crystallographic orientations, the fracture loads

Werxe also changed according to the relative crystallographic

Ana grain boundary orientations.

© . 5 Dpislocation Etch Pit Studies
Based on the specimen geometry, crack can be regarded

to propagate at constant velocity for a constant rate of

Separation. But, at grain boundary, the crack tip should

Change the direction of crack propagation and should

accommodate the crack propagation to neighbouring crystal.
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Therefore, the velocity of crack propagation should be
slowed down.

According to Gilman [12], the number of dislocations
caused by the crack decreases as its velocity increases,
and approaches zero at high velocities. In the case of
bicrystals having small misorientation angles shown in
figure 21 to 24, the distribution of dislocation etch pits
are uniform because the velocity change of crack tip is
small, and it appears this is still above the critical
wvelocity for dislocation. Even in the case of bicrystals
having large misorientation angles, shown in figure 24, the
distribution of dislocation etch pits is also uniform.
Thus, the amount of velocity change of crack tip near grain
boundary seems to be similar from specimen to specimen even
though the misorientation angles were different. The main

xreason of the similar change of speed seems to be the

special specimen geometry.
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Table 6. Comparison of fracture load with 6 values.

(86° ¢ 2 87°, intercrystalline fracture)

0 fracture load(kqg) ¢ specimen number
14 9.57 86 36
18.5 22.33 ‘ 87 39
22 35.09 86 37
24 43.06 87 38
34 39.87 87 40
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Table 7. Comparison of fracture load with 6 values.

(80o <4< 820, intercrystalline fracture)

] fracture load (kg) ¢ specimen number
12 20.73 80 29
13 28.71 82 33
20 30.30 80 30
30 | 49.44 s | 31
35 87.72 80 32
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Table 8. Comparison of fracture load with ¢ values.

(86° £ 0 < 90°, transcrystalline fracture)

¢ fracture load (kg) ] specimen number
1 19.14 89.5 2
4 22,33 89.5 7
7 | 22.33 86 12
11.5 19.14 88.5 13
33 30.30 89 15
Yﬁ 45 | 47.85 88 21
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Table 9. Comparison of fracture load with ¢ values.

(83o <6< 85°, transcrystalline fracture)

¢ fracture load(kg) e specimen number
0 25.52 83 1
3 15.95 84 6
7 15.95 84 10
7 22.33 . 85 | 11
K— 33 33.49 |1 83 | 14
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Figure 32. Relation between fracture load and 8 values.
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Relation between fracture load and 6 values.
(80° < ¢ < 82°)
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Figure 34. Relation between fracture load and ¢ values.

(86° < 8 < 90°)
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7 CONCLUSIONS

l. Grain boundaries of bicrystals are found to be extremely
effective barriers to the crack propagation as evidenced by
the larger load required to fracture bicrystals (compared

to single crystals).

2. Crack paths changed at the grain boundary according to
the crystallographic orientation of the adjacent grain and

grain boundary orientation relative to the crack path.

3. When the twist angle(¢) was smaller than 30.40, only
primary cleavage fracture occurred regardless of the value
of the angle of relative grain boundary orientation(e).
Similarly for values of 6 ranging from 47.6° to 90°,
primary cleavage always occurred provided ¢ is below 54.5°.
For the values of 6 rénging from 0° to 47.60, primary
cleavage occurred provided ¢ is smaller than the

corresponding critical angles, ranging from 30.4° to 54.5°.

4. At room temperature, secondary cleavage fracture is
initiated when the twist angle(¢) is larger than 54.5° and
grain boundary is oriented at 6 > 47.6° with respect to
crack plane. This condition persists for smaller values of
6 as long as the ¢ values are larger than the corresponding

critical ¢ values.

83
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5. When the twist angle(¢) was larger than the critical
angles, intercrystalline fracture also happened provided 6
value was smaller than the critical angle at which
intercrystalline fracture and secondary cleavage can occur

simultaneously.

6. Intercrystalline and transcrystalline fracture or
primary and secondary cleavage fracture happened

simultaneously at the critical angles.

7. Fracture loads were increased when the misorientation

angles increased.

8. As the crack propagates through a grain boundary, it
produces cleavage steps in adjoining grain. The density
and height of these cleavage steps seem to depend on the

twist angle of the boundary.

9. Although the relative crystallographic misorientation
angles are different from specimen to specimen, the crack
front speed decreases slightly as it approaches the grain
boundary as is evidenced by the uniform density of

dislocation etch pits throught the fracture surfaces.
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