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" ABSTRACT -

The yielding and flow behaviour of single and polycrystalline
MgO containing ~ 100 p.p.m. of Fe as the major impurity has been
investigated. Strain rate chénge and stress relaxation techniques
have been used to investigate the rate-controlling deformation
mechanism in single crystals. In the case of polycrystals a precise
microstrain measurement technique together with etch pitting has been
used to investigate the pre-fracture deformationh behaviour.

In the air-quenched state, after annealing at 12500C, the
defects controlling deformation below 700°K in single crystals are
recognized as 'elastic dipoles' consisting of Fe+3-i0n-vacancy pairs
located close to the slip plane (Fleischer interaction). Theoretical
considerations employing the double kink mechanism of dislocétion
propagation do‘not account satisfactorily for the experimental
observations. Also, since the thermal component of the flow stress
and activation volume are independent of strain, the dislocation debris
often resulting from deformation of ionic solids is not controlling
the deformation in the present experiments.

The deformation kinetics obey the Johnston-Gilman empirical
power law expression, Vo (O*)m*, with m* between 38-5 in the
temperature range of 77° - 673°K; and show that the dislocation
dynamics and the rate theory‘approaches to deformation are'equivalent
in the present experiments, thus obviating any need to invoke entropy

effects. Over the temperature range considered, the thermal component
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of flow stress, 0%, is independent of strain while the athermal stress,
055 is found to be the main contributor to work hardening.
To evaluate the effects of grain boundaries, the steps leading

to the elastic-plastic transition preceeding dislocation-initiated

fracture of a range of grain sizes in polycrystalline MgO were investigated.

It is shown that when grown-in dislocations are pimned and thé specimens
are chemically polished, the initial dislocation activity occurs in

the region of grain boundaries at a stress independent of grain-siZe
and below the microyield stress. The microyield stress corresponds to
the stress necessary for propagating slip across the grains. The
microyield stress obeys a Petch type of relationship with respect to
grain size and this is attributed to the variation of dislocation
density with grain size. The fracture stress-grain size relatiénship
also follows the Petch equation but indicates that extensive work

hardening has occurred prior to fracture.
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DEFORMATION 'BEHAVIOUR IN SINGLE AND POLYCRYSTALLINE MAGNESIUM

- 'OXIDE

1.0 "INTRODUCTION AND OBJECTIVES

The mechanical behaviour of ionic materials with the rock
salt structure has been extensively studied in the past both in search
of a high temperature, corrosion-resistant engineering»material as well
as for understanding the physical nature of plastic deformation and
fracture phenomena. By virtue of the fact that the ionic materials
contain a relatively low density of dislocations and a limited number
of glide systems, these have been considered model systems for plasticity
studies. Starting with the classic work of Johnston and Gilman in
1959 on LiF crystals, a vast amount of data on the characteristics of
plasticity has emerged. In order to ascertain the mechanisms of
yielding and strain hardening, the mobility of individual dislocations
as a function of stress and temperature has been measured by stress
pulse-etch pit technique for several metallic and non-metallic crystals.
Most of the information on dislocation plasticity of non-metals has
however, been obtained on softer alkali halides.

While magnesium oxide has been considered as a potential high
temperature ceramic material which behaves similarly to NaCl and LiF,
a detailed study of its deformation behaviour has been lacking. Despite
the considerable effort devoted to the study of crack nucleation and

fracture phenomena inlmgo single crystals, only modest progress has



been méde in understanding its yielding behaviour in terms of the
dynamics of individual dislocations. Although previous studies on

MgO crystals have been carried out to show that the nature, total content
and state of the impurities has a substantial effect on its mechanical
behaviour, the evaluation of the rate-controlling mechanism for plastic
flow has received relatively little attention. Because of the necessity
for the dislocations to dvercome Columbic interactions that_happens to
Be in this case for structural reasons, most workers believe that the
Peierls energy in MgQ is high. On the other hand, representative data
on crystals of rock salt family, even in purest form, have failed to
show ;onvincing evidence that the Peierls stress is rate-controlling.
Moreover, it appears that the aliovalent impurities play a dominant

role in controlling dislocation mobility in all rock salt type
materials.

The purpose of the present work on single crystals of MgO,
thus consists in assessing the applicability of various models for
thermally-activated dislocation motion to describe the plastic deform-
ation processes at low temperatures, in obtaining values of the
activation parameters characterizing dislocation motion in MgO and
in studying the possible correlation between the dislocation dynamics
and thermally-activated rate theory approaches to plastic deformation.
Strain rate cycling and stress relaxation experiments have been per-
formed to investigate the yielding behaviour and rate-comtrolling
mechanism in MgO crystals deformed in cube orientation over the

temperature range of 77° to 673°K.

,



For the polycrystalline ceramics, our knowledge of the
deformation behaviour and fracture can be best described as empirical.
In spite of the growing evidence for the role of plastic flow prior
to fracture and similarity in the microstructure between metals and
pure oxide ceramics, attempts to relate the behaviour of dislocations
with general stress-strain characteristics has been rather meagre.

Thus an important aspect namely; the mechanism and role of pre-
fracture yielding and work hardening has been overlooked. Against

the available background it thus became obvious that a proper under-
standing of the generation and multiplication behaviour of disloéations
during loading is essential for developing some rationale for its
fracture behaviour. As such, the microplastic behaviour of a series

of polycrystalline MgO were'investigated by means of a special
microstrain measurement technique sensitive to #1 X 10*6, together
with the classical etch pit method for monitoring the generation and
growth of individual glide bands. Furthermore, the experimental results
on the microyielding and work hardening behaviour with respect to grain
size have been considered in light of current theories of polycrystal

deformation.




2.0 'REVIEW OF PRIOR WORK

The main concern of this chapter is to review previous
research on the deformation of rock salt type materials and in
particular magnesium oxide. The materials which we shall mainly consider
are NaCl, LiF and MgO. In the first half of the review, we consider
the deformation of single crystals and the second half is devoted to
polycrystalline behaviour. 1In this latter section the fundamental
role of grain boundaries is examined, which has relevance to the

problems of brittleness in ceramic materials.
2.1 Single Crystal Deformation

Much important inféfmation on the nature of plastic
deformation in ceramic materials was first obtained in single crystals
having rock salt structure, including the discovery of slip (in NaCl
crystals) by Reusch in 1867 [1]. Prominent amongst the more recent
work was the first experimental determination of the velocity of
dislocations in LiF crystals by Johnston and Gilman [2] in 1959.

There was also the demonstration by Gorum et al [3] and Stokes et

al [4] (1958) that the apparent brittleness of MgO single crystals,
its yield stfength and subsequent work hardening characteristics could
be understood in terms of the absence or sbundance of mobile dis-
locations.

The mechanical behaviour of magnesium oxide single crystals



has been studied in greater detail than any other high melting point

ceramic. MgO is cubic and has the NaCl structure. Its mechanical

behaviour is characteristic of what one would normally expect for the

other members of this structure type such as NaCl and LiF, except that

in spite of the extensive dislocation mobility even at as low a temper-

o .
ature as 77°K and even when comparisons are made at the same homologous

temperature (the room temperature corresponds to 0.28 Tm, 0.26 Tm

and 0.098 Tm respectively for NaCl, LiF and MgO where Tm is the melting

point in OK), MgO differs from other materials in several ways:

(1)

(i1)

(iii)

(iv)

Higher shear stresses and higher temperatures are
required to initiate plastic flow;
The density and distribution of surface dislocation

sources are much more important in controlling yield

" and fracture behaviour, and therefore often requires

extreme precautions in specimen preparation, handling,
etc; |
The work hardening rate commonly observed in MgO is
much higher than that observed for NaCl and LiF (160
kg/mm2 compared to 11.7 kg/mm2 for NaCl and 21.7
kg/mm’ for LiF [5]);

The density of dislocations and hence the amount of
strain in a glide band in MgO crystals is much higher
than that in the softer crystal (e.g. NaCl) even when

comparisons are made at the same level of plastic strain.



2.1.1 Slip systems and dislocation intersections

Tonic rock salt type materials primarily deform by slip on -

{110 } <110 > family of slip systems. The direction of slip <110 >
- is the shortest translation vector of this crystal structure. Translation
in a <110 > direction does not require any nearest-neighbour ions of

the same polarity to become juxtaposed during the process of gliding.

Thus no large electrostatic repulsive forces develop when slip occurs

in this direction. {100 } <110 > and {111 } < 110 > slip dominates
either at higher temperatures (when the electrostatic binding is somewhat
weakened) or for tests along < 111 > axis, where the {110 } <110 >
systems has no resolved shear stress (see e.g. Table 2.1). For
uniaxial tests along <001 >, out of six unique {110 } slip plénes
depicted in figﬁlz.l, the four slip systems, (Oil) [011], (0T1) [o011],
(101) [101] and (T01) [101] all sustain equal resolved shear stress.
The reason why { 100 } planes are not the primary glide plane is
probably that gliding on them is accompanied by electrostatic faulting.
MgO crystals of different orientations have been tested by many workers
and the results have been summarized by Pask and Copley [6]. It has
been found that the stress to promote slip on { 100 } systems for MgO
at room temperature is about 100 times higher than to cause slip on

"{ 110 } system. This difference is reduced to about a factor of 10

at ~ 1000°C, equivalent to the situation in LiF and NaCl at room
temperature.

It is apparent from fig. 2.1 that slip planes of the



CTABLE 2.1 Orientation Dependence of CRSS in Rock

Salt Crystals

Loading N
: axis <100 > S <110 > S <111 >
CRSS on |, Lo o '
{110 } <110 > | - 0.5 0. 250 0
{100} <110> |0 ©0.3100 0.469¢
{111} <110 > | 0.4150 0.405¢ | 0.286

o = applied stress

TABLE 2.2 Dislocation reactions on the sllp systems of
L ~the {110 } < 110 > type

b1 _ + qu > b3 bi_ + b | .b32. Teaction
(1) 3[1103+4[T10) > a[To0] | = a°  a® | Orthagonal (90°)
(2) SI0TL1+5[10T] » Z[1T0]| - & a%/2 | Oblique (120%)
| Arps .8 a 2 | 3a2 0
(3) Sr0Ta1+4[T01) - 2[1T2)|  a 32| oblique (60%)
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"{110 } <110 > type can intersect at either 90° (orthogonal) or 120°
(oblique). The reaction between dislocations on these intersection |
planes have been discussed by Kear et al [7]. The three possibilities
that arise are listed in Table 2.2. It is seen that in reaction (1),
the elastic energy is not changed because the sum of the energies of
the unreacted dislocations is just equal to the energy of the dis-
location that results from the réaction. Also, since a displacement
of the crystal in the direction of b3 creates an electrostatic fault,
this reaction is not normally expected to occur. Some support for
this is believed to come from the experimental finding that piling up
of dislocations according to reaction (1) has been often found to result
in the formation of cleavage cracks on’ {100 } [8,9].

Reaction (3) is unlikely to occur since bSZ > bl2 + b22,
which means that the elastic energy of the dislocation is increased by
the reaction.

Reaction (2) is the most favourable to occur; since for this
reaction there is a net decrease in the elastic energy of the dis-
locations. This reaction is illustrated in more detail in fig. 2.2.
Considering that the slip occurs by the motion of dislocation half
loops on two obliquely intersecting (011) and (101) slip planes, the
edge and screw components of the individual dislocations can be written
as:

Aryyq o BromT a o
7{0113 - B{ZIlJedge * gl ey
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511013 = 2y

e
& + 5[11T]

edge screw

As shown in fig. 2.2(a), the two screw components cancel each other
and the edge components combine together; so the resulting reactions

- become
SI2T1] + %[1‘2‘1‘} = %[lTO]
%[Tﬂ] + %[11‘1‘] =0

The resultant dislocation line has a vector a/2[1T0] and lies on the
(112) plane as shown in fig. 2.2(b). Because (112) plane is not the
glide plane, the dislocation is immobile. Tts role in the plastic
deformation of LiF and MgO crystals has been discussed by several
workers [7,10:13j.

Since in the above oblique type of reaction there is
reduction in the energy of the resultant product, this should be
spontaneous in all of the NaCl type materials. However, the further
interpenetration of dislocations forming 120° glide bands should be
more difficult because of the fact that the resultanf dislocation lie
on {112} plane which is not the glide plane at low temperatures.
Direct observations of 90° and 120° dislocation intersections in

deformed crystals by transmission electron microscopy [11,14] and
etch pit studies [15-17] suﬁports this. In the case of magnesium

oxide, it has been observed that when a crystal is strained in the
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. <100 > direction at room temperature, the slip is usually confined

to only one of the two pairs of orthogonal { 110 } <110 > slip systeﬁs
that are equally favourably stressed, and the rate of work hardening
associated with this slip is relatively low. However, when slip occurs
on the oblique systems, the hardening rate is relatively higher [18-22].
Although a statistical analysis of these reactions has not been
attempted for any of the rock salt material, it is likely to throw

more light on the strain hardening and its temperature dependence for
various rock salt materials. Indications that such an approach can be
attractive is apparent in the preliminary work réported,by Smirnov and

Efinov [23].
2.1.2 Mechanisms of yielding in rock salt materials

Most of our present understanding of the mechanism of yielding
and deformation of rock sait materials comes from the extensive studies
of Gilman and Johnston on LiF crystals (see e.g. ref. 24 for a review
of their work). Significant progress has since been made in correlating
the plastic properties of ionic materials with the velocity and number
of mobile disloéations present. Some of the fore significant findings

common to rock salt materials can be summarized as follows:

(i) When a stress is applied, slip usually starts by nucleation
of 'fresh' dislocation half-loops at the most severe

surface stress concentration. In nominally pure crystals,

AY



(i1)

(iii)

(1v)

13.

'old" or 'grown-in' dislocations accumulate sufficient
chemical impurify to immbbilize‘(pin) them for any
reasonable level of applied stress (examples for MgO
have been provided in ref. 25-27).

The macroscopic yield stress is, in fact, a result of
the stress required to move dislocations at some
moderate velocity in the crystal.

In most of these materials edge dislocations move faster
than screws, leading to long lengths of pure screw
dislocations ideally oriented for double cross slip.
Cross slip of screw dislocations can occur only by
slip on a plane other than a {110 } plane since only
one <110 > direction is contained in a given’ { 110 }

plane. The multiple cross-slip which then proceeds,

" forms the basis for dislocation multiplication and the

slip band formation with increasing deformation.

Double cross slip of a screw as well és its interaction
with another dislocation on an oblique slip plane -

produces jogs of short segments of edge dislocations
joining the two screw components lying on two parallel
planes. Depending upon the distance between the parallel
planes, dragging of jogs can produce vécancies/interstitial
and/or dipoles. Extensive.dipole formation has been
obserfed in deformed Mg0 crystals by transmission electron

microscopy [28-31]. Hence these obstacles become -
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important in.the Sense that they can resist dislocatiqn
' motion resulting in an increase in hardening, which will
further increase with attendant dislqcation multiplication
and debris formation 132,33]. A good .account of the
previous work on the strain hardening in ionic materials
has been reviewed by Frank and Seeger [34].
Two' approaches have been used in the deformation theory:
the dislocation dynamics approach of Gilman [35] and the thermally-
activated rate equation approach which is based on Eyring's rate
theory. While the rate equation has some fundamental basis, dislocation
dynamics approach is largely empirical. The studies devoted for an
understanding of these are reviewed in the following utilizing data

available on the rock salt type materials,
2.1.2.1 Dislocation dynamics approach to plastic deformation

The microdynamical theory of plastic deformation is due to
Gilman [35], who was amongst the first to recognize Orowan's assertion [36]
that plastic yield should be interpreted in terms of the dynamics
of individual dislocations. The basis equation relating the mécroscopic
quantity, ép (plastic strain rate), to dislocation velocity, v is [36]:

©

ep = ¢bp v (2.1)
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where ¢ is an orientation factor, b is the Burgers vector, P is the

mobile dislocation density and V¥ is the'average velocity of dislocations.
Experimental results [37] have suggested that dislocation

velocity depends primarily on stress and at a given temperature can be

represented by an empirical equation of the form:
- -
v = A(0¥) | (2.2)

where, 0% is the average effective stress acting on the dislocations
which in course of deformation is reduced by the development of an
internal or back stress, 955 acting in opposition to the applied stress,

o, formally described by:

o = 0% + o3 (2.3)
and A and m* are temperature (and possibly purity) dependent constants
designated respectively as the dislocation velocity at unit effective
shear stress and dislocation velocity-effective stress exponent.
‘Substitution of (2.2) into (2.1) gives,

. oy INF
ep = ¢bpmA(0“) (2.4a)

or, if e is assumed constant

° m# 4
ep = B(0¥) (2.4b)
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Besides the original studies of Johnston and Gilman [37]
on LiF crystals (with 75 p.p.m. of Mg++); the dislocation mobility
experiments have so far been carried out on several metallic as well
as ceramic crystals. For ceramic crystals possessing rock salt structure,
examples are: on NaCl [38-40] (with less than 1 to a maximum of
100 p.p.m. of impurities), KBr [41,42] (with 200 p.p.m. of impurity),
LiF [43,44,45] (with unspecified impurity) and MgO [46,47]. All of
these studies show a large stress sensitivity of dislocation velocity.
This sensitivity further increases in going from softer alkali halides
(e.g. KBr) to harder crystals such as MgC. In some cases it has been
found that dislocation velocity vs shear stress data show a transition
(S-shaped curve) at very low and very high stress regions (e.g. |
KBr data in ref. 41 and 42) and in view of this different forms of

éqn. (2.2) have been suggested. They are; in exponential form
V'; ﬁh exp (Ao) (2.2a)
or in inverse exponential form
| VT;_Vé exp[-D/c] (2.2b)

Cvé
D

1

appropriate sonic speed)

il

a constant

Consequently the form of the stress dependence is somewhat variable and

there are limiting conditions on the stress-velocity relation which must
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be specified. At intermediate stresses, where a linear relation is
observed in the (v - o) log plots, eqn. (2.2) is found to explain
satisfactorily the majority of the existing experimental data below
a dislocation velocity of ~ 102 cm/sec.

