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Abstract

The work hardening of calcium fluoride is investigated in some
detail, The stress~strain characteristics are established for
primary and secondery slip in the temperature range where a thermal
stress component is invelved, On the primary system there are
five @istinct work hardening stages (these are not all apparent
et a specific tempersture); tiere is a small yield region followed
by a linear region of rapid work hardening, folloved, in turn,
by a twvpical three stage hardening curve, On the secondary system
the curves are parabolic at all temperstures.

The athermal and thermal components of the applied stress are
distinguished and the origins of these components tentatively identificd,

The approach to the identification of the thermal component
involves firstly a theoretical consideration of dislocation structurcs
followed by experimental investigations of the rate of movement of
dislocations; both individusal dislocations, through steh pitting,

and largze numbers of dislocations, through macroscopic thermal

g

|

deformation characteristics, are studicd, Thesc reveal that the
movement of the edse dislocations probably controls the deformation
on the primary system and this is associated in some way with regions
of high local charge on the edge dislocations, The experimental
activation parameters indioate that the most likely rate controlling
mechanisms are either the interaction of the edge dislocation with
isclated charged point defects or the migration of defects with

the dislocétion.



The thermel component of secondary deformation is possibly
provided by a Peierls mechanism,

The identification of the origin of the athermal stress in
primary slip is approached by studying etch pits, slip lines,
birefringence and latent hardening, The investigations indicate
that stage I hardening is adeguately explained by deriving the
athermal stress from interactions between the elastic stress
fields of dislocations, held up at impenetrable obstacles; these
are created through the interaction of dislocations moving on
intersecting slip planes, Stage II hardening is possibly associated
with the interaction of disleocations with dislocation dipoles

(or loops) formed in large quantities during this stage.
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CHAFTER 1
General Introduction

Introduction

A preliminary investigation of the plastic deformation
of calcium flucride has been conducted by Roy (1962), The
investigation wWas primarily concerned with identifying the
glide elements of this structure and with measuring yield
Stresses at various temperatures and strain rates., The
results are summarised in figl,l showing that plastic
deformation is first observed above room temperature on a
%1003 {100 ) system whilst a ‘secondary system {1103 {1Io)
cperates above 20000.

Subsequently, Groves and Kelly (1963) have analysed the -
geometry of these slip systems, showing that the former yilelds
three independent systems and the latter two, Thus, if the -
Von Mises criterion is valid, polycrystals of calcium fluoride
can only deform plastically at temperatures above which the
primary and secondary slip systems can operate simultaneously .
at stresses lower than the grain boundary fracture stress, So
a study of the plasticity of high purity polycrystals of calcium
fluoride should reflect the validity of the critexion. A
brief investigation was conducted using fully densc polycrystals
obtained from Kodak, Inc, Rochester, New York and the results
reported by Evans, Roy and Pratt (1966). It is concluded that
the criterion satisfactorily explains the cbserved deformation

characteristics, but a more detailed investigation can only be

conducted vwhen adequate information is availsble on the following

characteristics:-



1, The work hardening on the primary and secondary slip systems,
2. The mechanism of grain boundary fracture,

All subscquent work has been principally concerned with an
investigation of the first topie, This requires firstly that the
thermal and athermal econtributions to the flow stress should be
distinguished and secondly that the origins of these stresses
should be identified, The mechanisms providing the thermal stress
are most conveniently investigated using maecroseopic thermal
activation methods, so eonsiderable effort is devoted to estimating
the validity of the underlying theory in the case of oalcium fluoride,

The overall investigation is approaghed in the following manner,
1, A theoretiocal study of dislecation eonfigurations and interactions

to elucidate the probable origins of the stwess components,

-2, A direct investigation of the veleeity of individual dislocations.

This has two distinct obJectives,

(a) To find the relative velocity of edge and screw dislccations.
The.slowest moving eomponent is evidently rate controlling,
so 21l mechenisms proposcd must apply exclusively to this
component.

(b) To find values of thc activation parameters. As shown in
Chapter 5 these values arc used to tost the validity of the
method of thermal activation, when applied to calcium fluoride,

3., To cstablish the stross-strain characteristics of these crystals
in compression and tension. Roy has alrsady conducted a brief
study at widely dispersed temperaturcs, so this investigation

is relatively comprenensive within the temperature range where

flow dontains & thermally activated compeonent i.e. below 250°C.
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L. A comprechensive study of thermally activated dislocation
motion., This should enable the relative magnitudes of the
thermal and athermal stress components to be distinguished
and perhaps the origin of the short range stress to be

o iAdéntified, |

5. To study etch pit densities and latent hardening effects,
This should give some indication of the origin of the
long range stress,

6. A small number of additional experiments are conducted
on very high purity and yttrium doped single crystals to
attempt to darify certein ambiguous points arising from
the previous work.

There is not a great deal of information available concerning
the plastic proverties of calcium fluoride, so it is considered
oexpedient to sumarise briefly all previous work that might be
directly or indirectly associated with this investigation,

Previous Work

Plastic froperties

The only significant studies of plastic properties are the
compression studies of Roy, Phillips Jnr.(1961l) and Urovskaya
and Govorskov (1966), the dislocation decoration experiments of
Bontinck and Dekeyser (1956) and the etch pit studics of
Phillips Jnr., Thesc are lookced at in turn.

Phillips compressed crystals along ¢ 111) and observed
plastic deformation sbove AOOQG only. This contrasts with the
results of Roy; the discrepancies have been discussed by the
latter. IHis etching work, conduwted on specimeng deformed at

600°C, showed that the etch pit density varied almost linearly
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with strain., The conclusions reached in this work are:-

(a) The flow stress Srai‘iéé\vﬁ.th temperature. according to the
relationship, T =Ioeﬁ%

(b) The rate of work hardening d?creased almost linearly with
temperature,

The Russian workers performed compression tests al ong { llOJ
using natural fluoride and synthetic doped crystals (containing
Sm2+, s> and Nd). The nafur?l crystals deformed plastically above
200%C whilst the doped crystals deformed above 300°C only, all at
stresses well in excess of tﬁosé:obServed by Roy.

Unfortunately, néither study provides any really useful
inf ormation for the investigation in hand,

Bontinck and Dekeyser de;orated dislocations at high tanberafufés
and were able to draﬁ certain conclﬁsions gbout the plaheé and
directions of the stable dislocation netWOrks:

The types of junction observed are as follows:-

l, Irregular networks situated mostly on zlll)

2. Dislocation walls at 60°C; These are situated on %1103 in {1127 .

3. Dislocation walls at 90°C; the directions are [101} and [ lél} ,
the latter are again associated with § 110; , whilst the former
probably eppear at the intersection of %121} .

The Wéils are only identified in impure crystzls and decoration
is conducted at temperatures where slip can occur equally readily on
the primary and secondary systems; so the junctions are presumably
formed by the interactions of dislocations moving on these systems.

The importance of these observations is discussed in the following

chapter,



2,2

2,2,1

Since the rate controlling process is frequenfly
related either to the formation of or the inxéraction with
point defects, the information availablé on point defects
is also considered briefly, especially those features peculiar
to this structure.

Point Defects

Intrinsic Defects

There are four possible forms (Koch and Jagner, 1937)
(1) Frenkel Defeet (cation frenkel pair) - Ca'™ vacancy

and Ca™" interstitial. |
(ii) Anti-frenkel defcct (anion frenkel pair)-F  vacancy

and F interstitial.

(iii) Schotteky trio (Schotteky vacancy trio) - Ca't vacancy
and two I vacancies,

(iv) Anti-Schotteky trio (Sohotteky interstitial trio)- Ca'™
interstitial and two F interstitials,

The formation energies of these defects have been
determined theorctically by Franklin (1964 a,b) and shown in
table 1. Umwe (1957) determined the formation energy of the
anion frenkel palr from conductivity data., His value of 2,8 ev
agrees closely with that obtained by Franklin, ‘hen considering
the formation of Schotteky trios a lattice energy term of about

26 ev must be taken into consideration (Franklin, 1966 c)



TABLE 1
Formation

Inergies
of

Intrinsic

Defects
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Formation Formation
Defect sneregy (ev) | Defect Pair Enerey (ev)
Anion Vacancy L + 0.1 Anion frenkel | 2.6 = 0,2
Cation Vacancy 22.5% 0.2 Cation frenkel! 6.5 ¥ 0,7
Anion Interstitial| -1.8 ¥ 0.1 Schottsky triol 4.2 2 0.9
Cation Interstitialsl5,0 £ 0,5

2.2,2 Bxtrinsic Defects

3

There have been no comprehensive studies of the effects
of aliovalent impuritics upon the physical propertiss of
calcium fluoride, The quantity and state of aggregation of
the impurities has a marked influence upon plastic deformation
(e.g. Quin, 1967), so it is important to obtain information
concerning the impuritics! qoncentration and form. It has been
showm by Caffyn (1966) and Johnston et al (1966) that impurity-
vacancy dipoles exist in trivalent doved crystals but their
concentrations have not been estimated. This lack of
information makes it imperative that tests are conducted on
very high purity crystals,

Before comucncing the study outlined above, a source of
high purity crystals, availsble in relatively large quantities,
had to be located,

Source of Crystals

The most suitable source was Harshaw Chemical Co,
An analysis of the crystals obtained has been conducted both
in our laboratories and by American Spcctrographic Leboratories,
The results are in close azreement, table 2. Other crystals

chbtained from Harshaw have been analysed by various



investigators (e.g. Duke, 196L and 0'Commor and Chen,1963).
The results obtained are somewvhat contradictory, The analysis
Duke azrees quite closely with those listed in table 2 whilst
O'Connor and Chen encounter relatively large quantities of
aluminium and iron (i.e. a few 100 p.p.m}. The results of
the latter cannot be disregarded, so no specific conclusions
regarding the impurity content are attempted here., A further
problen ariscs because the analyses uscd are not suitable far
a detailed investigation of the oxygen content; this, according
to Franklin (1956 ¢), could be relatively large. Thus, an
estimate of the importance of these impurities, if they exist,
is required. This necessitates obtaining a small quantity

of carefully grown high purity single crystals; such crystals
have been kindly supplied by Prof, Caffyn. The crystals
have been grovm to minimise the possibility of oxygen
contamination at each staze and careful analysis has not
detected any monovalent or trivalent impurity in excess of

a few D,De

<

13



TABIE 2, Analysis of Harshaw Crystals
Tmpurity Concentration (p.p.m)
Duke A.8.L, I.C.L

Mgt 80 50 50
AL* 15 10 10
8i0% 5 N.D 1
Kt { 0.5 N.D N.D
Yn* <1 N.D N.D
Peot <1 <1 <1
c?* 10 10 10
7ot 10 N.D 5
st 100 30 50
Ba 2t {1 N.D <1

N,D. Not Detected

AS.L, American Spectrographic Laboratories

I,C.L. TImperial Gollege Laboratories,

It is noted here that swface contamination of the

specimens (oxidation, hydrolysis) does not occur at temperatures

below 350°C,

So tests at temperatures below this can be

conducted in air.

14
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CHAPTER 2

Dislocations in Calcium Fluoride

Introduction

In high purity single crystals, deformed at relatively
low temperatures, the rate of movement of the dislocations is

controlled either by the intrinsic resistance of the lattice

17

or/and by the interactions and interssctions of these dislocations

with other dislocations introduced during the deformation.
Before any experimental investigations of the plastic
deformation of caleium fluoride are conducted, certain
theoretical aspects of éislooation structure, interactions
and intersections are studied in an attempt to elucidate same
of the processes likely to control the deformation. The
purely geometrical sSpects, peculisr to calcium fluoride are

considered whilst the more general featurcs are examined later,

where possible, the mechanisms considered are treated semi-

gquantitatively to enable the most wnfavourable to be
eliminated immediately, thereby allosing the remainder to be
considered in some detail,

Dislocations on both primary and secondary slip systems
are congidered, Roy has already shown that unit dislocations
do not dissociate into partial dislocations, so only the unit
dislocations need be considered,

Dislecation Structures

2.1 Primary System iloo% o1




2.1.1
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Tonie Configurations

The configurations of ions comprising both edge and
screw dislocations are considered in detail. It is hoped
that these will assist in understanding the formation and
motion of the dislocations and enable the assoclated energles
to be estimated. “here simple two dimensional representations
are inadequate, ball models of the dislecation pores are

cons tructed,

2,1,1,a Bdge Dislocation

Amelinclex (1958) and Roy have presented a two dimensional
model of this dislocation; thelr configuration is shown in
fig. 2,1, There are two additional half planes, one ending
in a ro# of caleium ions spaced b{the burgers vector) apart
and the other in a row of fluorinc ions also spaced b apart,

The ion arrangement is complex and difficult to visualise,

ey

Thus, the dislecation lies along S O11) , and a given 100;
ceonsists of rows of fluorine ilons in this direction;

adjacent rows are spaced b/2 apart and arranged as shown

in fig, 2.2. The 2100% above and below this plane consist
of ravs of calcium ivns spaced b  apart but these rovs

are arranzed differontly with respect to the fluorine in
rows, for the plane sbove and the plane below, fig. 2.2;

thus the stacking is of the tyre AZ C B A B Z 3 A (vieennee
To simplify the study of this dislocation, a ball model,
representing the ions and the bonds between ions within the
core region, has been constructed, The model has elucidated

certain uncxpected featurcs of the dislocation that have not

been noted by the previous investizators.



1)

i)

iii)
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The dislocation has three possible configurations.
These are considered in turn,
The dislocation of Amelinckx and Roy, The ball model is shown
in fig., 2.3. An examination of ions at the core reveals that
the calcium ions herc are not bonded by eight fluorine lons
as is required for electrical neutrality; only four such ions
are available for each calcium ion, So, tne dislocation
carvies an excess positive charge, cquivalent to the charge
on a proton, at every distance b along its length.
The second configuration is shown in fig. 2.4. ‘Yhen a
dislocation loop is initiated at a point in a perfect lattice
and the edge disloeation type (i) is obtained along one
section of the loop, then the edge dislocation required
along the opposite segment is that showm in fig, 2.4, with both
extra half planes ending in rows of fluorine ions. The
fluorine ions at the corc are not honded to four calcium ions
as in the perfect lattice, only three ions are available,
So the dislocation carries an cxcess negative charge distributed
such that there is a charge, equivalent to the charge on an
electron, at every distance b alony its length,

The creation of edge dislocations of opposite mechanical
sign is shaovn in fig. 2.5.

There is a third pessible configuration for the dislocation.
This is uncharged and mizht form in preference to the charged
configurations (i) and (ii).
The uncharged configuration is shown in fig. 2.6, it is somewhat
similar to the provosed configuration for a g 1113 {110) ecdze

dislocation in Nz201 (Brawm, 1950),



2.1,1.b,

™
S

Then a dislocation loop is formed, each alternate
calcium ion at the core of dislocation (i) could be removed
and added to altemate interstitial sites, below the extra
half planes, at the core of dislocation (ii); PFhis produces
two identical uncharged dislocations. So the formation of
this dislocation essentially corresionis to the introduction
of calcium vacancies into (i) and calcium interstitials into
(ii) (or fluorine vacancies intc (ii) and fluorine interstitials
into (i)l The resultant dislocation can be regarded as being
comprised of a series of half jogs of length - /L (80 is the
length of the unit cell) at every distance b as shovm in
fig, 2,7. The jogs lie on % 110% and are equivalent to small
lengtis of edge dislocation of the secondary system; the
movement of the dislocation requires the simultancous
movement of these half jogs alonz g 1103 .

The formation energles of these different types of
dislocation are looked at in = section 2,1.2 to attempt
to decide upon the most likely configuration,

Sercy Disloecations

The ionic confi-uration of the cire of this dislocation
is quite straight forvard and is shown schematically in fig.2.8.
It is producced quite simply by the displocement ~f the caleium
ions thruzh certain fractional amounts »f b in < 110 7.

There are no charged ions of either sipgn within the core,

‘
N



2.1.1.c. Mixed Dislocation

The actual ionic configuration of the dislocation depends
upon its arientation relative to the burgers vector. Depending
upon the form taken by the edge dislccation it will either carry
e charge (negative ar positive) or a half jog at certain
multiples of b along its length. (The multiples being smaller
the closer the orientation lics to that of the pure edge
dislocation).

2.1.2 Bnerzics of Formation

This energy generally consists of two temms, the elastic
strain encrgy and the care energy; thesc are considercd separately.

2. flastic strain energy

This is assvciated with the elastic displacement of ions
outside the core of the dislocation, the displacements extending
over large distances from the core. The energy that must be

supplied to produce thesc displacements is given by Eshelby(1949) as:

Be =Xb° In R - 2.1
LT 6

K is a constant which is given by the elastic constants of the
lattice and varies from one type of dislccation to another.

R is the outer limit of the displacement, usually regarded as the
spacing between dislocations.

To is the radius of the core of the dislocation., In ionic
crystals this is usually small because of the sharp increase in
the energy of the core as the width of the dislocation increascs

(Huntington ¢t al, 1955).



Values of K are given by Foreman (1955) for various types of
dislccation in lattices with cubic symmetry. Substitution of the elastic
constants of Srinivasan (1958) into Foreman's equatios gives the values
of K shown in table 3,

Now values of the clastic energy may be cbtained by substituting

these values of K into equation 2.1, assuming appropriate values for
Rand vy .

o)
R varies from 105A -~—lO’7)AO during the coursc of a typical deformation

experiment (see Chapter 6).
fo is likely to be within the range 3 - 8A° (c.f. NLO1).

Thus, maximum and minimum values of this cnergy can be determined
corresponding to the begimning and end of deformation respectively;
these are shown in table 3 and correspond to the elastic cnergies of

formation of lengths b of dislocation.

Elastic Energics of Dislocations TADLE 3

Type of Dislccation K(Xlolldyne Gm—2) Ec mex(ev) | Ee min(ev)
{100} ¢110) Eage 5,65 18,4 0.9 | 7.4% 0.3
Mixed(9= TL/) 4.85 15.8% 0.8 | 6.4% 0.3
Sorew WA L.5% 0.7 | 5.9% 0.3
§110§ {110) Edge 6,24 20,48 1.0 | 8.2% 0.

The core energy

This is asscciated with non-Hookian displacements of ions within
the core region., The calculation of this energy issirplified in ionic

crystals by the relatively short range character of the farces involved
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i,e., electrostatic and ion core repulsion. Huntington et al have cbtained
values for this energy in Nall incorparating the potentials calculated by
Madelingz (1918). The energy of an edge dislocation on ::11021} {1107 as
a fudction of core diamcter is shown in fig. 2,9. The screw dislocation
has a lower cnergy (by a factor of about 2 ) whilst the edge dislocation on
‘\1005 {110} has a larger cnergy (by a factor of about 3 ). These energies
particularly the latter, are maximum possible values, so the care energies
are cvidently considerably smaller than the elastic energies,

The rather unusual arrengement of ions associated with ‘( 100} {ilO}
dislcocations in calcium flucride makes an extension of these calculations
to include this dislocation extremely complex, 8o a rigerous calculaticn
of this type has not been conducted,

The care energy of the screw dislocati on and secondary edge dislocation
(see Section 2.2.1) are not likely to differ greatly from thosc of
equivalent dislccations inlifLl, Heowever, the primary edge dislocation
carries an extra term associated either with the presence ~f adjacent
charges of like sign or of half jogs. Vhich of these configurations is
likely to predominate can De ascortained from simple energy considerations.
Each possibility is considered in turn,
Charged configuration

The electrostatic repulsive enecrgy associated with the adjacent
charges results in a formation energy in excess of that associated with
any uncharged configmuration . If it is assumed that norelaxation cccurs
it is possible to determine the magnitude of this additional energy
term from simple electrostatic considerations (this will evidently be a

maximum possible value). The energy required to increase the length



TABLE 4

24

of the dislocation by an amount b is equivalent to the work done in
bringing a clarge e(the charze on an electron) from infinity up to
a distance b from the end of a row of existing charges spaced b apart,

If the original dislocation is of length nb, the energy is given by:-
2

=,

b

- 2,2

AE
=l o

whilst the total repuwlsive energy of the dislocation is

N n,
§_e_?_ ( _l_ - 203
A b (\ n

§ }
Values of the energy required to increase the length of the dislocation

by an amount b, for various values of n are given in table L.

The electrostatic Repulsive Bnergies of the Charsed Configurations

n 1 2 3 6 8 12

Repubsive energy(ev) 0.5 0,75} 0.92 { 1,22 { 1,35 | 1,51

ii) The uncharged configmuration

The energy of the configuration in fig. 2.6 is in excess of that
of an unjogzed dislocation through the additional displacement energy
associated with these half jogs. Thus, the relative magnitudes of this
energy and the repulsive energies given in table 4 will determine the
actual configuration preferred, The half jog energy is difficult %o
calculate but is s-aller, -the closer the.spacing bstween the jogs.

One approximetion is given b‘y the energy of the length

3%/ of secondary edge dislccation; this has a minimm value of about
2.5 ev. This is undoubtedly too large,for the elastic energy of Suth
a Jogzed configuration is not greatly in excess of that of an

unjogged dislocation,(e.g. Crocker and Bacon, 1967),



A closer approximation is given by considering the formation of
edge dislocations from the perfect lattice as in fig, 2.5. The fomation
of a double jog on both edge dislocations has becen shown to be equivalent
to the formation of a ﬂéﬁ&:&:}'vacancy iﬁ one dislocation and a oo
interstitial in the other. So the formation enersy of both double jogs
is given approximately by the energy of formation of the ;:E::ﬁfrenkel
pair. Also the different environment of this pair should be taken into
consideration i.e, an increase in energy to dissociate the pair and a
reduction on association with the dislocations; in addition, the presence
of existing adjacent jogs probably recduces thc encrgy that has to be
supplied, The dissociation of the pair more than cancels the term due
to the proximity of the jogs; the assoclation energy with a dislocation
has been caleculated in NaOl by Basseni and Thomson (1956) as O.k £ 0,2 ev,
So the resultant energy is of the order 8.5 9 ev. The clcctrostatic encrgy
associated with the equivalent charged configuration is now considered,
Consider firstly, replacing the doublc jogs by three adjacent like
charges; +these groups clearly alternate in sign along the dislocation.
For both dislocations, a maximum total cnergy of 3,5 ev
for cach double jog repleccd is obtained., So this configuration
almost certainly forms in prcfcorence to the jogged configuration. The
final form might be that shown in fig, 2.10 but a rigerous calculation
is required to determine the exact configuration.

The magnitude of this additional texrm is small in comparison with
the elastic energy and so makes only a small contribution %o the
total energy of formation of this dislocation,

It is now possible to draw certain interesting conclusions

concerning primary slip in calcium fluoride,



2.1.3,

1.

Conclusions

When a dislocation loop expands and the movement of the screw
segments requires new edge dislocation to be created at existing
edge dislocation, small lengths of chorged dislecation form

before it is energeticelly more favourable for a jog to be created,
Then, a further length of charged dislocation of opposite sign
forms before another jog is required. The spacing between jogs
depends upon temperature, the spacing between edge dislocations etec.

