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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 secondary slip in the temperature range where a thermal 

stress component is involved.. On the primary system there are 

five distinct work hardening stages (these are not all apparent 

at a specific temperature); there is a small yield region follcved 

by a linear region of rapid work hardening, followed, in turn, 

by a typical three stage hardening curve. On the secondary system 

the curves are parabolic at all temperatures. 

The athermal and thermal components of the applied stress are 

distinguished and the origins of these components tentatively identifil. 

The approach to the identification of the thermal component 

involves firstly a theoretical consideration of dislocation structures 

followed by experimental investigations of the rate of movement of 

dislocations; both individupl dislocations, through etch pitting, 

and large numbers of dislocations, through macroscopic thermal 

deformation characteristics, are studied. These reveal that the 

movement of the ed ge 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 indicate that the most likely rate controlling 

mechanisms are either the interaction of the edge dislocation with 

isolated charged point defects or the migration of defects with 

the dislocation. 



Whe thermal 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 adequately 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 dislocations with dislocation dipoles 

(or loops) formed in large quantities during this stage. 
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CHASER 

General Introduction 

1. Introduction 

A preliminary investigation of the plastic deformation 

of calcium fluoride has been conducted by Roy (1962). The 

investigation was, 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 fig.l,1 showing that plastic 

deformation is first observed above room temperature on a 

1001 (110)system whilst a secondary system 110) (110) 

operates above 200°C. 

SUbsequently, Groves and Kelly (1963) have analysed the 

geometry of these slip systems, showing that the former yields 

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 polycrotals of calcium 

fluoride should reflect the validity of the criterion. A 

brief investigation was conducted using fully dense 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 observed deformation 

characteristics, but a more detailed investigation can only be 

conducted when adequate information is available on the following 

characteristics:- 

7 
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1, The work hardening on the primary and secondary slip systems. 

2. The mechanism of grain boundary fracture. 

All subsequent work has been principally concerned with an 

investigation of the first topic. This requires firstly that the 

thermal and athermal contributions 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 macroscopic thermal 

activation methods, so considerable effort is devoted to estimating 

the validity of the underlying theory in the case of calcium fluoride. 

The overall investigation is approached in the following manner. 

1. A theoretical study of dislocation configurations and interactions 

to elucidate the probable origins of the stress components, 

-2. A direct investigation of the velecity of individuAl dislocations. 

This has two distinct objectives. 

(a) To find the relative velocity of edge and screw dislocations. 

The-slowest moving component is evidently rate controlling, 

so all mechanisms proposed must apply exclusively to this 

component. 

(b) To find values of the activation parameters. As shown in 

Chapter 5 these values arc used to test the validity of the 

method of thermal activation, when applied to calcium fluoride. 

3. To establish the stress-strain characteristics of these crystals 

in compression and tension. Roy has already conducted a brief 

study at widely dispersed temperatures, so this investigation 

is relatively comprehensive within the temperature range where 

flow diantains a thermally activated component i.e. below 250°C. 
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4. A comprehensive 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 

oatittified. 

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 rihrify certain ambiguous points arising from 

the previous work. 

There is not a great deal of information available concerning 

the plastic properties of naleium fluoride, so it is considered 

expedient to summarise briefly all previous work that might be 

directly or indirectly associated with this investigation. 

2. Previous Work 

2.1 Plastic properties  

The only significant studies of plastic properties are the 

compression studies of Roy, Phillips Jnr.(1961) and Urovskaya 

and Govorskov (1966), the dislocation decoration experiments of 

Bontinck and Dekeyser (1956) and the etch pit studies of 

Phillips Jnr. These are looked at in turn. 

Phillips compressed crystals along j111) and observed 

plastic deformation above 4.00°C only. This contrasts with the 

results of Roy; the discrepancies have been discussed by the 

latter. His etching work, conducted on specimens deformed at 

600°C, showed that the etch pit density varied almost linearly 



with strain. The  conclusions reached in this work are:- 

(a) The flow stress varies with temperature according to the 

relationship. ilttotiCir 

(b) The rate of work hardening decreased almost linearly with 

temperature. 