‘Besides‘th¢ stfess»puiéé—etch pit technique or its variation [48]
for correlafing dislocation behaviour with stress, techniques have also
been devised to obtain the same information by taking advantage of
eqn. (2.4b). Provided, Py and the 'dislocation structure' is assumed
constant, the exponent, m* appearing in eqn. (2.4b) can also be
evaluated using strain rate cycling and/or stress relaxation techniques
(known as 'indirect' techniques). These have the added advantage that
they enable the effective (thermal) and internal (athermal) components
of the applied stress to be determined and are much simpler to perform
than the stress pulse-etch pit techniques. These techniques have been
reviewed by many workers [49-51]. Evans [52] has discussed these with
regard to ceramic materials.

The use of the parameter, m*, in the Johnston-Gilman empirical
power law expression, eqn. (2.2), and its physical significance for the
deécription of a mechanism of plastic deformation has been a controversial
subject in recent years. A number of papers have recently appeared
in the literature [53-57] mainly on this aspect. A very thorough and
up~td-date survey [58] however, indicates that the majority of published
results aie in agreement with eqn. (2.2). In view of this and the fact
that 'power law' approach ofiginated from the experiments on ionic

crystals which contained moderate amounts of impurities in solid solution,
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Argon [59] and Nix and Menezes [58] envisage that the power law is
useful, but probably works well only with similarly impure materials
and with low -initial dislocation density. Although it is doubtful that
a complete interpretation of deformation result solely on the basis
of the ﬁarameter, m*, is wnambiguous, its use in conjunction with the
basic parameters of thermally-activated deformation studies may provide
some further insight into thevdeformation mechanisms in some
circumstances [60,61].

Apart from the difficulties in assigning some physical meaning
to the dislocation velocity—éffective stress exponent, m*, difficulties
have also been encountered in obtaining the same value of m* by
different techniques on one material. Consequently, suggestions were
made to recognize the important differences in the various ekperimental
means of obtaining the parameter, m* [49,63]. It was pointed out that
in all these experiments, the internal back stress, éi’ the mobile
disldcation density, P and the actual plasti; strain rate, ép,
with which specimens deform; are the three important parameters one
has to consider. While in some cases the assumptions regarding the
constancy of o has been partially and indirectly confirmed [49,62,63]
during strain rate changes, discrepancy continues to exist in many
other‘cases. One example of this is the recent work by Srinivasan [64].
However, when strain rate sensitivity experiments are in agreement with
directly measured velocities, such techniques as strain rate change
and stress relaxation have been shown to be very useful in extending

our understanding of the relation between dislocation dynamics
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and plastic deformation. Examples are: Johnston and Stein's work
on Si-Fe and LiF [65], Gupta and Li on NaCl, LiF [66] and b.c.c.
metals [67].

2.1.2.2 Rate theory approach to plastic deformation
A description of how the intrinsic mechanisms govern the

dislocation velocity and hence cause a change in the flow stress with

respect to temperature, involves a determination of the rate-controlling

process for slip. This can be accomplished by determining the activation

parameters such as the activation energy and the activation volume of
slip. The experimentally determined parameters can then be compared
with those prediéted for specific mechanisms.
Because the rate theory of plastic deﬁormation is now well
founded, many good reviews can be found in the literature. Among
the best are those by Guyot and Dorn [68], Conrad [69] and Dorn
et al [70]. Evans [52] has reviewed the.works on ceramic materials.
Before a discussion of the activation parameters is presented
it is necessary to considef the components of the flow stress.
Components of the flow stress:
It_is often convenient to separate the yield or flow stress,
o, in general into two components: a themmal (or effective) component,
0%, which dependé sensitively on temperature, T, and strain rate,
?; and an athermal (or internal) component, 055 which is dependent on

temperature only through the shear modulus, u; thus
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o = o*(1,7) * 03 (W) (2.5)

The thermal component is presumed to be associated with short range
barrier or étress field ( < IOR_) opposing the dislocation motion and
thermal fluctuations can assist applied stress in overcoming them.
Examples of such barriers are the Peierls-Nabarro stress, forest
dislocations, resistance to the motion of small jogs and éross—slip
and impurity atom. The athermal component is presumed to represent
long-range obstacles in which case thermal fluctuations cannot assist
the external stress in helping the dislocations to overcome the barrier.
The exact significance of grain size effect is a controversial subject,
but studies have indicated that the thermal and athermal contribution
to the. flow stress can be sepafated by studying the variation of flow
stress with grain size. This is discussed in the second part of this
re\rie\\;.
The activation parameters:

The starting point in the treatment of thermally-activated
dislocation motion is the rate equation, which in an explicit form
givesv for the plastic strain rate

. g Hy - Vio#® '
ep = ¢bA'Nv exp ('E) exp - (_*“R—TM“) (2.6)

where, A' is the average area swept out by a dislocation per successful
eveht, N is the number of sites/unit volume where thermally-activated

events can occur, v is a frequency factor, S is the entropy of activation,
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Hb is the activation enthalpy, V* is the apparent activation volume,
k is the Boltzmann constant, T is the témperature in °K and other
terms are as previously defined.

Equation (2.6) contains a number of assumptions:

(1) In treating dislocation jumps over the short range
barriers, the possibility of thermal activation in the
opposite direction to applied stress has been neglected
(see e.g. ref. 71 for a treatment of this aspect),

(i1) The strain-rate expression, eqn. (2.6), is valid
only when a single mechanism is operating over a
given range of stress and temperature considered.
In a typical material there can be more than one
process operating [72];

(iii) . If the temperature is in the vicinity of OOK, the
mechanism may not be completely the thermally-activated

surmounting of barriers [73].

If all the terms up to the first bracket in eqn. (2.6) are
assumed constant to a first approximation, the expression for strain

rate in the simplest form becomes:

©

ep = éo exp (-AG/KT) 2.7)

where éo is called the 'pre-exponential' factor and AG is the activation
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free energy reéuired to overcome the barrief,'such that AG = AH - TAS.
The 'pre-exponential' term, éo’ is unfortunately one of the most
uncertain quantities as far as precise analysis of experimental dafa
is concerned, and in a way is similar to the parameter, pﬁ, in the;
dislocation dynamics treatment of the preceeding section.

The basic problem in the thermal activation analysis is there-
fore to determine the activation free energy for dislocation movement
past the obstacle. This is usually accomplished by calculating the
reversible work needed to move dislocations from a position of
equilibrium to the saddle point configuration. There have been two
épproaches for formulating the actual expressions for various parameters:
one is based on taking the applied stress [74-77], o, as the appropriate
thermodynamic duantity and the other which is based on the thermal
stress, o% [78-80]. More recently Hirth and Nix [81] have shown that
while the (0%,T) and the (0,T) formulations are mathematically
equivalent and as such no controversy arises; (0%,T) formulations are
more justified and meaningful than the (o,T) approach. In the present
work on magnesium oxide crystals, we have followed the (c*,T) convention
throughout. Sincé some of the expression from this formulation have
been used quite often in the work reported in this dissertation, it '
is advantageous to present a brief account of the derivations and
their interrelations.

Conrad and Weiderisch [78] were responsible for one of the
first, straight-forward derivations for the activation parameters

in a quite general manner. With the starting condition that
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AH ~ TAS = AG and ¢ = o* + 055 they obtained for activation energy,

s _ 2.0 lnep
AH(9*,T) = -KT° (Sge2P ) (5 (2.8)

and since activation volume by definition is a stress-derivative of

the activation energy, we have

UOAH
X = .
v Jo%

L e

One of the main assumptions is the use of AH in the above equations

which in fact should be taken as AG, unless the entropy term-(%§- is
calculated or shown experimentally to be negligible. This problem

has been discussed by Li [49,82] who postulated on the basis of the

third law of thermodynamicé that the entropy of activation should

be zero at 0°K. The usual test for a positive activation'entropy involves
an examination of the temperature dependence of the activation energy.

From the basic thermodynamic relation

(FTp i = T(ng)PGa (2.10)

and if V* is defined as

Vi = (SAG

)T’ = LT( Blny )f, (e = constant)

948
(

S5 = (—ﬁ—i)g,fq (2.11)

we have,
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Examination of the above Telatiqnships reveals two important
points. Firstly, AH should be a linear function (due to its stress
dependence) of T at a constant strain rate, to indicate constant AS
(so a constant pre-exponential factor) over the range of temperature
considered as found in some experiments [83-85]. If AH is not solely
a function of temperature, a plot of AH vs T will not be a straight
line but will have a positive curvature as shown by Arsenault and Li [85],
provided that o5 # 0. Non-linearity in AH vs T plot can also indicate
several other factors, such as:

(i) More than one mechanism operating,

(ii) Entropy varying with temperature (but not necessarily

zero), and
(i1i) Variation in 'pre-exponential' term, éo' |

Li [49] and Balasubramanium [53,54] have pointéd out that the
condition AS % 0 requires (m*T) to be temperature dependent. They
conclude that in cases where (m*T) # constant, AS will have some
non-~zero value. (see also ref. 55-57). | ‘

Secondly, from eqn. (2.11), if the change in AS above 0%k
does not remain constant (i.e. at a constant temperature if V# were
not a function of ¢%*), then a straight iine would be obtained in the
V&-0* plot. But experimental results show that V* is a function of
o%; the curve has an increasing curvature with decreasing ¢* such that
V# o 1/0% is obtained. When written in relation to that of the

parameter, m*, one finds that
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mt = %{.’l | | (2.12)
Therefore if eqn. (2.12) is obeyed, it can be concluded that the power
law and the rate theory approaches to deformation are equivalent and
that there is no need to invoke entropy effects.

Another aspect of the activation parameters that should be
examined is their temperature and effective stress dependence. Most
of all it is important to recognize that the basic premise of strain
rate expression concerning the identification of the number of mechanisms
operating over a given range of temperature in question is fulfilled.
Since the total activation enthalpy, HO (AH at o* = 0), is expressed

as:
. O‘:’c 5 . . -
H, = a1+ [V (0% dow (2.13)

if there is a single rate-controlling mechanism operating over the
whole range of temperature and stress considered, Ho should be independent
of temperature and effective stress.
The proposed rate-controlling mechanisms:

Mainly two classes of mechanisms are discussed in the
literature to account for the temperature dependence of yield stress
in crystalline solids: the Peierls-Nabarro (lattice resistance)
mechanism and the dislocation-impurity atom interaction mechanisn.
Experimental investigationsvwhich have been made and discussed on the

basis of these mechanisms indicate that while Peierls-mechanism is
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probably rate-controlling in b.c.c. metals [68], the yield stress-
temperature relationships for rock salt type materials show agreemenf
~ with the mechanism based on impurity-interactions [52,87-89].

Although the original treatment of the Peierls-Nabarro stress
did not deal expliﬁitly with the directionality of bonding, it Was'implicit
in the development. Since that time many experiments have shown that
the Peierls stress is very slight in crystals for which the bonding is
non-directional, such as in the case of f.c.c. metals and ionic
crystals [41,42,90-93]. On the other hand, covalent crystals [94]
and some b.c.c. metals (being partly covalent in character) are
believed to exhibit large Peierls stress. That the directionality of
bonding is important can be understood by noting that when a dislocation
moves, the atoms in the core slide past each other and causes severe
bond-angle distortions in the process. Thus the energies and forces
needed for dislocation movement depend sensitively on the directionality
of the bonding forces. According to Cottrell, the theoretical - -

tensile strength, s is related to the dislocation width, w, as
W= u/Zﬂ(l~v)0t o C(2.18)

where v is Poisson's ratio. Thus materials with wide dislocations
have relativély low yield strengths and are regarded as intrinsically
soft.” In ionic solids however, the dislocations are narrow because
the operative slip systems ére the ones which avoid bringing ions

of like charges togetﬁer.
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The other class of mechanisms are those which deal with the
role of impurity as being the major barriers to dislocation movement.
Fleischer [95] considered the interaction of the stress field of
dislocations with the point defects and pointed out that the effect
on flow stress is much greater when the stress field of thé defect is
tetragonal rather than isotropic. Treating the impurity-vacancy dipole
occurring in réck salt type crystals [87] (where it is now well known
that the aliovalent impurity becomes associated with a cationic
" vacancy to maintain the charge neutrality, thus forming a 'non-
symmetrical’ defect), he was able to satisfactorily explain the results'
of Johnston [86] on air-cooled LiF crystals containing _Mg++ (75 p.p.m.)
impurities both with respect to the form and slope of the flow stress
curve as a function of temperature. The crucial problem that has been
solved for tetragonal defects by Fleischer is the calculation of Foax
(maximum interaction force) for cubic crystals-metals as well as
iqhic - and therefore its applicability in describing a wide variety
of problems associated with point defect hardeﬁing. As pointed out
by Ono [97] and recently by Barnett and Nix [98] (after a re-examination
of Fleischer's force-distance relation) that despite somebunjustified
assumptions concerning a stress independent obstacle spacing, the
tetragonal defect model of Fleischer is more useful since the functions
used therein have been based on descriptions of an actual obstacle-
dislocation interaction. The intuitive selection of the force-
distance relationship also appears close to the physical situation,

especially in rock salt cubic crystals, for the 'rigid' impurity-
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vacancy dipole that exists in impure materials.

Another feature whith ought to be of specific significance
to ionic crystals is the hardening caused by electrostatic interaétions.
The possibility of the'alternating charges on the composite extra
half-plane interacting with a charged imperfection must alsofbe
considered. Akimoto and Sibley [99] first examined this problem
and using a simple electrostatic model found that the increase in
flow stress caused by interaction between a dislocation line and a
stationary charged defect is of the same order of magnitude as the
hardening effect produced by a tetragonal defect. Therefore, even
though one might expect the tetragonal hardening mechanism of Fleischer
to be applicable due to the presence of aliovalent impurities in ionic
crystals, contribution of electrostatic interactions between dis-
locations and charged defects may not be negligible under some
circumstances. |

The usual comparison.-between theories dealing with either
Peierls-Nabarro stress [100] or impurity-interaction [87] with

experimental results are based on the following criteria:

(1) A discrimination between possible mechanisms is
possible by comparison based on activation volume,
V#. A Peierls mechanism is found to operate if V*
is independent of strain and about 10 - 20 b3 in
magnitude. It should be noted however, that Hirth [101)]

has fecently pointed out that activation volumes as
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(iii)

(iv)
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usually derived may be misleading since the stress
dependence of the pre-exponential term (éo, in eqn. 2.7)
in strain rate expression is ignored. According to
Dorn-Rajnak model [100], the activation volume depends
only on ¢* (increasing with decreasing o*), the line
energy, FO, and very insignificantly on the shape of
the Peierls hills. In contrast, although the magnitude
of V& for impurity atomrdislocaﬁion interaction
mechanism might fall in the same range as for the
Peierls mechanism (only with one concentration of
impurity), it is proportional to 14/C, where C is the
effective concentratibn of impurity.

Og (c* at OOK) for the Peierls mechanism must remain

independent of plastic strain (and hence dislocation

* density) and concentration of impurity; which increases

with /C in the case of impurity mechanism.

Within the permissible variations due to changes in the
shape of the Peierls hills, the relationships between
0*/03 and TVTb plotted in non-dimensional form (TO

is critical temperature where o* = 0) must be obeyed

as predicted by the theory. It should be pointed out

however, that the magnitude of either Og or TO may

remain unlknown in the absolute theoretical sense.

The most important check of the Peierls mechanism

(after Dorn-Rajnak treatment) is that the line energy,
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- Ty deduced from the experimentally determined cg and
kink energy, UK, should approximate roughly Nabarro's-
estimate of = ﬁbz/Z, where ﬁ = shear modulus.

) Another’possible check concerns the correct range of
the pre-exponential term in the strain rate expression.
This issue however, cammot be taken as critical in
view of a large number of undetermined parameters

appearing in the pre-exponential term.