It is difficult to conceive that edge dislocations of oppeosite
sign should form in physically different parts of the lattice, It
is probably mare realistic to consider the formation of small
lengths of dislocation, from the perfect lattice as in fig.2.5,
at certain positions along the screw dislocation; these 'kinks'
could then move apart to constitute the forward motion of the
screw dislocation. The resultant charge might then be distributed
along large lengths of mixed dislccation, with a larger number
of adjacent like charges before a jog is required,

The rate of movement of the screw dislccations might be
controlled by the formation of the edge dislocation rather than
its interaction with cbstacles on the slip plane, Thus, the
nucleation of the 'kink' described above requires an energy in
excess of 0.5 ev and could be regarded as analagcus to the
formation of a Peierl's kink and analysed in a fashion similar
to the Damand Rajnak (1964) solution for a FPeierls process,

The formation of lengths of screw dislocation is not likely to
impede the motion of thc edge dislccations, The movement of these

dislocations through high purity single crystals is likely
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2,2
2.2.1
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to be cmtrolled either by the motion of the half jogs on ‘;\110‘},

or by the interaction of the charged sections with other charged
particles close to the slip plane,

Since the edze dislocation has a higher energy than the scrcw
dislocation thewe will always be a tendency to minimise the

length of edge dislocation, This will not significantly effect
defomation, for the relative lengths of edze and screw dislocation
are determined by their relative rates of motion over obstacles

in the slip plane; hawever, it might influence the annealed
structure,

Secondary System ‘{110& {3110}

Tonic Confimurations and Energies of Formation

Edge Dislocation

The arranzement of ions on (( 110} in {110 is relatively
siiile, Alternate rows in {OOl} consist of calcium ions spaced
b apart and fluorine ions spaced b/ 2 apart. adjacent planes are
then merely translatcd °°/ 2 .r,_llO} . So, the stacking is
ABDADAD Jeevevses The edze dislocation can be represented
quite readily using a two dimensional diagram, fig. 2.11. The
two extra half planes end in rows of caleium ions and fluorine
ions respectively. Construction of this dislocation from the
perfect lattice requires the removal of one calcium ion for
every two fluorine ions, so the resv."Ltant configuration is uncharged,
The elastic energies are calculated using the equations of
Foreman and are given in teble 3. The arrangement of ions on
is similar to the arrangement on g lOO% in NaCl

r LY
i. .
illO} in CaF2
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(except that alternate positive ion.sites in [001] are vacant),
so the core energy is likely to be similar in magnitude

i.e, 1 to 3 ev. Thus, the total energy of formation of edge
dislocations is similar for both primery and secondary systems
i.e, 20 Yo evend 22% 2ev respectively.

Screw Dis location

This has the same burgers vector as the primary dislccation
so the elastic energy is identical; the core anergy is likely

to be slightly larger,

Conclusions

As in We0l the energies of formation of dislocations on the
primary and secondary slip systems are not widely different,
so it is th e resistance to the movement of the dislocations on these
systems that determines which slip system is likely to operate,
The movement of a dislocation on the secondary system
requires the relatively close approach of the fluorine ions in
the core at the mid translation distance. An argument similar
to that used by Gilman (1959) to explain jualitatively the
high stresses required for slip on {100} 110> systems in
rock salt crystals, assists in understanding slip on this system.
Thus, it is only at high temperatures that the polarisation of
the fluorine ions is sufficient to allow these ions to come
sufficiently clcse to permit the dislocation to move at
stresses below the fracture stress, Deformation on this system

should fit a Peierls type analysis if this argument is correct.
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Dislocation Intersections and Interactions

The total applied stress reguired to deform a crystal
at a specific rate is dependent in part upon interactions and
intersections between dislocations, The actual mechanisms
are not considered in detail at this stage; the purpose of this
section is to consider the geometry and energetics of the
intersection process. Thero are two distinct effects associated
with intersection that are of particular interest.
The intersecting dislocations misht interact to form dislocation
Junctions, If the junctions are sessile they might act as
impenetrable barriers to slip such that dislocation pile ups
occcur behind them, thereby contributing to the long range stress
(c.f. the Lomer-Cottrell barrier in f.c,c, metals),
The movement of the jogs, produced on screw dislocations through
intersections, gencrally occurs conservatively for unextended
dislocations. However, if the component of applied stress in
the conservative direction of motion of the jog is low it might
be constrained to move non-conservatively,

These two cffects arc considored in turn,

Interactions

Inclined Slip Planes

3.1.1.1 Theoretical Considerations

Interactions between dislocations moving on EllO%( 110}

4

systems with other dislccations on this system have been considered

by Kear, Fratt and Taylor (1959); their conclusions can be applicd
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to the secondary system in Can. The {lOO} {110? systen has not been
considered, so is now looked at some detail.,

There are three available E lOO} with two € 1107 in each plane
as shosn.in fiz, 2,12, Consicer the interaction of dislocations mrving
on two of these, e,. (100) and (010)., These might combine along the
line of intersection of these planes (XI) to form a Juncetion dislocation.
There are tw: passible interactions, éepending upmn the direction of the
burgers vectors inmvolved,
If dislocations with hur;ers vectors b, and b3 (or b,and b4> combine,
the resultant dislocation has a bhurgers vectur,f_B_/—Z ao- . This
reaction &s represented by the eguation |

%c,(ou}+ %,,(mﬂ__9 a0l 112] - 2.

This eorresponds to two mixed (S= II/A) dislocations on the
{;OO} {011Y system cambining to form a mixed (6= I;?G) dislocation on
the system {110}(1123 . The stability of this Junction dislocation
depends upon its energy per unit length compared with that of the
constituent Gislocations., This cannot bs ascertained unequivocally
with the infommaticn available at this stave: if the elastic energy is
similar to that of aéllO% {110} dislocation per unit lensgth, then,

its elastic energy is alsc similar to that of the constituent dislocations.

- In 2dditién, the close approach of the calecium ions required in creating
3 q 3

the core region of this dislccation indicates a relatively larze core
eneriy, so its fometion is unlikely, Hovever, Dontinck and Dekeyser(1555)
ocserve this dislocation in their Gecoration cxperiments, althouzh it
also appears t> dissociate quite readily. The temperatures used for

decoration are well in excess of that required for secondary slip s» these



dislocations mizht result from interactions between secondary
disleccations, The situation is nebulous but, in the ebsence of
Precise values of the enerzy of the junction dislocatibn, it cannot
be stated unambizuously that the reaction represented in equation 2.4
does not occur; however, even if it does occur it will not be
sufficiently stable to have a sirmificant influence upon the
deformation,

The conbination of dislocations b,and b or b. and b.,) produces a
1 I %

2
pure edze dislocation on the {110}(110) systen according to the
equation,

af 011] + 1617 . o [ 10 - 2.5
5 ch[ I 5 ]

The sun of the elastic energies of the component dislocations is
31 ev per atom plane (for a lov dislocation density) s Vhilst that
of the resultant dislcoccaticn is 21 ev per atom nlane., The core
energies for the mixed component dislocations and the resultant
edre dislocation are both likely to be within the ranse 1 ~ 3 ev,
so the above reaction appears to be favourable with a release of
enerzy of at least & ev per atom plane of junction dislecation
produced., Iientinok and Dekeyser observe dislocations in ¢ 110} but
Jgheso appear to lie in éllz} , %0 again there is no direct confirmaticn
of the calculaetions,

The junction dislocation is a zlissile one, i.e, 1t belongs to
the secondary slip systen, but it might still block slip quite
effectively (c.f. Saada, 1961). The lack of confirmation of the
above calculations is vartly remedied by some simple etch pit

exneriments,
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3.1,1.2. Direct Observations of Intersections by Bich Pitting

This experiment basically looks at the intersection of
dislocations moving on intersecting slip planes; The dislocations
emanate from two freshly introduced sources,

If 3 orientation crystals (fig, 2.13) are indented onglllg ,
the types of dislocation produced around the indent are those shown
schematically in fig. 2,14, If a tensile stress is now applies to
the crystal in [112] s dislocations of type 1 move outwvards,
Conversely, if a compressive stress is applied, disleocations of
typre 2 move outwards from the indent.

S0, after the original indentation, a tensile stress is applied
to extend the arms to the extremities of the crystal., Subsequently,
a further indent is introduced at point X and a specific tensile
stress applied for a ziven length of time; this moves the
dislocations away from the indent. The dislocations movin: on one
arm are required to intersect dislocations from the original
indent. 4s showm in fig, 2,15, intersection occurs but the
dislocations do not move as far as those on the am where intersection
is not reguired, 30 a certain small stress is required for the
intersection process,

A second experiment is now conducted, After the initial
indent a tensile stress is applied tn extend the arms out of the
crystal, However, after the second indentation a compression stress,
similer in magnitude and duration to the tensile stress in the first
experiment, is applied, The dislocations moving on the intersecting

arm pile up against the arm fron the original indent, (fig., 2.16),
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The experiment is a difficult one to conduct because, for same reason
the reversal of stress produces a large number of dislocations from
other sources undcr all conditions, this tends to obscure the effect
under investigation, However, it is possible to observe in fig.2.16
that the 'compressive arm' on the original indent emits dislocations
during the application of the canpressive stress and these
dislocations move over a large distance; this confirms that the
dislocations from the second indentation would have moved a large
distance through the crystel if intersection of the axm from the
ariginal indent were not required to prceceed,

The interpretation of the aliove experiments requires firstly
a consideration of the burgers vectors of the dislocations involved.

Definition of the burgers vector

It has already been shown that a type 1 dislccation lcop moves
outwards under a tensile stress whilst type 2 disloertion loops move
under a compressive stress, The ambiguous definition of a burgers
vector means that either loop can be asigned the wvector »torpT .
However the tensile and compressive loops are required tc have
cpposite vectors, so if the vector of leoop 1 is definst arbitrarily
as b+5 that of loop 2 iz b . Trom the symmetry of the »lanes of
lowest resolved shear stress with respectto the applied stress

it follows that the veetor of loop 1 is, also °" and that of loop 24,
is b~ . Thus, the interaction in the first experiment is that

given in equation 2,4 whilst that in the second experiment is

given in equation 2.5,



Now the intersection stress is greater for an attractive
than repulsive intersection ( 2 good review of intersection is given
by Mclhean, 1962); this arises simply because the attractive
intersection reguires the dissociation of the Jjunction formed,
Thus, the larger the relcase of energy upon raation of a
Jjunction, the learger the intersection stress, So the ahove
experiments indicate that the reaction in equaiden 2,5. produces
a relatively stahle junction capable of effectively blecking slip
whilst that in equation 2,4 is either a weakly attractive or
repulsive interaction,

3e1l.2. Parallel Slip r£lanes

On any given gloog there are two orthogonal burgers vectors
(fig. 2,12). If dislocations of both types are produced on a given

51ip plane they might combine according to the reaction:-

' 11¢ i - 2.6
%f[llO} + %£[ _ig] — acLQlO] Z,

This constitutes the combination of an edie and screv
dislocation on the primary systewm to form a mixed (8= ijh)
dislocation of the type Eloo% {010} . The elastic energy of the
latter is 31.9 ey/atom nlane wihilst that of the component
dislocations is 32,9 ev/atom plane., So the stability of this
dislocation devends upon the relative magnitude of the core energies,
It is not possible to detemmine these precisely but, that of. the
Junotion dislcoation is olearly largor than that of = comstituont.
dislocatione(Roy) So even if the junction forms it will not be
very stable, Roy has shown that dislocations with <0107 burgers
vectors move only with great difficulty, so the Junction will he

sessile, Howvever, its formation is not likely to block slip
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effectively since even a small pile up behind it will result in
its dissociation,

Intersections

The form and crientation of the jogs produced by intersection

are now considered to tky to determine whether they will move
conservatively or non~conservatively. The formation of Jjogs on
both edge and scrcw dislocations are looked at in turn.

Bdge Dislocation (burgers vector, b1)

tThen this dislocation intersects a forcst dislocation
(b3 or bh>’ the Jjoz produced has a direction and maghitude
given by the component of b5 ( or bh) normal to the slip plane
containing b, (Read 1953), In this case, the joz is essentially
a length *%/2 of pure edys dislocation lying in (110§ It is
thus, similar in orientation to existing half Jogs but different
in form so that it does not alter the existing charge
distribution. The Jog can glide along with the dislocation
and should not impede its motion sipnificantly,

Screw Dislocation (51)

~hen this intersects a forest dislocation (bj or ba) the
orientation of the joz is identical to that produced on the edue
disloecaticn and for conservative motion it is required to glide
along %1103 « In © orisntation crystals the comronent of the
applied stress in the conservative directinn of motion is zero,
so the jog is constrained to move non~conscrvatively or remain
sessilc with the resultant production of point defects or

dislocation dipoles,
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In A orientation crystals(fig,2,17) therc is a caaponent of applied stress
in the conservative direction of motion; this is £ of that in the
non—-conservative direetion of motion. It is not possible to
determine wvhether the joz is sassile or moves conservatively
or non=conservatively without information upon the relative
magnitudes of the stresses reguired for motion, The flexibility
of the dislocations results in the bowing out between Jjogs; this
often diminishes the possilbility of conservative motion and
encourages non-consecrvative motion, so the situation is rather
complex,

Jogzs can also be produced on screw dislocations through
multiple eross glide (Orovan, 1954; Gilman and Johnston,1960)
under single slip conditions.A The orientation of these is
similar to the intersection jogs but usuvally larger in megnitude
and can be treated in a similar fashion, If consérvative motion
if unlikely,long jogs tend to produce dipoles and short jogs
point defects.

The bulk density measurements of Roy (sce Appendix T)

show that dipoles and nerhaps point defect clustors are produced
during the deformation of both type 4 and 3 specimens, so jogs
wdeoe cannot be solely conservative, even in type 4 specimens,
Conclusinns
Stable disleocation junctions can be produced thrrusgh interactions
of dislocations moving on orthogonal slip planes; if the burgers vectors
of the censtituent dislocations are suitable thesc form in the mixed

2.

¢O move

.

LI . . . .
(&= ~/)) orientation, They are not secssile but are expect

Y
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only at relatively largze stressaes,
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The jogs vroduced on scr«<7 dislocations through multiple
cross glide or intersection cannot wnve conservatively
in type B specimens and probably not in type A svecimens.
go ot least in part, they are either sessile or requirced to

move non—~conservatively,
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CHAPTER 3

The Motion of Individual Dislocations

1, Introduction

Before conducting a comprehensive study of work hardening
it is important to obtain information sbout the velocity of
individual dislecations, The veloeity and stress usually fit

the empirical relationships (Li, 1967)

U = t’ﬂ )m - 3.1&
T’O | T,u)O
*
and U = ‘[”)m - 3.1b
' To ’(.-P:O

-To and m* are constants for a given temperature, whilst m

may depend upon U (Michelak, 1965),

An slternative relationship has been suggested by Gilman(1962)
to fit the experimental data obtained for LiF;

U = er"*/t - 3,2

Uo and A are constants for a given temperature.

Thus, the relationship applicable to calcium fluoride is
to be determined; the importance of this is shown in Chapter 5,

It is also important to determine the relative velocities
of edge and screw dislocations since the component with the lower
velocity, for a givén stress, controls the rate at vhich deformation
proceeds,

These are the principal objectives of this investigation,

2, Theog

2.1._Introduction

The direct measurement of dislocation velocity requires the

intmeduction of fresh dislocations into the specimen and then
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the observation of the motion of these dislocations when a given
stress is applied for a given time interval, The motion of the
dislocations is followed by etching before and after the application
of the stress,

In this investigation, crystals of type B orientation are used.
fresh dislocations can, for instance, be introduced by indentation,
An indentation on {lll} produces eilther edge or screw dislocations
in [110] and either mixed (651?74) or edge in the two [011]) ,
fig. 2.13. If a stress is applied along [112] , the shear stress
components, in the direction of the burgers vector and slip plane,
are those given in table 5,

~ An indentation in %llO} produces either edge or screw
dislocations alonz { 110] and either mixed (&II/LF) or screw along
[iod} ; the associated orientation factors are also given in
table 5,

TABIE 5: Schmid . Factors in Type B crystals

Type of Dislocation Orientation Factor
{111} {110}
Bdge in L 110} | Screvw in {110) 0
Serew in [ilo} Rdge in i 110 0,47
Zdge in (011} | Screw in {100 0.35
Mixed in {011] | Mixed in \' [100] 0,17

The stressing system during indentation is rather complex
and presumably dislocations of all the above types could be formed,
It is only upon a subs equent stress application along {;112} that the

dislocations that have moved away from the rosette can be identified,
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The identification is still not unequivocal vwhere the planes of
lower resolved shear stress are concerned i.e, the mixed dislocations
could be giving the observed motion, deéspite the small orientation
factor. For absolutely unambiguous results, the movement of

' /
dislocations on both E\lll% and ’llO% , on the plane of maximum

(
resolved stress should be looked at,

The ideal method of determining the velocities. is that adopted
hy Gilman and Johnston (1962). They introduced the dislocations by
indentation and subsequently chemically polished to isolate individual
loops., The motion of these individual loops was then studied,
Unfortunately, this method is not applicable in this case for the
following reason:=—

Chemical polishing is conducted using a perchloric acid,
aluminium chloride mixture maintained at 250°C. The period of polishing
is about 30 minutes and quite severe pinning of the dislocations occurs,
The pinning varies from one dislocation to another so extremely erratic
movements are observed on stressing,

Thus, an alternative method, often used for this sort of
investigation in b.c.c., metals (e.g. Stein and Low, 1960; Erikson, 1962)
is adopted., Here, a scratch is scrihed alony the proposed stress axis
using a diamond titped scriber pressed against the surface of the specimen
with a smell constant load, This produces a uniform distribution
of dislocations around the scratch (fig. 3.1). The specimen is
subsequently stressed in a four ppint bonding jig and the average
movement of the dislocations away from the scratch observed, The method
is not entirely satisfactory because intersections between dislocations
moving on inclined planes is required to occur, in certain instances,

near the scratch, Thus, it 1s found more satisfactory to introduce a
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series of indents along the length of the specimen (the
indentatibns made using a specific lcwd) and to observe the
extension of the individual arms,

In both the scratch and indentation experiments the effect
of local stresses, other than the applied stress, are required
to be eliminated,

Effect of Local Stresses

There are two distinct sources of localised stress,

1. The presence of the scratch (or indent) gives rise to a
stress concentration in its vicinity; this is a relatively
shart range effect,

2. The long range stress field of the dislocations behind the
leading dislocation, These usually compl¥ment the applied
stress and diminish the further dislocation moves from the sdurce.

These local stresses are allowed for quite satisfactorily

by defining a distance Xc as the distance moved by the dislocations

under the action of the local stresses only (Erikson, 1962,

Schadler, 1964).

Thus, U X - Xc - 3.3

t

I

there X is the total distance moved by the dislocation

t is the time of application of the load,

- Values of X are always detemined in the uniform stress region

between the inner knife edges of the bending jig (see fig. 3.2 in
this section),

The magnitude of the quantity Xc cannot be estimated by
direct experiment but has been considered to be within the range

10 ~ 30p (Stein and Low, 1960; Schadler, 1964)., However, relatively
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accurate estimates of Xc may be cbtained theoretically; the
two above effects are considered separately.

The stress concentration around a circular hole in a stressed
body is given by (Dieter, 1961),

t:—_@é(l—2§+g§3)sin29 - 3.
2 ( &7 52 )

‘ihere a is the radius: of the hole

©-is the angle between the applied stress(0d) and the
direction considered (X).

A meximum value of Xc, is given by substituting T-0
at © = 45° into equation 3.k.

The diameter of a typical indent is 10 microns, this zives:-

Xcimax = 8 microns
The stress exerted by a dislocation on another dislocation in the
same slip plane is (Cottrell, 1953)

63{&3 :f.a__lg - 3.5

2TI(1 - V)

Where V is poisson's ratio

L
X

Thus, the stress assoclated with a row of similar dislocations is

{Gy = ub {1 =36
o1 (1 -v) X

Substituting the values of/u , b and ¥ gives:-

5 os(y = O"B { _]; 'kSo'mm '—2 - 3-7
~ L 3

(for X measured in microns)

Thus, using the values of X obtained from typical distributions
of dislocations observed it is possible to find values of the
local stress at the leading dislocation and subsequently a value

of Xc2.

- e



3. Experimental

3. B Specimen Preparation

Specimens for {110% observations are produced by cutting
along 51103 s using a wire saw described in the following chapter
and subsequently cleaving along {lllg to produce beams of
approximately 18 x 3 x 2 mmj. They are then chemically polished,
This mixture only polishes %110? so, for observations on 5111} s
the specimens are chemically polished prior to cleavage and

the as—-cleaved faces used,

3.2 Introduction of Dislocations

3,2,1 Indentation
The indentations are produced using a standard Reichart
microhardness indeﬁtor. The load used is the minimum required
to separate the individual arms S0 that the local stresses a.r‘e'
minimised; thus, a load of 5 mg applied for 10 seconds is
found to be suitable., The dislccation rosette dimensions
produced are perfectly reproduceable,
3.2,2 Séribing
Scratches are scribed using a diamond tipped scriber of A
the appropriate shape (e.g. Stein and Low, 1960) loaded at 5 mg.
The technique has been described by Das (1967).

3.3 The Stress System

Stresses are applied using a four point bending Jjig
(Bruneau, 1962) in conjunction with an Instron testing machine,
This technique provides a region of uniformm stress, at the

surface of the crystal, between the imner knife edges, given by:-



g =W (B-A 6 - 3,08
2 b h2
W = applied load

(B-A) is the spacing between the inner and outer knife edges,b and
h are the breadth and thiclkness of the heam respectively,

For the jig used; O = 1/ - 3.9

bh?

The stress distribution along the stress axis in four point
bénding is such that the profile created by the movement of the
dislocations away from the scratech is of the form shovn in fig. 3.2.
(after Brikson, 1962),

Unfortunately, this stressing system could not be used under all
conditions; when worlking at high stresses the beams almost invariably
fractured before any significant dislocation motion could be observed,
To extend the measurements to higher stresses a number of compression
tests are performed, Specimen preparation is conducted most carefully
to avold introducing extraneous sources and, to ensure uniform stress
application, a hemisphcerical ball is inserted between the end of the
specinen and the compression plate, A further complication arose
because the ends of the specimens were slightly rounded during
dhemical polishing; this provided an erroneous stress at the surface
of the specimen, This problem is averted by mechanically polishing
the ends of the specimen after the chemical polish, the dislocations
introduced during this préceSS are aged at about 300 prior to
indentation (scratching), thereby pinning them and preventing them

from interfering with the subsequent experiments,

59
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3.4 Etching

1, ¢111
This is achieved using concentrated sulphuric acid maintained
at L|.5OC; etching time 10 - 90 secs,

2, tl110
Aluminium Chloride maintained at 55°C for 90 = 300 seconds.

Results and Discussion

Determination of Xc

The applied stress range used in this investigation is
0.8 - 2 Kgmm-'z. Thus, from equation 3,7 values of l/X greater
than about /10 eould provide values of the local stress that are
significant in comparison with the applied stress., The distribution
of dislocations behind the leading dislocation in a profilc of
the type in fig. 3.2 gives an indication of the distance that
the leading dislocation is required to move away from the indent
before the local stresses are effectively zero, Tor the
indentations, this distance is seen to bhe about 80 microns
(40 microns for a scratch), Now, Xc is given by the distance
moved by the dislocations uncer the influence of the local

stresscs only,

Thus, Xe¢, = 1;:31 + 80 X(tg’ -~ 3.10
K&y + To)

Where th,, is the local stress and varies from about tq/}
at the indent to approximately zero at 380 microns.

This gives a maximum possible value of Xc of 30 microns
for the indentation experiments (20 microns for the scratch) .
These are still only approximate values so, to minimise errors

due to the selection of Xc, most measurements are made for values
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of X greater than 200 microns,

Dislocation Velocities

The values of edge and screw dislocation velocities have
been obtained at 25°C and 75°C; these are plotted against the
applied stress, on loéacit}ﬁnic axes, in figs., 3.3, 3.4 and 3.5.

The values obtained from the i\;ldentation and scratching
experiments on both E 111)5 and {1103 are combined in these
graphs., The dislocations moving on‘ the planes of lower
resolved stress must be edge on Elll} and screw on 2110; 3
if they were mixed they would be required to have a considerably
larger velocity than both the edge and screw dislocations, at
a particular stress, to provide the observed movements -~ this
is unlikely. This is confiirmed by the good agreement betwecn
these velocities and thkose obtained along the plane of maximum
resolved sfress.

The room temperature edze dislocation velocities obtained
are most. consistent and independent of the surface, the system
and the method by which they are determined, The results fit
the relationship given in equation 3.1 quite closely whilst
deviating from the exponential relationship, over the relatively
small stress range used., The results give a value of m*: 7% 0.7
and Vo = 6,2 Kgmm—g.( I}; = 0, in these high purity single crystals)

The consistency of the velocity measurements is verified
by applying a given load to the same specimen for different
time intervals and measuring the respective distances moved by
the dislocations, The results obtained lie within the error
bars indicated on the diagrams; the range of velocities never

exceeds a factor of two, so considerable confidence is placed
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in the above relationships.