The Russian workers performed compression tests along 1 110] 

using natural fluoride and synthetic doped crystals (containing 

Sm2+0  Sm3+ and Nd). The natural crystals deformed plastically above 

20000 whilst the doped crystals deformed above 300°C only, Al)  at 

stresses well in excess of those observed by Roy. 

Unfortunately, neither study provides any really-useful 

information for the investigation in hand. 

Bontinck and Detoyser decorated dislocations at high temporatUres 

and were able to draw certain conclusions about the planes and 

directions of the stable dislocation networks. 

The types of junction observed are as follows:- 

1. Irregular networks situated mostly on till 

2. Dislocation walls at 60°C; These are situated on illO in <112) . 

3. Dislocation walls at 90°C; the directions are 110.1) and [ 1213 , 

the latter are again associated with i 110? , whilst the former 

probably appear at the intersection of i1211 . 

The walls are only identified in impure crystals 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. 
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Since the rate controlling process is frequently 

related either to the formation of or the interaction with 

point defects, the information available on point defects 

is also considered briefly, especially those features peculiar 

to this structure. 

2.2 	Point Defects  

2.2,1 Intrinsic Defects  

There are four possible forms (Koch and 4agner, 1937) 

Frenkel Defect (cation frenkel pair) - Ca++  vacancy 

and Ca++  interstitial. 

(ii) Anti-frenkel defect (anion frenkel pair) -F vacancy 

and F.-  interstitial. 

(iii) Schottky trio (Schottioky vacancy trio) - Caff vacancy 

and tuo F-  vacancies. 

(iv) Anti-SchottRky trio (Sohott4ky interstitial trio)- Ca++  

interstitial and two F interstitials. 

The formation energies of these defects have been 

determined theoretically by Franklin (1964 a,b) and shown in 

table 1. TJze (1957) determined the formation energy of the 

anion frenkel pair from conductivity data. His value of 2.8 CV 

agrees closely with that obtained by Franklin. 'hen considering 

the formation of Schottky trios a lattice energy term of about 

26 ev must be taken into consideration (Franklin, 1966 0) 

ii  
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Defect 
Formation 
Ener•v 	ev Defect Pair 

Formation 
Enera 	(ev 

Anion Vacancy 4.4 t 0.1 Anion frenkel 2.6 - 0.2 

Cation Vacancy 22.5 4,  . 0.2 Cation frenkel 6.5 ± 0.7 

Anion Interstitial -1.8 ± 0.1 Schottrky trio 4.2 ± 0.9 

al

Cation Interstiti ;16.0 ± 0.5 

TABLE i 
Formation 

Energies 

of 

Intrinsic 

Defects 

2.2.2 Extrinsic Defects  

There have been no comprehensive studies of the effects 

of aliovalent impurities upon the physical properties 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 impurities' concentration and form. It has been 

shown by Caffyn (1966) and Johnston et al (1966) that impurity-

vacancy dipoles exist in trivalent doped 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 commencing the study outlined above, a source of 

high purity crystals, available in relatively large quantities, 

had to be located. 

3. 	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 Spectrographic Laboratories. 

The results are in close a7reement, table 2. Other crystals 

obtained from Harshaw have been analysed by various 



investigators (e.g. Duke, 1964 and O'Connor and Chen,1963). 

The results obtained are somewhat contradictory. The analysis of 

Duke agrees quite closely -gith 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 

problem arises because the analyses used are not suitable for 

a detailed investigation of the oxygen content; this, according 

to Franklin (1966 c), 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 groan to minimise the possibility of oxygen 

contamination at each stage and careful analysis has not 

detected any monovalent or trivalent impurity in excess of 

a few p.p.m. 