Frank [88,89] has modified the Fleischer theory using a
smooth-topped force-distance curve instead of the sharp cusp considered
by Fleischer. In this theory the flow stress-temperature relationship
1s

2

"%nb v 'Ceff
- x(o%) = [AGO - kKTIn(——)] bzd (2.15)
€

The temperature dependence of o is implicitly given through the -

relation;
T =A - Bx(c%) ' (2.16)
where

) = o (e -
x(0%) = 0% (== - 1)
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and A, B and C are constants having the following meanings:

2.
. .p.b™v ‘ .
A= A6 /k In () |
€
3 ' ..p bzv ' o
B = b d¥/ T k In ( : ), and (2.17)
C=2.8467V71 s 3 .
- AGYT ¢ /bd /

with Ceff = effective concentration of the impurity, d = distance of
the center of the dipole from the slip plane. Frank's theory has
been applied recéntly to explain the temperature dependence of yield
stress in many b.c.c. metals [102,103] and also in the case of poly-
crystalline AgCl [104] and LiF [109] crystals. Although it was possible
to obtain reasonable fit with eqn. (2.16) by suitably choosing the
conStants in the theory, but in most cases Ceff is not known so a full
test of the theory is not possible.

Another mechanism of dislocation-impurity atom interaction
An ionic crystais deserves mention. Pratt et al. [105] and Chang
and Graham [106] have suggested that interaction between dislocations
moving past cation impurity-vacancy complexes can cause the dipoles
to reorientate in the dislocation strain fields of both edge and screw
dislocations in such a way as to lower the elastic energy of the system.
Their calculations indicate that the energy involved is not negligible

and may contribute significantly to the flow stress.
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2.1.3 The influence of heat treatment

In spite of the extensive evidence in the literature thét
impurities dominate the low temperature deformation behaviour of |
NaCl type materials, one particular area of research in which the form
and state of the dispersed impurities play an imbortant role seems
to have received little attention. Because of the arbitrary selection
of materials, almost all previous -studies have had varying amounts
of impurities content and quite different heat treatments; and as
a result it has often been difficult to decide about the operating
4rate—controlling mechanisms.

Johnston and Gilman [2] found that in their experiments
with LiF crystals containing 75 p.p.m. of Mg++ as the major divalent
impurity, the dislocation velocity and yield stress was dependent
on the cooling rate employed, such that the air-cooled crystals were
always softer than slowly-cooled ones which contained precipitates.
Similar effects have been noted in NéCl [107] (containing Ca++
impurities) and other alkali halide crystals [108]. More recently,
Rappich [109] has systematically investigated the effect ofMg++ (from
1 p.p.m. to 1110 p.p.m.) and cooling rates (from 1°C/min to 50°C/min)
on the CRSS of LiF. The well-known quench-softening effect was found
only in specimens with 'medium' impurity concentrations. An analogous
effect of the state of dispersion of impurities has also been observed
in NaCl crystals by Gutmanas and Nadgorni [93]. These authors also

studied the dynamics of dislocations with respect to heat treatment.
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It was shown that an increase in dislocation velocity-stress exponent,
m*, occurs with increasing impurity concentrations and particularly
with anmealed state of the crystals prepared by slow cooling. It

was also.shown that under slow cooling conditions agglomerates of
complexes (impurity ion-cationic vacancy) are formed, while under fast-
cooling conditions no such agglomerates occur. Thus both the quantity
and the state of impuritiesvconsiderably influence the dislocation
mobility.

The effect of heat treatment on the deformation behaviour

of MgO crystals has also been studied by & number of investigators [110-114].

Moon and Pratt [113] have studied the effect of Fe+3 concentration

(10 - 130 p.p.m.) on activation volume and found a sharp decrease in

3 L. . + . . .
V#/b” with increasing Fe 5 concentrations. Their paper does not mention

about the cooling rate etc. used during the preparation of specimens.
Kumar [114] however, using MgO crystals with fixed Fe+3 contenf

(75 p.p.m.) QbserVed the activation volume to be strongly dependent
on the state of dispersion of in@uiity which wés deliberately changed
by rapid and slow cooling aftér annealing. Furthermore, V¥ was found
to be constant with strain up to 6% of plastic strain. Since according
to the Peierls mechanism, the magnitude of activation volume is
independent of state of dispersion of impurity, the author concluded
that the resﬁlts were in agreement with the Fleischer model. Other
mechanisms such as the dislocation intersection or debris were also
ruled out since activation volume was independent of plastic strain.

A parallel attempt to study the effect of the state of -
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dispersion of ions on the'rate—cdntrolling mechanism has been made

by Gaiduchenya et al. [115] on LiF crystals. It was found that
irrespective of the impurity content (from a total cation impurity

of 5 %1077 at % to 0.1 at %) and prior heat treatment (that is,

whether 'quenched' or 'amnealed'), the thermal activation parameters

such as V#, o* and AH showed comparable behaviour expected with Fleischer's
theory of tetragonal distortion. These studies therefore indicate that

by examining the influence of prior heat treatment and testing

atmosphere on various thermal activation parameters one can indirectly

determine the nature of the strengthening mechanisms involved.
2.2 Polycrystal Deformation

Whilst the preceeding sections show that the plasficity and
dislocation méchanism of yielding in ionic single crystals has been
the subject of extensive study in the past, theré is relatively little
information in the literature on the dislocation behaviour of bi-
~and polycrystals. For example, no‘explicit study has been conducted
on any of the polycrystalline rock salt materials to examine the role
played by dislocations in the fracture of these semi-brittle ceramics.
Most of the available data on polycrystals are limited to fracture
strength meaéurements. Consequently, the overall picture of yielding
and its connection with fracture in these materials has remained unclear.
The question whether final cracking proceeds catastrophically from

inherent flaws, or whether cracks form following plastic deformation
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1s still unanswered irrespective of the fact that equivalent crystals
show extensive plastic flow by dislocation movement and multiplicatiomn.

A vital factor in the normal brittleness of polycrystalline
ceramics having rock salt structure is generally thought to be the
failure of {110 } <110 > slip to provide five independent slip
systems required by the von Mises-Taylor criteria for ductility. This
has been the basis for general interpretation for a laék of ductility
in these materials, most of which possess less than five independent
operating slip systems at low temperatures [11]. Because deformation
may not Be accommodated from one grain to the next, grain boundaries
act as strong barriefs to slip and potent sites for crack nucleation.
In recent years however, there has been growing interest to further
understand the limited ductility from the view point of dislocation
mobility. Ductility has been observed only at temperatures above
which slip lines are Wavy indicating perhaps the role of enhanced
cross-slip and easy interpenetration of the slip on different planes.
It has also been shown that even when five independent systems are
évailable, brittleness may be encountered in polycrystals due to local
stréin incompatibility at barriers to plastic flow. Moreover, when
the actual heterogeneity of deformation from grain to grain or within
grains 1s taken into account, the von Mises-Taylor criteria is found
to be ’neceséary but insufficient' condition for ductility and other
conditions may also have to be satisfied to avoid catastrophic
propagation of cracks.

Besides the consequences of limited flexibility in glide,
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most of the polycrystalline ceramic materials either processed
comnercially or made in laboratories contain a wide range of micro-
structures with residual porosity, a variety of phases and quite
different surface conditions.  Several of these factors may contribute
to the stress-strain behaviour at any one time and therefore it is not
surprising that a vast majority of research effort in the past have
'dealt mainly with the role of these Variabies. However, recent attempts
to make pure and fully-dense materials having rock salt structure such
as LiF and MgO have been quite successful and some renewed efforts to
understand their Timited ductility are being made. The central problem
for understanding the Behaviour of polycrystalline cevamics at present
appears to be a general lack of information about the structure and
properties of grain boundaries. The work done to-date towards this has
been reviewed in the following first section. The subject of flow

and fracture sfrength,measurement51i$ considered next. Finally, the
relationship between grain size and the yield, flow or fracture stress

1s discussed.

2.2.1 Role of grain boundaries

Previous work on the role of a singlé grain boundary and its
orientation with respect to applied stress and slip direction can
be found in ref. (116). 1In most of these studies the role of a grain
boundary has been studied frbﬁ crack nucleation aspects rather than

its effect on the stress-strain behaviour. There is now considerable
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experimental evidence for the production of cracks at grain boundaries
in MgO [117-120], LiF [121] and NaCl [122]. MgO crystals with either
one or two grain boundaries have been chosen by all investigators for
this purpose and etch pitting has been used to advantage in all
experiments to identify the glide band interactions with the grain
boundary. |

Johnston et al. [120] have investigated the role of edge
vs screw dislocation bands against increasing misorientation across
the boundary. It was found that the probability of crack formation
at the point of impingement of an edge slip band upon the boundary
increased.With'increasing misorientation. At boundaries of small
misorientation, blocked slip bands nucleated slip on the opposite side
of the boundary. Transgranular cracks formed at boundaries of medium
misorientation, whereas intergranular cracks were nucleated at boundaries
of large misorientation.

The role of cross-slip in relieving stress concentrations
at the grain boundary (where slip bands intersoct)IWas further studied
by Stokes and Li [123] on NaCl and MgO bicrystals. The slight ductility
exhibited by NaCl bicrystals at room temperature and by MgO bicrystals
at 450°C was postulated to arise from the enhanced cross-slip at
these temperatures. It was hoped by these authors that further in-
formarion abéut étress relief by cross-slip might be obtained by
studying the crack nucleation as a function of orientaticn and temper-
ature. But such a study has not yet been reported.

Ku and Johnston [124] have studied the stress necessary to
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form a crack at the intersection of a slip band and a gréin boundary
in MgO in a rather elegant way. Slip bands were initiated at micro-
hardness indentations on the surfaces of bicrystals which were extensively
polished to remove all other dislocation sources. It was found that
the crack nucleation stress of the bi-crystals obeyed the well-known

Hall-Petch relation:
(2.18)

where in this case, 'd' was equal to the dstance from the microhardness
indentation to the grain boundary. The constant, 0,» Was considered

to be. the stress for dislocation multiplication rather than the minimum
stress to move dislocations, whereas the constant, XK, was correlated
with the cobesive strength of the boundary. The detailed description

of eqn. (2.18).is made further in the last section.
2.2.1.1 Grain boundaries as sources of dislocations

It is interesting to note that while in almost all of the -
previous studies on bi-crystals of MgO and NaCl, the sources of mobile
dislocations were invariably dependent on the presence of artificial
indentations on the crystal surface or érising from the mechanical
contacts (such as from grips used in the loading device); very little
attention has been paid to the role of grain boundaries per se as

sources of dislocations. Perhaps the earliest evidence that grain
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boundaries themselves may act as dislocation sources in ceramics

(as in metals) comes from the micrographs in the work of Whitworth [125]
(see his fig., 5(b)) on NaCl crystals containing sub-boundaries,
WéstwoOd [117] oh MgO bi-crystals and Scott and Pask [126] on poly- .
crystalline LiF. More recent examples of grain boundary dislocation
generation can be cited from the work on polycrystalline NaCl by

Bvans et al. [127]. Similarly there is evidence that in MgO [128]

and LiF [129] precipitate particles serves to nucleate dislocations

internally by acting as shear stress raisers.
2.2.1.2 Compatibility at grain boundaries

As pointed out before, a key factor which inhibits the
macroscopic flow in most of the polycrystalline ionic matérials is
the general compatibility conditions originating from the criteria
due fo.Vbn Mises and Taylor for arbitrary and uniform deformation of
a grain. If each grain in a rigid polycrystalline matrix undergoes
uniform strain, there would be a tendency for overlap of material in
some places, and void appearaﬁce in others,' This is shown in fig. 2.3
from the paper by Ashby [133]. As suggested by Ashby, the occurrence
of overlaps and voids in fig. 2.3(b) can be corrected by introducing
"geometrica11y~necessary' disJocations, as shown at (c) and (d).

Since contiguity is equivalent to' establishing gradients of plastic
deformation within the grain (in order to avoid the formation of voids

or regions of overlaps at the grain boundaries), the required strain
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void —er

A recent model of polycrystal deformation proposed
by Ashby [133]. If each grain of a polycrystal, shown

at (a), deforms in a uniform manner, overlap and void

appear as indicated in (b). These can be corrected by

Aintroducing geometrically-necessary dislocations, as

shown at (c) and (d).
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gradients: can be described in terms of the density of additional
dislocations which must be stored in the system. In the case of
polycrystalline rock salt materials, where contiguity requirements
arevvital throughout the deformation, it might seem appropriate to
consider in future the above concept in more detail. It is also evident
that there is a need to further understand the differences between
dislocation behaviour in grain boundary regions and in regions remote
from the boundary. Since fracture occurs through crack nucleation where
a slip band impinges on grain boundary, this concept in the Mmacroscopic
-sense would require that for material to {low, either accommnodating

slip should take place or the accompanying elastic strains be released
through crack formation in the adjoining grains.

Chung and Buessem [130] have shown that most naterials,
including most cubic structured ones, aré elastically anisotropic.
Hasselman [131] has shown thaf such elastic anisotropy can lead to
local increases in stress ofA5—15% for equiaxed grains, which further
increases as the shape of the grains also becomes anisotropic. More
recently Tangri et al. [132] have specifically analyzed the incompatibility
stresses for the situatibns where it leads to stress concentrations
at interfaces such as grain boundaries. - Although a similar detailed
analysis has not been attempted for ionic polycrystals, it appears
interesting to compare some of the available results at least on a

qualitative basis with those for metallic materials.

(1) The most important effect that arises from elastic -



anisotropy and plastic incompatibility (von Mises-Taylor Criteria)
conditions for the deformation of a rigid polycrystalline body is the

development of a strain gradient in the grain boundary regions. As

suggested by Ashby [133], it is conceptually possible then to distinguish

between the dislocations which arve required near the grain boundary
region to maintain continuity of the polycrystal and those accumulated
in the grain interior. Since in the grain boundary region a different
behaviour is expected (because of the presence of grain boundary), it
is likely that the dislocations required to maintain continuity may be
provided via nucleation of dislocations from,grain boundaries to
compensate for the local strain gradient. The results to-date on
numerous b.c.c.[134-139], f.c.c. [140-141] metals as well as on rock |
salt ionic materials [115,125-127] where in the early stages of
deformation, dislocation generation is found mainly from the grain
boundaries appears to be consistent with this view.

(i1} The requirement for plastic compatibility discussed
above can also lead to fhe operation of secondary slip systems at
the grain boundaries and at resolved shear stresses far less than the
critical value, as has been found in Fe-Si bicrystals [142]. This
feature again resembles the observations on polycrystalline LiF by
Scott and Pask [126], whereklocal slip near grain boundaries was seen
on the secon&ary'{ 100 } <110 > systems apart from the normal room
temperature { 110 } <110 > slip, so the effect was caused by plastic
incompatibility. The value of m (Schmid factor) were as low as 0.22

on secondary slip systems operating near the boundary.
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(iii) As a consequence of stress concentration due to elastic
anisotropy and notch effect of boundary ledges, it has been demonstrated
that while theoretical estimates for dislocation generation (from
grain boundaries) in metals ranée from G/27 to G/30, the observed
values are far lower than this [132]. Judging from the studies of
Scott and Pask [126] on polycrystalline LiF and of the present results
on polycrystalline MgO, similar conclusions can be drawn in these
materials.,

From these examples it seems quite likely therefore, that
even in the absence of a well-founded theory of grain boundary structure
in ionic materials (although Carlignia [143] has recently proposecd
a grain boundary model analogous to that of metals), the results
suggested by compatibility effects agree at least qualitativcly with

those of the metallic polycrystals.
2.2.2 The flow and fracture stress

Apart ffom,great many other variables influencing the flow
and fracture stress of ceramic polycrystals, one other single factor
that has been discussed widely in the literature is perhaps the
influence of various testing techniques. Although many usefﬁl-.
standards fof mechanical testing in general as well as for some
specific purposes are available, the property variation on account
of using various techniques are either too wide or sometimes the

testing technique itself undesirable to suit the purpose. Often the
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wderstanding of plasticity from the viewpoint of dislocation motion
demands the research to be conducted under uniaxial loading conditions
whereby a comparison with the properties of single crystal material
can be made.

Ceramics have been and are 2lmost invariably being tested
under a sinple three - or four point = ioading system: this is
ocbviously a sort of 'guarded' tensile test. Direct tensile testing
with uniaxial stressing is difficult, but not impossible; while
keeping other factors constant, compression test should in principle
yield identical information like that of tensile test at least in the
beginning of deformation characterizing dislocation motion. However,
because of the fact that cracks are far less stable in tension than
in compression, the final fracture stress even for one given material
turns out to be quite different depending upon the mode of testing.