It has already been mentioned that dislocations do not move
from all parts of the scratch (fig., 3.6) so all velocities obtained
fron these experiments are derived from the maximum value of X
ocbserved, It is of interest to understand why this occurs, Similar
observations in b.c.c metals (Stein and Low, 1960; Erikson, 1962)
have been attributed to the pinning of some of the dislocations
around the scratch by the impurities present, This explanation
is not acceptable in this case because, once the dislocations have
initially been moved from the scratch, subsequent ageing for long
periocds does not inhibit their motion. It is more likely that
dislocations of various burgers vectors are produced during scribing
and certain of these could combine to form attractive junctions
(see Chapter 2). ‘here junctions form, they cannot be dissociated
by the applicd stress, so the dislocations do not move; it is only
in regions where no interactions occur that the dislocations are
free to move, This would also explain why the effect is not
observed in the indentation experiments.

The screw dislocation velocities are not quite as consistent,
particularly for movement along the plane of maximum stress, Here,
for dislocation motion up to about 100 microns from the indent,
increasing values of the velocity are obtained; beyond this the
results are consistent and within a range extending over a factor
of about two, for a given stress., The velocities obtained on %llO%
are quite consistent throughout. (It is suggested that the stress
system associated with inlentation on g'llls produces predominantly

edge dislocations on the plane of maximum stress; the screw dislocations
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interact with thege‘ acecording to equation 2,6 thereby impeding their
imd€ial moti&zn).'rhe‘ scfew dislocation velocities also fit the
r.‘;lationship in;luation 3,1 most closely with a value of {n*: 9t 1.5
and To = 5.3 kg/m.

The edze ahd screw dislocation velocities are compared in
fifg. 3.5, It is seen that the screw dislocations almost invariably
mcee faster than the edge for a given stress; there afe only a small
number of points from the two sets of results that overlap, This is
exhibited clearly by comparing the extensions of the edge and screw
arms from given indents on %1.103 and %lllg , figs. 3.7,3.8. On iV(lllg
the screw arm has‘ moved considerably further than the edge but the
applied stress on the sorew slip plane is greater by a factor of
about 9/ 7. However, on %110} , although the applied stress on the
screw slip plane is smaller by the above factor than that on the
edge plane, the screw arm has extended as far as the edge arm, This
conclusively indicates that the screw dislocations move faster than
the edge.

Velocities are more difficult to obtain at 75°C because pinning
occurs quite rapidly i,e. within a period of about twenty minutes
after temperature is attained., Thus, measuranents have to be
restricted to the higher velocities where tests can be completed within
this period, Although the scatter obtained is slightly larger than
at room temperature the screw dislocationg exhibit consistently larger
velocities than the edge dislocations,

The results give:—
m*edge =6.,5% 0.6 m *screv: =8%2

Lo edge = 4.0 To screw = 2,8



The importance of the determination of the quantity ¥

and the effect of temperature on the velocity, stress curves
is discussed in Chapter 5,

Conclusions

l. The edge and screw dislocations move with velocities that

fit the relationship.
s
m
U (Q"‘)
tO T}J:(}

Values of m* and Ue are given in table 6.

TABLE 6, Values of m* and Tg

25% 75%
Edge Screw Edge Screw
m*| 7%07 | 9%15 | 6.5%0.6] 8F2
T~«(kg.nrm"2 6.2 5.3 4.0 2.6

2. For a given value of the resolved shear stress, the edge
dislocations invariably move with a lower velocity than
the screw dislocations. Thus, any rate controlling mechanism
propossed must apply exclusively to the edge dislocation,
This result contrasts with observations made in other ionic
erystals (e.g. Gilman and Johnston in LiF, 1962,

Gutmanas et al in NMaCl, 1963).
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Stress Streain Characteristics

Introduction

The claracteristics of the plastic deformation associated
vith primry and secondary slip are established comprehensively
in the temperature range where the applied stress contains
a thermal component i.e, below about 25000. The specific
characteristics investigated are:-~
1) The stress strain curves for various orientations, relative

dimensions, temperatures and strain rates,

ii) The development of slip durinc defcrmation using the
standard techniques of ctch pit, slip line and birefringence
ons ervations.,

EBxperimental

2.1l Specimen Preparation

2,1,2 Compression Specimens

The orientation of the crystals supplied is firstly
determined using standard X-ray techniques and cut using a
wire saw arrangement, This cutting method is used because otherxw
available and simpler methods proved inadequate for various
reasons,

A cutting machine of the type required was available and
has been described by Roy. The arrangement was modified
extensively to improve its stability and enable cutting to
proceed accurately in the required direction. The modified
equipment is shown in fig, 4.1, It consists of a fine nylon

wire mounted on six grooved rollers, One of the rollers is

eccentrically mounted and acts as a tensioner, The wire is
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provided with a sawing motion through the driving rod which, in
turm, is driven by an externally mounted electric motor, The
specimen is mounted onto an adjustable table which enables it to be
aligned in the appropriate orientation, This arrangement can mowe
freely only in the vertical direction, through a series of brass
bushes, and is countervelghted to enable the specimen to bear
azainst the wire with an appropriate stress., The actual cutting is
achieved by the addition of small quantities of fine corundum powder
to the wire., & series of parallel cuts may be obtained by adjusting
the position of the specimen with respect to the wire by the operation
of the vernier scorew arrangement.

The surfaces obtained after cutting are not perfectly flat so
a Jjig was designed capable of grinding the faces flat and square,
The Jjig is showm in fig.4.2, It consists of an arm A constrained
to move in a single direetion without any transmerse motion, The
movement takes place on a series of ball bearings sitting in tio
V-shaped grooves and set in a caze. The position of +this arm, with
respect to the base B of the brass outer cylinder, can be adjusted
finely in a vertical direction by means of a simple screv arrangement,
A brass vice C is set in the arm to enable the specimens to be held
firmly in two possible positions, Firstly, the specimens can lie
horizontally on the region D of the amm to enable the side faces to
be ground flat and parallel. Secondly, it can bec held vertically in
the two carefully ground V-siaped notches to enable the ends of the
specimen to be ground flat and absolutely perpendicular to the axis,
Grinding is conducted by placing the Jjig on silicon carbide paper on
a glass plate and alternately moving the arm and adjw ting the vernier

screw to produce the required dimensions,



After the mechanical polish the surface layer contains a
relatively high density of dislocations penetrating to a depth of

appradimately five microns, So this layer is removed by subjecting
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the specimens to a chemical polish in a 3:1 perchloric acid, aluminium

chloride mixture maintained at its boiling temperature, This leaves
a perfectly smooth, flat surface, The dislocation structure withnin

the specimens is now the same as in the as-growm crystals so that a

Wigh temperature ammeal is not required; this is confirmed by comparing

the mechanical properties of as-preparsd and vacmum annealed; slowly

cooled crystals,

b. Tensile Specimens

T-e type of specimen required is of the form shown in fig.Lk.3.

The crystals are too brittle for the usual grinding methods so
the following technique was devised,

Beams of appradimately 3 x 6 x 25 mm3 are cut in the

appropriate arientation, The shoulders of the specimen are then

cut at 45°C to the surface using the cutting method described

previously. Type B orientation specimens arc used so the region

between the shoulders can be removed by cleavage to produce a
specimen of epproximately the roquired shape and size, These

Specimens are now ground precisely to shape, This is achieved

using the pclishing jig with the additional components shown in

fige Lub.a,b, The brass block § and the grips F are the exact

shape of the specimen profile required, A nylon cloth impregnated

with an abrasive powder is attached to the brass block and the
specimen ground to shape with the Jjiz assembled as showm in

fige Luhr.c,
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After mechanically polishing to the required shape and size
the specimens are subscquently chemically polished to provide
smooth, dislocation free surfaces,

Testing Technigques

Compression Specimens

All compression tests are conducted in an Instron testing
machine, using the compression jigs described by Harrison (1965)
and Pascoe et al (1967). Temperatures between room temperature and
200°C are obtained using an oil bath, Sufficiently accurate

QO . . R .
C) was achieved using a simple coiled

temperature control ( 2
heating element, situated in a silica sheath and canceted to an
Ether controller, The oil is cmtained in a vacuum container.
Temperatures sbove 200°C are dotained using a simple radiation

fumace.

Tensile Specimens

The tensile testing arrangement is shovn in fig. 4.5. It
consists of a universal joint A attached to the crosshead via
a framework Z and a rod C attached to the universel joint at the
load ccll, passing through a hole in the crosshead., The specimen
is held by the split zrips D wilch contain carefully ground
ASO recesses., The grips can be tightened rigidly around the rods E
s0 that the recesses are in the appropriate position to receive
the specimen, The shoulders of the specimen can now position
themselves accurately on the inserts in the grips., The prescnce
of the universal joints enables perfectly axial loading to be

achieved, Ileating is attained as described above,
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2.3 Birefringence observations

To facilitate the observation of birefringent patterns
developed during deformation, the crystals are immersed in
n-nonoic acid contained in a quartz cell, This eliminates
scattering at surface irregularities,

2.4  Seleetion of Specimen Orientation

Wihen investizating plastic defarmation in compression
beyond the yield stress it is important to avoid cxcessive
inhomogeneous deformation, This reguires the opcration of more
than one slip system. It is also important that the resolved
stress should be the same on all operating systems (see Chapter 5).
So the work hardening on the prirary system is studied
comprehensively using A orientation crystals,

It also proved important to investigate single slip
conditions, so a small number of compression and tension
specimens of orientation B are used, Here the resolved
shear stress on one primary plane is greater than that
on the others.

For the investization of secondary slip, C orientation
crvstals (fig, 4.5) are used, Hore there can be no interference
from slip on the primary system at any staze,

5. Results

3.1 A orientation Crystals

3.1.1 Effect of Specimen Dimensions and Test Conditions

There arz two conflicting effects that should be considered

when conducting compression tests.
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Plastic Instabiljty

At relatively large strains, for specimens with a height,
diameter ratio greater than 1°5.1 plastic buekling occurs, This
is evidently undemirable since it gives rise to a complex
stress system and an anomalously low work hardening rate,

End Effects

The friction stresses that arise betiveen the compression plates
and the ends of the specimen complicate the mode of deformation
in that region., The effect of this can be minimised by making
tiie specimens as longz as possible and by using a lubricant
betireen the specimen and compression plate.

So the effect of speecimen Gimernsions and swface lubricants
is investigated to estimate the most suitable conditions under
which the more comprehensive study should be conducted.

Surface Lubricants

L number of recognised lubricants have been tested
€,2. graphite, P,T.F,E, but egually as effective as these is the
silieone o0il used as a heating medium, so an additional lubricant
is of no advantage i.e. similer curves and deformations are
obtained when testing in an oil bath and in airusinz P.T.F.E,
lubricant. To enswre that a layer off oil between the specimen
and the compression plates does not produce an anomalous yicld
point on the Instron Curve, the curves obtained are compared
with those from specimens tested in air without any lubricants.
The yield points and initial deformation are identical, so this
possibility is eliminated,

Effect nf Shape of Cross Section

Specimens with three different cross sections are tested.
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The relative dimensions are as follows:—

b {100l =3 ., 1 . 1L
d (110] 1 1T 73

The curves obtained are almost identical for all three
relative dimensions, a rather surprising result, So the cross
section selected is evidently not importent but, purely for

. ' . . h - 1 .
convenience, specimens with /d = /1,5 are used in all
subsequent investigations,

141) Bffect of height, diameter ratio ( /d)

Compression Specimens with a wide range of values of h/d are
tested, The results are shown in fig. 4.7, d represents the
larger dimension of the cross section., The only clearly valid
viay of determining the strss strain curves is tlhrough a series
of tensile tests, where the stress system is perfectly homogenenus,
So a few tensile specimens of this orientation are laboriously
prepared and tested; the results are compered with the
compression curves in fig, 4,7. The compression curves with
int ermediate valuss of h/d lie closest to the tensile curve, so
if compression tests are conducted on specimens with h/d’ 3:1
the curves obtained should be virtually vrepresentitive of the
true work hardening. 3o all subsequent experiments in this
orientation are conducted in compression using specimens with
dimensions 1,5 x 2,2 = 7 mmB.

3.1,2 The &ffect of Temperature on the Deformation Characteristics

The general veriation of the form of the stress-strain
curves, over a wide ranse of temperature, is shown in fig. 4.8.
A more detailed study of these curves is facilitated by

distinguishing three temperature ranges,
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Up to 150

Three distinct regions of work hardening are discernable
within this temperature range, fig, 4.8,

The first region, which is dcsignated Ia, depends very
sensitively upon the swface condition of the specimen tested,
Thus, a mechanically polished surface produces a curve of the
tyve X whilst a perfect chemically polished surface is accompanied
by a large yield drop.

A typical birefringent pattern within this region is shown
in fig, 413, 4 close cxamination of the pattern reveals that
slip has started from sources at the edge of the crystal and
continued on different systams in different parts of the crystal.
There is very little interscection of the dislocations moving on
the different systems at this stagc.

¥his region becomes lcss apparent as the temperature
is increased, fig. 4. 9.

The subsequent region Ib has an appraxinmetely linear work
hardening rate which diminisncs as the temperature is increased,
An average value of the work hardening ccofficient iS/J /60.

The extent of this rcgion again decreases at the higher temperatures.

The development of the birefringent patterm in this rcgion
is shown in figs.4.1ll. TIn any specific region of the crystal,
slip is confined to that one system where slip was initiated in’
staze Ta, A limited amount of interpenetration of thc two
systems proceeds in the areas where the two systems meet. The
pattern brightens as the strain increases, The slip bands are

straight,
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The final region prior to fracture Ic is linear with a

significantly lover work hardening rate, approximtely}.;/bo. The
/
work hardening rate diminishes slowly as the tempcerature is increased,

The birefringent patterm is shown in figs.L.12, There is little
further interpenetration of the two systems, indicating that only a
small proportion of the total dislocation motion proceeds within the
intersection areas, 31ip continues quite readily in the 'single slip!
rezions evidently resulting in intensive dislocation pile ups against
the relatively tnactive intersection areas, Thus, unusually large
lattice rotations soon appear there in the form of sharp orientation
changes, analagous to Orowan kinks, and are presumably associated with
the pile up of dislccations of opposite mechanical sign at opposite
ends of the inactive region. This lattice rotation regquires a
distortion of the lattice in regions beyond the ends of the 'kink';
this is manifested as a gradual curvature,

The investigation is completed by conducting a few slip line
observations, Specimens are strained to a certain point, unlcaded,
the surfaces cither chemically or mechanicelly polished and finally
strained again, This enables slip linc distributions and lengths to
be estimated as a function of strain, The cbservations on each face
arc considered separately,

On g l](ig the slip lines are in the same direction throughout,
Initially the lines are long and vwell dispersed but, as the strain
increases the length of the lines decreases whilst their density
increases, No slip lines other than those due to slip on the primary

system can be detected,
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On 51003 slip lincs are observed on inclined systems.
In any one region the lines are in one direction only whilst in
adjacent regions the lines lie in the orthogonal dirsction with
no intersection of the lines between the two systems occurring,
No slip lines other than those in the principal direction, in any
region, are observed, even at ths highest resolution possible
in our optical microscope, . The length
of the lines decrcases coﬁtinuously'ﬁith strain so that the slip line
length is sporovimately inversely proportional to strein(fizs.i.13).

1500 — 300%

Here stage Ia is no longor apparent but an additional stage,
designated II, can be distinguished. This stage develops at high
Strains as stage Ic diminishes with temperature. It i1s a linear
region with a consistent work hardening rate of/J,/lOO.

The development of the birefrinqgent pattern with strain at
180°C is shom in fig, L.14, At this temperature and above slip
is more uniformly Cistributced on both systems in all parts of the
crystal so that the arcas of lattice rotation are smallor but
more numerous, There 1s no obvious differcence between the slip
vattern in stagec Ic and IT, other than the larzer degree of lattice
rotation in the latter, The ocourrence of stage I1 is evidently
not associated with the appearcnce of this lattice rotation,
otherwise a staze II would have been encountercd below this
temperature, where lattice rotations are also observed,

The slip line observations are more difficult to cmduct
in stage IT because of the associated high strains. Havever,
it appears that the lenqgth of the lines does not alter significantly

!

¢
during this stage; this ayvplies to lines on lOO% and { 110) .



It is still not possible to resolve lines between the lines

of the principal system in any spécific region, thus slip occurs

almost entirely on the ariginal system operating in that region

throaughout the deformation.
1ii) Above 3007

Here stazes Je, IT and an additional stage I1T are observed,
Stage ITT exhibits a parabolic shape and cammences at lover
stresses as the temperature is increased,

The development of the birefringent pattern at 350°C is
shown in fig., 4.15, Although the birefringence is not
particularly informative in staze IIT, the slip line cbservations
are most significant. At the onset of stage ITT the slip lines
On{UD% become wavy, fig, 4.16, This can almost cartainly
be attributed to the macroscopic cross slip of screw dislocations
onto the secondary glide planes i.e.%\llO% and perhaps illlj
The slip lines on &ZMX)% do not alter in forn because the
secondary planes intersect this face in the same direction as

the primary plenes,

3,1.3 Bffect of 3train Rate

A series of tests, over a wide range of strain rates, has
been conducted at 180°C. The results are shown in fig. 4.17.
The effect of an increase in strain rate is somevhat similar
to a decrease in temperature i.e. an increase in the extent
and the ratc of work hardening in stage Tb and 2 small increase
in the work hardening rate in staze Ic. Stage IT has a
virtually constant work hardening rate, so as the strain rate

f
is increased stagss Ic and IT are less readily distinguished,
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until, at high strain rates the individual stagzes cannot
be identified, There is little, if any, increase in the length
of stage Ic as the strain rate is sltered. These results
contrast with the effect of tomperature in that the hardening
in stage Ic increases morce rapidly as the strain rate is
increased, with the lenzth of this stage not simultanecusly

increasing.

t

irefringence observations indicate that slip becomss more
homegeneously distributed on both systems throughout the crystal
ag ths strain rate is dacreased,

B orientation crvstals

Tests on crystals of this orientation are conducted to
determine the work hardening features associated with single
s5lip conditions; this should assist in the interperation of
the work hardening characteristies,

firstly, compression tests are conducted on specimens
of variocus relative dimensions; the results are shom in
fi,s. 4,18, Ths forme of the curves also depoends upon the
megnitude of é/d. One of ths interssting things a>out these
results is that thc stress ranse corresponding to stage Ib
is independent of these rclative dimensions although the swork
hardening rate varies,

The birefringence obssrvations, fig. 4.19 show that slip

is always initiated on the tlhwee available systems, in the

carly stages, near the compression plate. In particular,:
an intense band of slip on onc of the plancs of lover

resolved stress, always initiates from onc corner of tli
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crystal and spreads across the crystal; this band interferes with
slip on the plane of maximum resolved stress, This band is observed
even when a hemispherical ball is inserted,bebiecn the specimen

and the compression plate, Thus, the c¢ffect of the band is only
insignificant when the specimens are long and then plastic buckling
obscurces the effects under investigation., 30 it proved essential
to prepare tensile specimens,

Tensile tests are conducted over a wide ranve of temperature;
the results are shwon in fig. 4.20, Unfortunately, fracture
occurred immediately after yielding at temperatures bhelow 15000.
Above this temperature consistent results are obtained, Stage Ib
is st11l apparent with a stress range similar to that observed in
the compression tests on 4 and B orientation crystals, Stage Ic
exnibits a vory low work hardening rate virtually independent of the
temperature, with a cosfficient /u /500, whilst stage II has a
hardening cocfficient of}J /100, again virtually toemperature
indcpendent, These results arc almost indeccndent of the é/d
and b/d ratios,

The development of the birefringent pattern is shown in
fig, 4.21. Yielding is actompanicd by the propa:ation of a luders
band from the vieinity of the shoulders of the specimen. S1ip
appears to be confined entirely to a single system in stages T
l.e. it is not possible to deteet slip traces on intersecting
systens, 1In stage II relatively large amounts of slip are observed
to occur on the intersecting systems between ths bands of the

original system,
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§1ip line observations are made on {1113 and 2 110§
The lines on i_lll% are straight throughout and decrease only
slightly in length as the strain inereases (fig. 4.22); the
linss are confincd to a single system only, even in stage IT,
It is not possible to detect any lines on gllo% at the highest
resolution of the m:croscope.

C orientation crystals

Stress strain curves arec obtained in compression as a
function of temperature., These represent slip on intcrsecting
%llO% €110 systems withaut any interference from slip on
the primary system; the results are shion in fig, 4.23., after
a small yielding region the curves are approximately parabolic
with the yield stresscs and flow stresses varying somewhat
similarly vith temperature; there is a small decrease in work
hardening ratc as the temperature increases., The curves
rcsemble those obtained in man} b.c.c, metals,

. The birefrinzence patterns arc interssting., At the lover
tegperatures, slip is initiated on a set of two orthegonal
pPlanes in any region with intersection of these systems occurring
guite readily. However, in aljacent regions slip is initiated
on the other tvo orthozonal systess and little intervenetration
of' the slip in adjacent regions proceeds, This ~ives rise to
the 'block slip' situation cbserved by Roy i.e, on any one face
birefrinence reveals alternate blank and slip areas, This
indicates that the intérsection of oblique systeis proceeds
only with great difficulty (,f. NaCl, Davidse and Pratt).

A
at hisher temperatures, as in type A crystals, intersections

oceur more readily during the early stazes so the slip pattern



becomes more homogeneous, There is no obvious variation of
the form of +the pattem +with strain at any temperature
investigated,

The =slip lines at the lover temperatures are very short

and wavy

v, fig, L4.24, and, on a particular face, there are

altemate regions of slip and no slip, fig. 4.25 indica¥iwe of the
*block' slip alrcady described,

Discussion and Conclusions

The results, cven at this staze, have clucidated certain
features of the work hardening and thess are looked at briefly,

Staze Ib is a rapid work hardening stage, observed
immediately after yield, with a work hardening rate that
depends upon temperature and strain rate ( and in certain cases
specimen dimensions). lore imporitant, this stage is observed
under all test conditions i,e. single, double and multiple slip,
for all specimen dimensions, and extends over a similar strsss
range for a given temperature and strain rate,

Stage Ic exhibits a low work hardening rate under single
31ip conditions, However, the hardening rate is increased
significanlly when slip can occur on an intersecting system and
is dependent upon the test conditions i.e, temperature, strain
rate and specimen dimensions (for B ecrientation crysials),

The dovelopment of the birefrinzent patbtern provides useful
information concerning the deformation of type 4 crystals in
stazes I, During the initial stazes, slip is initiatel on one
of the two availabie systems in any specific region of the
crystal , the system selecte? denends upon the nature of the

Sources in that region. Slip propgzates from these sources
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throughh the crystal and since intersection occurs only with great
difficulty the crystal is, at this stage, subdivided into regions
where slip has occurred on different systems in adjacent regions.

At low temperatures or hizh strain ratss the density of dislocations
within a slip band is high (Roy) so the probability of intersection
of slip bands propagated fron different sources is low and the above
described regions are large. At higher temperatures (lover strain
rates) the density of dislccations within a slip band is lover; this
allied with the larger thermal energly avallable enables intersections
of the slip bands to ocecur, during the early stages, resulting in

a relatively homogenecus distribution of slip throughout the crystal
i.e. the above regions are small, 4t bigher strains slip continues
predominantly on one system in any region with dislocations o the
other system no uneble to traverse this region, even at ths higher
temperatures., This situation results in the observed lattice
rotations., It is possibilc that the different vwork hardening rates in
Ic at different temperatures and strain rates might be associated
vith the different distributions of slip bands obtailned under the
different test conditions,

Stage 1T has a mostconsistent work hardening ratc, almost
independent of orientation, temperature etc., The reason for the
appearance of this stage could not be elucidated from the birefringence
observations on typsz 4 crystals, However, the tensilec tests on typs B
crystals indicate unequivocally that stage IT is due to slip on an
intersecting system in the rcgion between slip bands of the original
system, This also probably nccurs in type A crystals but could not be
unambiguously distinsuished from slip that had already occurred on

|



this system in the early stazes of deformation (stage II only occurs
at temperatures where slip in stages I is relatively homogeneous).
Similar 'fine slip' on intersectins syste.s is observed in stage II
in f.c.c, metals and the hardening could perbaps be explained
similarly.