13 



TABLE 2. Analysis of Harshaw Crystals 

Impurity Concentration (p.p.m) 

Duke A.S.L. I.C.L 

mg++ 

A13+  

3i3+  

K+  

Mn2+ 

Fe3+ 

....424- ust  
3+ Y 

Sr2+ 

Ba
2+ 

go  

15 

5 

< 0.5 

4 1 

< 1 

10 

10 

100 

<1 

50 

10 

N.D 

N.1) 

N.D 

< 1 

10 

N.D 

30 

N.D 

50 

10 

( 1 

N.D 

N.D 

< 1 

10 

5 

50 

< 1 

N.D. 	Not Detected 

A.S.L. American Spectrographic Laboratories 

I.C.L. Imperial College Laboratories. 

It is noted here that surface 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 



15 

E 
E 

CRYSTAL 	STRAIN RATE 
4 	 TYPE 	2.5;00-4 	2.5,; !J 3s c 

0 	 A 

0 3 
O 

Cl 

CS 

r2 
C.

L  
C,) 

0) 1  

x  

\E 	x 

)0( 

100 	200 	300 	400 	500 
TEMPERATURE °C 

Fig. 1.1. Temperature dependence of the critical 
resolved shear stress 



e• 

.1./..............".........''  

i 

e ".. 

1 

Z 

1 3 

	  Ca" 

Fig. 1.2. The CaF2  structure 



17 

CHAPTER 2  

Dislocations in Calcium Fluoride  

1. 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 

or/and by the interactions and intersections of these dislocations 

with other dislocations introduced during the deformation. 

Before any experimental investigations of the plastic 

deformation of calcium fluoride are conducted, certain 

theoretical aspects of dislocation structure, interactions 

and intersections are studied in an attempt to elucidate sane 

of the processes likely to control the deformation. The 

purely geometrical aspects, peculiar to calcium fluoride are 

considered whilst the more general features are examined later. 

,there possible, the mechanisms considered are treated semi— 

quantitatively to enable the most unfavourable to be 

eliminated immediately, thereby allo.:ing the remainder to be 

considered in some detail. 

Dislocations on both primary and secondary slip systems 

are considered. Roy has already shown that unit dislocations 

do not dissociate into partial dislocations, so only the unit 

dislocations need, be considered. 

2. Dislocation Structures  

2,1 Primary System 1001 <011>  
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2.1.1 Ionic Configurations  

The configurations of ions comprising both edge and 

screw dislocations are considered in detail. It is hoped 

that those will assist in understanding the formation and 

motion of the dislocations and enable the associated energies 

to be estimated. '.'here simple two dimensional representations 

are inadequate, ball models of the dislocation mores are 

constructed. 

2.1.1.a Edge Dislocation  

Amelinckx (1958) and Roy have presented a two dimensional 

model of this dislocation; their configuration is shown in 

fig. 2,1. There are two additional half planes, one ending 

in a row of calcium ions spaced b(the burgers vector) apart 

and the other in a row of fluorine ions also spaced b apart. 

The ion arrangement is complex and difficult to visualise. 

Thus, the dislocation lies along cal) , and a given 	100 

consists of rows of fluorine ions in this direction; 

adjacent rows are spaced b/2 apart and, arranged as shmm 

in fig. 2.2. The 1100 above and below this plane consist 

of rows of calcium ions spaced b apart but these rows 

are arranged differently with respect to the fluorine ipn 

rows, for the plane above and the plane below, fig. 2.2; 

thus the stacking is of the type A liC3ABO 3 A 	 

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 unexpected features of the dislocation that have not 

been noted by the previous investigators. 
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The dislocation has three possible configurations. 

These are considered in turn. 

i) The dislocation of Amelincloc and Roy. The ball model is shown 

in fig. 2.3. An examination of ions at the core reveals that 

the calcium ions here are not bonded by eight fluorine ions 

as is required for electrical neutrality; only four such ions 

are available for each calcium ion. So, tne dislocation 

carries an excess positive charge, equivalent to the charge 

on a proton, at every distance b along its length. 

ii) The second configuration is shown in fig. 2.4. 'Alen a 

dislocation loop is initiated at a point in a perfect lattice 

and the edge dislocation type (i) is obtained along one 

section of the loop, then the edge dislocation required 

along the opposite segment is that shown in fig. 2.4, with both 

extra half planes ending in rows of fluorine ions. The 

fluorine ions at the core are not bonded to four calcium ions 

as in the perfect lattice, only three ions are available. 