Irrespective of the mode of testing, for the case of
materials in which the final fracture is controlled by movement and
‘multiplication of dislocations, rather than 'pre-existing cracks';
to characterize different portions of a stress-strain curve with

various degrees of refinement, one may enumerate:

(1) A dislocation initiation stress, Ogs which is the
minimum stress at which etch pitting shows dislocation generation
from grain boundaries,

(ii) A 'microscopic' flow stress, S which can be measured

with the help of a microstrain measurement technique involving strain
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meéSurino capabilities of 10‘6 or less [144] corresponding to a
plastic strain of § x 10—6 (or better, if feasible); which is well
below the conventional yield stress; and

(ii1) A 'macroscopic' flow (or yieldj stress, Oy, for general
flow, representing the conventional fldw stress at a plastic strain
of 1072,

The steps leading to dislocation-initiated Ffracture is shown

schematically in fig. 2.4. For polycrystalline NaCl and LiF which
show some macroscopic ductility at room temperature, the scheme can
well be as shown in this figure. In the case of polycrystalline MgO
however, the fracture stress, O will closeiy correspond to the
microscopic yield stress, O unless tested cither at higher temperature
or under confining pressure, which can extend the range of Oy by
suppressing the crack growth stage. Recent work by Paterson and
Weaver [145] on polycrysfalline MgO deformed under confining pressure

can be cited as an example.
2.2.3 Effect of grain size

The effect of grain size on the mechanical behaviour of
polycrystalline ceramics is another important topic and has received
more attentioﬁ than any other variable [116]. In most of the studies
reported however, interest has been limited to fracture stress deter-
mination. While grain size has been found to produce significant

effect on the fracture strength, an detailed interpretation of yielding
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FIGURE 2.4: Schematic of the predicted mode of failure of a semi-brittie
polycrystalline ceramic by dislocation mechanism. o q°=

dislocation initiation stress, 0., = microscopic flow stress,

o‘y = macvoscopic yield stress, and Op = fracture stress.
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behaviour and its dependence on grain size is not available. For
polycrystalline magnesium oxide at low temperatures, the occurrence
of dislocation motion prior to fracture has been variously reported,
but we do not have any information on the nature and mechanism of
hardening resulting from this. Bven if grain boundaries are well-
accepted as the sole potenﬁial obstacles to slip, giving rise to
cracking; its role in the microyield deformation is compietely un-

explored.
2.2,3,1 The grain size dependence of flow and fracture stress

An examination of the results on the grain size dependence
of fracture stress of polycrystalline rock salt materials show that
similar te metals, the data are in accord [146,147] with the well-known

RSS y - .
td *' law, often given by the so-called Hall-Petch relation:
(2.182)

vhere, Op = fracture stress, d = grain size and OoF and KF are constants
for the fracture criteria as denoted by the subscript, F.
Several authors [145-151] have discussed the applicability
of the Hall—?etch relation in explaining the grain size dependence
of fracture stress. In many other cases, vériation of strength due
to grain sizes have also been treated according to Griffith-Ovrowan [152]

approach based on the surface energy criteria. While a satisfactory
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explanation of the strength of other (non-;ubicj polycrystalline
ceramics is still not available, the role of plastic flow in rock
salt type polycrystals appears to be widely accepted through the
Hall-Petch relation. Carlignia [147] and Rice [150] have discussed
~the Petch behaviour from the point of view of influence of plastic
flow in the fracture. Although no specific suggestion was made
about the mechanism of yielding, Carlignia [147] chose to interpret
Petch type of behaviour in terms of a model for the grain boundary
structure which he adapted from Mott's fit-misfit model. He assumed
that the fact that the fracture stress lay above that given by the
Griffity-Orowan criterion resulted from the fact that the initial
cracks propagated through the grain, but that the grain boundary
structure permitted blunting of the crack tips [143]. It was also
pointed out that deformation of grain boundaries-fwhere the atomic

arrangement is irregular and electrostatic faulting is high) could

be possible which may help in identifying the o, term in eqn. (2.18a).

In the foilowing we review the various rationalizations that are
available for explaining the 'd_%‘ behaviour. Correlation with the
available experimental results on NaCl, LiF and MgO will be provided
~in a later section.

Theoretical explanations for the effect of grain size on
strength are principally of three types: (i) the dislocation pile
up model [153-155], (ii) the work hardening model [156-157], and

(iii) the dislocation accunulation model [133].
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(i) In the pile-up model, the effect of grain size arises
irom the number, n, of dislocations piled up against a grain boundaryA
and in turn from the stress concentrations at the head of the pile-
up. If we assume that the length, L, of the pile-up is proportional
to the average grain size, d, in a polycrystal, and yielding, flow
or fracture occurs at some critical value of stress, Ous then the

condition can be simply of the form,
no - co) 20, (2.19)

where o is the applied stress,”go is some apprdpriate_friction stress
opposing the motion of dislocation in the pile-up along the slip
plane, and‘cc is the critical stress necessary to nucleate slip or

a crack depending upon whether yielding or cracking occurs in the

adjoining graiﬁ. Detailed calculations [158] show that,

Ny

(2.20)

Hqns. (2.19) and (2.20) combine to give an expressicn of the form of
eqn. (2.18). |

(i1) In the work hardening type model [154], the effect of
grain size is on the density of dislocations associated with a given
amount of plastic strain, the denSity‘being'greater as the grain size
decreases. The higher disloéation density leads to a higher internal

stress and thereby to a higher flow stress. The effect of grain size
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on the flow stress'is therefore an indirect effect thrqugh its

influence on the density of dislocations.' The model in essence, thus
emphasizes the increase of internal stress opposing dislocation motion
rather than on the stress.concentration at the tip of a pile-up at the

grain boundary. Here one considers the experimental relation:
. e ,
Op =0l + opb v p ~ (2.21)

where Oé and o are constants, ﬁ is the shear modulus and e is the
~ dislocation density. Nofing that the plastic strain € = pbX, where
X is the mean free path of the motion of dislocations which, within the
limits of the grain boundaries, is taken as proportional to the grain
diameter, d; then with pdl/d eqn. (2.21) reduces to the form of
eqn. (2.18) in terms of grain size. It should be emphasized however,
that o, (eqn. (2.18)) differs from Oé of egn. (2.21). Li [159]
has proposed an alternative model by which the density of dislocations,
p, varies as 1/d, yielding eqn. (2.21) which is based on the generation
of dislocations from grain boundary ledges.

(iii) A third way to describe the influence of grain size
is by Ashby.[iBS] who showed that a proportionality between the
dislocation density and the reciprocal of the grain size follows from
a consideration of the density of dislocations required to compensate
for the non-uniform deformation which must occur in neighbouring
~grains during the deformation of a polycrystal as a whole (c.f. fig. 2.3).

The model predicts that in addition to the giain size dependence of
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the'inifial yield stress, an increment of flow stress should develop
during work hardening which is also proportional to the inverse square
root of the grain size. If the work hardening is considered to arise
from the increase in internal stress, increasing with increasing strain
due to'accﬁmulation of dislocations in polycrystals, the total internal

stress can be written as [160],

gy -y ‘
: = 2 2 )

Oi(T) = Ogiap. ¥ Kyd + Kéd : (2.22)

where OStat is the grain size independent component of the internal

stress due to statistically stored dislocation accumulated during

plastic flow i.e. it reflects the rate of accumulation of dis-

locations in a homogeneously deformed single crystal of the same

-1
4

material. The term Kyd is the grain size dependent internal
stress present at the initial yield event. This contribution can
only be evaluated by extrapolation to zero plastic strain. The term

1
e

K€d represents an additional grain size dependent internal stress

which increases during plastic deformation. This is considered to

_ be additive to the internal stress due to statistically stored dis-

locations represented by Ogtat and represents the effect of any

additional work hardening imposed by the presence of grain boundaries.
This model differs from the model of Conrad.et al. [156]

which relate the slip distance to some fraction of the grain diameter

in the sense that the boundaries themselves are considered as obstacles

which enforce an additional non-homogeneous deformation upon the grains
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in order to maintain contiguity. In materials which exhibit planer
slip at low temperature (such as brass and zinc) this model explainsv
the experimental result well [160] whereas it fails to describe the
grain size effect for other materials in which obstacles to slip are
readily Creéted in the grain interior due to easy cross slip and cell

formation (such as Cu [161,162]).
2.2.3.2 Correlation with experimental data

The form of equation (2.18) which is applicable to yielding,
flow and fracture of a variety of metallic materials is also consistent
with the fracture stress data of the majority of brittle polycrystalline
ceramics including the rock salt materials [147-150]. Most of the
studies concerning the grain size dependence of fracture stress however,
have involved.explaining the mechanism of fracture. In the discussion
of crack nucleation and.propagation, a critical (crack) length and
a surface energy parameter were always involved in establishing the

- Criteria for fracture. In the dislocation pile-up mechanism, the
crack length is taken equal to grain diameter, while the surface
energy parameter is approximately the gfain boundary or single
crystal surface energy. For the crack propagation mechanism, the
critical surface energy depends upon the size of the fracture nucleus.

Besides the above aspect of the mechanisms of fracture,
for which many excellent discussions are available in the literature,

there have not been mény attempts to describe the polycrystal
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ehaviour from other considerations. It has since been shown thaf

in materials like polycrystalline NaCl, LiF and MgO, the brittleness :
carmot be just attributed to a lack of dislocations in the individual
grains or to a failure of these to move and multiply. The critical
event that détermines the fracture occurrence is the interaction between
a grain boundary and the glide bands or between two glide bands that
form during the early sfages of deformation. Most of the investigators
however, have not attempted to explain their observations from yielding
criteria. In an attempt to explain the influence of plastic flow on
‘brittle fracture of polycrystalline ceramics, Carlignia [147] has drawn
attention to the Hall-Petch behaviour, who plotted published strength
data of several authors as a function of dh%. Amongst the materials

of interest here, only the behaviour of polycrystalline MgO was
examined. Depending upon the grain size, he found a two-stage relation-

)
-3

ship, where o vs d 2 data could he fitted on two straight lines.

1'1
Data in the finer grain size range obeyed Petch relation, Op = 0, * Kd 2

N

whereas for the coarser grain sizes ( > 150 um ) the data could be
éxtrapolated to zero at infinite grain size. Fracture behaviour
depicted by this latter portion of the curve was attributed to the
elastic crack propagation from internal ('pre-existing') cracks or
from flaws of the order of grain size in dimension. The other’pbrtion
of the curve 5beying Petch relation at small grain sizes was attributed
to some unspecified type of dislocation-initiated yielding process.
In order to understand the Hall-Petch behaviour, Ku and

Johnston [124] have provided some interesting results on MgO bicrystals.
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It was found that the stress to form a crack at the intersection éf
a glide band and a grain boundary showed a Hall-Petch type behaviour.
The dislocation source was a microhardness inaentation placed at a
controlled distance, d, from the boundary and the critical orientation
with & <100 > direction parallel to loading axis. o, was shown to
e the stress for dislocation multiplication rather than the minimum
stress to move dislocations, and K (slope of Op Vs d“% plot) gave a
measure of the cohesive strength of the boundary. The value of %
(50 MN/mZ) was much less ( of the order of 1/4 to 1/5) than the
9, values obtained so far [147] from Op Vs d—% plot extrapolation on
polycrystalline MgO.
Results on polycrystalline NaCl also indicate similar behaviour.

For example, when the data of Stokes and Li [123] on room temperature
stress-strain behaviour of polycrystalline NaCl is replotted in terms

of (stress) vs~(gréin size]%, one finds two interesting féatures:

In the range of grain size above about 100 um, it is seen that the

yield and fracture stress both show a linear fit according to Hall-

Petch relation. Secondlyz while the intercept of the yield stress

-2

vs d * plot extrapolates somewhat close to single crystal value on

the stress axis, the intercept and slope of the fracture stress - dh%
plot are quite different and larger than for the yield stress. This
feature is similar to observations in room temperature experiments
with polycrystalline MgO in the present work, even though this

. . . , -4 .
material shows only microscopic flow of the order of 10 plastic

strain compared to several percent in NaCl.




55.

though at present there are not enough data available
on the grain size dependence of work hafdening behaviour, it should
be mentioned that the above observations on NaCl and MgO show
important similarity at least qualitatively with the deformation of
some metals where either mode of slip or limited multiplicity in slip
systems governs the overall polycrystalline plasticity. 1In the case
of metals deforming by planer type of slip, it has been shown previously
that the Hall-Petch slope increases with plastic strain [160,163,164},
- which is similar to the data on NaCl and MgO. Based on the dislocation
accumnulation model of Ashby [133], the explanation of work hardening
behaviour with grain size as suggested by Schankula ¢t al. [160]
thus seems reasonable in describing the deformation of polycrystalline
rock salt materials. However, in view of the limited data, it is not
possible at the present to decide conclusively on the mechanism
influencing grain size dependence of flow and fracture of these

materials from the viewpoint of other considerations discussed before.
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5.0 EXPERIMENTAL TECHNIQUES

3.1 Materials and Specimen Preparations
3.1.1 MgO single crystals

The crystals used in the present investigation were obtained
from the Norton Company, Niagara Falls, Ontario, Canada in the form
of cleaved (100) slabs of the dimensions 5 x 1 x 1 cms. They were
clear and c‘olorless. The chemical composition as suggested by the
manviacturer is listed in Table 3.1.

Compression test specimens wete cut from the bulk (100)
cleaved crystals of the dimensions 7.00 x 3.50 x 3.50 nnns sing
2 diamond cut-off saw. OSawing, rather than cleaving was preferred
so that the maximu number of specimens could be obtained. After
cutting, the specimens were ground flat on metallographic papers
using a V-block taking care to mal(é the ends true and parallel and
chemically polished in hot (900 - 1OOOC) orthophosphoric acid CSS%)
to remove any surface damege due to cutting and grinding.

All of the specimens were given an annealing treatment at
1250°C for 24 hours in air and cooled to room temperature by air-
quenching (iﬂ' 5-6 minutes) to obtain a wniform impurity distribution
and also to prevent any impurity precipitation whigh occurs on slow
cooling. Final polishing was done on 'GO0! metallographic papers

and then again in acid until the crystal dimensions were 6.50 x 3.00
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X 3.00 nm™. During the entire specimen preparation care was exercised

to minimize the mechanical damage during handling, etc.
3.1.2 Polycrystalline MgO

Fully dense, 99.9% pure polycrystalline MgO (trade name:
IRTRAN 5) was obtained from Eastman Kodak Companry, Rochester, New
York, U.S.A. in the form of 5.0 x 2.5 x 0.6 cm3 slabs. They were
slightly milky in color and in the as-received condition had a very
fine grain size of the ordler of 2-3 um The chemical analysis of
this material as supplied by the manufacturer is given in Table 3.2
along with other properties of interest.

The slabs were cut into flat tensile specimens of dimension
5.0 x 0.6 x 0.1 cm, using a precision wafering machine. During the
wafering operatioﬁ, the cutting speed was kept at a minimum to p*event
chlpplng off and/or breaking out of the cut portlon from the rest of
the material. This also reduced the chances of getting tapered
specimens.

After cutting, each specimen was mechanically polished on
a series of metallographic papers followed by polishing on cloth-
covered laps using a slurry ofAlZO3 Linde C powder. After several
minutes of polishing, the specimen was cleaned and examined micro-
scopically wit h_slec1a1 note made of the amownt and detail of any
~grain pull-outs. Use of coarser grade metallographic papers were

avoided to reduce the depth of damage inflicted by mechanical polishing.
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3.1 ChemiCal'Analysis'Qf*MgO'Single'Crystals’(in p.p.m.)

Oxides of

(length/i@nth/ C)

"-PeZO3 . .A]_ZO3 ....... Ca0. SJOZ o Zx0, Ni; Mn, Ti

100 60 .. 30000 20 200 . <5-10.

"TABLE 3.2 (A) Chemical Anﬂyqu of Polycrystalline MoD%

T i ppe ) e R BT

Fe S 80, Pb  Ba Ca K Na Sulfate,
Nitrate §

S Chlorides.

10050 400 30, 50 .. 50050 . 5000 . ru_so each

(B) Some Other Physical PlOpClt] es of Intccht (*IRIMT\I

...... Material) oo

: (1) Visual appearance slightly milky

(2) Optical Refractive Index at 25°C 1.746 at 0.5 1 to

o 1.406 at 9

(3) Hardness 640 knopp

. (about Moh 6.5)

7(4). Density at 25°C 3.58 gm/c.c.

- (5) Modulus of Rupture {19,200 p.s.i. at A‘OC

. 13,000 p.s.i. at amoc

e "6 ,700 psi at S00°C

- (6) Thermal Conductivity “at 35°C = 0.104 cal/

. %ec/c‘mz/OC/cm

o at 168°C = 0.070 cal/

e sec/an?/9C/cm

(7} Epansion coefficient (25-200 C) 12.0 x 10 -6

Manufacturer:

Eastman Kodak Coj;
New York L4650 fU S A ).

9 Ol JJJ_mgrO\/ e Road, Rochester,
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Final polishing was done using % pm diamond paste, followed by
chemical polishing in hot (800 - QOOC) orthophosphoric acid.

The specimens were ammealed in two different batches.
One batch was annealed in a vacuum of 10—6 torr at 1800°C while the
others were heat-treated in air at 1650°C. In both cases the
specimens were cooled slowly in the furnace at a rate of 3~4OC/min
to prevent cracking from thermal shock. Chemical poiishing was
repeated after the heat treatment. The resulting grain sizes
measured by the linear intercept method were up to a maximm of
about 120 ym (without using eny multiplying factor as suggested by
some authors [167] to approximate a 'true' grain size). The thermal

treatment and resulting grain sizes are sumarized in Table 3.3.