Stage ITI is due to macroscopic cross slip end can be
interperated in the usual mannsr,
Deformation on the secondary system is similer to that observed
in b.c.c. metals, There are four available slip systems, all
with identical resolved stresses, so the dslocation structures
developed as a function of strain are somevhat complex. There
are no individual work hardening stages to be distinguished,
The slip lines are wavy, so cross slip can occur, yet they are
short, so impenetrable barricrs are also formed, Mo attempt
is made to interperet the warlk hardening on this system in

this thwesis,



COMPASS
TABLE

__D:

12D

LEAD
COUNTERWEIGHT

ADJUSTMENT

VERNIER SCREW

o T
]

[l-_r":rﬁ
BRASS BUSHES

—STAINLESS STEEL ROD
3/W:’RE ATTACHMENT

_CUTTING WIRE

(O

¥ rE STAINLESS STEEL
—JE_~"DRIVING ROD
[ 8 I )
=i N Ul
2 E
= =
CAST IRON BASE RUBBER STUD
RS
 E—— —

Fig. 4.1 CRYSTAL CUTTING APPARATUS

F8












33

5
-

nserted

recimen

P by v W


















5
s
3
5
i
















1-3x 1072
+3 x 1073
48 x 1074
2.4 x 1074
12 x 1074
4.2 x 107°
24 x 107
1-2 x 1075

RESOLYED SHEAR STRESS (Kg.mm™)

N D A N

J ] I 1 1 1 |

0 1 2 3 4 ) 6 7 8 9
COMPRESSIVE STRAIN (%) o

Fig.4.17 Effect of strain rate on the stress strain curves of type A crystals at 130°C

10

€6



10 I - ] | i | : { ] I {

E=2-5x 10°%sec™

N 1) 3]
T ] i

RESOLVED SHEAR STRESS (Kg.mm™2)
N
1]

0 1 2 3 4 5 6 7 8§ 9

COMPRESSIVE STRAIN (%)

Fig. 4.18. Effect of specimen shape on stress strain curves of type B crystals at 170°C

10

CoT






N

RESOLVED SHEAR STRESS (Kg.mm.2)

1 2 3 - 4 - 5 6
TENSILE STRAIN (%)

Fig.4.20. Stress strain curves for type B tensile specimens

11

¢CY









)
=)

E

200°C

-~
(=

260°C

(6]

400°C

RESOLVED SHEAR STRESS (Ka.mm 2

1 - 1 |

0 5 6 7 8 9 10
COMPRESSIVE STRAIN (%)

Fig.4.23. Effect of temperature on stress strain curves for slip on {110} <110> (Type € crystals)

11

ceCt









2.1

193

CHAYTER 5

Tdentification of the Themal Stress Component

Introduction

This section is devoted 4ec the study of thermally activated
deformation with the following ajms,

(a) To determine the validity of the theory of thermal
activation in the case of calcium fluoride,

(b) If the theory is found to be applicable, to use it to study
the thermal activaticn parameters and to attempt to identiﬂf
the mechanisms controlling the deformation rate.

Before deciding upon an appropriate sequence of experiments,
it is important to study the theory of thermally activated flow
to determine its limitations and the situations under which it
misht not be applicable,

Theory
The theory has been discusscd in great detail by a number

of authors (e.g. Conrad, 194L; Basinski 1959; Christian and

Masters 196L; Schoeek 1965), 4 logical summary of the theory

with certain important additions, is presented here and the

limitations emphasised at cach stage.

The Force on a Dislocation

When a dislocation moves through a crystal lattice, a force
is exerted wpon it by a variety of obstacles in the vicinity of
the slip plans. This forecc can e separated into two extreme
components,

a. Long range forces where the force on the dislocation varices
only slowly with the position of the dislocation on the

slip plene,
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b, Short range forces acting only over a few atomic dimensions,

30, in general, the forces exerted on the dislocation, in
its passage across a slip plane, vary in a manner similar to that
shovn in fig. 5.1 (e.g. Conrad 1964; Kronmuller, 1967). The
maximum force required to be sxcerted on the dislocation to
enable it to overcome the obstacles @ocurs at position & and
is given by (Fl + Ps). The physical nature of the defects that
interact with the moving dislcecations, giving rise to these
forces, is considerced in the discussion.

Thermal LActivation

To enable the dislocation to move through the lattice an
external shear stress must be apvlied along the slip plane. At
0K this stress must be sufficiently large to provide the
maximu force (Fj_ + Fs) at cach relevant obstacle In practice,
a value of the stress is provided by considering the average
movement of a large number of dislocations through a random

array of obstacles and is yiven by:-

T = (f:‘-"—*-;-st) - 5.1

bl

Where 1lis the avera:z lensth of dislocation line availables at
cacn obstacle (equivalent to the spacing between cbstacles),

At any finite temperature T, the thermal energy (manifested
a8 coherent atomic fluctuations, FPricdel, 196L) can assist the
applicd stress in enabling the Gislocations to overcome the
obstacles. The total energy required to be supplied, for a given
applicd stress, is easentially equivalent to the area under the
force - distance curve (Basinski 1959). So, where long range

obstacles only arc involved, the relatively small amount of
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thermal energy avallable doss not reduce significantly the
energy required to be supplied mechanically (fig. 5.1) and the
lonz range stress is virtuslly independent of temperature.
However, the magnitudes of the short renge obstacles lie

within the thermal energy range So the energy that has to be
supplied mechanically to overcome these ohstacles can be

reduced significantly by the probability of thermal fluctuations;
this gives rise to a temperature dependent short range stress,

A study of thermal activation gan provide useful information
concerning the nature of the short range obstacles and, in
particular, the magnitude of the stress required to surmount
these obstacles ( LX)  can be cbtained and distinguished from
the athemmal component (t}u) of the applied stress (T,p). The
significant activation parameters are now defined and the
connection betiveen them derived using basic thermodynamic
principles,

Activation finergies

s a dislocation moves across a slip plane, under the
action of an applied stress, and encounters obstacles in its
path the Gibbs froe energy of the system varics in a masnner
similer to that shown in fig. 5.2. (c.f.Sseger 1957); short
ranje obstacles only sre considered here,

The amount of thermal energy that has to be supplied to

%
overcome s 2iven cbstacle when a local stress.t is available
nas been determined by Schoeck (1965) arnd Gibbs (19567).
Consider the work done when a linear segment of dislocation of
length 1 moves from its equilibrium position, under the action of

the local stress, to the saddle point of the obstacle,
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If the aotion occurs reversibly and isotnermally, the
application of the second law of thermodynamics showvs that
the minimum Gibbs free energy required to surmount the
obstacle is wiven by (Seciweck) ;-
AG = Az - (Ty-Ldb AR - 5.2
/
LR is the activation distance.
The term 1b AR has the dimensions of vclume and is usually
reflerred to as the 'activation volume!,
A g represents the change in Gibbs free energy associated with
the localised atomic interactions (fig. 5.2). 4t mero stress
this is evidently eguivalent to A G the 'activation encrgy
of the obstacle'.
Gibbs separatesAg into a2 number of components,shoving:-—
b 3 AU* —ohg - AS. -5.3
_ * * s 3
“here AU and A S™ ars the chanzes in internal energy and
entropy, resvectively, associated with the activation and A5y

e assnciated vith the change in vibrational

.
Y
=)

is the entropy chan
modes at the saddle point (Granatoetal 196l .
Ag, 1 and A R may depend upon the value of the locally acting
stress, The significance of this is discussed in section 2.9,

rne only restrictions placed upon ths subseguent application
of this equation are thet the fluctuation should occur reversibly
and isothermally, ushelby and Pratt (1956) have shown that there
is no significant tempcrature chanue Auring deformation, so the
asswnptions are probably valid for most ddslocation processes,

It is now reguired to discover how these parameters can be
determined experimentally. Firstly, the relevant rate eguations

arc defined.
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The Rate of Mevement of Dislocations

The averaze velocity of a dislocation line, vhich depends
upon the frequency with which the local obstacles are surmounted
with the assistance of thermal fluctuations, is assumed to be
ziven by the usual arhenius relationship (Zener 1952).

U= pver (TP - s
Where p 1s the distance moved after a successful fluctuation,
Vv is the frequency of vibration of the dislocation at the
obstacle concerned,

This equation assumes that no back fluctuations occur
and that thé svstem i3 'closed', This is reasonable for many
types of obstacle; the situations under which it is not applicable
are considered in Section 2.7.

For a typical compression or tension test, where the
applied stress is G4 , the shear stress acting on the slip
plane (T_',A) is given by:-

TaA = &7, CO8E- cosp - 5.5
dhere € and f are the angzles between the applied stress axis
and the slip direction and the normal to the slip plane
respectively,

The total strain rate provided by %‘ dislocations of type 1
moving with an averass velocity Ui is given by (Li 1965) -

£= 2. bU Cs®; cosf, - 5.6
4

&= 2 € AbO es e cos exp(B/r) © >/

Where Al is the area swept out after a successful fluctuation.
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Combining eguation 5,7 and 5.2 gives:-

L g
e S P AN Che £ e ~Ag + VLT ¢ ~ 5.8
L8 L:tkA‘b\)‘(QseL (“S)AL' 'Qfx.?( 5\ hT ‘)
If all obstacles have identical shapes and energics this
expression reduces to:-

ER ;’f\b\) o3 €& (.-'-’75¢ Ul?(

In zeneral, 43, ] s &R,V,\) and C are the average valuss

Ay« VTH
—-e - 5'9

for 211 rate controlling obstacles, The sltuation that arises
when two different types of obstacle could influence the
observed strain rate is considered in Secticn 2.8,

2,5, Byperimental Determination of the iLctivation Parameters

i) AcHivation Enthalpy

From equation 5.7

Al =-KT la ¢ C=-RT '{’n(t: ) — 5,10
T 00 by Cosetas P
'y

Differentiating with respect to T gives:-—

(Q_:Mc) = -k @1(;;_‘) + KT (Ufm /s,,) - 5.11
T £

aT () { { WA

But, by definition, (ai}d(r; ) - AG, -1
ROEUC S c .
AT Ta

i\AlSO, AHL: Af éi.: - 5.12

Thus, AH, {_g__ X )G‘ - 5.13
A

Provided QL , Ai, Vi, -1, Ai, bi remain constant during an

increment of temperature, this gives:-

) o - ) ‘
(-‘ﬁiﬁ_) = 2, AHE W bs e Cos d¢ ~ 5,14
T ey

O E £l bocos @ tos ¢‘L

So, if only dislocations of one type are moving,

BT ) AH - 5.15
{‘h‘ T T
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The term on the left hand side can be determined .experimentally
through creep experiments and hence a value of the activation
enthalpy obtained,

If egquation 5.15. is modified it gives:-

An (éﬁé) (amh) - 5.16
RT* L}'SA_ v VT Mg

So the enthalpy may also be obtained from constant strain rate
tests. This equation is only valid if the applied stress is a
unique function of temperature and strain rate for a given
structure., This may be tested by comparing the results obtained
from creep and constant strain rate experiments,
Thus, the restriction upon the determination of the enthalpy
is that the structure remains unaltered during the increment of
temperature (strain rate). The enthalpy cbtained is significant only
if one specific type of obstacle is rate controlling,

Letivation Volume

Differentiation of cguation 5.2 with respect to stress

gives (Gibbs, 1967, Hirth and Lothe, 1967):~

SR LN IR IV2 B = I
VOTN iy Lo T |

But, since the crystal adopts its lovest free energy

in the excited state (Gibbs, 1964; Schoeck, 1965):-

(i')[)CT)-\"-E = 0 - 5,13
This gives; (Schoeck)
048Gy - v - 5,19

]
!
]
%

QTH ‘T
Gibbs (1967) arrives at a slightly different solution

- (OAG; V4 TR (DL ) ~ 5.20
ATt Cotx i
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However, over quite a wide range ofjl*values, 1 is virtually
independent of Tf*‘( Kocks,1967), so under most test conditions,
even if the Gibbs solution is correct, equation 5.19 can be
regarded as almost exact,

Differentiation of cquation 5.10 gives:

(E)AG;] . kT ( Q\’Qm&/éﬁ) - 5,21
R _ grr It
ms, ¥ _ (OGS, - 5.22

kT - OZ:*‘ T

and, ("GH, )

|
U
o

fu e ) - S Vepoulh (50513\(‘05&)1'
I kT by Y b CcS"S;(esgﬁ;
Vcos@ccsé - 5.2>
X7
This equation is valid provided all slip planes are similarly
inelined to the stress axis and no structural changes occur during
the alteration in test conditions,
So V can be obtained from either creep or constant strain

rate experiments usinz equation 5,23, provided the above

conditions are satiszfied,

Gibbs Free Energy

Schosck shows that this is given by:-

N PRV .
AG = ARETIRT Yy Y - 5.2
'. - )—-\/"J Q}‘J“{d .}.
d i is given by Huffman and Norwood (1960 )

J't
The Thermal Stress

There are throe pirincipal methods of distinguishinz this

component of the applied stress from the athermal components,
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The first method has been widely used for investigations in b.c,c,
metals (e.g. Conrad 1961; Arsenault 1966; Ono 1966), It entails
plotting the critical resolved shear stress, obtained from constant
strain rate experiments, against temperature (e.g. fig.l.l).

If the high temperature region is linear, independent of strain
rate and has a slope determined by the temperature dependence

of the shear modulus only, it may be taken that the defarmation
here is purely athermal (sece equation 6,9). 4 value of the
thermal stress at yield may be obtained by extrapolating the
athermal region to low terperatures and subtracting this value
from the applied stress, Significant values are obtained only
if the structure at yield is independent of temperature. The
method could be extended 4o higher strains but the assumption

of constant structure becomes less valid as shom in the
previous chapter,

In a stress relaxation experiment the dislocatiocns held up at

the short ransze obstacles relax into metastable positions vhere
they lie in the long ranpe stress field only. It has bsen
suggested that the relaxed floy stress is appraximately
equivalent to the long renge stress (Guiu 1964), The principal
difficulty with this method is that relaxation is never complete
within a finite period of time, so only a maximum value of

can be obtained, This difficulty is enhanced if impuritiecs ar
point defects are present that can pin the dislocations in
positions other than the required metastable ones, 1In addition,
the configuration of dislccations in the relaxed condition cannot

be the same as that during deformation, so the relaxed flow stress
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could only approXimate to the athemal stress during
deformation,

The third method, recently propnsed by Michelak (1965),

enables . * to be obtained directly from strain rate cycling

experiments,

Combining equations 5,6 and 3,1b gives:-

. ok
¢ =¢b ‘..ﬁ‘,_) Y,
T

o———

Differentiation of equation 5,6 gives:~

d€ag ~ _  dlp + oy - 5,26
A0 T ¥ T oAl Tt At
Thus, A g o ~ 5.27
dlqT*

provided e remains constant during the increment of
stress (strain rate).

For small changes of strain rate,

b lae s - 5.8
A T* \
e R x
Thus, Q (11) fa 1L+ T_}- i
Q [} o a frx 8By 10 ¢ 5,29
-i:ki 1 T_\% F::i‘ i E:/EL
So, % AT? - 5.30
'

LS ) ]

frovided m*  and AT values are knoin, for a given
structurc, eguivalent values of U ,* may Pe obtained, Lethods
of finding m‘*, other than that given in Chapter 3, are
corsidered in Section 2.9, There are no restrictions on
the determination of L other than pp Temaining constant

during a change in strain rate,
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The Validity of the i&xperimental Parameters

The limitations of the experimental determinations listed
in the relevant sections can be dealt with quite simply apart
from the eriterion that the vre-~exponential term in equation 5,9
remains constant during an increment of temperature or strain
rate (stress).

So it is worth considering this aspect in some detail.

An indication of the validity of this criterion is obtained

by comparing the values of the parameters obtained from
ccampletely independent experiments. PFor instance, if values

of V obtained directly using equation 5.23 and those obtained
from the slope of a AG ,T_,* plot (equation 5,19) are comparable
it indicates the validity of the criterion.(Schoselk,1965)

Fortunately, there is an unambiguous method of
determining whether the factor ¢ alters., It entails comparing
values of the activation parameters obtained from cyeling
experiments and direct eteir pitting methods, Thus, for

instance, from equation 5,5 (Guard, 1961; Christian 1964)

A Ca§ _ Afe . Al - 5,31
AT, A GTa AT,
Thus, from equation 3.la
Atie _ _ w, _Bhg - 5.32
A etLtA AflaTa

Thus, a comparison of values of m obtained from etch
s . AlE /o
pitting (c.f. Chapter 3) with values of £ /Aeit(.,cs
unequivocally determines whether () al ters during a change of
stress (strain rate). 4 similar sart of analysis can be used

to determine whether < alters with a change in temperature.
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The only factor other than{’, in the pre-exponential term
that might conceivably alter significantly with stress( temperature)
for a given structure, is the area swept out after a successful
fluctuation, This has been looked at theoretically by
Kocks (1967) for a random fixed cbstacle situation. He shows
that, over a wide ranze of stress i.e. O.Z"Ci —-vt#'o( E#'o :.'t*at 0%),
this quantity varies by a maximum of a factor of two, So during
an incremental test where the stress does not alter by more
than o.o5T.§, it can be taken that this area is essentially
constant. In non-fixed obstacle situations e.g. non-conservative
Jog motion, point defect drag, this areavaries slowly with
stress but should be essentially constant provided AL is small,

So if it is shovn that ¢ is constant during the increments
of strain rate(temperature ), provided relatively small values
of AT are used, the experiments may be regarded as valid,

There are a number of situations where the above analysis
does not apply; these have been mentioned already ancd are nov
discussed in more detail,

Back FPluctuations

Schoeck was the first to realise that back fluctuations
can only occcur if the distarnce moved by the dislocation after
it surmounts an obstacle is less than the distance over which
the dislccation oscillates under the action of thermal fluctuations,
The distance moved by a dislocation after a successful
fluctuation, for a random fixed obstacle situation, is within
the range 1 — 4 YKocks 1967; Foreman and Makin, 1967) even

at relatively low stresses (1l is the obstacle spacing).
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The amplitude of oscillation of a dislocation under coherent
thermal fluctuations is limited by the line tension of the
dislocation and certain lattice friction cffects (Friedel,196k),
If the latter effect is ignored it is possible to obtain
an sppraximate magnitude of the maximum amplitude., This is
determined by Schoeck for a free length of dislocation 2 1 ,
For calcium fluoride, at temperatures below 250 , this
amplitude is of the order of 107~ — 1077 1, so there is no
probability of back fluctuations,

However, there are situations other than the random
fixed obstacle case where the possibility of back fluwtuations
must be considered e, g, non-conservative jog motion, point
defect drag. A general treatment of back fluctuations has been
conducted by Alefeld (1952), The prcbability of back
fluctuations modifies the rate equation (Christian and

Masters, 1964).

P o f AL . -
¥ _?\) ext,( _;_3_'%5) exp g\‘if:rb) 5.33

‘hers AGh is the activation energy for the reverse
fluctuation,
This gives (Alefeld);

V = V expl. - B34
Coth { VT )

Thus, the correction only becomes noticesble when WL < LkT
This treatment is not, hovever, generally applicable to

all cases e,g. non-conservative jog motion where the total

energy of the system alters after an activation. 3o each

process should be considered separately,
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In general, several types of obstaclc are in existence in

a lattice. Whether these obstacles contribute to the observed flow

?09\\‘\01\5

A posgible situation is represented in fig. 5.3. where the two
obstacle types are similar in width and coincide physically in

the lattice; the average athermal stress is taken to be similar

at all obstacles, There is a single point of activation where the
two processes coincide and, in general, the value of T:a'required to
be supplied (equation 5.9.) is greater for one type of obstacle

than another, so only one process is rate controlling; the other

An example of this could be impurity dragging and impurity

More than one Rate Controlling Obstacle
stress depends upon the rclative physical prowsemist of the
cbstacles (c,.f, Kronmuller, 1964, 1967).
There are a number of distinct possibilities, two of

these are considcred briefly.
a, Alternative Processes

contributes in no way to the observed thermal stress.

interaction,
b. Series Processes

This is a morc frequently encountered situation and an
example represented in fig, 5.4. The flexibility of the dislocatior
must be considered when the observed thermal strcss is estimated,
Foreman and Makin (1967) have briefly investigated the situation
where two obstacles of different "strengths" are randomly
distributed in the lattice. They conclude that the observed
stress is intermediate between that associated with the individual

obstacles and depends upon the relative strength and concentration
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oI vbstacles. The obstacles are net always randomly distributed
and in zowernd o feforma Lon is reresonted by the following
ejuation,

- 5.35

Ry
If two or more of these terms are approximately equal the

experimentally determined parameters do not apply to either

process,

An example of this sort of process might be non-conservative
Jjog motion and the interaction with tetragonal defects.

There are evidently numerous other situations and each
combination should be congidered separately.

The Application of the Measured Parameters

Having cbtained experimental values of the activation
parameters, and their validity has been established, their
application to the understanding of the plastic deformation must
be resolved., Each parameter is considered in turn,

The Thermal Stress

—

As already menticned L valucs can be obtained quite
readily at yield (methcd a) and zere strain (assuming-tf1= 0
in the etch pit experiments and using equation 5.30). However,
if the contribution of Tj¥to the work hardening is to be
estimated, values must be found as a function of strain,

There are a number of methods of achieving this other than the
rather dubious relaxed flow stress method. Two such methods

are considered here.



a, The first was developed by Michelak(1966)
From equations 3.1 and 5,27, provided the mobile dislocation

density does not alter during an increment of strain rate,

mX = A (’\ 13 = Ae‘lﬁ
Al T* A'ﬁq_\ir’ltft"‘.}
: *
= Al ( (L ) - 5.36
AT 2
provided, AT (¢ t*l
Thos, m* AT gx AT - 5.37
- i
Afa e “
So a plot of A4T/2 against 4T /A lo¢ » Obtained at a specific

Strain, has a slope m” and an intercept T% . 4 further value
of 'C*, may he obtained by substituting m * into equation 5,30,

b. The second method, outlined by Li(1967) enables m*, and hence T.x:
to be determined from stress relaxation experiments.

Provided the density of mobile dislocations and thc athermml
stress do not alter during the relaxation, the curves are shown
to fit a relationship of the form;-

Ta-Tpox(s+a)™ - 5.38
which is an alternative way of expressing equation 3,16,
with n = /j‘{m*— 1.

Differentiating cquation 5,30 with respect to time gives

log ( -:-“LT-&) =loz nK + (n+ 1) log (t + a) - 5,39
de '
So, a plot of log § "QLT_@__“} arainst logt has a slope of g}_ﬂ:_
b 1w o*
when § 3> a i.,e. at long times,

X

So values of m* can be found, and hence T¥
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fictivation Volume

The experimental activation velumes are usually converted

into the dimensionless quantity V/‘b3 for the purposes of comparison,

By definition, % = Fg (AR) - 5,40
Lb
VT* = T (AR) AR - 5,41

X sre determined for a given structure (c.f.Basinski 1959).

When V and T
So a plot of V against 'C*must have a specific shape and

magnitude that devends solely upon the dimensions of the

rate controlling cobstacle i,e, if a single process is rate

controlling throughout a universal, monotonic curve is cbtained,
The actual magnitude of the activation volume term can

also provide valuable information e.g, if large values are

obtained, obstacle types with suitably large 1 and AR

values must be invoked and certain mechanisms can be eliminated

imnediately, However, great care must be exercised because

both 1 and AR are stress dependent and this has to be

taken into consideration when comparing cxperimental values

of V with expectedvalues for a specific cbstacle type, AR

depends upon stress only through the shape of the cbstacle

and can be accounted for, The variation of 1 with stress has

been determined thecretically, as already considered; it can

vary from three times the obstacle spacing at low stresses

to 0.3 times this spacing at high stresses, Use of the

curves obtained by Kocks and FarCman and Makin enables this

variation to bo allowed for,
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Activation Enthalpy

It is important that the enthalpy of the obstacle should
be found so that it can be compared with the theoretical
enthalpy values of the possible obstacles; this assists in
identifying the actusl rate controlling mechanism,

It can be shown that (Gibbs 1967)

AG= ALY VvTs -TAS w"fm - 5.2
T-/ug is the athermal siress at 0K
Therefore,
A= au® *VCC/“G ~Ta) = 5.3
But, for calcium fluoride (Huffman and Norwood, 1960 )
Tp=Tp, (‘*‘37} = 5.4k
There }: is a constant
So, AH=A&*-~V{E*‘}TT—.¢¥} ::A{i**\/t# - 545

ot
-~ ‘

For relatively lor temperatures.