So the dislocation carries an excess negative charge distributed 

such that there is a charge, equivalent to the charge on an 

electron, at every distance b along its length. 

The creation of edge dislocations of opposite mechanical 

sign is shain in fig. 2.5. 

There is a third possible configuration for the dislocation. 

This is uncharged and might form in preference to the charged 

configurations (i) and (ii). 

iii) The uncharged configuration is shown in fig. 2.6, it is somewhat 

similar to the proposed configuration for a 1111 <110> edge 

dislocation in M31 (Brown, 1960). 
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'::hen a dislocation loop is formed, each alternate 

calcium ion at the core of dislocation (1) could be removed 

and added to alternate interstitial sites, below the extra 

half planes, at the core of dislocation (ii); this produces 

two identical uncharged dislocations. So the formation of 

this dislocation essentially corresponds to the introduction 

of calcium vacancies into (i) and calcium interstitials into 

(ii) (or fluorine vacancies into (ii) and fluorine interstitials 

into (i)1 The resultant dislocation can be regarded as being 

o 
comprised of a series of half jogs of length • a /4 (ao is the 

length of the unit cell) at ever)  distance b as shown in 

fig. 2.7. The jogs lie on 110 and are equivalent to small 

lengths of edge dislocation of the secondary system; the 

movement of the dislocation requires the simultaneous 

movement of these half jogs  	110 . 

The formation energies of these different types of 

dislocation are looked at in a section 2.1.2 to attempt 

to decide upon the most likely configuration. 

2.1.1.b. Screw Dislocations 

The ionic cenfizuration of the °pre ofthis dislocation 

is quite straight forward and is shown schematically in fig.2.8. 

It is produced quite simply by the displacement of the calcium 

ions thrrugh certain fractional amounts of I) in < 

There are no charfo.._ ions of either sign within the core. 
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2.1.1.c. Mixed Dislocation 

The actual ionic configuration of the dislocation depends 

upon its orientation relative to the burgers vector. Depending 

upon the form taken by the edge dislocation it will either carry 

a charge (negative or positive) or a half jog at certain 

multiples of b along its length. (The multiples being smaller 

the closer the orientation lies to that of the pure edge 

dislocation). 

	

2.1.2 	Energies of Formation 

This energy generally consists of tiro terms, the elastic 

strain energy and the core energy; these are considered separately. 

	

a. 	Elastic strain energy 

This is asaboia..ted''viith 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 these displacements is given by Eshelby(1949) as: 

Ee . Kb2  In R 	 - 2.1 

K is a constant which is given by the elastic constants of the 

lattice and varies from one type of dislocation to another. 

R is the outer limit of the displacement, usually regarded as the 

spacing between dislocations. 

1-0  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 increases 

(Huntington et al, 1955). 
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Values of K are given by Foreman (1955) for various types of 

dislocation in lattices with cubic symmetry. Substitution of the elastic 

constants of Srinivasan (1958) into Foreman's equations gives the values 

of K shown in table 3. 

Now values of the elastic energy may be obtained by substituting 

these values of K into equation 2.1, assuming appropriate values for 

Rand ra  . 

R varies from 105A°--103.0 during the course of a typical deformation 

experiment (see Chapter 6). 

Co  is likely to be within the range 3 - 8A°  (c. f. Nda1). 

Thus, maximum and minimum values of this energy can be determined 

corresponding to the beginning and end of deformation respectively; 

these are sham in table 3 and correspond to the elastic energies of 

formation of lengths b of dislocation. 