>3.2 The Etch-Pit Experiments
- Btch pitting was carried out using two'differenﬁ solutions
whichAproduce the same results although they etch somewhat differently:
(a) a solution consisting of 0.5 molar A.lC]_3 in distilled water [168],
this etchant gives well-defined square pyramidal pits on (100) surface
when used at SSOC, (b) a solution of 50% (by volume) HZSO4 in distilled
water which’gives circular pits at 60°C. LEtching with either solution
was followed Ey rinsing first in warm distilled water then in
methanoi¢ Though both etchants were capable of distinguishing between
"grown-in' and 'fresh' pits, it was found that the former gave betier

results in delineating 'grown-in’ dislocations. In the case of single
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TABLE 3.3 Heat Treatments, Resultant Grain Sizes and Dislocation
T pensity SOt e S e S G _
Heat Treatment Grain Size, Dislocation Remarks
(1m) Pit density/
FT - P sz . F
(A o 6 torr
: vac. )
-1800°C/ 30mts. 5 to 10 N.D. N.D. - Not de-
' termined
1 hr. 12 to 18 : N.D.
2 hrs. . 27.77 1.42x107 +
’ 30.28 T 4,08x1.0° x + etch pit
28.57 3.2 x107 + density in few
34.72 2.85x100 isolated grains
37.25 1.4 x100 + very high, not
resolvable un-
der optical
: microscope.
“(B) (Air an- .
nealing 6
1650°C/6 hrs. 23.54 3.36x10
25.0 8.0 x10°
26.14 . 1.05x107 x x etch pit
28. 41 3.21x100 density in
28.57 4. 08x100 x most of the
28.60 4.51x100 + grains very
"high
12 hrs. 48.08. 5.12x10° * yery non-
50.40 5,18x10° * uniform etch
'51.48 4.2 x10° pit distri-
52. 34 3.9 x102 bution
| 55.54 2.1 x10° *
. - R
14 hrs. 60.12 1.3 x10;
62.42 . 2.1 x10°
64. 32 3.2 x10° #
16 hrs. 74,07 5.0 x10°
: 75.0 4.8 x10%
84.2 7.0 x10%
85.0 1.3 x10° #
20 hrs. 92.15 2.3 x10*
105.726. 2.08x10° ¢
108. 62 6.4 x10
115.74 7.2 x10%
.......... ... 120.5 - 8.51x10% o
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Crystals it could be shown by matching the etch pits on two opposite

cleavage faces, that the pits actually correspond to dislocation

emergence points. In the case of MgO etch pits have a 1:1 correspondence

with dislocationswas shown by Stablein [169] by simultaneous observation

of etch pits and dislocations using transmission electron M1CToSCcopy.
It is believed that in the range of dislocation density involved in
these experiments, a one-for-one correspondence was present.

The as-annealed dislocation density in single crystals was
about 3 x 105/cm2 from etch pit counts. In polycrystalline specimens,
the initial dislocation density was found to be dependent on the grain
size of the #nnealed specimens. Dislocation pit density on about
20 to 30 grains were measured on each specimen. These measurements
~are included in Table 3.3. In order to study the slip initiation
and propagation, the load-unload-etch technique, in which a polished
specimen is stressed to a pre-determined level, unloaded and etched
again, was employed. Due to faster reaction along grain boundaries
in polycrystalline MgO, etchant (b) was found to give better results
than the etchant (a) while etching time was also shorter compared

to single crystals.
3.3 Mechanical Testing
3.3.1 Compression testing of MgO single crystals

Compression testing was carried out using a special self-
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aligniﬁg jig, made of StainleSS'steel; which was mounted on a floor
model Instron (fig. 3.1). When this jig was pulled in tension, a
compressive stress was applied to.the specimen in the centre of the
jig. A %" stainless hemisphere was positioned over a minor depression
mark on the lower platen onto which the specimen rested during the
deformation. This was introduced to take care of eccentricity in
loading even if the two ends of the polished specimens were not
perfectly flat.. Very thin teflon sheets or molybdenum foils (at
higher temperatures) were used as a lubricant between the specimen
ends and cdmpression platens. |

For testings at low temperétﬁres, suitable baths (e.g. at
77OK, liquid nitrogen bath; at 208QK,.dry ice and acetone mixture
bath and at 4730K, silicon oil bath) were used, whereas for tests
above 4739K, the jig and specimen assembly was enclosed with a
split-type furnace equipped with automatic temperature controller
having a temperature control of il?ZOC; Temperaturesiweré measured
using Pt - Pt/10%Rh thermocouples placed next to the specimen. A
time period of at least 30 minutes was allowed to ensure that the
_grip assembly reached a steady state temperature before running the -
tests.

The basic strain rate used was 1.3 x 10 °sec L and, to
study the effect of strain rate, changes to 1.3 x 10 Ysec™) were
made. For the stress relaxation experiments, the motion of the
Instron cross head was stopped at the desired strain 1eVel and the

decrease in load was recorded on chart paper running at a known speed.
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3.3.2 Tensile'testing of polycrystalline MgO

Tensile testing of polycrystalline specimens was carried’
out using a special tensometer designed to facilitate the uniaxial
" and friction-free motion of the crosshead durihg loading. Considering
the brittle behaviour of polycrystalline MgO, the requirements to
be met in the construction of a tensile testing facility were:
(a) to have minimal mechanical vibration during tests, (b) the
ability to apply and measure the tensile load with a minimum complexity,
(©) ~to avoid mechanical contacts with the specimen, and‘(d) to
devise a method of gripping that would not itself introduce any
stresses to the specimen ends and at the same time permit uniaxial
- loading. |
| ‘The above problems were solved after encountering considerable
difficulty.and the tensile testing facility'which was finally
developed is shown in fig. 3.2.. Construction was all of stainless
steel including even the pins and screws. It was assured that none
of the parts yield before approximately twice the fracture load
- of the specimens. 'Since one of the objectives of the present work
onvpolycrystalline N@O'was to study thé-behaviour of residual lattice
strains, the tensometer was designed so as to fit onto the specimen
holder stage of a Phillips x-ray diffraction machine. The basic
design however, was such that it could also be mounted on the Instron
machine without any major alterations for dynamic recording of the

stress-strain curve.



65.

FIGURE 3.2: Tensile testing jig used in the present investigation.
Specimen cemented on grip-ends coupled in line with
load cell is shown. Stress is applied by screwing the
knob at the top which is fastened with the movable upper
cross head.




The load on the Specimeh'wés-n@asured'by an internally
fixed and calibrated stainless steel load cell. The calibratign of
the load cell was done by applying a known load on an Instron machine
and measuring the strain with the help of an external straih indicator
capable of giving a sensitivity of #1 x 10—6. A calibration curve
was thus plotted after:repeating the loading and unloading of the
load cell (specimen) several times to ensure the reproducibility and
linearity up to the working stress range. This calibration curve
was then used to determine the applied load to the specimen at any
value of strain, since the load cell was directly attached to the
specimen grip-ends. The strain in the specimen was measured in-
dependently through separate strain gages.

The tension specimens were cemented onto the grooved pieces
shown in fig. 3.3(a). Special care was necessary in setting the
specimen over the grip-ends so that the specimen was cemented on the
ceﬁtre line. To help facilitate parallellism between the grips as
wéll as to keep the specimen aligned during the cementing operations,
a parallel-bar type alignment jig was made. This is shown in
fig. 3.3(b). Sauercisen' cément was used to hold the specimen in place.
Care was exercised in applying the cement so that it did not contaminate
the gage length portion of the specimen. After the cement was .
dried (which took about 10 to 12 hrs. at room temperature), the

specimen was transferred to the tensometer.
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FIGURE 3.3: Device used for aligning the specimen during
cementing operation onto the grip ends.
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4.0 EXPERIMENTAL RESULTS

4.1 Compressive Deformation of MgO Single Crystals -
4.1.1 General deformation characteristics

The general stress-strain behaviour of the [100] crystals
thained in compression are shown in fig. 4.1 for the six temperatures
of 770, 2080, 2930,_4730, 573° and 673°K. Although some variation
was found in the yield stress due to suriace effects from specimen
to specimen at one temperature, the general shape of the curves re-
mained the same. No yield points were observed in any of the
‘specimens within the above temperature limits. Since all tests were
confined to <100 > loading axis, the shear stresses and shear strains
were calculated for the active {110 } < 110 > primary slip systems.

Between three and four samples were deformed under a given set of

conditions.
4.1.2 Temperature dependence of CRSS

Figure 4.2 gives the temperature dependence of the critical
resolved shéar stress on {110 } <110 > slip systems. In general,
the CRSS increases sharply with decreasing temperature in a manner
commonly observed in b.c.c. metallic systems. The values of o5

(athermal component of flow stress) and TO (the critical reference

3
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temperature where the thermal contribution to flow stress is vanish-
ingly small) deduced from this plot are 0.65 kg/mm2 and v 1400°K
respectively. The temperature variation of shear modulus [(Cll—Clz)/ZJ

is plotted in fig. 4.3.
4.1.3 The strain rate sensitivity of flow stress at various temperatures

Strain rate change experiments were performed by changing the
strain rate upwards by a factor of 10 from the base strain rate of
1.3 x 1()"Ssec—1 over a range of temperature from 77°k - 673°K. The
change in stress, Ao, due to change in strain rate is plotted in fig.
4.4 against true plastic strain for various temperatures. The valueé
of Ao are plotted against temperature in fig. 4.5.

Since the stress relaxation technique is also capable of
yielding necessary informations for evaluating various thermal activation
parameters, this technique was also employed in conjunction with the
strain rate change method. Following the strain rate changes from
él (base) to éz and back to él’ loading was stopped and stress
relaxation curves recorded for about 5 to 6 minutes. The loading was
continued either immediately after relaxation or after complete um-
loading to check work hardening and/or strain ageing effects, and this
sequence was repeated for various increasing amgunts of blastic strains.
Within the experimental errors in measurements and reproducibility
limits of ~ 10% from specimen to specimen, it was found that Ao

remained practically .constant, independent of strain over the strain
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range investigated.

4.1.4 Evaluation of the dislocation velocity - effective stress

exponent, m*
- 4.1.4.1 Stress relaxation technique.

The stress relaxation technique of analyzing deformation
_ kinetics in crystalline solids has been extensively used in recent
years for mamy metallic [49] and ionic [65] materials. The theoretical
background for determining the dislocation velocity - effective stress
exponent, m*, from this technique and its comparison with other
techniques has been discussed previously by many workers. In particular,
Li [49] and Gupta and Li [66] have applied this technique to NaCl
and LiF crystals. Typical stress relaxation curves obtained on MgO
Crystals in the present work are shown in fig. 4.6.

The dislocation velocity - effective stress exponent, m¥,.
from this method is calculated from the slope of the linear portion of
a log - log plot of the negative of stress-rate (3¢/ 3 t) vs. time (t),

via the relation:
m* = (slope/slope+l) (4.1)

In fig. 4.7 the logarithm of the stress rate is plotted against the

logarithm of time. In order to include all the experimental data
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obtained at different temperatures and for ep g 1% of plastic strain, the
co-ordinates are suitably shifted. It is seen from this plot that a
linear relationship holds at long times to yield a limiting slope
according to eqn. (4.1). Furthermore, the experimental data showed
'approximately the same slqpe at all plastic strains greater than

~ 1.5%, and in all cases the absolute value of the slope of the linear
portion is larger than unity to yield positive m*,

In the case of experiments done above room temperature, the
fluctuations in temperatures of the bath or furnace were the major
sources of troubles which affected the profile (curvatufe) of the
stress relaxation curves. Secondly, as can be seen from the plots
in fig. 4.7? " a slight variation in slope measurements gives a
large error in the results on the absolute magnitude of m*. This
can be specially so for the materials whose m* values are large, since
the slope in a log - log plot of the stress rate (- 30/ 9t) versus
time (t) becomes too small to evaluate.m* accurately. The measure-
ments dqne in the present work, therefore, were repeated on several
samples to check the reproducibility of’the stress relaxation cﬁrves.
In addition, the magnitudes of m* were also determined by other
techniques as a check on the applicability of various techniques
as well as for the reliability in the magnitudes of m*.

Using the stress relaxation curves of fig; 4.6, the athermal
component of flow stress, g;» at any plastic strain was determined

by using the relation [66]:
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. 01 - .Oi _ tz + a 1/Hl?':“‘],

G = ey (4.2)

where < and.cz are the flow stresses after times tl and t, on a stress
relaxation curve and 'a' is the deviation in linearity in the log -

log plots of fig. 4.7. Assuming linear additivity of the thermal and
athermal components of the flow stress, the thermal or effective>stress
component, o*, was obtained by subtracting the value of the athermal
stress from the flow stress. Figure 4.8 summarizes the results of the
variation of flow stress and its components against plastic strain at
different temperatures. It is seen that, except in the early stages
of deformation at 473°K and above, o® remained constant with strain
while the internal stress increased in the same manner as the appliced
stress. The temperature dependence of effective stress is shown in

- fig. 4.9 the effective stress increasing with decreasing temperature.

'
~

4.1.4.2 Extrapolation and other techniques

Using the method suggested by Johnston and Stein [1657,
the values of m* were also evaluated from the data of strain rate
cycling test.

Since by definition:

n= (e

8 Ilno

=
N
.
(8N

S

m* can be obtained by extrapolating m (m and m* are different in the
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sense that m represents the value of m* in the work hardened state
[49,61,166]) to zero plastic strain where Gi = 0. From which it follows

that:

"’81n37) - 1(8'lnép )

= (3o 5Tno 70 (4.4a)
and then the relationship between m and m* becomes
Y Ine IV o . |
m = .(Mmp ) = (F5x—)0 = (omd : (4.4b)

The values of m obtained by using eqn. (4.4) ave plotted in fig. 4.10
against plastic strain and show the values of m* corresponding to
extrapolation at eﬁ = 0 for various temperaturcs. The behaviour of
m with plastic strain bears a resemblance to that in the stress-strain
curve (fig. 4.8). 1In order to. reduce the arbitrary extrapolations
which is umavoidable in plots such as those of fig. 4.10, an alternative
procedure was followed by taking advantage of the parabolic nature of
curves between 77°K to 293°K. Accordingly, a plot of m against square
root of plastic strain, Ep%’ gave a linear-relationshiﬁ in the temperature
range of 77° - 293°K as shown in fig. 4.11,

A further alternative way of obtaining m* is by using the
Strain rate gensitivity of flow stress which is measured by strain
rate cycling tests. Noting that m* is defined from eqn. (4.4a) to be

- ="31ﬂV1
= M3 Ino®
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we find,

. .DInep. Lo Inep. . . Vgh
- B - ine et x

where V# is the activation volume for yielding, defined as

HEEJT,P (4.6)

" I
Ve = Ky gge

Therefore, m* can be deduced from strain rate cycling test by cal-
culating the activation volume, V*, using eqn. (4.6). In fig. 4.12,
the values of m® obtained by Gupta - Li technigue of stress relaxation
and those obtained via egn. (4.5) are compared and plotted against |
plastic strain. Beyond 6730K, where dynamic strain ageing was observed
m* values were determined by a log - log plot of the strain rate vs.
stress at the'proportionality limit (fig. 4.13) which effectively gives
0%, Summarized in Table 4.1(a) are the results on m* obtained by
various teclmiques in the present investigation. Values from the
literature are also shown for comparison in Table 4.1(b).

The m* values of the present work are plotted against
temperature in fig. 4.14 and show a sharp increase with decreasing

temperature.
4.1.5 The Activation Volume

Values of the activation volume, V¥, derived by using
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CTABLE 4.1(a): Comparison of results for dislocation velocity -
~effective stress exponent, m*, from different
........ studies . oot e SRR BRI
‘Reference | Major Impurity | Evaluation m* T(OK) Remarks
 l'Ghpopm) | Technique S I eanhind
[46] ? Stress pulse| 22 R.T applied

etch pit stress, o,

: was used in
stead of
effective

...... 3 o | stress, o,
[183] Fe+3 = 80 Strain rate | 30 77° m* values
sensitivity | 17 200° | are taken

of proport- |12 300 from author's

ionality 8.5 473O curve, of

Ilimit 7.0 673 (31n£) Vs

6.3 873 d Ing” ’
temperature
(see also
..................... Tef. [49]).
[15] Fe+3 = 100 constant 33 R.1 applied stress
stress rate U, was used in
tests 2 1573° | stead of eff-

: ective stress,

................... gR T
[471 Fe'® = 150 | Stress 11.45
' pulse-etch (edge)
pit - R,
11.06
.......................... 1 Geerew) o
[64]. Fet? = 50 Extra- 70 77°
: polation 52 195°
method 55 295°
| 46 473°
32 673°

Stress- o

relaxation 39 295

Double ’

strain-

rate L ~

............................... Change " [4.52080 | oo




TABLE 4.1(b): m* values of the present investigation obtained
___by different methods. ~ -
Fvaluation technigues and m* values =~~~
stress 'Extrapolation Using egn. | Strain rate sen- T(OK)
‘relax- techniques - m*=V*g*/kT | sitivity of pro-| - .
ation ’ .. { portionality
U P A o iy _
38.5 40.0 ©39.0 : - - 77°
18.0 18.0 20.0 | - - 208°
12.5 12,0 | 1200 - X - 293°
10,0 | 11.2 - 10.5 - 473°
8.5 10.5 8.0 - 573°
6.5 8.5 6.0 673°
- - - 5.0 773°
- - - 6.2 - 8735°
SR IR EEE K 3 o . 9730
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“egn. (4.6) are plotted as a functiqn Qf,effective stréss, o®,. in fig.
4.15, where V* values (in units of b3) have been considered at a plastic
strain of 2% for temperatures 473°K and above, since fig. 4.16 shows con-
stant V* only beyond about 2% strain in this rénge of temperature.