So, for a single rate controlling mechanism, a univerral
AH )'C* plot should be obtained with a slope equivalent to V,
provided the temperature is low,

L valus of Alio(= AU o), the actual enthalpy of the barrier
(independent of stress) may be obtained by extrapclating values
of AH and AU (§¢AH ) to zero sffective stress (e, f. method
for finding AGo).

There is an alternative, and probably more satisfactory
way of finding 4Ho(4Arsenault 1966).

From equation 5,19 V= - ( ()AG)
T

JTH



AG ¥

v Tk
o e JéﬁG': - I v 4T* - 5,46
A ™
** TAG -ACGo = - (vd‘("‘ ~ 5.7
wj
y T* _
o

For low temperatures, or 1f AS is independent of -(;* , this

begomes o

&H = aHo - J Tdl* - 5.49
e

This is the relationship derived less rigernusly by Arsenault.
Tt is probably not truc that A8 is independent of T (Gibbs 1967)
but the magnitude of the term T (4630 - a8) is small
particularly at low temperatures,
Bquation 5,49 can be used to find values of AHo over
a range of T.X values and hence to sec if +the obstacle type changes,

Experimental

Tests at strain rates of about 1072 sec ~+ and above are
21l conducted on an Instron testing machine where change in
strain rate tests can be performmed instantanenusly, A4All
temperatures are attained as described in the previous chapter.
The temperature chanze tests are conducted using two oll baths
maintained at the required temperatures and merely alternated
in position around the jig. This technique enables rapid,
controlled temperature changes to be achieved.

It is shown in the previous section that tests are required
to be canducted under constant stress conditions, It is also
desirable that results should be obtained at strain rates lover

5

than 10 “sec -l, 50 suitabie creep equipment has been constructed.
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The arrangement is shown in fig. 5.5, It comsists of two interpenetrating
frameworks that can move relative to one another on a series of
adjustable ball races., One framevork is attached tc a cast iron
base through a set of rigid suppcrts. The rams are constructed of
pyrophylite and aligned by suitable adjustments of the ball races,
The load is applied by the addition of lead shots to an Xlon
container (up to a maximum of 100 kg); the addition of a constant
stress device was not required since only small strains (¢ 0,17%)
are necessary in each experiment., The strain is measurcd using a
transducer arrangement which is attached to¢ the rigid supports and
can be moved over and inserted into a recess in the mobile framevork,
vhen the specimen is in positicn. The transducer is connected
through a multimeter to a Honeywell recorder to enable a continucus
displacement -time plot to be recorced; this is imperative for the
sort of incremental test required io be conducted where, the
instentaneous change in strain rate is to be measured,

The temperature is required to be controlled most accurately
(i 0.593) otheriise the expansion and contraction of the specimen
and rams superimposes an undesiraeble Waveférm, of long wave length,
upon the displacement-time recording, So the oil bath arrangement
is inadequate and a suitable rediaticn furnasce is designed; this
is shown in fig, 5.6. It consists of two concentric nichrome
windings attached to separate voltage supplies, The brass ends of the
furmace are water cooled and the region between the windings and
the steel outer cylinder is filled with vermiculite insulator, The
spacing between adjacent windings is adjusted to provide a uniform

temperature within the enclosure; this is facilitated by the use of
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the rams of low thermal conductivity. Accurate temperature
control can be achieved by passing a fixed current through
the outer windings and attaching an anticipatory Bther
controller to the inner windings. Tempecrature changes of

up to 5093 ‘can be achieved within 15 minutes by adjusting
the current in the ocuter windinzgs, by a predetermined amount,
coupled with a suitable alteration on the controller. This
is adequate for the temperature change experiments envisaped;
the load is partially removed during the temperature change
period,

Results

A Orientation Crystals

Effect of Specimen Dimensions

Before a systematic investigation of the activation parameters
is conducted the effect of specimen dimensions upon these
paramcters is established., So specimens with a range of
relative dimensions, similar to those used in the provious
chapter are tested, Values of AT, for a given strain rate
increment, are determined., It is found that all results
fit an identical AT, Ty plot (even for type B crystals)
at a specific temperature, although there is no universal
AT, € plot, So the dimensions of specimen used are
evidently unimportant but, again for convenience, dimensions
similar to those used in the vrevious investigations are

employed,
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The Determination of mﬁ—

The first objective is to discover whether the
density of mobile dislccations changes during an increment
of strain rate, This requires the determination of n*
fram strain rate cyBling experiments to compare with those
values obtained directly in Chapter 3.

Extrapolation Technigue

Values of m (given by equation 5.32) have been
obtained as a funetion of strain for a series of temperatures
and strain rates, ' The results are shown in figs. 5.7:5.8:"
5.9a = £, If it is again sssumed that at zero strain
(dislocation density < 100 cm_z) the long range stress is
approximately zero (probably valid for these high pwrity
single crystals), then m extrapolates to m * at zero strain,

The reswlts reveal that m” is independent of both
strain rate increment and base strain rate (figs. 5.7; 5.8)
bwt decreases as the temperature is increased.(fig, 5,10).

In Ifig. 5710 these values of m* are compared with
those obtained directly in Chapter 3, The agreement is almost
exact at ?SOC. m*decreases linearly with T such that
m*T is virtwally constant and if the plot is ex‘crap*ol'atea '
to lower temperatures. it passes through the -etch pit value

obtained at Z_EOC. Thws, it may be conelmded unambizucwsly

that the dedsity of mobile dislocations does not alter during

‘an increment of strain rate at temperatures below 7500 , at

small strains. Unfortunately,. no etch pit experiments have

been sondwcted at finite strain but there is no reason for
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presuming that the density of mobile dislocations should alter
simply because the athermal stress is larger; the validity of this
statement is tested indirectly in section 4,1 3, There is no
direct comparison at the higher temperatures, Hovever, if the
mobile density altered duringz an increment of strain rate, this
method would give values of m * larger than the correct value,
for an increase in strain rate, and smaller for a decrease in
strain rate and dependent won the strain rate increment used,
Even at 170°C , consistent values of n® are cbtainud under all
conditions (fig. 5.8), so the mobile density presumably does
not alter significantly up to this temperature; this too is
confirmed in Section 4.;.3. Komntk et al (1967) show that this
criterion is not valid at temperatures close to the athermal
stress region for Nall and LiF, so the validity of tests conducted
above 200°C is questionable and tests are confined to lower
temperatures,

The variation of m with strain is interesting. In stage Ib
i% remains spproximately constant and equal to m*, 1In stage Ic
it increases approximately linearly with strain; similarly in
stage II it increases linearly, but more rapidly, with strein,

A combination of equations 3,la and 3,1b gives:-

m = -C'a i""!* = 5-50
T*
So the variation of m depends upon ths relative variations

. -~ % . . - . . . .
of LV” and L" and is considered when more information concerning

these stresses is available,
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A further interesting feature of the results is the
ancmalously low values of m obtained at low strains and
temperatures in specimens tested in the mechanically polished
condition. This effect 1s discussed in Section 5.1.1.

Strain Rate Cycling Method

Firstly values of the stress increment (AT ) are obtained
as a function of strain by cycling from a specific base strain
rate to a series of higher strain rates, The results are shovm
in fig. 5,11, Values of AT, corresponding to each strain rate

incYement, obtained at a specific strain, are plotted against the

¢ . quantity 2At/f’.;t(é.k;) for the same strain; the slope gives a

iii.

value of m X » The plots are constructed for a seriss of
sStrains, figs, 5.,12: 5,13. They show that n® is independent
of strain throughout, the values .of ‘m* are in good agreement
with those already obtained at zero strain,

Stress Relaxation Method

The validity of this method requires that Loth the mobile
dislocation density and the long range stress remain constant
throughout the test, This is probably not valid for long times,
as shovn by subsequent strain ageing experiments, particularly
at hizgh temperatures, Howevor, the method only applics at
relatively long times, so it is not ideal and has to be
restricted to a small range of times; typical logt, log (“d‘:‘:“/ Wk )

plots are shovm in fig. 5.14, The associated values of m *

are
shown in fig, 5.15, The results at 110°C are most consistont
and show that m* is independent of strain; they are also in good

agreement with other values obtained already, However, values at
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17OOC ars erratic; a consequence of the smell time period
over which the linear relaticnship is obeyed,
These reéults indicate two important things,

L. The density of mdnile dislocations does not alter
significantly during an inerement of strain rate between
room tenperature and about 17OOC in the strain rate range
10,5 — 10"2 secﬂl.

So 1t is now possible to oontinue with the
determination of the activation parameters within this
range of temperature and strain rate,

24 The value of m* is independent of strain., These values of m#
are used to determine the variation of the thermal stress
with strain,

41,3, The Estimation of the Activation Parameters

4,1.,3.1 Thernal Stress

The three methods outlined in the theory are used.

ae ixtrapolation from the Flow Stress, Temperature Curve

Values of yield stress are obtained as a function
of temperature for both type A and B specimens, The results
are almost identical to those obtained by Roy (fig.l.1);
the only significant difference appears above 350°C
i.2, no strain rate dependence is encountered in this
investigation, The values of TX obtained are useful for
coemparison with values given by the other methods,

b. Stress Relaxation

After the crosshead is arrcsted during a constant strain
rate experiment, the stress is allowed to relax for a

period of twenty four hours, The relaxed flow stress is
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subtracted from the appliic“i stress to g2ive a possible value of
the thermal st'ress (T,’:: ). The values of T.i:.:‘ increase with
strain in stage Ib but remain virtually é:onstant’ in all
subsequent stages, certain of the results are shown in fig.5.16.

Strain Rate Cyeling

Py

Values of LF , at the bese strain rate, are obtained using
the above values of AT and m* in equation 5.30 ‘and from the
intercepts of the plots in figs, 5;12: 5.13. The values obtained
are identical for both methods and shown in i”ig,. 5.16, The
magnitude of the athermal stress 1s now obtained by subtracting
-‘L* from the applied stress (fig. 5.16); it varies approximately
linearly with strain and almost iﬁ&ependent of temperature.

The values of L* cbtained at yield are in good agreement
with those given by the first method, Thelr variation with
strain is similar to -C%K , although the magnitude of the
latter is considerably smaller (this is readily explained as
shown in Section 2.5). 4lthough these values of T are ot
entirely unequivocallf, because it is not unambiguously

(rasity

established that the mobile Gislocation}(docs not alter during

~ a strain rate change at larce strains, considerable confidence

. . - *
is placed in them and thess are the L values used subsequently,

It is now posgible to understand the variation of m with

_strain, The almost horizontal region corresponding to staze Ib

. T, g T T
arises because L increases almcst as rapidly as 1"’1\ . lHowever,
in stages Ic and II, does not alter so the increases in

m are directly related to increases in the athermal stress.






fig, 5.,18: fit a different curve, Thus, it seems possible
that a different mechanism controls yield and flow in these crystals.

Lelo3.3. Activation Enthalpies

Values of the activation enthalpy can be obtained from
temperature cycling experiments using equations 5,15: and 5,16,
Before commencing these tests it must be established that there
is no significant change in structure (recovery or pinning) during
the time interval that the temperaturs change is occurring. So
specimens are unloaded, after straining to a certasin stress, and
reloaded, after a certain pericd, to see if the stress has altered
from its wnlosding value, If not this would indicate that the
mobile density does not alter significantly during this periocd,

Below 110°C there is no change, other than the usual
metarecovery, for periods of less than about forty minutes,
However, for periods in excesz of a few hours unusually large
and extensive yield regions (similar to those in stage Ta in
mechanically polished specimens) are observed., The regions
diminish in stage Ic and beyond, Above llOOG, the yield regions
decrease in magnitude but sppear more rapidly but there is still
no significant effect in less than twenty minutes. Between
1505 and 220G (the maximum test temperature used) there are
no significant yileld drops but at the latter temperature
pemanent recovery is first obsgerved,

Since the experimental temperature changes can be effected
within twenty minutes, these tests should be valid but least

aceurate within the temperature range 110%3 _— 15OQJ.
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A systematic study of enthalpies, as a function of stress, is
best achieved from constamt Strain rate experiments. using equation 5.16;
this requires values of the quantity (AL /AT )¢ to be determined,
This is conducted at various temperatures at a strain rate of
2 x lO_LFsec—l; the results are plotted in fig. 5.19, as a function
of the applied stress (the values are independent of the temperature
increment and are similar for both increase and decrease in temperature
experiments), This quantity incrcases with stress in stage Ib but
remains virtually constant in all subsequent stages, It is nov
required to relate (AT /ar )¢ with T¥, this is done in £ig.5.20;
(AT /a7) ¢ increases as T ¥ increases and is generally lover, for
a given t* , the higher the tenperature,

Now, values of the activation enthalpy can be estimated for
yarious E*, the results are shown in fig, 5.21, Thers is quite a
scatter at a particular T*but it is possible to detect a general
decrease in the enthalpy as T*increases ; the variation becomes more
apparent at lover stresses, The enthalpies do not depené¢ systematically
upon temperature i,e. all results can be approximated to a single curve,

Values of the quantity S (or &U¥ ) (equation 5.45) are also
determined (the crror bars “ive maximum and minimum possible values),
However, the important quantity is AH.o{ equation 5.49), the enthalpy
of the barrier. This is computed and also plotted in fig. 5.21,

Within the limited accuracy of the results, HH.o appears to be
independent of ‘C*, with a magnitude 1 Yol ev. Also, the Al and AE*
plots can be reasonshly extrapolatel to this value at zero stress,

tending to confim the magnitude of AH.o.
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These results are compared with values obtained from eteh pit
and creep experiments, The constant strain rate results, vhen
extrapolated %o low stressss, pass through the creep values; this
confirms the validity of equation 5,16 and hence the applicability
of the constant strain rate mothod (sce Section 2.5)., The direct |

™ X
values are slightly larser, at a ziven W , tho differencs is not
large and can be accamted for by o slight change in the mobile
dislocation density in the temperature chanze tests, The results
provide a value of HY o within the error rangefusted above, tlus
giving confidence in the magnitude of the enthalpies obtained from
the constant strain rate experiments,

The slope of the &R , T¥ulot should, according to aquation 5,45
give a value of the activation volume, The values of V obtained this
way are indeed of similar marmitude to those in fig, 5,18; this
provides indircet confimmation that the mobile dislocation density
is approximately cmstant for all the eonstant strain rate experiments,

The experiments provide the imporbtant result that the obstacle
tyoe is the same for all streins, temperatures and strain rates used.

Por the mechanically polished specimens in stags Ia, the

e b . +
results are most erratic and give a value of AN o = 0.6 = 0,4 ev,

B Orientation Crystals(Sinels 81ip)

A similar serics of exveriments are comducted on tensile
specimens of this orientation., All activabtion paramebers fit
identical themmal stress relationships, even giving similar valucs

1;‘}* .o .
of nax at a specific temperature and strain rate, The only
differcnce in the deformation characteristics lies in the variation

of the athermal stress with strain,
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Secondary S1ip

The same experiments are repeated for specimens of type C
orientation, The results are summarised below,

Determination of n¥

Values of m increasec approximatdy linearly with strain

at all ‘temperaturcs, fig., 5.22, mx is independent of strain

ise
and decreases approximately lincarly as the temperature is

increased, figz, 5.23.

—_— e

The thermal stress

Valuus computed using equation 5,30 are independent of
strain fig. 5.24, and comparc vwell with those values obtained

by the extrapolation technique (Section 2.5).

Agtivatior Volumes

Thes¢ too are indevendent of strain for a given temperaturc
. - . e TR, . .
and strain rate, Valuus arec plotted against L in fig, 5,25,
P g

Activation dnthalpiecs
Ly

Bnthalpices, obtained as beforc, are plotted in fig. 5.26;
( AT/AT ) ¢ is indopendent of strain, The results give a
value of Ao = 1.4 o1 ev, independent of T « Thus, the
same mechanism is rate controlling throughout and diffcers from
that controlling primary slip.
Discussion

Primary 31ip

Yielding
In chemically polished specimens the activation parametors
ar: identical for yicld and flow whilst in wecanically polished

specimens they are difforent. The Giffierence is probably
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associated with the observation that a layer of dislocations is
introduced at the surface on mechanical polishing,whilst it is
removed by the chemical polish (Chapter 4}. The yicld drop in
the chemically polished specimens (fig. 4.8) is typical of the
situation where the initial mobils dislocation density is low
and yiclding is controlled by the rate of multiplication of
dislocations, with the obstaclc type identical for genecration
and propacsation of dislocations, In tho mechanically polished
svecinens, the operation of the initial sources possibly invalves
a diffcerent mechanism than subsequent provagation. lHere, the
density of obstacles at the sources is higher than in the lattice;
this suggests that the dislocations introduced during polishing
arc lightly pinned by peint dofects before testing commences
(this is confirmed by cxporiments on strain aged crystals where
the activation paramctors obteined on yielding cbey similer
relationships to those in mechanicelly polished specimcns

n stage Ta). Thus, the mobilc dislocation density required

to camply with the applicé sitrain rate on yiclding is provided
by the unpinning of thosc dislocations fron this impurdity
atmospheres (or by dragging the atmosphercs with the existing
dislocations); this evidently occurs at lower strosscs than

the operntion of sources in 'as—zrowm' crystals (fiz. 4.8) where
the growm in dislocotions arc heavily pinned,

At low tempernturcs unpinning (drn uoln") controls yield

but, since the 'propagotion' stress increascs with strain, a

transition occurs as a function of strain so that in stage Ib
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Qoformation is controlled entircly by this 'propagotion’
mechanism. 48 the temperaturse is roised tho stress to
opcrate the 'as grovn' sourcoes rcduccs wapidly so that, at
15000, they con operate equally as readily as the unpinning
sources and deformation “is controlled throuszhout by the same
'orovazetion' mechanism, The situation is more readily

comprehended aftcr the 'propasation' meahanism is identificd,

Work Hardening

The work hardening in stage Ib is primarily duc to an
increasc in the short range stress whilst that in stages Ic
and IT is due solcly to increascs in the long range stress,
The athermel effects arc considored in the followinz chapter,
now the activation parameters arc aneljrsod to try to understand
this variation in the themmal stress.

The activation volume decreascs with strain in region Ib

(c.f. Tungston, Schadler, 1964; Iron, Stcin, 1966) whilst the
b s b

thermal stress incresscs,., This decrease in the activation volime

must correspond either to o decercasc in the activation distance
(&R) or thc obstacle spacing (1) or both, fny change in OR
evidently corrcsponds 0 o chanze in the form of the force -
distancc curve i,e. the obstacle type changes, so this wrould be
accompanicd by a chanze in &Wo and the V, ’C* curve. Since thesc
do not altor during the deformation it may bo recasonably
concluded thatdAR docs alter (apart from that duc to any change
of the equilibrium position of the dislocation at the obstacle

as the thernal stress incrozsaes), Thus, the decorcase in
activation volune in stage I must be dus to an incrceasc in

the density of obstacles of a specific tyve as the stra.in(stross)
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increascs, (It should be noted herc that it is not possible to
explain the decrease in actlvation volumc by invoking differcnt
cquilibrium positions of the dislocation at the obstacles, for
this camot dhange simply through an incrensc in the athormal
stross i,¢. without a chanse in obstacle density occurring
first). The noxt ston is ideontification of the cbstaclc type
that increascs in density during stage Ib.

Thorc are a nuaber of feuaturaes of the deformation, other than
those mentioned above, that cen assist in identification of the
obstecle type; thesc arc listed below,

The maonitudes of V and d XMoo,
Bdne dislocations arc ratc controlling,

The activation paramcters arc identieal for single and multiple slip.

T%
L% attains a meximun value dvring deformation, the magnitude

depends upon toemperature and strain rate,

The identification proccdure takes the form of an climination
process, 411 possible mechanisms are listed, table 7, and the

grmsscs

clearly inapplicablcfarc climinatpd so that the remeinder can be
considered in more detail,

Non-conscrvative jog mofion and climb arc eliminated bccausec
of the hignh dnthalpics involved,

The disleocation forest dcnsify in the tonsile cxperiments is
1ow (Chapter 4) and cannot sceount for the small obstaclc spacings
required by éhe activation volune measurcments, 5L similar

arguncnt eliminatcs interscetion of dislocation dipolcs

(scc also Chapter 6, II).
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TABLE 7

Possible Rate Controlling obstacles in Calcium Fluoride

Bxpected lLetivation Parametcrs

Possible range of obstacle
spacings(based on experimental

; Hechanism AR(b) |Obstacle spacing(b) | aH.o(ev) Refercnces values of V¥ /b”and allowing
' for variation of 1 with stress)
_. reierls~-Nabarro ~ 1 1 - ? e.g. Dorn and 1l - 20
1 Rainak(1964)
~. Yoint Defect Drag ~ 1 l - ? hitworth(1967) 1-2x 102
‘7. Yoint Defect F1cischer(1962)
:____Interactions <10 1 - ? Friedel (I1964) 1 - 20
; +» Dislocation Forest 3 Dorn (1963)
! Intersection < 10 3 10 ? Basinsld (1959) ~ 1 - 20
.- » Conservative Jog o
¢ _lotion ~ 1 10 - 10 ? Hirsch (1962) 1-~-2x10
. . Non-conservative Mott (1952)
" Jog Motion ~ 1 10 - 10 Y 2 ev Voertman (1965) l1-2x 102
. Cross slip 3 Brown and Ekvall
-~ 1 10 - 10 ? (1962) 1 -2 x 162
. Climb ~1 10 - 10° 32 av  [ecrtman(1957) 1-2x10°
_« Intersection of ' 3
Dislocation 1 10 » 10 ? Davidge (1966) ~ 1= 20
Tipoles

X, Based on a point defect concentration » 1 p.p.m.

Xy For a forest density of < 109cm

2

XS For a dpole density of < 109cm_

2
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4 §hort range interaction with dislocation @epoles is
eliminatod prinerily because a sufficiontly high density of
these dipoles is unlikcely and secondly because it i8 not possible
to explain a meximum valuce of dipole spacing that docs not alter
in Stapge IT (Davidze et al, 1964, obscrves# a marked increase in
this density in stage IT in NeGl).

The fact that cdge dislocations control the deformation
climinates conservative jog motion and cross slip,

Thus, three possible ratc controlling processes remain;
these are considercd in more dotail,

roierls ~Nabarro Mechanism

L considerable amount of litcraturc has beon devoted, in
recent years, to the study of this mechanism (e.g. Sceger et al,1957;
Celli et al, 1963), This is not reviewed here because an excellent
revicw article by Guyot and Dorn (1967) has recently appearcd,
They sumarise the criteriqy required for the oparation of this
mcchanism, Thesc arc as follows:—
The activation volume is independent of strain (Wynblatt and Dorn,l965
Conrad et al, 1962).
The cnergy required to nucleate a pair of kinks (at zero stress)
is evidontly related to the line energy of the dislocation
comprising the kinks, The theory relates those quantitics as

follows (Scoger 1956)

Uk = 2[oa (2Tab 4% )“‘1 ~ 5.51
TI L r; )

Uk is the kink cnergy, [‘o is the line oenergy, 1LP! is tho

thermal stress at OQK.
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Thus, if the mcchanism operates, substitution of the
oxperimentally Getormined valucs of UK and t(ﬂ should givo a
value of f‘o similar to that determined in Chaptcr 2.

The activation volume, given by equation 5,19, is shown to fit
the relationship in figz, 5.27 if this mechenism applies,
(Dormiand Rajnak, 1964), This plot can be camparced with
cxperimental values,

The first eriterion is not cstablished unequivocally and
there is no fundmngntal reason Vhy the activation volume should
not vary with strain, so this is not sufficicnt rcason for
discarding this mechanism,

Substitution of the mxperimental values of T;Pland (JK into
cquation give a value of rho of 2% 1 ov for a loength b of
dislocation, This is considorably lower than even the minimum
expcetod value of 7 ev given in Chapter 2.