Elastic Energies of Dislocations 	TAI LE 3 

Type of Dislocation K(X1011dyne cm 2) Ee max(ev) 
4 

Ee min(ev) 

1100);(110 	Edge 5.65 18.4± 0.9 7.4± 0.3 

Mixed(-9. 1-1/24-',--  4.85 15.84' 0.8 6.4± 0.3 

Screw 4.45 14.5± 0.7 5.9± 0.3 

1.118)  <110) 	Edge 6.24 20.4± 1.0 8.2± 0.4 

b. The core energy  

This is associated with non-Hookian displacements of ions within 

the core region. The calculation of this energy issirolified in ionic 

crystals by the relatively short range character of the forces involved 
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i.e. electrostatic and ion core repulsion. Huntington et al have obtained 

values for this energy in NaC1 incorporating the potentials calculated by 

Mad.elyn.,i; (1918). The energy of an edge dislocation on !;110'. {.110) as 

a furiction of core diameter is shown in fig. 2.9. The screw dislocation 

has a lower energy (by a factor of about 2 ) whilst the edge dislocation on 

100 !: <110} has a larger energy (by a factor of about 3 ) . These energies 

particularly the latter, are maximum possible values, so the care energies 

are evidently considerably smaller than the elastic energies. 

The rather unusuni arrangement of ions associated with 1  100) c: 5:10) 

dislocations in calcium fluoride makes an extension of these calculations 

to include this dislocation extremely complex. So a rigorous calculation 

of this type has not been conducted. 

The core energy of the screw dislocati on and secondary edge dislocation 

(see Section 2.2.1) are not likely to differ greatly from those of 

equivalent dislocations in 	However, the primary edge dislocation 

carries an extra term associated either with the presence of adjacent 

charges of like sign or of half jogs. 7hich of these configurations is 

likely to predominate can be ascertained from simple energy considerations. 

Each possibility is considered in turn. 

i) Charged configuration 

The electrostatic repulsive energy associated with the adjacent 

charges results in a formation energy in excess of that associated with 

any uncharged configuration . If it is assumed that nor elaxation occurs 

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 
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of the dislocation by en amount b is equivalent to the work done in 

bringing a charge e(the charge 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:- 

	

e 2  111-  1 	-2.2 
b 	n 

whilst the total repressive energy of the dislocation is 

/Aer e2 	'11( >- 2.3 

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 4. 

TABLE L. 	The electrostatic Repulsive Energies of the Charged Configurations  

n 1 2 3 6 8 12 

Repulsive energy(ev) 0.5 0.75 0.92 1.22 1.35 1.51 

ii) The uncharged configuration 

The energy of the configuration in fig. 2.6 is in excess of that 

of an unjogged 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 L- will determine the 

actual configuration preferred. The half jog energy is difficult to 

calculate but is s7.01er.1 -the closer.the,spacing.between the jogs. 

One approximation is given by the energy of the length 

aN. of secondary edge dislocation; this has a minimum value of about 

2.5 ev. This is undoubtedly too large,for the elastic energy of So& 

a jogged configuration is not 	greatly in excess of that of an 

unjogged dislocation,(e.g. Crocker and Bacon, 1967), 
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A closer approximation is given by considering the formation of 

edge dislocations from the perfect lattice as in fig. 2.5. The formation 

of a double jog on both edge dislocations has been shown to be equivalent 

Cal( u_o C0.2 
to the formation of a MBastowie. vacancy in one dislocation and a ftworkkolgt 

interstitial in the other. So the formation energy of both double jogs 
r..4i7non. 

is given approximately by the energy of formation of the witom.fronkel 

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 reduces the energy that has to be 

supplied. The dissociation of the pair more than cancels the term due 

to the proximity of the jogs; the association energy with a dislocation 

has been calculated in Na01 by Bassani and Thomson (1956) as 0.4 ± 0.2 ev. 

So the resultant energy is of the order k5 ± 1 ev. The electroStatic energy 

associated with the equivalent charged configuration is now considered. 

Consider firstly, replacing the double jogs by three adjacent like 

charges; these groups clearly alternate in sign along the dislocation. 

For both dislocations, a maximum total 	energy of 3.5 ev 

for each double jog replaced is obtained. So this configuration 

almost certainly forms in preference to the jogged configuration. The 

final form might be that shown in fig. 2.10 but a rigorous calculation 

is required to determine the exact configuration. 