The temperature variation of V¥ is shown in fig. 4.17.
4.1.6 The Activation energy

- The activation energy for yielding was calculated from the

relationship:
2 8]_ .
MH = -kT m“) (qf) (4.7)

where the variables in eqgn. (4.7) are the same as those defined pre-
viously.

Assuming that the motion of dislocations is controlied by
a single thermally-activated mechanism, the stress-dependent enthalpy
(AH) of the above equatlon is related to the total enthalpy (Hb) of

the obstacles by:
H o= aH + (O yidos (4.8)
o b ' -’
Using eqn. (4.8), the values of HO were calculated, in which the in-

tegral term was evaluated by graphical integration of the area wnder

the curve of V# against o* in fig. 4.15. Alternatively, Ho can also
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be estimated from a plot of AH against:d?, because AH equals Ho‘at
o* = 0. But this latter method relies greatly on the value of AH

at low effective stresses which can be more prone to ervors due firstly
to the general experimental difficulty in obtaining accurate measure-
ments of the small magnitudes of the strain rate sensitivity and
temperature dependence of the effective stress from which AH in eqn.
(4.7) is calculated and secondly because it depends on the mamner of
extrapolations used. In contrast, although the calculation of HO
from equation (4.8) also requires an extrapolation of V¥ versus o¥
plot to o% = 0 [c.f. fig. (4.15)], thé’contribution to the total
arca from the unveliable Jow effective stress region of the plot is
relatively small. The temperature dependence of AN and HO are shown
in fig. 4.18. It is scen that Ho is temperature independent except
for temperatures above SOOOK, where there is a general difficulty in
obtaining-accufato cifective stress data and the integration of the
 V* ~ 0% plot becomes increasingly uncertain. Figure 4.18 also shows

that the activation enthalpy varies linearly with temperature.
4.1.7 Work hardening in MgO single crystals

The work hardening curves (i.e. resolved shear stress versus
Tesolved shear strain curves) in compression are shown in fig. 4.1.
At lower temperatures, below 4730K, the flow stress increases rapidly
in a parabolic mamner on account of high work hardening. Above this

temperature, two-stage hardening begins to appear. The changes in
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are calculated from eqn. (4.7) and graphical integration
of the experimental V* - o* curve of fig. 4.15.
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the rates of hardening are summarized in fig. 4.19. In this figure,
the work hardening rates, 0 (slope of shear stress/shear strain curveS),
normalized with respect to the shear modulus, are plotted for the

plastic shear strains of 1%, 2% and 6%.
4.1.8 Etch-pit studies on the dislocation structures of MgO crystals
4.1.8.1 As-annealed structures

A typical 'as-annealed' dislocation structure observed by

etch pitting is shown in fig. 4.20. The photograph was taken at low
magnification such that a whole face of the specimen could be examined.
The dislocation structures of the as-received material and subsequent

to the ammealing treatment were essentially similar. However, in the
case of annealed material a tendency of agglomeration of dislocations
‘were observed in the form of many low dislocation density sub-boundaries.
Counting of the etch pits within such sub-boundaries gave a dislocation

5 6, 2 -, v :
to 107 /em”. It was ensured by repeated

density on the average of 10
polishing in orthophosphoric acid and etching that there were no
substantial change in dislocation density, only the pits became larger

~and larger.
4.1.8.72 . Distribution of slip in deformed specimens

Micro-observations of dislocation bands were made by etch |
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'FIGURE 4.20: As-amnealed dislocation sub-structure in MgO single
crystals. ‘
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pitting on polished faces of a number of crystals deformed at various
temperatures to increasing amounts of plastic strains.  The main

observations revealed by these experiments are:

(1) Upto the temperature investigated (i.e. up to 6730K),
dislqcation source initiation were always found to be from mechanical
contacts of samples with the testing platens. When the specimen ends
were flat and parallel, edge dislocation bands either on one or two
of the { 110 } sets of planes (intersecting orthogonally) which are

ray

equally stressed, could be seen operating diagonally to the faces o

Fh

wecm@wl;ﬂmscmﬁﬂm@gthzamh&rdmwwﬂkmsﬂmte@&
dislocations move faster than the screw dislocations in MgO similar
to NaCl and LiF. Typical examples are shown in fig. 4.21. In
~general the first slip bands at and below room temperature appeared

at abQut %th of the critical resolved shear stress required to produce
"nmcroscqpic yielding at these temperatures. The stress values are:
0.80 kg/mm2 (for one specimen only), 0.60 to 0.74 kg/mmz (for two
specimens) and 0.25 to 0.35 kg/mm2 (fqr two specimens) for the three
temperatures of 770, 208° and 293°K respectively.

(i1) Observations after deformation to the stress levels
corresponding‘to the CRSS between 77° to 473°K revealed that although
there was coﬁsiderable activity of slip on all four equally-stressed
{110 } <110 > slip systems in this temperature range, deformation
at 77° and 208°K was mainly accompanied by obliquely-intersccting slip

bands. At room temperature, there were almost about equal numbers of
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Qrthogonal and oblique bands. At higher'temperatures,'plastic de-
fbrmatiqn was accompanied mainly by the widening of one of the band
“out of an orthogonal pair.

(1ii) The diétribution of slip bands below plastic strain of
about 1% was éxtremely‘inhomogeneous.' But as the deformation in-
creased, further propagation and widening of the existing bands took
plaée such that a one-to-one correspondent of the glide bands cccurred
between the adjoining éide faces of the crystal. Figure 4.22 gives
scme of the typical examples in the foxm of isometric view of part

ofthe crystal showing the intersecting bands matched from the two
adjacent faces as expected from_the slip geometry of rock salt
structure.

4

4.2 Tensile Deformation of Polycrystalline MgO

4.2.1 Stress-strain results

£

Figure 4.23 is a typical plot of total strain and lattice
strain (for (420) reflecting planes) against stress for two grain
sizes. Up to a certain value of applied stress the lattice Strain

is proportional to the applied strain and this is the elastic region
of the curve. Beyond this region of proportionality the lattice strain
‘deviates from the total strain and on unloading there is a residual

lattice strain (this can be seen by drawing a line parallel to the
: g

elastic line from the lattice strain curve to the strain axis). The '
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T=573°K
0 =2 kg/mm?2
ép =2 %

T=573°K
0=2.1Kg/mm2
€p= 1%

FIGURE 4.22: Reconstructed views of MgO crystals as observed by etch
pitting after deforming at different temperatures in low
strain regimes, showing sub-boundaries, grown-in dislocation
Structures and glide bands. Diagonal lines on a {100 }
surface consist of edge dislocations; horizontal < 100 >
lines consist of screws.
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observance of residual lattice strain is therefore clearly indicative
of . . plastic flow [170,171] in the present experiments. In view of
the limits of accuracy with which strain measurements were made, the
microyield stress represents the flow stress for about 5 x 10‘6 strain.
In Table 4.2, the results of microyield stress for different grain
sizes are compared with the stress at which lattice and total strain
deviate. The curves showing the microplastic behaviour are drawn in

a more familiar form in fig. 4.24 where stress is plotted against

plastic strain for three grain sizes.
4.2.2 Crain size effect

Figure 4.25 is a plot of the grain size dependence of the
stress at which slip activity was first detected by etch pitting,
of the microyield stress, of the flow Stress at 3 x 10-5 (plastic)
strain and of the tensile fracture stress. It is apparent that the
microyield, flow and fracture stresses obéy‘a Hall-Petch relationship
within the experimental error. However, the intercepts and gradients
of the curve differ. The stress at which slip was first detected
by etch pitting is relatively independeﬁt of grain size over the
range of grain sizes where reasonably reproducibility could be
obtained. The magnitudes of maximum plastic strain achieved up to
the fracture for different grain sizes is shown in fig. 4.26. It
should be noted however, that the plastic strain valﬁes in fig. 4.26

and in fig. 4.24 include any strain resulting from crack formation
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TABLE 4.2: Results of microyield stress measurements on
’ _Polycrystalline MgO at room temperature

Grain Size, o (mecl1;;i1ica1)_"}’, dm (;(fra.y)_"‘*,_ Definition
1 om g/ 4__1.(g/mmvz~‘. R
2.5 6.5 6.6 o
'S oo
4 6.25 6.32 453%—4
10 5.8 5.94 o
©,
25 5.55 5.62 . oo
' T~E
49 5.15 5.26 = Tg'g
$  ©
43 4.97 5.00 wo &8
S8
45 4.80 4.85 IS
48 4.74 4,79 4; 35
] —~ £
62 4.62 4,67 0w S
68 4.55 4.60 ¢ 8
A g9
75 4,57 4.606 @ S 2
2 g
90 4.60 4.65 0 -
o =B
. g 2848
97 4.65 4.75 8 §a
]OO ...... 4.68 ..... /"75' *® :;i
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as well.
4.2.3 Btch pit studies on polycrystalline MgO

The initial dislocation density:(po) of polycrystalline

MgO specimens after heat treating was obtained by etch pit measurements

&N

. . o . . . ., 2
using the formula p = M” x N/A where = pit density (etch pits/cm
H P4

and N = number of pits observed in area A on a photomicrograph taken
at magnification M. AlClS solution was used as an etchant which pro-
duced'well-defined square and flat-bottomed pits marking the positions
of "grown-in' dislocations. Examples are shown in the photomicrographs
of fig. 4.27. About 20 to 30 grains were measured on each specimen.
Figufe 4.28 shows that the initial dislocation density is grain size
dependent, increasing with decreasing grain size. The Tesults of these
measuraments are sumnarized in Table 3.3. It should be noted however,
that dislocatlon etch pitting on MgO is to some extent, orientation
dependent. Thus the absolute values of the dislocation densities in
fig. 4.28 arc likely to be low, while the profile of the curve is
not expected to be greatly in error.

Pigﬁre 4.29 sheows a typical example of the first evidence
of slip activity, and it can be seen that this initial slip is closely
associated with the grain boundaries, often occurring in regions of
StIGSS'CQDCGHtTatiOHS such as triple points. Figure 4.30 illustrates
another typical situation where slip bands are seen coming out from

both grain boundaries across a grain, but there is no matching between
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the bands from the'bpposite sides.  This obéervation is consistent

with the assumption that slip bands are in fact nucleated at the'graih
boundaries; otherwise, the slip band would have to be matched by slip
bands in the grain on the other side of the grain boundary. Besides

the grain interfaces, occasionally slip bands were nucleated at inclusions
as shown in fig. 4.31.

As the stress is increased the extent of slip activity also
increases until at the microyield stress slip has spread across the
major portion of the grain diameter (fig. 4.32). With further increase
in stress the slip bands broaden and gradually fill the grain interior
(fig. 4.33). In specimens deformed to stvess levels of N 70 to 80%
of the fracture stress, localized plastic flow by spawning of secondary
dislocation bands from the primary bnads were also cbserved. This
spawning phenomena is believed to be due to an increase 1n localized
stress concentrations. Figure 4.34 illustrates some of the typical
examples of this. In cases where glide bands of different width
intersected each other, kinking of the weaker bands were seen similar
to the previous observations on MgO single crystals by Argon and
Orowan [19,20]. It may also be mentioned that the grown-in dislocation
substructure did not obstruct the growth of glide bands at any stress
level. Though grain boundaries were observed to be the main barriers
to slip propagation, the incidence of slip breakthrough into neighbouring

‘ grains was uncommon.
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FIGURE 4.30: Slip bands coming out from both grain boundaries across
a grain, but there is no matching between the bands
from opposite sides.
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FIGURE 4.32: Representative micrographs showing the slip bands
_ traversing the entire grain. diameter corresponding to
microyield stress leyels. ...
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FIGURE 4.34: Spawning of secondary bénds (marked s) from the main
primary bands (P).
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5.0 'DISCUSSION

5.1 Dislocation Dynamics and Thermally-activated Deformation of

MgO Single Crystals
5.1.1 Considerations of a singly-activated mechanism

Before considering the experimental results on the Tate-
controlling mechanisms of MgO single crystals, it is important first
of all to'establish that below a certain limiting critical temperature
a single thermally-activated mechanism is operating and that within
the framework of its analysis the experimental results: satisfy all the
criteria under which predictions of a theory of rate-controlling
mechanism of plastic deformation are based. With the help of the
formalism of the reaction rate theory however, specially with respsct
to its predictions for stress dependencies on activation enthalpy, it
is well Inown that if a singly-activated mechanism is rate-controlling,
the total activation enthalpy, Hé, should remain constant and in-
dependent of effective Stress,zcg,ior temperature. Figure 4.18 indicates
this to be the case for the present work over the temperature range
77° to. 673°K. It is seen that HO is temperature independent except
for tenperatuieé above SOOOK, where there is a general difficulty
in obtaining accurate effective stress data as pointed out earlier
(section 4.1.6). In addition, the value of AH given by eqn. (4.7)

is strictly valid only when o* is large because thermally-activated
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motion of dislocations in a direction opposed to the local stress is
neglected [79,172]. 1In view of these, it can be said that the'relatiﬁely
small differences in calculated Hb values at small o% as combared to
the data at large o* are within the range of experimental error in the
temperature range between 500° to 673°K.

Some other observations which seem to further support the
operation of é’single rate-controlling mechanism is worth menticning.
For instance, if the deformation procésses are considered as strain

rate and temperature controlled, there is a strict variation of the

activation volume and activation energy with temperature to be obeyed.
That is, if there is only one deformation mechanism fate~controlling,
then the activation energy, AH, should be a linear function of
~temperature end likewise no break or discontinuities should be observed
in the activation volume and effective stress plot. Furthermore,
the slip band configuration should not change much with temperature
within the temperature limits considered.

| Thus if the present data is considered, it is seen from

plots such as those in figs. 4.15 (_V“"/b3 vs. 0%). and 4.18 (AH vs. T)

that a unique relationship exist between the various activation
Parameters: no discontinuities are obserﬁed.in the V& - o% plot
and AH varies linearly with temperature. Previous experimental
evidence based on etch pit [173] and electron transmission micro-

.

scopy [27] of deformed MgO single crystals shows that the structure
of slip bands does not change significantly upto about 7007K and in

a way lend support to the present findings since if the nature of.
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slip bands were not the same at all temperatureé, a temperature
sensitivity would be reflected in the above parameters.  This then
further supports our conclusion that a singly-activated mechanism
controls the deformation over the whole range of temperature considered
in the present experiments.

The experimentai results of fig. 4.8 show that from above
4730K, the effective stress, 0%, is slightly strain-dependent in the
early stages of deformation unlike the observations at larger strains.
Similar behaviour has been observed'bY'Gupta and Li [66] in the case
of NaCl crystals and it was concluded that a pre-macroyield Tegion |
exists where a slight structural instability causes the effective
stress' to be. strain-dependent.: It is tentatively proposed that the |
strain dependence of o* upto about 1.5% of plastic strain in the
present experiments is also because of the inhombgeneoUs nature of

plastic flow in this temperature and strain regime.

5.1.2 Evaluation of the rate-controlling defofmation mechanism

The rate-controlling mechanisms can be considered as either
structure-sensitive or structure-insensitive. Amongst the structure-
sensitive mechanisms most of the phenomena which are believed to
influence the structure during the deformation of rock salt type
crystals are: (i) cross-slip, (ii) jog-dragging and (iii) forest
intersection. The experimental results described indicate that up

to 673°K all the activation parameters such as V¥, ¢%* and Hb are
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independent of strain. Thus the rate-controlling mechanism is structure-
independent, which rules out the above mechanisms. Room temperature
work on single crystals of MgO containing 75 p.p.m. of Fe+3 by Kumar [114]
is also similar to the present results where no change in activation
volume was observed with strain up to 6 percent strain.

Sodium chloride and silver chloride have the rock salt
structure as does magnesium oxide. In the case of sodium chloride,
Haasen and Hesse [174] and Appel and Messerschmidt [175] found that
the thermal component increased with strain and suggested that jog-
dragging may be rate-controlling, while i1 the case of pure sodium
chloride crystals (containing total impurity content of less than
1 p.p.m.) recent work of Argon and Padawer [40] suggests a forest
intersection mechanism similar to thet in f.c.c. metals. Pvans and
Pratt [39] results on NaCl crystals and Lloyd and Tangri's [104] work
on polycrystalline AgCl show that the thermal compunent is constant
with strain and that the increase in work hardening is associated with
increasing internal stress, which is comparable to the present data
on MgO.