Valucs of the exporimental activation volume are normaliscd
to give values of Toxil,Lp/2U k and these arc plotted against?:?Cﬁ
in fig. 5.27. Tho agrceoment with the theoretical curvo is
gulte good at high stresses but at low stresscs there is a
large discropancy (co.f. Pleischer, 1967). Tleischor argucs that
discrepancices at low stresses discount#® the operation of the
fcierls process,

Thus, it scems most unlikely that this mcchanism controls
the deformation, vhere the +eierls mechanism is quite likely
to control the thormal stress, a much closer fit to theoreticai

predictions is encountered, (sce Scetion 5.2).
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Point Defect Interactions

There are a number of possible intcraations; thuse arc
listcd below,
The interaction with the tetragonal strain field of impurity-
vacancy (intorstial) camplexcs (e,g. Fleischer 1962),
The cutting of small precipitates (e.g. Byrne, I'ine and Kclly,1961:,
The interaction of the charged core of the edge dislocation with
isclated point defects; this is short range because the altornating
sign of the charge a+t the dislocation climinates any long renge
cffects (Freidel, 196L) .
The rotation of impurity complexes in the viecinity of the
dislocation core; this could bec short range if the rotation
is eontrolled by elcctrostatic rather than elastic considerations
(c.f, Yratt ot al, 1963)

Zach process is considered in tumn.
The interaction cnorgy betwcen the dislocations and the
tetragonal strein £151d of the camplex is given by Fleischer(1962),
The magnitule depends upon the degree of tetragonality and is
usually within the ranse 0.5 - 0.9 ov, so the mechanism is
possible. It is roquircd that, for a specific slip planc, there
§hoUld be canplexcs within a fou burgers vector distances of this
planc and spaced about 10 - 100b apart (given by the exporimental
activation volume). This necessitates an aliovalent impurity
content, in the requirct complex form, of at least 40 p.p.m.
Tests on high purity crysials (Chapter 7) show that this

mechanism is unlikely, .
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Tho cxperimental value of the activation volume rcquires the
precipitates to be spaced about 20b apart on the slip plane., This
requires a concentration of impurity in excess of 1CPp.p.m. wnich
is well in excess of the impurity revealed by analysis; so this
mechanism is eliminated,
A charged, isolated point defect could interact elcctrostatically
(s well as clastically) with the charged core of the edge dislocation.
The magnitude of the interaction cnergy depends upon the exact
nature of the care of the dislocation, An approximate value can
be obtained from simple clectrostatic considerations, Thus if,
for instance, there arc threo adjacent charges of a certain simn a
value of 1 ¢v is obtained; this riscs to 1.4 ev for twelve adjacont
charges. This magnitude is reasonable and the mechanism possible,
This process gives an interaction energy of less than 0.6 ev so
iz immediately eliminated,

Thus, only mechanisms (a) and (c¢) are possible,

It is now required to explain how the obstaclc density can
increcasc as the applicd stress increases until a certain meaximum
value is obtained, In thc_ cagse of the impurity complex mechanism
this could be achicved by small aggregates being cut by passing
dislocations (c.f, Merey ot al 1966) leavinz an increased density
of complexes on the slip plane (the cutting mechanism alweys being
able to operatc at lower stresses than the interaction mechanism),

The efficiency of disparsion of the aggregates is required to increase
as the stress increases; the maximum value of 1:i6bcing achieved

when all aggregates on the slip plane can be dissociated into
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carplexes,

The isolated point defeocts situation is more realistic, If the
point Cefects are vacancies or interstitials these can Le produced by
the non=-conservative motion of jogs on scrow dislocations; the jogs arc
formod even under single slip conditions by multiple croess glide(Johnston
end Gilman, 1960), If the stress required to move the jogs is lower than
that to move the edge dislocations at a similar velocity, the non-conservative
motion is not cbscrved as a rate controlling obstacle nor can it contribute
to the athermal stress at the cdge dislocation. The formmation of point
defects by this process has boon considercd recently by a number of
investigators e,g, Weertman, 1965; Barrett and Nix, 1966; Hirth and Lothe,1967.
They conclude that, except at very high strosses, the dofeoct with the lowest
formation energy is crcated at ons type of jog whilst the other typo of
Jog moves by absorption of cortain of thosc defocts; the situation is
evidently more complex in ionic orystals where more defect types are
involved, &g the concentration of defects on the slip plane increases
larger strusses are required to create further point defocts; this is
purely a 'chemicsl! effect, Thu: the concentration of defects of the
predominant type in cxcess of the cquilibrium concentration (Go)
in the vicinity of the jog, is related to sitress according to the
expression (Voortman, 1965)

¢ _ o (Ti50 ARy - 5.52
Co ;{T

Where C is the total concentration of point defects of the type

considered; Lj = T = 7:,\; at the jog.
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The value cf TDﬂ at the jog is unlikely o be tho same as the
measurcd value at the edse dislocation so it is not possible to find
exact valucs of'tj to fit this relationship, Tho sequence of avents
during deformmtion is as follous; at yicld the odie 2islocation can
. ) s A . o . -
interanat wiith the cquilibriun fofects providing o specific value of
and a certain positive valuc of Lj , at the jogs; thus a non~equilibrium
concentration of defects can be proiuced, The subscguent cdge dislocations
are roquired to intcract with the ineressed density of defects miving

T* ane
a larger value of and so on,
s s . . L . ~ T )

The difficulty arises in explaining the maximum velue of rcachel
at a certain applisd stress in each test. The only way in which it could
be cxplained is by assumingthat, at a certain defect density, as many
Cefects that are crecated can he absorbed by jogs and other sinks so that
a Qynamic cguilibrium is reachoed and maintainesd,

It is of interest to dotermine the order of nagnitude of the point
defect concentration required for this mechanism, Thus, using the
experinental value of the activation volume, a density of defects close

. ‘s 2L -3 . : . 4
to the sliv planc of 107 am 7 iz required, However, defects arc only

- -.| . a ~ . By . 9 -2
protuced on the slip planes so, Tor a dislocation density of 107 e
(the meximum value cncoumntercd, Chapter 6), an overage defoct dunsity

'
throughout the crystal of lOlU~—lOl7 crl 3 is required, This is not

greatly in excess of the equilibriwa concentration of lOlﬁcme(Ure,l957)

but it should be possible to deteet in ionic conductivity measurenonts,

if the measurcments are mede immedietely aftor deformation is arrcsied,
The situation would not be s simple as this, for isclated

aliovaleont impurity ions have a similar interaction encrgy and could

contribute to the observed obstacle density; their density could even



inoreasc with stress through the dispersion of asgresates as
alrealy showm. However, a donsity of aliovalent impurity of more
than 40 »,p.@. 18 requircd for impuritics alone to eontrol deformation
an’ this is unlikely (Chapter 7).

Point Defect Drasping

Ly

“hen a lensth of charged edge dislocation of a specific sign
encounters an isolated point “efect of opposite sizn the two associate
with a release of oncrgy (a reluction of clectrostatic and clastic
cnergy is invalved). If the association cnergy is large, éissociatio:
docs not occur and the point defect is required b migrate alons with
the éislocation, This mechanism is covidently the alternetive to the
interaction mechanisu just consifered; the process that occurs is thot
with the lovor activation cnergy.

“hituorth (1967) has considered the migration of point defects with
clze dislocations in NeBl., e uses the ionic configurations of the
etae Gislocation in its various translation positions as dobermined
by Huntingdon ei al (1955); he concludes that the mirsration energy
is rclatively low and considcerably lover than the bulk mizration energy,
when the point defect alvays lies closc ta  the dislocation.

It is possible to obtailn an cxpression for the population of
availablc sites from simplc thermodynamic considerations (Road 1954,
Uhitvocth 1967).

Agy = KT €ad /(i) = RT ta Cus
W

where ZSE%Sis the binding encrgy between the point defoct and

I
Ui
-
Ui
"N

the dislocation.
f 1is the fraction of sites occupicd,
C oo is the fraction off ion sites occwicd by vacancius

(interstitials, iwmpuritics),
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In this case A Ey

electrostatic as well as olastic energy (sce Chapter 7). As described

is larze because it involves a reduction in

previously, Ceq can increase CGurins deformation so a detailled analysis
of this cguation would enable f to b determined for the various test
conditions and to be campared with experimental valuss of f; this is not
possible at this stase because 4 &, and Cga are not knowm accurately,
The distinet advantaie of this mechanism is that it can readily
. 5 A . M, .
explain the appearance of a maximum value of T'in a given test, Thus,
once G readhes a specific valuoc (that depends wpon temperature) f
becomes approximately unity and these can be no further significant
. . '{"-)F T C
increase in f, and hence & |, t has already been shavn how Los
on the slip plane can incrcase as the stross increases, so f can
increase Guring deformation and attain the maximum valuce at a specific stress
. ™
If this situation applics, the difference in velucs of U max
at different temporatures ané strain rates is required to be cxplaincd
hy varying valucs of the activation distance as & ¢ in cquation 5.2,
varies with temperaturc (or strain ratc) i.e. a consequence of the shape
- . T*
of the force-distance curve, Thus, at relatively low values of W max,
4.
. . &) N
AR is required to Le large (c.2. at least #8b at 220°C) and the
situation doss not corresponé to . hitworth's where the point defect
aliviays lies closc to the dislocation core, So, in fact, the activation
enthalpy for this migration proccss misnt appreach the bulk mizration
energy of the defect invaolved,
It is interssting to consider tiic activation process invalved
bocause it differs from the usual fixed obstacle type. The initial

activation involves the 'unpinning' of the dislocation from the defect,



It cannot move completely away fran the influcnce of this defeot
beoause the thermal stress available is not sufficiently larze, Wi,
thermal fluotuations can occur cithor to move the dislocatdion

further away from the point defcct (this increascs the cnergy of the
system) or to move the point defeet tovards the dislocation(reducing
the energy of the system)., The lattur cvidently occurs in prefercnce
to the former so that the activation enthalpy is given by the migration
enthalpy of the defcet in the viecinity of the dislocation, The situation
is a camplex one empecially at higher temperatures where fluctuations
of the dislocation away from the dofect mizht occur vrior to the
migration of the dofect to the dislocation. The definition of the
activation distance is not clear nor is the variation of the activation
enthalpy vith the thermal stress readily predicted,

The above activation process occurs vhon the point defect at the
dislocation cen still be identificd as such (e.f. Drovn, 1960), This is
possible for an aliovalent impurity ion but not so fer vacancics or
intorstitials, Thus, when the latter associate wiith the edge dislocation
half jogs arc created similar to those already in cxistence (Chaptor 2),
S0 the association merely reduccs the half jog spazing on the dislocation,
(Chapter 7) The rotion of the dislocation corresponds to the migration
of these jogs, Anain, the definition of A R and the variation of A H
with TZ*are not clear.

Ln approximate meznitude of aliovalent impurity required for
impurity migration to control the deformation is detomminced to see if
this process is possible, There must be, initially, adequate impurity
avallablc in the vicinity of the slin plancs to saturate all the

dislocations that pass through a specific arca of slip plane,
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Consider the passage of a 8ingle dislocation across a slip
- . planc in 2 specimen of typical dimensions,
At low tumperaturcs wherc little diffusion occurs all defects
mast lie within a fow burgers veetor distances of the slip
plane., So the onneentration of defects roquired to saturate
this dislocaticn in its passage through the corystal is

17cm73. A typical slip step height at yield

approxinately 10
roquires 500 dislocations to have traversed a ziven slip
plane (Iratt 1953), so an impurity concentration of 50 p.p.m.
is required to saturatc all dislocations., .ilthough the
dislocations are not saturated at yield, it is oxpected that
more dislocations would traverse this same planc during
deformation, so this impurity level is regarded as a minimum
reguircmont; thoe mechanism is thus possible but unlikely
(See Chapter 7).,

The situation is probably not a straight forvard one and
certain other features might be roguirced to be considered,
The motion of the dislocation might be contrdllsd by the cabined
cffcet of impuritics, vacancics and interstitials associated
with 4%,
The concentration of 'fraec' defects increases as thoe temperaturc
increases so fewer defects are requirsd to be created during
¢ef'ormation,
A limited amount of diffusion mipght occur that modifics the point
defect distribution on the slip plancs,
Sufficlent defeets to saturate the dislocations may not be

X
created so that ‘C max corresponds to a meximum rate of
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production of defects on the slip plane,
S - At this staze, it

is not possible to deecide which of the threc mechanisis outlined
above controls the defomation bocausc all can bo adjustoed

to fit the cxperimentel vesults, It is also possible that another
mechanism which has not been considered mizht be.involved,

Secondary S1ip

Unfortunately, thoere is not sufficient information asailablo

t

o}

perforn such a thoroush analysis of rate controlling processcs
in this case., In particular, the rclative velocity of cdgc and
scrcyy dislocations is not known. Thus a number of mechonisms are
possible, (tablc 7); thesc arc as follows
1. Lieierls-Nabarro
2. Conscrvative Jog liotion
3, Cross slip
4o Interaction with point defects
5., Yoint defeet dragving

The scocondary cdgce dislocation is uncharged S0 the onergy
of assoclation with point defects is low and given approximately
by the assani-Thorpson calculation as O.Ai 0,2 cv, for an
isolated defect., Thus, the dragring of point defects is
unlikely (sce Scetion 5.1),

The interaction with isolated noint Gefocts and complexes
cannot be the sole sowrce of the thermal stress becausc these are
not orientation depenfent cfifucts and 1t would not be possible
to cxplain the lower thermal stress(activation enthalpy etc.)

in the primary oricntation if either mechanism should be invokad,



The three remaining processes are all possible and might even
operate in conjunction with an impurity mochanisi: with a
similar activation enthalpy (sce 3cetion 2.8). It is not
possible to differontietc between those processcs until the
relative veloeity of cdge and serew dislocations and the
effect of impuritics on the defomation are knowm, However,
it is of interust to see if the experimental paramctors 1t
the criteria for operation of a reicrlma mechanism, listed
in scetion.5,1.2,

The activation volume is independent of strain so the
first is satisfied, The line cnergy of the dislocation given by
gquation 5,51 is Yi 2 wr for a length b of dislocation; this
caaparcs vith a minimum value of Sev given in Chapter 2, So
this condition is satisficd,

The cxperimental activation volume is compared with theoretical
values in fig., 5,27, The agreemont is good cven at low strcesses,
Thus, it scems quite likely that tho Peierls mechanism
operatcs in this case although this cannot be regarded as

uneguivocal,
Conclusions

Primary S1ip

The mobile dislocation Cdaensity <ocs not altor sisnificantly
during an instantancous change in strain rate betiveen romm
temperature and 170%3.

The mobile dislocation density changes by a small amount during

temperature change experiments, even at low temperatures.
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Therc appear to be three ratce catrolling processes that might
explain thc observed deformation characteristics on this system.
The interaction with impurity-point defcet comrlexes,
The interaction with isolated, charged point defects., The difficulty
here arises in explaining the requirement that thse density of
chstacles on the slip plancs reachies o maximum possiblc value, 4
tentative explanation has been given but not substantiated,
The migration of point defects with the dislocation, The attraction
of this mechanisin is the rcady means of explaining a maximum value
of obstacle dansity attained at a specific applied stress, However,
the mechanism is unlike fixed obstacle types and the determination
of the forco-distance curve and the variation of the enthalpy with
stress present rathor complex probloms, Thus, it is not possible
to detemmine ~shether the experimental valucs of activation distance
and the enthalpy, stress relationship arce reasonable for this model
as they arc for fixel obstacle procosses,

The situation is discussed in more dotail in Chaptor 7 when tosts
on very hizh purity crvstals have been conducted,

Secondary, S1ip

A

The parameters obtaincd can be exnlained by invoking a number
of mechanisms, Howevor, they fit the Peierls criteria remarkably
closely and since the Poisrls stress is likcly to be high for slip
on this systom (Chaptur 2) it scems quitc lik:ly that this process

is ratc contrelling,
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Fig. 5.1 Variation of the forces on a dislocation with distance along
the slip plane (After Kronmuller 1967)

GIBBS FREE ENERGY G

DISTANCE ALONG SLIP PLANE (R)

Fig. 5.2.Variation of Gibbs Free Energy along a slip plane
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To lobo—

Fig. 5.3. The force - distance curve for the alternative
obstacle situation.

T2l bp—

Fig. 5.4. The force -distance ‘curve for the series obstacle
situation.
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CHAFTER 6 1_8:1

The Qrizin of the athermal Stress

Part T

Dislocation Densitics

Introduction

The magnitudes of the thermal and athermal stross components
and their variation vith strain have alrecady been determined. In
addition, the mechanismsiprovidin$ the therial stress have bean
tentatively identificd, It is now required to determine the
origin(s) of the long renge stross to understand why it veries
in the observed menner, In these high purity crystals this stress
is provided by the dislocations themselves; its wngnitude depends
upon the density, distributionand shapce of thoe dislocations, So 2
Cetailed investigation of dislocation arrangements should assist
in determining the orizin of the stress, Two types of investigation
are required i,e. c¢tch pit and transmission e¢lcetron microscope
studies, Unfortunately neither a sufficiently hish voltasc
microscope (Bvans, 1963) nor a source of in situ radition
(Ussmann, 1963) arc smvaeilable so the lattor study is not possible,
Consequently, the invostization is confined to etch pit studics, “he

. 8 -2
method enables densitics up to sbout 10 am ~ to be cstimated and,
in eonjunction with the slip line and birefringence obscrvations
(Chapter 4) should provide uscful informntion concerning the origin
of the athemal stress, Unfortunately, the cbscrved distribution
of etch pits is not of sreat use because the dislocations arc in
rclaxed positions after etcehing.

Theories

The athermal stress is frequently related to the total averasc



dislocation density (Nt) according to the expression:-

t/f = A«f'ﬁb - 6,1
+here A =0$/U'b’ £A  is a constant that depends upon the distribution
of the dislocations,

This reiationship is an empirical one found invariably in f,c,c,
metals (e.p. Hordon, 1962; Livinsston,1962; asinski and Lasinsldi,1964)
and occasionally in ionic crystals (llaasen and Hesse, 1963; Davidge
and ‘ratt, 1964)., In f,c.c. motals valucs of X obtainod vary from 0,2 to 0.5,
similar values are obtained for 21l orientations and for polycrystals
(e.g. Coppor, Wiedersich, 1964), In ionic crystal, NaCl has been studicd
in somec detail by Hesse (1966,1967). He finds that 4 is both temperaturc
and strain ratoe dependent below 250°C with values of & ranging from O.4 to 0.8,

This relationship is not observed in stage IT in ionic crystals
(Hesse, 1967) nor in certein b.c,c. metals (e.g. Mo, Guiu, 1964). In the
former a linear rclationship betweon dislocation density and applied
stress is observed, Gilman and Johnston (1960) also find a linecar
variation in Li? throughout the deformation,

A1l theorics are developed to fit these empirical relationships, The
theorices have been enfined almost entirely to the explanation of the
parabolic relationship in f,c.c, metalsg; it is considered cxpedient o
revicew tho theorics briefly at this sta;c.

The first theorv was developed by Taylor (1954}, he considerced the
interaction of dislocations with the stress ficld of random arrays of
parallel dislocations, Saada (1960) shows that the theory gives a value
of ™= = %/er. Lxperimental valucs ofex generally differ from this so
alternative theories have been devcloped using more realistic dislocation

distributions e.g., Hazzeldene (1957), Kronmullor (1967),Seeger (1956)
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Hivsoh and Hitchell (1967), Jackson and Basinski (1967), Hirseh (1960)
Kuhlmann~.ilsdorf (1962).

The most satisfactory theorics ars those of 3eeger and Erommuller
ond Hirsch and itchell, both theories attribute the athormal stress primarily
to the intersction of dislocations with: the « . stross field
of other dislocations, The theories disagrce about the propporiion
of the stress derived from the dislocations on the slip plancs of
maximum resolved stress (primary'! planes) and the other slip plancs
(*scenndary' plancs). deezor susgoests that the stress is provided
almost entirely by the back stress from 'primery' dislocation pile ups
whilst Hirseh rcquires the stress to be doerived fragcomplex !obstacles!
consisting of 'primary' and 'sccondary' dislocations of various
mechanical signs. The other theorics ¢, 2. jog theory (Hirsch, 1960)
and forest intercotion . theory (Hirsch 1958) do not provide a
suitable means of cffectively blockinz dislocations as is requircd

by the slip linc observations (Hirsch and Hitchell) S0 arc¢ not cntirely

©

sntivfect vy, Thus any athermal stress theory must provide suitable
blocking obstacles; this is discussed in more detail in section I.5.
Gilman and associates have developnced a theory 4o explain Gilman

and Jolmston's cbservaticns in LiP, The theory is based upon the

interaction of dislocations with dislocation dipoles; this is also
considered in Seetion 1,5,

It is nov required to cstablish density stress relationships for
calcium fluoride and, hence, to determine hethor the obscrved athermal
stress variations can be explained using existing theories or whether

new thoories have to be devcloped.
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Pxperimental

Jefore starting an cteh pit density investization of this sort
it must be established that thore is a 1:1 corrospondence botiweon
dislocations and etch pits.

Correspondence between dtch  its and Dislocations

Firstly, the correspondence botween etch pit and birefrinsence
bands indicates that the pits are assocciated with dislocations.
Successive polishing and etching of the surface enables the pits
to be identificd with line defcets only i.e. no point defects,this
is shown clearly by compar ng the etch pits on opposite faces of a
cleaved surface, Similar obscrvations vers made by Gilman and
Johnston (1962) in LiFP, An axact correspondence between pits and
dislocations has been shown in LiF by Newkirk (1959) and Yoshimatsu
and Kohra (1960); they detected dislocations usin; X-rays and found
that ecach dislocation intersecting the surface was associated with an
eton pit (and therc worc no aiCitional pits), Thus, by anclogy, it
can be assumed that there is a 1 ; 1 correspondence in calcium fluoride,

Spocimen rreparation and Testins technigues

Most tests ers conducted in compression, so i3 orientation
conpression specimens with dmonsions 8 x 2,5 x 1.5 mm3 are preparcd
as described in Chapter /.

The crystals arc compressed to a certain stress at the tost

temporature; ool alignment is cnsured by superimposing a hemispherical

Ball between the specimen and upper campression plate, It is

unloaded and cooled slowly 4o room tempcerature to avoid induveing
guenciiing stresses that might alter the density and distribution of

the dislocations, The specimen is thon cleaved along glll;
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containing the stress axis; this doces not introduce a sipnificant
qué.ntity of additiocnal dislocations, The clesved faces are etched
in coneentratod sulphuric acid mainteined at 45°C (the etching time
varies from 5 to 30 scconds),

dtch pit counts are conducted over the central region of the
crystal so that any cffects associated with the inhomoreneous
deformation region near the compression plates are eliminated,
Frovided the strain is not large i.c, loss than ebout 107, the shape
of the crystals does not alter significantly during the deforiation
so shear stresscs along the slip planes can be determined divectly
f:c'rin the applicd stress, The gencral tendencics of the results
are confimed by conducting a fou tonsile experiments where the
stress system is perfectly homogoneous throughout,

The Relation betwcen Bteh it and Dislocation Donsitids

Reference tn fig., 2,13 reveals that the dislocations intersecting
}:lll} arc the scrov dislecations lying on the 'primary' wlanec
(donsity MSp) and edme dislocations (N3s) and dislocation Qinoles
(NDs) on the 'secondary' plancs, The oxistins theories rolate  tho

athermal stress elther t» the tobal dislocation density on the

- 'orimary' planc (Np = Nsp + NSp) or the total dislocation density

(Nt = Np + Ns)., So approximate values of Nt % are reguired

in terms of the cteh pit density ()., This may be achicved as follows,
In tensile exporiments slip occurs almost exclusively on the 'primary!

system and the density of dislocations lying on the 'sccondary' plancs
nay be quite low, Thus, ectch pit counts on these crystals zive

approximatc values of N§p (on glll)} ) and NZp + MDp (on £110§ ).
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b. If it is assumed that the shape of a dislocation loop depends upon
the relative velocitics of cdge and screw dislocations (this requires
that the athermal strcss should be the same at edge and screw
dislocations ) then the ratio of the length of cdge to screw dislocation
is given by Us/Uc, Thus, (Chapter 3)
NE?;—‘E NS P - 6,2
This also assumes that annihilation of screw dislocations by cross glide
does not occur.
c, IBtch pit densities are also measured on % 1105 of the comprossion
speeimens to give a valuc of (NEp + NDp + NSs)
Now, lect,
NSp + NEs + NDs :'HNi - 6.3
it must be romembered to include the appropriate orientation factors

for cach slip planc with respect to thc plane of measurcment,

Also, let,
NEp + NDp + NSs = -NL - 6.4
From tensile tests, NDs _ NDp _ N1Ep + N1Dp - tN1Sp _ N3 - 6,5
NEs NEp ZN‘ISP
These give; Nt=3(N3-2N2—1) N1-2N3(1+N2) 6.6
I-4(I+X,) )

Thus, an approximate value of Nt may be found in terms of the etch
pit densitics.
I.4 Results
Etch pit densities are measured as a function of strain at two
temperatures (110°C and 170°C). At the higher temperature, almost
immediately affor yield, a random distribution of dislocationsis
obscrved throughout the specimen, with a density variation ~f less

that 20% over different parts of the central region., At the lower
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temperature a banded structure is observed up to strains of about O.8Z
whilst at higher strains the distribution is almost perfectly random again
with density variations of up to 257 encountered over the central region
of a crystal; the results quoted at ltw strains arc average values taken
over a large number of banded and dislocation fre: areas.