The most probable structure-insensitive mechanisms are the
Peierls-Nabarro lattice resistance mechanism and the dislocation-
impurity atom interactions. In the classical Peierls model, in
which the nucleation of double kinks in a sinusoidal potential is
considered to be rate-controlling, it has been shown by Dorn and
Rajnak [1G0] that the ratio Uh/ZUk ( g T/TO) is a unique function of

0*/03,.where Uh = activation energy required to nucleate a pair of
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kinks which is a function of o%, and U, = energy of a kink. In this
’ ke

analysis, at TO,,O* = 0 and the energy is 2U,

1 and at absolute zero,

where Uh,: 0, o* = Qg. Assuming Uh/ZUk Ay T/TO, its functional dependence
on O*/Og is shown by the normalized curve in fig. 5.1 along with the
experimental data, taking Og = 4,5 kg/mmz and TO = 1350°K from fig.

4,9. As can be noted from fig. 5.1, to move the experimental curve

onto the theoretical curve of Dorn-Rajnek requires that either Gg or

TO be considerably reduced. The former argues against a high Peierls
stress and the latter argues against the Peierls-Nabarro mechanism.

It is thus seen that the deformation data dees not agree with the
predictions of a Peierls mechanism based on the double kink theory.

An important featurc of the Peierls mechanism is its small
activation volume. It usually ranges froum about 10 to 20 bs. In
contrast the activation volume: for solute atom-dislocation intersecticn

‘might f£all in-the same range for one concentration of impurities, the
Peierls mechanism predicts that the activation volume is independent
of the amount and state of dispersion of impurity. In the present
experiments it is found that the activation volume is in the range of
45 to 450 bs, which is much larger than the 10 - 20 b3 expected on the
basis of Dorn and Rajnak [100] model. Furthervmore, if comparison 1is
made for crystals containing different amounts of impurities, 1t 1s
seen that thé magnitudes of activation volume range from ~ 50 to

10%b° [477.

Another important feature of the Peierls mechanism concerns

its physical origin based on the nucleation of a pair of kinks. -The
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value of o%® at OOK which 1s expected to: represent the Peierls stress
should be independent of the impurity content for a Peierls.mechanism;
Towever, collected data on MgO crystals‘from different sources (fig. 5.2)
indicate that ¢¥ is proportional to/C (C = concentration of Fe
mpurity), thus suggesting an impurity mechanism. In addition, if
calculations are made for og, Hb or'TO following the suggestions by
Guyot and Dovn [68], it is found that the calculated values do not

agree with the actual experimental values. All these results are
therefore in disagreement with the double kink theory based on the
Peierls mechanism.

Based on tﬁe idea. of dislocation-solute interacticns, several
theories have been proposed to explain the yielding and flow behaviour
~off ionic solids. Eshelby et al. [176] suggested that since the dis-
locations in ionic solids are charged and surrounded by a vacancy
atwosphere of predominantly opposite charge to maintain charge neutrality;
the stress required to overcome the electrostatic attraction (i.e.
tq.break away from the charged cloud) may determine the yield stress.:
While this effect may be rate-controlling in the begimming of yielding
it is unlikely to operate at larger strains at low temperatures since
it involves segregation of impurities and vacancies arvound the dis-
Jocation. Since there is no observed yield point in the present
experiments and o* is constant and independent of strain, the above
mechanism is not thought to be rate-controlling in the present case.

An alternative approach is that the hardening results from

interaction of the dislocations with non-symmetrical distortions. .
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FIGURE 5.2: Plot of Og against (concentration of Fe+3)2j Data

‘collected from different sources fit the relation
suggested in the Fleischer's model. Error bars
represent the author's uncertainty in reading others
graphs. ’



129.

Fleischer [87,95], Pratt et al. [105] and Chang and Graham [106] have
all considered the interactions between a dislocation and the impurity-
vacancy dipole which occur naturally in impure NaCl type structure.
Fleischer's model assumes that a dislocation moving on a slip plane
interacts strongly only with defects lying within one atom spacing

of the glide plane. The flow stress at absolute zero is then found

by maximizing the rate of change of interaction energy with respect

to the distance along the slip plane. On the basis of this theory,

the following velation was derived for the flow stress in a NaCl type

structure hardened by <110 > tetragonal distortion, given in a general

form by:
1w VG
T =2 (5.3_)
o A
©
where, )
= . - 0%
T, = ~flow stress at 07K,
- _ . . o
B, = “shear modulus in < 110 > direction at 07K,
AO = -a constant, which can have different values for
different materials; calculated to be = 3.3/Ac
for ILiF [87], in which Ae = difference between
longitudinal and transverse strain of the tetragonal
distortion, and
C = 'concentration of tetragonal defects

The relationship between o*,. V¥ and AH is given by:
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(o%/0%) = [1 = (1/1)%* G
(A/H) = [1 - (o*/0%)"? (5-3)
and VE = H /03] (0%/0%)7 - 1 (5.4)

where o# and,Og are the thermal components of flow stress at temperature
T and at 0°K respectively and TO is the temperature above which the

flow stress becomes athermal. From eqns. (5.2) and (5.3) plots of
(0*)%_against (T)l/2 and (0"")1/2 against ‘(Z&I—I)l/2 should be linear. Figure 5.3
shows this to be the case for the present results for MgO containing

100 p.p.m. of iron. The intercépts of fig. 5.3 based on the fimctional
relationships of egns. (5.2) and (5.3) give Og = 4,84 kg/mmz, TO = -

kg/mm” and

(¥

1370°K and Hb = 0.85 eV. Alternatively values of Og = 4,

TO = 1350°K are obtained from fig. 4.9 and a value of HO' 1.2 eV
is derived from fig. 4.18. It is seen that the two scts of valqes (c.f. fig. 5.5)
of Og and TO are in good agreement, whereas the‘agreement between HO
values is rather poor. This is not wnexpected considering the extensive 00
extrapolations involved in deriving HO values.
The:theoretical slope of the (0"")1/2 versus (T)% plot is

given by the expression [87]:
s Y "dk )
[3 (978 ()7 = &5 (5.5)

where, o= 1Qg[fb/V(4C/3)%]
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with f = vibrational frequency of a dislocation = vD-b/R,vD = Debye

freqUency;
V = average velocity of dislocations at the yield stress,
C = atomic concentration of defects
b = Burgers vector (= 2.96 x 1078 n for Mg0),
k = Boltzmann's constant, and
L= b/(élC/B)l/2 for <110 > tetragonal defects

Provided that neither ﬁ, C or Ae varies with temperature, the exper-
imental slope of (0""‘)?/2 Versus (T)j/2 in fig, 5.3 for 100 p.p.m. of Fe
in MgO is calculated to be 0.25 [kg/mm2 degree]]/2 in contrast to 0.17
[kg/mm2 degree]% found from eqn. (5.5) by cheosing a value of f =
1010/sec, o=14and v = 3 x 10“2 cm/sec. ThesQ values compare not
too unfavourably considering the fact that £ and V have not been measured
dirvectly in the present material and also since the final concentration
of iron is assumed to be the same as the initial amount prior to heat
treatment.

Fleischer's analysis also makes a quantitative prediction of.
the value for the atomic deféct concentration, C, which is related

to og by the equation [87]:

- Ey
5 o HAE(C)”

9% 3.3 (5.6)

Although an exact value for the tetragonal strain associated with the
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defect bairs in MgO is not available;la value of v 0.44 similar to
that for LiF (containing divalent Mg+2 as the main impurity [87])
will not be in great error. Taking ﬁo = 13.25 x 103 kg/mmz (fig. 4.3),
'Gg (experimental) = 4.5 kg/mmz, the calculated defect concentration
from eqn. (5.6) is only 8 p.p.m. which is far less than the actual
amount of impurity present in the material. The theory thus gives an
inconsistént result for the defect concentration. As pointed out by
others, [110,177,178] Fleischer's calculation [179] indicates that
the parameter A.0 in eqn. (5.1) will vary from about 100 for divancancies
or substitutional impurities to 3 to 10 or more for.defécts producing
largé assymetrical strain such as impurity-vacancy dipole or inter-
stitials. With Fe-doped (150 p.p.m.) MgO, Davidge's [110] result
shoW}AO = 35 which is close to a value of 29 for the present work on
| MgO having about 100 p.p.m. of Fe as the main impurity.

Another important correlation that further help eliminate
the Peierls mechanism should belbriefly.mentioned at this stage. Curves
for relationships, namely V*/b3 versus [(0(’;'/0’*'*')1/2 - 1] and AH versus
1 - (0*/03)%]2 which allow [179] differentiation between a lattice
~ hardening and the impurity mechanism are included in figs. 5.4 and
5.6. A linear relationship found can be takeh as further proof for
- the applicability of impurity mechanism as suggested by Fleischer [179].
In a recent work on MgO crystals containing 75 p.p.m. of Fe+3 as the
main impurity, Kumar [114] has similarly concluded that the rate-
controlling mechanism is in agreement with Fleischer's model, where for

another instance, it was shown that the magnitude of activation volume
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depended on the heat treatment used prior to testing.

The fact that plots of'(c*)%,versus (T)l/2 and (o*)%'yersus
(AH)I/2 in the present experiments can be represented by a straight line
from 77°K fo 673°K without any deviation of parabolic nature at either
extremity, which would normally be expected for a Peierls type of
mechanism (see e.g. Spitzig [180]), strongly supports the contention

that a Fleischer type of mechanism is operative.
5.1.3 Power law approach

Basically, two important points will be considered: (i) the
applicability of various methods of analyzing m* data, and (ii) the
equivalence of the power law and rate: theory approaches to deformation.
The first of these has been discussed in section 4.1.4 of experimentai
results. It has been shown that the value of m# obtained by the
Gupta-Li analysis is in good agreement with that obtained from other
techniques. Since m* remains practically constant with strain (c.f.
fig. 4.12j within the experimental error limits, the influence of a
drastic change in mobile dislocation densiﬁy is thought to be un-
dmportant in the temperature and strain range studied, except pevhaps
in the beginming stages of deformation at 293°K [181] and above.

The second problem, in particular a description of the
parameter, m*, in terms of the relevant activation parameters, has
been attempted by Li [79,82], who was amongst the first to derive

some physical significance of m* and relate its temperature dependence
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to thermodynamic quantity, AS, the entropy of activation. Using
thermodynémical argunents, it was demonstrated that the behaviour

of the product (m*T) in the limit as T -+ 0 can be analyzed and used

in the studies of dislocation dynamics with a minimm of uncertainty
concerning the role of entropy. Starting with the fact that the

third law of thermodynamics requires that AS ~ 0 as T + 0, Li

suggested that for a singly-activated process, the quantity (m*T)
approaches a limiting value near 0°K. In actual examples however, (m*T)
may increase [54], decrease [49] or remain constant [182] with temper-
ature at higher temperatures depending upon the stress dependence of

AS and AH. Some of the important relationships are given below (after

Li [49]):
(g?}‘*T)G* = 0 at 0°K | | (5.7)

ez = e

and ey, - -9

Figure 4.14 shows plot of the parameter m* as a function of
temperature. Included in that figure is also a plot of (W*T) against
temperature. It is seen that (m*T) values at various temperatures can
be fitted on a straight line with zero slope and a constant value of
3.7 x 1030K for (m*T)O. Because of the limited accuracy with which

(m*T)O could be obtained from fig. 4.14, (m*T)O was also calculated
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from thé'Slope'of plots of 1/m* versus T as shown in fig. 5.7 where
a comparison is also made of the previous result by Phillips [183]
on MgO crystals having 80 p.p.m. of Fe compared to 100 p.p.m. in the
present crystals. 'The two results are Seen to agree quite reasonably
considering the difference in the amount of Fe content used.

Figure 5.8 is a graph of AH versus log o* [equation (5.8)]
and T versus log o* [equation- (5.9)] and shows that the values obtained

30 30

for @n*T)O of 3.2 x 10” “K and 3.6 x 10° “K and for,cg of 4.0 _kg/:mm2

and 4.1 kg/mm2 respectively are in good agreement with the experimental

values of,og = 4.5 kg/:mm2 and @n*T)b = 3.7 x10°°

K. The agreement

between these values derived fraﬁ Li's formulations thus lend support

to the applicability of the third law of thermodynamics to. thermally-

activated flow of MgO crystals and shows that results obtained here

are internally consistent with.one another. |
Returning to the question whether the experimental results

can eqUaliy well be rationalized on the'basis of the power law approach,

it can be argued that if the power law and the rate theory approaches

to deformation are equivalent:
m* = V&g*/KT (5.10)

and for m* to be independent of stress, V* a 1/0% and m*T = constant.
This is the case if entropy effects can be neglected. Figure 4.12
indicates that m* values obtained by eqn. (5.10) agree with those

obtained by other techniques, and (W*T) remains constant with
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temperature (fig. 4.14). The present results therefore indicate that
over the temperature and strain range considered, the power law and
rate equation approaches are equivalent and entropy effects are
negligible in the present case. A negligible entropy tefm is also
indicated by the linear relationéhip between AH and T shown in Fig.
4,18, Deviations from linearity Would be expected if entropy effects
were significant as has been shown by Arsenault and Li [86] and

Arsenault [184].
5.2 Work Hardening Behaviour of MgO Single Crystals

In the absence of transmission electron microscope observations
on the actual dislocation structures and because of a lack of data
on the variation of dislocation density with strain, only rather general
commenté can be made on the work hérdening behaviour of MgO single
crystals.  Experiments using etch pitting give evidence to the pre-
dominance of { 110 } < 110 > slip, on both orthogonally and obliquely
intersecting slip systems. Below room temperature, the etch pit studies
show that the méjor slip activities are confined on the obliquely-
inclined slip systems. Considering the dependence of the dislocation
energy on the Burgers vector from obligue systems (1200 type, fig. 2.2),
the high rate of work hardening at 77° and 208°K can be explained
qualitatively as follows. Since the dislocations interacting on

obliquely-inclined systems according to:
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SI0T1) + Z[10T] » S{170]

produces a (sessile) dislocation lying on { 112 } type plane which is

. not a plane of easy glide in MgO; the regions of intersection are

1likely to become sites of considerable impediment to further movement

of dislocation through and hence giving rise to high rates of hardening.
This reaction was proposed by Keh et al. [10] and observed in Mg0
crystals using'transmission electron microscopy by Groves and Kelly [11].
As long as this reaction occurs, slip propagation is difficult and a

sufficiently high stress will be required to undo the reaction or to bow

out the dislocations between the two reaction points [13,22]. Furthermore,

since the jogs resuiting from the oblique intersections are charged,

the high hardening rates may also be caused by the higher stress required
by the formation and subsequent dragging of the charged jogs compared

to the ﬁeutral‘jogs which form from orthogonal intersection [900 type,
fig, 2.1). -

The relatively low work hardening rates observed above room
temperature (fig. 4.1) can also be explained on a similar basis; since
the etch pitting results (fig. 4.22) show predominance of only
orthogonal dislocation intersection. At higher temperatures (at and
above 473OK), slip starts out with the formation of glide bands either
on one or both of the equally—étressed'{ 110 } < 110 > slip systéms,
but a further increase in stress results in the lateral widening of one
of the orthogonal bands. The relatively constant rate of work hardening

seen in fig. 4.1 (for T > 293OK) between about 1 to 6% of shear strain
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can Be'henCe.related'to the sideways propagation of active bands,

since in this type of deformation, dislocation mobility: is restricted
cnly to the advancing glide band interfaces. At shear strains greater
‘than " 5-6% when the whole crystal is covered with the dislocation
bands, the increase in the work hardening rate (seen as the second

stage of hardening, fig. 4.1) arises'probabiy due to further deformation

occurring within the bands.
5.3 Microyielding and Fracture in Polycrystalline MgO

Two points should be noted before considering the experimental
results on room temperature deformation of polycrystalline MgO. All
- the specimens were chemically polished and microscopically examined
to:ensure that no surface damage was present prior to testing. Thus
plastic flow and cracking is not a result of surface flaws which can
have a significant effect on the deformation and fracture cof poly-
crystalline MgO (see e.g. Evans and Davidge's [148] work). Furthermore,
the microyield stress is defined as the stress at which the lattice
and total strains are no longer proportional. Beyond this stress
residual strains (lattice as well as plastic) is present on unloading
the specimen, and since residual lattice strain is clear evidence of
plastic defcrmation [170,171], the microyield stress is associated
with plastic flow rather than crack formation. In view of the'limitsﬁ
of accuracy with which strain measurements were made, the microyield

stress represents the flow stress for about 5 x 10-6 plastic strain.
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5.3.1 Slip initiation

The micrographs presented as typical examples of slip
initiation in fig. 4.29 clearly show that the first evidence of slip
is associated with grain boundaries, the majority of the pile ups
formed having one end in contact with a grain boundary. The etch patterns
are very similar to those found in Fe-3% Si alloy [134-136] and a
number of other b.c.c. metal systems [137-139] stretched similarly in
the microstrain range.