The eteh pit densities are plotted against strain on logarithmic
axes in figs. 6,la,b., There are two distinct rcgions, onc corresponds
to all stages up to the start of stage I1 whilst the other corresponds
to stage IT itself. The former has a slope of 0.6% 0.1 whilst that of the
latter is O,9i 0.2.

The stress dependence is of a more intercst, so plots of etch pit
density against applied stress, on logarithmic axes, are shown in figs.6.2a,b,
There is no obvious relationship, However, as shown in Scction I.2 the
dislocation density need only be rclated to the athermal stress, so values
of -‘:utl (cbtained in the last Chapter) are plotted against the etch pit
density, also in figs. 6.2a,b. A linecar relationship is observed in
stages I, at both temperatures, with a slopce of O.Si 0,1, In stapge IT
another relationship is cbscrved, it is approximately lincar with a slopc
of O,9t 0.2. Thus, in stages I, the athermal stress is relatcd to the
dislocation density according to cguation 6.1 whilst in stage II they are
related approximatcly linearly.

Having established thesc relationships, stages I are looked at in more
detail. The next objective is the determination of the constant & , so
values of Nt are reguired; Thesc are determincd as described in
the previous section,

Firstly etch pit counts on %jllog are made, It is found that N%/Ni
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is virtually constant in stages I (c.f, Nacl, Hesse, 1966) and equal to
1.8 £ 0.2; in stage IT it increases slightly with strain.

From the tensile tests conducted at 17OOC, counts are made on %lll\r
and 5110;% faccs; the ratio of etch pit densities is again independent

of strain with, 1\T1Ep + N1Dp _2.1% 0.2 (e.g. figs. 6.3.2,b)

NJI Sp
Thus, very few of the dislocation dipnles formed actually ctch,
an indication that cnly narrow dipoles are formed (e.f. Davidze and Pratt)
It does not indicate that dislocation dipoles are not created,sce Appendix I,
Sc for the purposes of this investigation MDA 0
Thus, from cquation
Nt ¢ 3.3 Wy N, - 6.7

for all strains used

These arc evidently only very approximate becausc a number of the
assumptions are not strictly valid but still rsive an indication of
the appropriate factors.,

Now plots of 1}1 against /Tt ave constructed, figs, 6.4a,b, The
slopes in stages I give a valuc ofix ; within the quite considerable
range of crror, similar values arc obtained at both temperatures, giving

X = 0,32 0,06

The validity of the experiments is confirmed by plotting values of 'T.f.)
against »fi“ﬁ: obtained from tensile exporiments at 17000. Slightly
s;naller values of Nt arce obtained for a giventg('t }u) but the general
tendencics are similar, The results give a value of ¢ within the

range 0.2 to Q.3 (fig. 6.4b)
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It is not possible to obtain sufficient results in stage II to
establish a more precise relationship,
Discussion

It is established that the applicd shear stress in Stasos T
hardening in calciuvm fluorids is given by:-

Ta=T"%- 0.32 i b/ TFE - 6.9

The hardening in stage IT is not so well established but is given
approximatcly by:-
.":A = I*+ KNt + C - 6,10
where K and C are constants.
Hesse (1957) has found the following relationship applics for

N=3l, under all conditicns;-

. g - . where A and B arc constants

If the themal stresscs are taken into consideration this relationship
also fits approximately the results cbtained in calecium fluoride.

The prolem in the identification of the origin of the athermal
stresses is the additive nature of these stresses, so that the
contributions fram a number of separate sources often hé;gto be ,
considered, 4lsc of importence is the rclative physical positions
of the obstacles contributing to this stress; for instance, possible
line tension contributions might only be apparent in regions where
pile up stresses can assist the applied stress, so they do not
contribute tn the dbseryed athermal stress (e.g. dislocétion sources,
Nebarro, 1964). Without knowing in detail the actual relative

positions of all possible chstacles it is not possible to determine



199

the origin of the athermal stress unequivocally, However, a consideration
of thec results obtained this far enables certain possibilities to be
eliminated, thereby narrowing the ficld of interest.
Each stage is now considered in turn,

Stage T

4As already mentioncd there are mumerous processes capable of

giving the doserved parabolic relationship., It is expedient to look
firstly at the tensile cxperiments, Abthough slip is occurring predominantZ;
on a single system the value of & is larger than that required by Taylor's
theory. Yet the athermal stress arises largely from interactions between
dislocations on parallel systems and perhaps certain line tension effects.
A similar situation in f.c.c. metals has been considered by Hazzeldene
(1967). His theory requircs that edr;c dislocations of opposite mechanical
sign, initiated from different scurces, should interact to form multipoleS.
The athermal stress is derived from the interaction of groups of
dislocations of opposite sign trapped behind the multipole. The theory,
in its present form, ;ives a value of ¢4 of about 0.1 for calcium fluoride,
80 cannot~be the sole source of athermal stress

There are other possible cbstacles, Thus, Chen ct al (1964) have
shown that single dislocations can interact with dislocation dipoles
to form complexes; these could then act as relatively immobile barriers
to edge dislncations on the slip plane, with small pile ups forming behind.
The dipoles must be of suitable density and distribution to block the
entire length of edge dislocation, if they are t» be effective, Deformation
proceeds with slip nccurring predominantly on planes between existing

slip bands; the dLpoles created on thesc adjacent bands are too far
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from the moving dislocations for the interaction stress to be significant
(sce later in this section). Thus, only dipoles crcated on or ncar the
operative slip plane arc cffective and the blocking condition is not
likely to be satisfied unless the first screw disleocation to traverse
the slip plane produces a sufficient density of dipolcs, This situation
is then similar to one discussed in Chapter 7, where the first dislocation
to movae across a slip plane can do so at a significantly lower stress
than all subsequent dislocations., The dipoles must be produced
predominantly through multiple cross glide, (Washburn, 1963).

Alternatively, as considerced in Chapter 2, dislccations with
orthogonal burgers vectors, moving on the same slip plane, could interact
to form dislocation junctions, which could impede the passagze of other
dislocations, Howevor, even if these junctions can form they are nnt
very stable and would not be capable of holding up many cdge dislocatior. .,

Pinally, since the orientation factars for the 'primary' and
'secondary' slip planes do not differ groatly, the small pile ups on
the 'primary' plane could initiate slip on the 'scecondary' planes
(c.f. Hirsch, 1964)., The extens of 'seeondary'! glide can only be small
(see Chapter 4) but could be sufficient t» enable interactions with
'primary' dislocations to occur fo form junctions (equation 2,5 ). The
Junctions form in the mixed (© =‘117A) orientation and could guite
effectively block these dislocations. Although the junctions arce stable
they are not strictly sessile like the Lomer-Cottrell barrier frrmed
betwecen extended dislocations; so they camnot be regarded as impenetrable
barriers capable of holding up dislocations under all conditions but

can effectively impede slip (Carrington ct al 1960)
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The athermal stress in all above situations is derived from the
interactions between pilod up groups ~f dislecations formed on the
'primary’ planes. It is not possible to determine, at this stage, whether
thesc stresses are of the appropriate maznitude ton provide the observed
work hardening. If not, more complex cbstacles might be created as
discussed later,

The slip line observations on the tensile specimens refer teo screw
dislocation slip distances only., Thus, they do not provide any useful
information about the obstacles to cdpe dislocations, they simply indicate
that no effective blecking obstacles for screw dislocations are croeated
during deformation., So the obstacles creatced are not able to block
the cxpansion of dislocation loops all around; whichever obstacle type
is selected is reguired to account for this, Evidently the typical Hirsch
obstacle does not apply; the multipole and dipole mechanisms are possible
because they do not impede screw dislccations; stable junction can form
in two orthogrnal (mixed) orientations in typc B crystals and could
possibly block slip all around so may not be applicable. It is not
possible to be more specific than this at this stage. The cxplanation
of the work hardening here is probably also ccmplicated by the movement
of a large number of dislocatinns cut of the crystal.

Additional line tension contributions might arise from the shape
of the dislocation loops (Hirsch and Mitchell) and from the bowing out
between dipoles if their density is not suf'ficient to block the
dislocations,

Corpression Spoecimons

The develo sient of deformati-n in the compressi-n specimens is

obscured through slip occurring on all available primary systems in the
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garly stages. However, it is obscrved that, in any specific region,
slip ocecurs principally on one system so that intensive pile ups occur
against adjacent regions; this is particularly apparent in type A crystals,
The slip line cbscrvations on these crystals refer to mixed (8 = W/a)
dislocation slip distances; these decrease continuously with strain,
The slip line length variations in other orientations have nnt been
determined but it is assumcd that similar variations occur for cdge
Aislccation slip distances and perhaps screw dislocations. So, with
blocking obstacles being created within each region during deformation,
the athermal stress is not provided solely by the back stress from the
pile ups at the end of each region.

The rate of work hardening 9“ /150) is similar to the larger values
observed in stage IT in f.c,c, metals (;u /150 - iJ / 500). Similar
cbservations are made in other ionic cx:ystals c.g. NaC1l (A /1000, Davidze
and ratt), LiF ( /a) /500, ‘ashburn, 1963), MgO (/‘u /120; Stokes, 1965).
The dislocation density, athermal stress relationship is also similar,
even the magnitude of the constantox , and the length of the slip lines
is approximately inversely proportional to strain in both cases. The only
difference cencerns the specimen size and strain rate dependence nf the
work hardening; such larpge variations are not dbscrved in f.c.c. metals.
Thus, there is good rcason for presuming that stage I hardening herec is
similar to staze IT in f,c.c, mctals; the specimen size and strain rate
cffects need not rule out this possibility (sec Scetion IZT4 ). Therc is
a wealth ~f literature dovoted tn the theories of work hardeninz in f.c.c.
metals and it is n t considercd in any great detail here. The slip line

observations indicate that the athcrmal stress is derived predominantly
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from interactions betwcen dislocations held up at blocking
obstacles rather than from interactions with the elastic field of
forcst dislocations during intersection (Hirsch and Mitchell), the jog
mechanism (Mott, 1960) does not apply t» ed:e dislocations, The form
of +the blocking ohstaclcs could be simply those already described in
connection with the tensile cxperiments (analazous to Seeger's theory)
or the pile ups behind these obstacles could initiate slip on the
'secondary' systems in thelr vicinity so that complex cbstacles are
created (analagms to the Hirsch theory), The latter is favoured in
this case because the simple cbstacles are not particularly effective
i.e, the junctions are glissile and form in a single orientation in
type A crystals and the dipoles incapable of holding up more than a
few single dislocations »f the same sign (Chen et al). The birefringence
chbservations (e.n. at llOOC) and slip line observations indicate that there
are n» distinct slin bands created on the 'secondary' planes during this
stage, so whichever thenry is adopted is reguired to account for this,
The Hirsch theory requires a relatively large 'secendary' dislocation
density but only a small proportion of she dislocation motitn need ocour
on these systems so the experimental observations do not discount the
theory (e.f. Nabarro et al, 1964). It is not really possible to
positively identif'y the foxm of the obstacle with-ut, at least,
extensive electron microscope studies,
Stage IT

The theory adopted for stazes I must also be able to provide a
logical transition into stase II., The tensile experiments showed
that stage IT corresponds to the onset of slip, in the form of bands,

on the 'sccondary' planes. The theories adopted to explain Stase I
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require a certain amount of s8lip to have proceeded on the 'sccondary’
systems; this camnt have occurred in the form of distinet bands (as
already deseribed) . Thus, the transition t° stage IT mizht occur at a
stress where definite slip bands can be formed on the ! sccondary!
plaﬁes or porhaps might correspond to a certain density of 'secondary!
dislocations and dipcles,

The other significant features of stage IT are firstly that the
slip line length (i.e. the slip distance) does not alter although the
forest density 1s increasing and sceeondly the onset of the stage
corresponds to a rapid increasc in the total dislocation dipnle
density (Davidge and Pratt). The formation of dislocation dipoles in
caleium fluorife is considered in Appendix I; the term dipole is used
throughout but mizht equally refer to disloecation loops and point
defect clusters,

Thus, some form of dissociation at the available obstacle
sites might be oscocurring, to account for the slip linc effect, and
this results in the formation of disloccation diprles, The most logical
explanation of these effects is that cxtensive intersectiron of the
dislocations comprising the obstacles can commence, with the resultant
formation of sessile, long jogs on screw dislocations and hence
dislocation dipnles, If the chstacles are of the simple Secger type,
the above situation could arisc when the stress at the obstacle (applied
plus interral stress) is sufficiently large to dissociate certain
of the junctions that arc created (or cause them to become glissile).
Blocking is then only achicved where the density of obstacles ('secondary'
dislocations) is suitably high i.e. depends upon the inhomogeniety of

the distribution of the 'sccondary' dislocations. The dipcles
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produced in this case would form predominantly on the 'primary' planes,
Alternatively, if Hirsch type obstacles are required, interscction might
commence at the obstacles torceduce their complexity so that their
trapping radius decreases more rapidly with stress than in stape T,
This releases both 'primary' and 'sec-ndary' dislocations that can
glide away and produce dipcles on both sets of planes, This could
account for the distinet 'secondary' slip bands observed during this
stage, Thus, both the approximate invariance of the slip distance and
the increased dipole density can be adequately accounted for, so the
above explanation is reasonable. The Hirsch cbstacle is again favoured
because it accounts more satisfactorily for blocking and for the
formation of 'secondary' slip bands during this stage., There does not
appear to be any alternative explanation of the slip line effect,

especially since the forest density is increasing with strain.l Intersection
commences at a certain magnitude of the total stress at the heaé of a

pile up. Thus, as the aprplied stress increases, the cbstacles are able

to support fewer dislocations before intersection cccurs (where the

spacing between dislocations comprising an cbstacle does not increase).
Thus, the athermal stress component associated with the long rante stress
field of the dislocations at these cbstacles cannot increase more rapidly
with strain than in stage T Dhecausec this would rcquire the mmber of
dislocations at the obstacle to increase with strain according to the

axpression (Hirsch and Mitchell, Kronmuller):-

L eom f(E) - 6,12
t

Where L is the slip line length (independent of strain in this case) and

n the number of dislcecations held up at the obstacle.l

vawd
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Thus, some additional contribution to the athermal stress is required,
This is possibly the interaction of the dislocaticons with the dislocation
dipoles produced, in large quantities, at the onset of this stage

(Kear et al,1966). There appears to be thrce meGhanisms that might

i#ive the required lincar athcrmal stress, dislocation density
relationship, when these are the sole contribution to the athcrmal stress,

The first mechanism, proposed by Gilman (1962), requires dislocation
dipoles to be formed on the 'secondary' plancs; they can then be regarded
as analagous to ccherent precipitates, If the spacing between the ddpoles
is of the appropriate masnitude and the strain field around them suitablc
it might be possible tn invoke a Mott-Nabarro solute hardening mechanism
i.e. the dislocation is required to adopt a curvature to conform with the
strain ficld of the dipoles, The stress is derived from the linc tension
associated with the imposed curvature, The mechanism provides an athermal
stress proportional to the dipole density. The dipole density increases
approximatcly linearly with strain in Staze II (Davidge and f%att), and
since the dislocation density itself is obscrved to increasc approximately
linearly with strain, then the required linear dislocation density,
stress relationship is obtaincd,

The second mcchanism, proposed by Stokes (1965) rcquires a hich
density of dipoles t- be formed on the 'primary' plane, The dislocations
can interact with the stress field of these dipoles according to the
relationship (Kroupa, 1962),}:Lx;1/l 2 s Wherc 1 ig the distance of the
dislocation from the dipole. If 1 is proporticnal to the spacing between
dislocations this gives the required relationship, This mechanism is

essentially a short range interaction and hence ean only contribute to the
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athermal stress if the dipoles are sufficiently lonz and donse on the
slip plancs to impede the dislocations along their entire length.
Presumably, the role of 'secondary' slip in this process is to provide
the required high density of dipoles on the 'primary' plane through the

formatisn  of intersection jogzs. This mechanisms is only
effective for edze dislocations; the screw dislocations are impeded
by the increased density of jogs that are cither sessile or required
to move non-conservatively.

The Mott-Nabarro mechanism was originally developed for defects
with a spacing of a few tens of ansstrams only and might not apply
in the case of dislocation dipoles. If it does not apply the dislocation
is required either to bow out between the dipoles or to interact with
the dipole stress field durings intersection, The latter can only
provide a component of athermal stress if dipole intcrsection determines
the thermal stress; this is not so (sce Chapter 5), Thus, thc bowing
out Ectween dipoles, according to the Orowan process, might be a third
possiblc mechanism (Nabarre et al, 1964) . The Orowan process gives;

'E,ucx ‘/E - 6,13
Vherc 1 is the spacing between impenetrable obstacles (dipoles, in this
case).

If the spacing between dipoles on the 'seccondary' planes is
proportional to the averasc spacing between dislocations, this gives a
parabnlic stress, dislocation density relationship, This does not
necessarily apply; even if it should, each time a dislocation passes a
dipole, a loop of dislocation remains surrnunding the dipole, so, in fact,
1 might decrease more rapidly than the spacinz between dipoles, so this

mechanism could give the relationship cbserved in stage ITI.
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The thermally assisted intersection of debris propesed by Kear et al
(1966) as a stage II hardeninz mechanism cannot apply because the work
hardening is strictly athermal; this is shown more clearly in the latent
hardening experiments where the thermal stress is the same for dislocaticns
requiring to intersect debris and for approximate single slip conditions in
relatively dislocation free crystal,(See SectionTI).

If dislocation loops (point defect clusters) are created rather then
dislocation dipoles (especially at the higher temperatures) a similar
situation exists for loops formed on the 'primary' planes, The elastic

'stress fields of these defects have been analysed by Kroupa (1962) and
‘Mekin (1964): They . dzrive a relationship of the form;
T =0k bay - 6.1y

1 %1r(i-y)

Vhere a is the radium of the loop and 1 is the distance of the dislccation
from the loop, .
So these too cowld contribute to the athermal stress if their.
distribution and density should be suitable.
~ In addition, if they are formed on 'secondaery' planes they might act
‘as impenetrable obstacles with dislocations bowing out. between them,
These individual interacticns are olearly not the only contributions
tn the athermal stress so the more general cases are now considered,-
© - - If the density of dipoles on the 'primary' planes is sufficiently
large and the distribution suitable, then the stress required for individual
- dislocations to pass through their strein field might providfle the major

proportion of the athermal stress. The total athermal stress is then given by

: Iﬁ:T°+(IKWEQ - 6.15
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Yhere T:c,is the stress due to the interaction with the dislocations
associated with the blocking obstacles, b
1‘; k is the dipole pessing stress = @;TF(?,\)) (Chen ctal)
Yhere 1 is the distance of the dislocation from the dipcle,
Fo is the internal stress, associated with the blocking cbstacles,
at the dipole and depends upon the position of the dipoles with
respect to the blocking chstacles,

For I:K to provide a significant contribution, 1 is required to be
within the range 102—-102f . This is an order of magnitude lower
than the spacing between dislocations observeld under these conditions,
so, if dipoles arc fomed only on the slip plancs containing the
dislocations this cannot have a significant effect. However, a detailcd
study of dipole distribution is required before any quantitative
estimates can be made.

The dipoles formed on the 'secondary' planes can also contribute
to the athermal stress as already described, Bo the overall atherm 1

stress might be; '

Tp 2 lex (Ti-Tp)r{Tp-Tp,) -6
Wheré“trjﬁ either a Mott-Nabarro or an Orowan term, 1;?1. depends
upon the relative physical peosition of the dipoles with respect to the
blocking cbstacles and 'primexry'dipoles,

- b
For an Orowan mechanism, L ::2}] /1; this is about an order of meonitude

preater than"t;K and could provide the major proportion of the athermal
stress, if the spacing between 'secondary' dipoles is similar to the

spacing between dislocations (a2lthough it must decrease more rapidly

than the dislocation spacing, as already described).,
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There is not sufficient information available concerning the dipole
misfit terms to cnable the alternative Mott-Nabarro contribution to

be cstimated,

Thus, the possible contributions to the athermal stress in stage I1
are listed but it is not possible to make any quantitative cstimates
of their relative magnitudes without a detailed knowledge of the

dipole (and loop) density and distribution.

II. Latent Hardening Experiments

1.

Introduction

Basically the experiment involves deforming a specimen
such that slip procceds on a certain slip plane, then rcorienting
the crystal so that slip cannot occur on this system but is
required to take place on another intersccting system (c.f. 41den,1963
Kocks, 1964; Jackson and Basinski, 1967). Thec experiment enables
intersections to be investigated in a relatively controlled manner
and should be able to provide useful information about the athermal
stress,

Experimental

A B crientation specimen is campressed to a specific strain
so that slip occurs largely on single system in the central region
of the specimen, Then, a tygc 4 specimen is cut from the central
region such that the original slip planc contains the new stress
axis, Subsequent deformation of this specimen requires that slip

should proceed on the other two primary systems, necessitating the
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intersection of the original slip bands. 4 number of additional
dislocations are presumsbly produced during the cutting of the
second specimen but these are confined tno the surface layers and
should nnt influence the subsequent deformation significantly.
Results

Firstly a fow simole birefringence observations are made to
confirm the mode of deformation, The birefringent pattern after
the original deformation is shown in fig, 6.0a; after the second
deformation, this vattern is completcly Lroken up, fig. 6.5b. This
indicates that extensive intersection of the ariginal slip bands
has vproceaded,

Secondly, the struss strain characteristics are established,

5.6, for a svecimen prestrained

A typical result is shown in fig, .

into starc Ic at 17OQJ. The significant features of the latent
hardening are as follows,
The stress required to move a dislocation through an existing slip
bend is considerably larger than that reguired to propagate slip
within that band, The stress increment increases as the prestrain
increases {sufficient results to establish a definite relationship
have not been obtained).
Jhatever the magnitude of the presirain in stace Ie, the rate of
work hardening in the seccond deformation is almost identidal to
that in a type & aspeecimen that has not been prestrained, (e.f,
Alden, 1564), this applies at both 170°C and 110°C.

The situation is slightly different for specimens prestrained
into staze Ib; a typical cxperiment is shown in fig, 6.7. During the

sccond deformation, the curve has an identical fomm to that of a
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type 4 specimen of sinilar dimensions that has not been prestrained,
when the curves are superimposed at similar stresses, Thus, a spscimen
praestrained sufficiently into staze Ib will adopt a stazs Je hardening
rate immediately, during the second defomation,

It is now evidently impartant to distinguish the contributions
to latent hardening due to tliermal and athermal stresses, So typical
change in strain rate and temperature tcsts are conducted on prestrained
specimens, Mirstly, specimens prestrainsd into stage Ic are tested,
All activation parametors obtained i.e, V( T,*) , OF( Tz* ), "\:* (t{,;l ),
m9+<T)’ are identical to thosce detormined in Chapter 5 for as preparced
specimens, Thus, the thormal stress is identical for dislocations
moving throush 1o and nign densities of forest dislocations and
dislocation dipoles, fig., 6,6; tals confirms a previous observation
that forest intersection and dislocation dipole intersection cannot
contribute in any way to the osbserved thermal stress, The latent
hardening is, thercfore, entirely athemal in origzin.