Several models have been suggested for grain boundary sources.
Depending upon whether the 0peratidn of a source in the boundary requires
or does not require grain boundary sliding, these models have been
classified into two main types for convenience by Tangri ¢t al. [132].
Yor a material like magnesium oxide, only the models based on the pre-
existence of ledges in the grain boundaries need to be examined. This
is firstly because of the fact that the grain boundary sliding at room
temperature in MgO is highly unlikely and secondly that ledges at grain

boundaries have been recognized [185] similar to metallic materials.

The models that have been propqsed to account for the grain boundary
dislocation generation are due to Li [186] and Price and Hirth [187].

Li [186] suggested that grain boundary ledges can act as doners of
dislocations.- A grain bowmdary ledge in this model is considered as

an absorbed edge dislocation such that under the influence of an external
applied shear stress, the ledge is removed from the boundary generating

a dislocation in the grain interior. It should be noted that this
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kind of source is not really a dislocation mill which is capable of
Continuoué generation of dislocations. A grain boundary ledge may be

a doner of one or a few dislocations. Subsequent generation of further
dislocations within the grain may take place-for example by a double
cross-slip mechanism [188-190}. Price and Hirth [187] have modified

the ledge theory, suggesting that the ledge is sheared one Burgers

it along the slip plane thus nucleating a screw dislecation. Continued
shearing of the ledge causes additional (screw) dislocation generatiom.
Althﬁugh a detailed electron microscopy investigation was not performed,
the etching characteristics of some of the initial pile-ups suggested

(on the basis whether etch pits emerge vertically or inclined on the
“{100 } faces [24,188]) that they were of edge character rather than
screw. The predominance of edge dislocation etch pits was also found

in polycrystalline LiF by Scott. and Pask [126]. Only further work
'using transmission electron microscopy should be able to determine if
’rice and Hirth mechanism was viable. The large number of etch pits

seen with initial pile-ups in fig. 4.29 should not be taken as all

ceming from the boundaries since they may form as a result of dislocation
multiplication {189-191].

Finally, Baro and Hombogen [162] have postulated that lattice
dislocations can be created at the head of a grain boundary dislocaticn
pile-up, maiﬂly at regions of stress concentrations such as triple
point junctions. On the basis of this, they have also attributed the
grain size dependence of the flow stress to the operation of grain

boundary scurces as:
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O = Oy *+ kGB'ij | | (5.11)

where 0GR is the stress opposing the motion of grain boundary
dislocations, % is the length of the grain boundary pile-up and is
assumed proportional to d, the grain size, and kGB is a constant
invélving the shear modulus of the boundary and the Burgers vector of
grain boundary dislocations. Figure 4.25 shows however, that the stress
to nucleate grain boundary sources is relatively independent of grain
sizes larger than 10 pm. This result is again similar to that obtained
on Fe-Si alloy by Suits and Chalmers [193] and.Tandon and Tangri [136].
These results therefore cannot be exﬁlained on the basis of eqn. (5.11).
As can be noted from sbove, the critical concept in the Baro and Horn-
bogen's model is the assumption of the free slip distance; %, of the
grain boundary dislocation being proportional to the length of the
straight and periodic array of the grain boundary. Since slip in

this model is assumed to take place in the grain boundary which forms
pile-ups at the corners of grains, the Burgers vector of the grain
boundary dislocation and the line of dislocation must be contained

in the boundary; Thus any kink or change of direction of the boundary
will 1imit the free slip distance over which the necessary require-
ments are met. In deriving egqn. (5.11) Baro and Hornbogen assumed

%0 d, howevér, this may not be the case. Instead, % may be determined
by the misorientation across the grain boundary and a simple grain

size dependence of the stress for grain boundary source activation

may not be the case,
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Reference to fig. 4.25 indicates another interesting feature
which is similar to the observations on metals. The Stress at which
first nucleation of dislocations occur from the grain boundaries is
significantly lower than that for microflow or fracture. Recently
Tangri et al. [132] have analyzed'this more specifically for an analogous
situation occurring in polycrystalline Cu, Ni and Fe-Si alloy. It has
been shown [132] that if account is taken of the stress concentration
factors, such as at the ledges due to its geometry and due to elastic
incompatibility at the interface, the magnitude of stress at which
dislocation emission from grain boundary is exﬁerimentally observed
falls within the predicted range. It is believed that a rather similar
explanation based on compatibility effects exists for the occurrence
of slip at low stresses in the present work cn polycrystalline MgO
and those for polycrystalline LiF studied by Scott and Pask [126]
who also observed local slip activity near grain boundaries at a load

nuch lower than the predicted value.
5.3.2 Microyield

The results of fig. 4.25 show that the microyield stress

obeys the Hall-Petch relationship with respect to grain size. Petch [194]

postulated that dislocation pile-ups form against the grain boundary
resulting in a stress concentration at the head of the pile-up
nucleating slip in the adjacent grain. A similar model was suggested

by Cottrell [195], both associate the grain size relationship with the
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propagation of slip across grain boundaries. The etch pitting experimgnts
show that, contrary to the above models the microyield stress is -
aséociated with slip Band formation within the grains and examples of
slip breakthrough of grain boundaries at the microyield stress were
extremely rare. Hence, the pile-up models do not appear applicable for
the microyield_stress-grain size relationship.

Alternative models are the work hardening [156,157] and grain
boundary source modéls [159]. Ih the work hardening type models, one

invokes the experimental correlation that:
o =o% + apb /P | (5.12)

where o is the flow stress, o* is the thermal component of the flow
stress, p is the average dislocation density, ﬂ is the shear modulus,
b is the Burgers vector and o is a constant usually taken as a measure
of the efficiency of dislocation strengthening.

Figure 5.9 is a plot of fhe microyield stress against (initial
dislocation densi‘cy)]<2 and it can be seen that a straight line relation-
ship is obtained with a gradient of 0.82 kg/mm—l, corresponding to a
value of o = 1.5. The value of the intércept on the stress axis gives
0, = 4.7 kg/mm2 compared to a value of 4.9 kg/mm2 obtained from (stress)
versus (grain size)J/2 plot in fig. 4.25. To be noted is that the value
of o appears to be in accord with what would be predicted on the basis

of several work hardening theories [196]. The main point to be mentioned

however, is that in the theory of Conrad et al. the intercept of the
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Petch plot should be strain independent, whercas fig. 4.25 indicates
that the intercept increases with strain.

An alternative way to rationalize this behaviour is based
on the work by Ashby [133], who showed that a proportionality between
the dislocation density and the reciprocal of the grain size follows
from a consideration of the density of dislocations required to compensate
for the non-homogeneous deformation which must occur in the neighbourhood
of grain boundaries during polycrystal deformation. This concept has
been examined by Schankula et al. [160] using a simple dimensional
arguwment similar to that proposed by Ashby [133] for two phase materials
{see also Hmbury [197] for a recent review). Since the physical picture
of a polycrystal deformation as provided by Ashby also emphasizes the
role of dislocations generated to preserve continuity of the polycrystal
across grain boundaries in addition to the dislocations stored inside
the grains, this model differs from that of Conrad ct al. where the main
emphasis on the effect of grain size is placed on the internal stress
opposing the motion of dislocations only within the grains. This
model then suggests that the subsequent accumulation of dislocations
with continued straining is grain size dependent with p o 1/4d.

From the experimental results obtained in the present work
on polycrystals of MgO, some further agreement with Ashby's model becomes
evident. Thé micrographs of etch pitting experiment clearly show the
distinction of the dislocation behaviour near-boundary regions and in
regions remote from grain boundary. Here, the existence of strain

gradients in polycrystals and also the compatibility effects are
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satisfied with the geometrically necessary dislocatiqns in regions clqse
to. boundaries. With further increase in the level of straining, fig.

4.33 shows that the glide bands broaden end there is spawning of secondary
bands which contribute to the storage of dislocations inside the grains.
The present result thus indicates, at least qualitatively, that the
accunulation model should be valid for explaining the grain size dependence
of yielding in polycrystals of Mg0. If we consider the increment of

flow stress due to stored dislocations to be additive to the yield stress,

the Hall-Petch equation for finite plastic strains becomes [197]:

Ny
h

- U0 v o e (EYE 147
Gy =0, 4_{ ky 4 ap(B) }d

Thus, the Hall-Petch slope should increase with plastic strain as long

—

as the rate of accumulation of dislocations is detevmined by the graia
size. Figure 4.25 indicates this to be the case for the present work
in accord with the concept described above.

Another rationale of Hall-Petch cquation is that of emission
of grain boundary dislocations [159]. Here, it is sttulated that
yieiding is from grain boundary ledges and assuming a constant ledge
density, the mmber of dislocations produced is perartional to the
grain boundary surface area. Thus a Petch type relationship is again
obtained. Although there is now ample experimental evidence both
based con electron microscopy and etch pitting that grain.boﬁndaries
act as sources of dislocations in metals; most of the evidence for

ceramic materials to-date is based only on etch pit observations. Tven
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if grain boundary source theory is accepted, it is difficult to judge
its validity throughout the deformation since the model is sensitive

to whether the grain boundary dislocations essentially act as uniform
sources with suifficient ease at all stages. Uith the limited strain
range available in the present work it is not possible to decide on the
operative model. The results indicate however, that the work hardening
and grain boundary source models are in general agreement with the
results, and that the microyield stress is controlled by the initial
dislocation density.

A further point should be made regarding the microyield data
of fig. 5.9. Figure 5.9 shows that irrespective of the heat treatment
(that is, whether amnealed in air or in vacuum), the microyield stress
dMﬂahmwéﬂm'mesmmstmq¢ilhw;imhuﬁhgfhﬂ:ﬂmxmﬂxhw&mh@
behaviour of air-amnealed or vacuum-annealed speciﬁens is dve to
identical mechanisms. On the basis of the work hardening models this
would signity that the higher flow stress after a given strain in finer-
grained materials arises because more dislocations are created in that

material for a given strain.
5.3.3 Fracture behaviour

As shown in fig. 4.25 the fracture stress-grain size data

L&

4

also follows a Hall-Petch type equation similar to the microyield and

R

microflow stresses by a modification of equation, Gy =0, * kd 3,

in which the subscript’cy is replaced by the fracture stress, Ops’
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and %, and K become function of strain:
Op = Ogp * K:d" (5.14)

where Op @d K; are constants for the fracture criteria.
Comparison of the fracture stress-grain size plot with the
microyield stress plot reveals that the intercept OoR is much larger
than the intercept of the yield stress line. It is evident therefore
that with relationship (5.14) as the equation for fracture stress,
O, p Cannot be taken simply as 'frictional' stress for dislocation
motion. Although the value of OoF has not been evaluated theovetically,
Ku and Johmston [124] have attempted to clarify the experimental
significanté of o, term in eqn. (5.14). Into bicrystals of MgO,
heat-treated to lock dislocatiqns, they introduced fresh dislocations
by making indentations at various distances from the grain boundary.
The stress required for crack initiation was shown to be proportional

-1
z

to d * where d was the length of the glide band. They suggested that

0, was the stress for dislocation multiplications. A comparison of their

work with the present one (both tests at room temperature) shows that
‘the dislocation multiplication occurs at a much lower stress, in the

neighbourhood of the microyield stress. The crack nucleation was
observed.always beyond the microflow stress curve which approximated
to. about 75 to 85% of Ops the measured fracture étress values. Since
the present experimental data is consistent with eqn. (5.14) and shows

1
]

that the intercept and gradient of various d 2 plots tend to increase with
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increase of strain, much larger 9F in the fracture stress situation
reflects. the extensive work hardening that the matrix has undergone
fqllowing injtial yield.

In‘view of the above and the fact that nucleation of a few
cracks at random points did not result in complete fracture of the
specimens, OoR appearing in fracture stress-grain size relation can be
defined here more properly as a measure of the stress required to move
the dislocations which produces crack rather than simply a dislocation

multiplication stress as suggested by Ku and Jolmston. Such & definition

also takes into accoumt the common observation that in majority of the
experiments with semi-brittle ceramics, complete fracture does not
always result from either dislocation multiplication or from one single

crack nucleation event. In any case, it is clear that o n Yepresents

)
an appreciable part of the total value of Oy In the case of
polycrystalline MpO where only the fracture stress values have pre-
viously been measured as a function of grain size,'GOP has been associated
with the flow stress of single crystals [148]. The present result
however, indicates that the microstrain should be pessible in single
crystals at a much lower stress corresponding with the intercept for

the polycrystal microyield stress curve of fig. 4.25. The main point

of interest is that significant plastic flow and work hardening occurs
in.polycrystélline MgO prior to fracture. The similarity of the

present work with that of Stokes and Li [123] on polycrystalline NaCl

is worth mentioning. For exeample, when the data of Stokes and Li on

the room temperature stress-strain behaviour is replotted in terms of
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1
/2

(stress) yversus (d) one finds interestingly similar behaviour.

Firstly, even though the range of grain sizes used by them was above
about 100 um, it is found that the yield and fracture stresses both
show a linear fit according to Hall-Petch equation. Secondly, while

the intercept of the yield stress -d * plot extrapolates somewhat

close to single crystal yield (macroscopic) value on the stress axis,
the intercept (o ;) and slope (Kp) of the fracture stress a7 plot
are quite different and larger than for the yleld stress. This
ehavicur again indicates that the influence of grain size on the
deformation of rock salt type polycrystalline materials is in accord
with the concept that the rate of accumulation of dislocations during
work hardening is dependent on the grain size. However, since the
factors contréiling initial yielding mechanism and its correlation
with the process of dislocation accumulation is unknown, no firm
quantitative cbnparisons can be made at the present. Obviously there.
is a need for more experimental evidence concerning the variation
of dislocation density with grain size for a wide range of grain

sizes.
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6.0 " "SUMMARY "AND "CONCLUSIONS

6.1 Deformation of MgO Single Crystals

(1) The plastic deformation of MgO single crystals compressed
along a cubic axis has been studied in terms of the thermal and atheyrmal
components of the flow stress over a temperature range 77° to 673°K.

It is'shown that the thermal component of the flow stress is independent
of strain and that the athermal component is the main contributor of
- work hardening.

(2). The disloCatiQn velocity-effective stress exponent,

m*, has been determined for MgO single crystals using indirect techniques.
The experimental results indicate the existence of two main characteristics
for m* over the temperature range investigated; namely, that (&) m*

is strongly temperature dependent, increasing with decreasing temperature;
the product (W*T) however, remains constent with temperature, and

(b) m* is independent of strain (>1.0% strain between 293°K and 6730K).

(3) Over the temperature range investigated, the results
indicate that the strong elastic interaction between dislocations and
centres of tetragonal strain produced by trivalent ion-vacancy pairs
is controlling the deformation. This is essentially the model pro-
posed by Fleischer to explain hardening in monovalent ionic crystals
by divalent ions.

(4) The experimental data are consistent in terms of both

the thermally-activated rate equation and the power law approach to



deformation and suggest that entropy effects are negligible in the

present case.
6.2 Deformation of Polycrystalline MgO

(1) The role of plastic flow occurring prior to fracture
in fully-dense polycrystalline MgO with grain sizes 3 to 120 um was
studied using a microstrain measurement technique in conjunction with
classical etch pit method to monitor the generation and growth of
dislocation glide bands. It has been shown that in the chemically-
polished specimens, dislocations are initially produced from sources
in or very close to the graiﬁ boundary and at a stress level significantly
lower than that of microflow or fracture stress. The stress for
agtivation of these grain boundary sources is independent of grain size
for grain sizes larger than 10 ﬁm.

(2) The microyield stress (corresponding to a plastic strasin
of 5x 1OH6) shows a Hali-Petch relationship in terms of grain size.
Since slip breakthrough is rare at the microyield stress, the grain
size. dependence is attributed to the change in dislocation density with
grain size. The analysis of the microyield stress data of air-anvealed
and vacuum-annealed specimens with respect to grain size indicate that
the same mechanism influence the work hardening behaviour in both
cases.’

{(3) The fracture stress also obeys a Hall-Petch relationship

in terms of grain size. The intercept stress,'oof, is much larger than



159,

the equivalent stress for yield and this is attributed to the extensive
work hardening that occurs prior to fracture. The gradient of the
fracture stress grain size plot is also larger than that for yield

as expected on theoretical grounds.
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7.0 "FURTHER RECOMMENDED RESEARCH

7.1 Single Crystals

(1) A detailed investigation of the dislocation accumulation
mechanisms using transmission electron microscopy and etch pitting
technique is required for the understanding of work hardening behaviour.

(2) Since impurities seem to be the rate-controlling factor
in the deformation of MgO crystals, an equivalent investigation to.the
present one, with crystals containing different solute contents would

be of great interest.
7.2 Polycrystals

(1) " A detailed investigation of grain boundary structure
using electron transmission microscopy is necessary before the yielding
process can be understood.

(2) Microstrain cxperiments at higher temperatures and hence,
accompanied by greater ductility is required to distinguish between

the different theories for the Petch relationship.
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