The experiments are repeated for spnecimens prestrained into staze
Ih at 1107°C. The results are interestin:g, The magnitude of the
paramsters obtained immediately upon reloadingz differ from those
obtained during prestraining, immediatcly vrior to unleading. Howvever,
on plotting these activation varametsrs (V,?:ﬁ,fﬁﬂ LFHo) against the
applied stress, apart from a fow initial values, the curves obtained
are identical to those determined previcusly for as—-prepared crystals

. x .

(Chapter 5), The variation of C is shown in fiz. 6.7; the latent
hardening is partly athermal and partly thermal in orizin., In addition,
the mazitude of the themnal stress, at a given tenperature and strain

rate, depends only upon the applied stress and not upon structure or
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strain etc,, this also confirms the conclis ions, dravn
in Chapter 5, concerning the likely thermal mechanisms,
IT.4 Discussion

The results provide useful information not only about the
origin of the athermal stress, as was originally intended, but
also upon the thermal stress, The athermal stress is considered
first.

The work hardening in stage Ic is not affected by the density
and distribetion of static dislocations on an intersecting system.
This confirms previous slip line cbservations that the distribution
of initial pile up positions canmnot inf'luence the work hardening
significantly i.e. some alternative blocking obstacle is generated
during deformation., Thus the cffect of temperature, specimen size
and strain rate on the work hardening cannot be associated with
the differing homogeniety of the original deformation as suggested
in Chapter L,

More realistic, gqualitative explanations of these effects
are attempted here; the specimen size effect is considered first.,
This must evidently be associated with the inhomogenecus stress
system around the compression plates. No specimen size cffccts
are obscrved in Stage IT in f.c.c. metals (Kocks et al, 196L)
and since stage I hardening here has been regarded as similar

to stage IT in f.c.c. mectals,
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the discrepancy must be accounted for. The onsct of stapge 11 commences
at an approximately simileaxr applied stress in all cascs, Thus, beyond
a certain magnitude of the applicd stress there must be a constant
rate ~f production of dbstacles (@ipoles) under all conditions to
provide the reclatively constant stage IT hardening observed (this has
to be cxplained by any stage IT theory developed quantitatively).
Staze Ic hardening presumnably cannot be solely due to interactions
with blocking obstacles, except for large values of a/d, otherwise a
constant hardening rate would be observed as in f.c.c, metals., The
most reascnable explanation is that the friction stresses, in specimens
with small values of a/d, altcr the resolved shear stresses on the
'secondary' and 'primary' slip planes such that a relatively high
@pole density is iproduced before intersection at the obstacles
provides the required stase II rate of production, The total athermal
stress is then given by equation 6,16 with small contributions from
-[Fand/or tK « It is not attempted to provide any worthwhile
explanations of how these additional dipoles are produced at this
stage, Whether this arfument is correct can be tested by dislocation
density and bulk density measurcments on squat specimens, Thus, the
dislocation density, stress relationship should be intermediate
between the parabolic and linear relationship in stages I for these
crystals., 1In addition, the bulk density should increase more rapidly
with strain in this stage indicating a mare rapid increase in dipole
density. Unfortunately, these effects have not yet been investigated,
In NaCl (Davidge and Pratt) and LiF (Gilman and Johnston) dipoles
arc produced during 'easy glide' so there must always be a contributi-n

to the athermal stress from thesc interactions.
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In a material like LiF where a high density of dipoles appears to be
produced without intersection it is possible that these interactions
provide the major contribution throughout, as sugsested by Gilman,

so that only one work hardening stege is encountared, Thus, the above
sige cffect explanation appears possible with the work hardening
depending upon the relative variatiocns of U P and T;K and perhaps TF-
with strain in equation 6.16, It is only at relatively high dipole
densities that TK and T-‘F can produce a significant effect, so
presumably in specimens with relatively large values of h/ d the
parabolic relatimnship is obeyed quite closely in stase I,

The effect of tempearature is entirely differcnt for, as the
temperature decreases, both the length of and the rate of work hardening
in stage lc increase, Now, the lower the temperature, thc larger the
stress required for interscvetion to proceed at a given strain rate;
this cxplains how the onset of stage IT might occur at higher stresses
at lower temperatures, The rate of work hardening in staze Ic varies
slowly with temperature, although the variation is meore rapid than a
simple shear modulus effect.

This might also be associated with a variable productinon of dipoles
during this stage i.c. the lower the temperature the higher the rate of
production of dipoles. If this is correct, at the lower tcmperatures,
the stress dislocation density relationship would deviate slightly
from the parabnlic relationship. Unfortunately, the results at 110%C
are not sufficiently accurate to test this,

The strain rate effect is an intermediatec case with a relatively
rapid increase in work hardening in stare Ic, as the strain rate is

increased, and a corresponding increase in the sStress associated with
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the onset of stage II, It is cxpectceld that the effeots of temperature
and strain rate upon the stage II starting stress should be similar but
the increcase in hardening rate in stage Ic is contrary tn expectations
and an explanation is not readily apparent,
The actual origin of the athermal latent hardening is not of
great importance since the structure is not equivalent to that developed
during deformation, It is presumably either associated with the
formation of obstacles throush the interaction ~f the static dislocations
with the mobile ones, as already described, or with the interaction
with forest dislocations and/or dislocation dipoles on an intersecting
system., It is not intended to differentiate between these possibilities.,
The significance of the thermal stress measurements are now
considered. The thermal stress, activation volume cte, depend only upon
the magnitude of the applied stress at a particular temperature and
strain rate; this confirms the previous obscrvations made on specimens
of various relative dimensicns, This indicates that the rate nf production
of cbstacles on the slip plancs depends only upon the applied stress and
not upon strain, structure ctc, This essentially means that the obstacles
arc created on the slip plancs -nly and not generally through~ut the
lattice; this is consistent with the mechanisms proposed in the previous
Chapter,

Conclusions

1, The applied stress in staze I deformation is given by:-
Uh = LT r 0-3LpbaNe
The athermal Work.hardening is most likely to Dbe associated

predominantly with the interactions between the .s8tress
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field of dislocations comprising obstacles on the s 1lip planes. These
obstacles are formel by the interactions between dislocations on the
planes of maximum resolved stress and the other primary planes, The
actual physical nature of these chbstacles is not clear.
The applied stress in stage IT deformation is given approximately by:-
Ta =T+ Ky C

There are a number of contributions to the athermal stress in
this stage. The principal cotribution is possibly associated with
the interaction of the dislocations with dislocation dipoles created
during deformation, If this is so, the ommset of stage IT is associated
with the stress reguired for copiocus intersection to proceed at the
stage I obstacles, with the resultant repid increase in dipole
density.
The temperature, strain rate and specimen size dependence of the
work hardening are not satisfactorily explained. The variation of the
work hardening rates in stage Ic might be associated with the variable
formation rates of dislocation dipoles in each case, The stress
corresponding to the onset of stage IT is explained logically by
assuming that it is the stress assoclated with a thermally activated

process i.,e, intersection of dislccations at the stage I obstacle.



Appendix T

The Formation of Dislceation Dipnles During Deformation

The bulk density measurements of Roy show that point defects and/or
disloccation depoles are produced during deformation; the density of
defects is greater, for a given strain, in type & than in type B
specimens, His measurements are made after an ageing period of many
hours at room temperature and the reaults are independent of time.
Similar cbservations are made in NeCl(Davidge and Pratt; Kear et al,1966).
If the density change is dwe to vacancies or interstitials they could be
detected from ionid conductivity measurements (Ure) . So the ionic
conductivity of compression specimens is measured before and after
deformation (the conductivity arrangement is described by Fhillips,1967);
there is no significant change. This indicates that the density change is
due predominantly to dislocation dipoles (and loops) and perhaps isolated
impurities and point defect clusters, The fact that the density is
independent of time eliminates isolated impurities as a major
contribution. So it is established that dislocation dipoles and/or
loops and/or point defect clusters arc generated during deformation

in calecium fluoride,
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CHArTER 7

[astutemviemblem i tuie StV 0]

The Ueformation of Vory High Purity and Yttrium Dopced Crystals

Intrcduction

Tt has been concluded in the provious sections that the thermal
stress might e dependent upon interactions with impurity ions or
camplexes, Sn the effect of differing guantitics of impurity uron
the defarmation characteristics is studied briefly to determine
vihethor thesc impurity mechanisms are possible, Thus, as described
in Chapter 1, very high purity and yttrium doped crystals have
been obtained and thesc are studied,

Experimental

A orientation specimens, preparcd as described in Chapter 4
arc tested cvor a serics of temperatures, using the technigucs
outlined already,

Results

Pigzh surdity Crystals

€3]

Stress strain curves have Lieen obtained for these crystals at
110°C and 170q3. The results are shown in fiz, 7.1. There is
little differcnce fron the Harshaw crystals apert from a lover
Work hardening rate in stare e with the transition from Ic to II
occurring at hishoer stresses, (This differs from observations made
in Ma®l by Hesse , 1957).

The activation pavameters i,e. m*(T) , -if(’Cx), PNl (T,*) , T%" (T n)
arc identical to those obtained in Harsha crystels (figs. 5.17,
518, 5.21), Thus, for rclatively small quantities of impurity,
the rate controlling obstacle is independent »f the impurity
content, This is a most importent result and its relevance is

seen in Section L,
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Yttrium Doped Crystals

Pirstly, specimers are tested in the fully azed condition i,e,
they &rc left at tho test temperature for = fow hours prior to testing.

T

e stress strain curves obtaincd are shoun in fig. 7.2¢. There
is no significant deformation below 15000. ahove this temperature,
yield is followed immediately by a horizontal rogion up to about 17
strain and then a transition to a region of linear work hardening
(c.f. LiF stress—strain curves cbtained by Gilman and Johnston, 1940)
The activation parametcrs that can bs obtained from change in
strain rate experiments are also determined, Unfortunately, it is
not podsiinle te conduct valid temperature chanse oxperiments becaus
rapid and severs dislccation pinning is encountered, The results
obtained are shovn in fig, 7.2,a,5,d. Tho activation volume and the
thermal stress are independent of strain., For a strain rate of .,

~5 =1 . . . s .
l.2 x 10 5380 , the activation volumc lics witiin the mmnge

2.3

1--3 x 107 betieen 130°C and 300°C; the results are not sufficiently

numerous tn warrant plotting a V’T:%diagran. Tnis activation volume
is well in excess of that obtained in the pure crystals for a similar
value of the thermnal stress e.g, an order of magnitude higher at

-2 ¢ e . X . .
hkgmm © (fig. 5.18)., Values of m , obtained by the extrapolation
of m to zero strain, incrcasc as the temperature increases, This
might be an anocmalous result either because the density of mobile
dislocations alters during the increment of strain rate at the higher
temperatures (see Chapter 5) or because gero strain doss motraorrsspord

%o the eonddition of gero athermal stress, so it is not m” that is Zcing

moarured,
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The experiments arc repeated on crystals that have been heated
in vacuo at 1000'C and cooled 4o the test temperature as rapidly
as possible, in an attempt to produce a different ag regation
state for the yttrium impurity. However, there is no difference
in the deformatior characteristics, This mcans that either the heat
treatment dnes not alter the distribution of impurities, or taat
the form of the impurity does not significantly influence the

mechanical properties.

Discussion

e

The results raveal that for ziven test conditions, the thormal
stress (and ~ther activation parametags) is infependent of the
impurity content, for small guantitics of impurity, and differs
from that chbiained in crystals containing a relatively large
guantity of aliovalent impurity. It is not intended to identify
the impurity mechanism, it merely suffices at this stage fo note
that, in crystals with an aliovalent impurity content of more than

1

200 p.p.m., the doformation is controlled in some way by the
impurity, and this mechanism differs from that cncountered in
pure crystals,

The alinvalent impurity content (anion plus caticn) in the
high purity crystals is less than 20 p.v.m., For the Flelscher
interaction mechanism 4o be avle to provide the observed activatinn
volumss a concentration of aliovalent lmpurity sreater than
43 p.pem. is required (see Chapter 5). GUven if 40 D.P.m. Of
aliovalent impurity should be present, it is unlikely that it is
all manifested as the appropriate individuval complexes regquired for

this mechanism (c.f. Quin, 1947), so it is regarded as a
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most unlikely mechanism in this case. Similarly, for the interaction
and misration mechanisms te be camtrolled entivrely hy alicvalent
impurities, at least 40 and 50 p.p.m. respectively of the impurity
in the appropriate formm is reguired, so these arc also regarded as
most unlikely.

Thus, the interaction and migration mechanicms, requiring at
least a2 proporticn «of the ohstacles to be vacancies or interstitials,
remain as the most likely mechanisms; thesge are considered further,

The particulser mechanism that operates is determined by the
relative values of the binding energies and migration energics (Chapter 5)
at the specific thernal stress concerned. 4Hn approximate value »f the
fomer may be obtained from a relatively simple calculation,

Consider the association of a positively charged defect (e.g. 2
fluorine vacancy) with an edge dislocation consisting of thtee adjacent
mezative charges, vith half jogs on both sifes, If the vacancy associatss
with the dislocation ot the central position f this conflguration,
there is a dscrcase in electrostatic energy of about 1 ev (sec Chapter 2);
the association cenergy in any other »osition is smaller. There 1s also
a reduction in strain energy (lar:cly elsctrostatic and core repulsive
in origin), 2assani and Thomson have calculated the association energy
between a vacancy and an uncharged dislocation in Nagl and obtain a
value of OJi ¥ 0,2 ev. The calculation will not be significantly
different in caleium fluoride, so a total association energy of about
1.4 ev is involved, (It should be noted that this situation differs from
the formation case considered in Chapter 2; becausc there the
displacement cenergy at the half jog had to be created whereas here

it is already available in the form of thie vacancy).



Unf crtunately, it is not possible to estimate the migration
energies of the half jogs and no values for the migration of
aliovalent impurities are available, so it is still not possible
to decide which is the most likely to cperate. However, it might
be possible to differentiate between them by indirect means.,

It has already been determined that a point defect
concentration of the order of lO:]'6 to lOl7 cm.-3 is reguired for
the interaction mechamism to provide the obscrved activation

volumes., The migration mechanism evidently rcquircs a smaller

concentration to be available at any instant. during deformation.
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+  An order
of magnitude is obtained here, The maximum cxpected value of the mcbile
dislocation density is lOGCm_Z. Then, the density of point defects
required to saturate all available edse sites on these dislcocations

5&0 before

is 10 rem™? (2ssuming the loop expands to a diameter of 10
being arrested). The creation and absorption of these defects is a
dynamic effect so this is prohably a maximum pessible value, especially
in stage Ib where most defects on the slip plane are absorbed by the
moving edge dislocations., Thus, a higher concentration of free point
defects is expccted if the former mectanism applies, In addition, the
variation of this concentration with strain is different in both cases,
For the interaction mechanism, the concentration increases in stase Ib
but remains constant in all subsequent stages; for the alternative
mechanism the eoncentration incrcases in all stazes and probably more
rapidly in stages Ic and II, It has already been established that a
proportion of those defects must be vacancies or interstitials, so it
might be possible to detect tuem using ionic conductivity measurements
(Ure, 1957), The conductivity should he measured immediately after
deformation is arrested (c.f, Taylor, 1958; Gawmazni et al, 1965).
Apmﬁhubrpnﬁkmzm%mmsi%éMrﬂmemmmaﬁwwr@mﬁhg
an increased density of obstacles to be produced on the slip plane are
involved, Thus, after the first dislocation has traversed an area of
slip plane, the thermal stress on this plane is higher than on adjacent
planes, so the following dislocation would prefer to move on the
adjacent planes at every stage; this would encourage dislocations to

move individually vith only a slow increase in obstacle density on the
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operative slip planes as the strain increascs, However, for this
situation to arise, dislocation sources must be available on the planes
of lowest themmal stress (obstac)c density). In addition, the
respective magnitudes of the atherral stress on the possible slip
planes must be considered i.c, dislocations nrefer to move mid way
between existing slip bands and sources operate only where the
internal stress is favourable (Chapter 5j. S-» the problem is a complex
one with a detailed knowled:e of dislocation sources and dislocation
dis trittuions required. The siip line observations (Chapter 4) show
that dislocations move in bans, 23 in othor crystals, but this does
not necessarily rule out thic avors mechanisms,

One of the imporbant critiria uvsazd in elinination of possible
rate controlling proccsses is that the screr dizlocations move faster
than the edze dislocations., This is determined experimentally at zero
strain and assumed to apply under all test conditions; the assunption
my not be valid., The application of the criterion reguires two
conditions to be satisfied, The first is that the athermal stress
component at the screy dislocations is not significantly in excess of
that at the edrye dislocations, IFf tiis should not be so and (Iau 4—1:%%)
at the screw dislocation is larger than the corresponding value at the
edge dislocation then it is the screv dislocation motion that determines
the magnitude of the themnal stress messured, Thore is clearly a

difference between the blocking nbstacles for cdge and scusw dislocations

3
in stage I (e.f. Hirsch and iZitchell). Hoocver, it is not expected
that the athemal stress at thiz scruy dislocation should be significantly

larger than that at the edsge,
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Secondly, in a tyvical constant strain rate experiment, the thermal
stress is related to the applicd strain rate rather than the velocity
according to equation 5.9,Thus, if the density of mobile edge dislocations
is grcater than the corresponding screw density, the thermal stress
at Doth could be similer in magnitude, »r sven larger for the screvw
dislocations, If dislccation motion can always he regarded simply
as the expansion of individual loops, from a source, this density
is evidently the same for both components and the sbove possibility
does not arise, However, the actual deformation process might be
move complex than this, in which case this possibility must be considered,
This urccertainty raises ths intercasting possibility that the edio
dislocation controls the deformation at yield (as shorn by the etchuing
experiments) with a gradual transition to the scre.: dislocation process
cocurring in staze Ib until, in staze Te, it depends entirely upon
the motion of the screr dislecations., This is most unlikely because
it requires both edge and scre. activation enthalpiss to be very similar
and na*ix;bc the same for edze and screw dislocations (the etch pit
measuranents in Chapter 3 show that this is probably not sq),
Finally, there is the possibility that more complex proccesscs
are involved; tio interesting possibilities are considersd, Mirstly,
the presence of point defects (or complexes) could influence the
nucleation and/or lateral motion of Feierls kinks (Cottrell, 1953;
Guyot andADamh)so that a2 wodified reierls rrocess applies, Secondly,
if the impurity complex intorsectinn energy and the point defect
interaction energy are similar, thc fommer could apply at the start

of defarmation, with stage Ib representing a transition to the



latter,as intersection prod@ces a hizher density of isolated point
Gefects then in staze Ic the latter acplies exclusively with no more
point defects capable of beinsg oroduced,

There are probably further possibilities, The identiflication of
the actual rate controlling mechanism is not possible until more precise
theoretical and experimental enthalpies are determined, for the verious
processes,

Conclusions

The most likely rate controlling defommation processes in
calcium fluoride appear to be either the interaction of the edse
dislocation with isolated clarged point defects (vacancies or interstialc
and perhaps aliovalent impurities) or the migration of point defects
with the dislecation., However, there are a nwer of nore complex
posgibilities that camont be elimirated so it is not possible to

unequivocally icentify the rate controlling obstacles at this sta e.
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CHACTER 8

Genersl Conclusions and Suzzestions for Further Vork

Yl

Conclusicns

This Ztudy has providzd a onsrbain amount of infomation éonocrning

tie deformation of calcium flueride crystals., The principal
canclusions derived from this work are »resented here,

The edge dislocation on the (1.0% {11077 systsm, although

macroscopically nsutral, conzists of rugions of relatively high

local charze, the sign of the charge alterns ting along the length

of the dislocation., The presence of these cherges appears to
influence the deformation on the primary slip planes.

The edse dislocations on the primexy systen move at a lover

velocity than the screw dislocztions, for a given value of' the
therml stress, This is the inverse of the situation obssrved

in other ionic crystals (e.z, IiF, Gilmen and Jehnston,l952;

NaGl,Gutmanas et al, 1953); it indicetes that it is the movemsnt

of the edze dislocations that controls the rate at which deformation

proogefs for a.given applicd stress, This is possibly associszted

with the unusual confizuration of the edre dislocation on tiis systen,

Over the rance of temperaturc invostipated, the stress-strain curves

sno five separate regions., Apart from the rapld work hardening
epion observed immediately after the yielding staze, the stares

are similar to those obscrved in other ionic crystals (e.z., NaCl,

Devidge and iratt; Hosse) witih a typical three stage curve, plus

a yield region, The curvss also depend upon the mode of deformation

i,c, tension or compression and upon temperature, strain rate and

spcecimen size (for compression Specimﬁns).
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The agreement between the stress dependence of the dislocetion
velocity cbtained from etch it experiments (for edge dislocations)
and from change in strain rate exveriments indicates the validity

of the latter, macroscopic, method for the determination of the
activation parametsrs in calcium fluoride e.g.?:K:'V. The tanporature
devendence shows that the macroscopic incremental temperature method
provides a close spproximation to the activation enthalpy of the
rate controlling deformation process, Application of the analysis
of thermally activated defomation to the results obtained shows:i-
The rapid work hardening staue, Ih, is due largely to an increase

in the thomeal stress with sorain,

The incresse in the themal stress probably arises from an increase
in the density of thermal obstaclus of a gziven type on the slip
planes, during deformation,

The tharmal obstacle involve! is wost likely to be associated either
with the interaction of the charged regions of the edze dislocatinn
with isolated charged point defects, ~enerated during deformation,
ar with the migration of point defects (or half jozs), picked up
duriny deformation,with the dislocation.

The variation of the athermal siress ~dth strain is similar to

that observed in other ionic crysztals, in particular Ma®l, and can
Prabably be cxplained similarly, The stage I havdeninzg features

are adequately explained by invoking a theory similar to that
developed +to explain stage IT hardening in f.c.c.metals, with the
athermal stress derived predominantly from the interactions between

the : stress fields of dislocations held up at impenetrable
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obstacles developed during deformation, The form of the obstacles
could either be simple dislocation junctions (and dislocation dipoles)
or complex arrangements of 'primary’ and 'secondary' dislocations of
various mechanical signs, The stage IT athermal strsss is possibly
derived principally from interactions with dislecation ddnoles
generated during deformation,

The characteristics of secondsry deformation have not been studied
in such detail, The only significant conclusions are that the
thermal stress is larger than that required for primary slip at a
given tempereturce and strain vate (it is also indspendent of strain)
and that the expsrimental activation paremsters fit a FPelerls
process analysis quite closely., Thus, the leierls process might

be the important thermal mechanism but the cross slip of scrow
dislocations and conservative jog motion cannot be ruled out as
alternative mechianisms. The athermal stress origin has not been
investigated,

Fuarther Jork

Through the course of this study various additional fields
of study have been apparent, these have generally been mentioned
in the appropriate sections, The most significant and interesting
of thesc are considersd briefly below,
4 detailed study of the core configuration of the primary edge
dislocetion, in particuler, rigerous lattice calculations, This
should enable the most favowrsble configuration to be estimated and
hence the interaction energy of this dislocation with various
defects to be calculated., Tuais would assist in the identification of

the rate controlling thermal mechanism,

‘,‘
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The measurement of the dislocstion velocity as a function of stress
on deformed crystals (c.f. Giluan and Johnston, LiF, 1960). This is
experimentally extremely difficult and requires fresh dislocations

to eteir differently than old dislecations, as in LiP, However, if
this st of measurement could Le nerformed it would be able to
confirm the important assumption that the moblle dislecation density
does not alter during an increment of strain rate even at relatively
large strains,

The measurement of ionic conductivity during and after deformation.
This would provids information about the concentrations of free
vacancies and interstitials produced during deformaticn., These
concentrations arc of great ilmportance in the identification of the
thermal cbstacle, as already described,

Transmission electron mlcroscope studies; these should De conducted
on crystals irradiated in situ, immediately after defommation is
arrssted, so that all line dsfects are pinned in the positions they
cceupy during deformation, This would enable the distribution of
dislocations and dislocation dipcles to be studied teo provide valuable
information about the athermal stresses, These should be condueted in
conjunetion with comprehensive etch pit and slip line observations
(the latter conducted to find the slip distances of edze, mixed and
serew dislocations).,

A comprehensive study of the affect of aliovalent impurities upon the
deformation characteristics to determine the role of these, if any,
upon the thermal stress of the high purity crystals and their effect

upon the athermal stress,
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