The magnitude of this additional term is small in comparison with 

the elastic energy and so makes only a small contribution to the 

total energy of formation of this dislocation. 

It is now possible to draw certain interesting conclusions 

concerning primary slip in calcium fluoride. 
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2.1.3. Conclusions  

1. 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 charged dislocation form 

before it is energetically 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 etc. 

It is difficult to conceive that edge dislocations of opposite 

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 dislocation, with a larger number 

of adjacent like charges before a jog is required. 

The rate of movement of the screw dislocations might be 

controlled by the formation of the edge dislocation rather than 

its interaction with obstacles 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 Dornand Rajnak (1964) solution for a Peierles process. 

2. The formation of lengths of screw dislocation is not likely to 

impede the motion of the edge dislocations. The movement of these 

dislocations through high purity single crystals is likely 
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I to be controlled either by the motion of the half jogs on illO>)  

or by the interaction of the charged sections with other charged 

particles close to the slip plane. 

3. Since the edge dislocation has a higher energy than the screw 

dislocation there will always be a tendency to minimise the 

length of edge dislocation. This will not significantly effect 

deformation, for the relative lengths of edge and screw dislocation 

are determined by their relative rates of motion over obstacles 

in the slip plane; however, it might influence the annealed 

structure. 

2.2 	Secondary System t110i, < In)  

2.2.1 Ionic Configurations and Energies of Formation 

a. 	Edge Dislocation 

The arrangement of ions on k 1101 in 0.10> is relatively 

sab."Qle. Alternate rows in L0013 consist of calcium ions spaced 

b apart and fluorine ions spaced b/2 apart. Adjacent planes are 

then merely translated a7 2 1110) . So, the stacking is 

ABADA13 	 The edge dislocation can be represented. 

quite readily using a two dimensional diagram, fig. 2.11. The 

two extra half planes end in rows of calcium 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 resultant configuration is uncharged. 

The elastic energies are calculated using the equations of 

Foreman and are given in table 3. The arrangement of ions on 

4110J4 in CaF2 is similar to the arrangement on 3 100 	in NaCl 
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(except that alternate positive for :sites in (0011 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 primary and secondary systems 

i.e. 20 ± 2 ev and 22 ± 2 ev respectively. 

b. 	Screw Dis ice ati on  

This has the same burgers vector as the primary dislocation 

so the elastic energy is identical; the core energy is likely 

to be slightly larger. 

1.2.2 Conclusions  

As in Nera 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 TinIltatively the 

high stresses required for slip on t 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 close to permit the dislocation to move at 

stresses below the fracture stress. Deformation on this system 

should fit a 1--)eierls type analysis if this argument is correct. 
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3. Dislocation Intersections and Interactions  

The total applied stress required 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. There are two distinct effects associated 

with intersection that are of particular interest. 

1. The intersecting dislocations might interact to form dislocation 

junctions. If the junctions are sessile they might act as 

impenetrable barriers to slip such that dislocation pile ups 

occur behind them, thereby contributing to the long range stress 

(c.f. the Lomer-Cottrell barrier in f.c.c. metals). 

2. The movement of the jogs, produced on screw dislocations through 

intersections, generally 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 effects are considered in turn. 

3,1 Interactions  

3.1.1 Inclined Slip Planes  

3.1.1.1 Theoretical Considerations  

Interactions between dislocations moving on (110k 110) 

systems with other dislocations on this system have been considered 

by Kear, .0ratt and Taylor (1959); their conclusions can be applied 



to the secondary system in CaP2. The '(1001 <110> system has not been 

considered, so is now looked at some detail. 

There are three available 1001 with two < 110) in each plane 

as shown4in 	2.12. Consider the interaction cf dislocations moving 

on two of these, e.g. (100) and (010). These might combine along the 

line of intersection of these planes (XI) to form a junction dislocation. 

There are two p,:.ssi1Dle interactions, depending upon the direction of the 

burgers vectors involved. 

a. If dislocations with hur;-ers vectors ID
1 

and b3  (or bland 1D
4
) combine, 

the resultant dislocation has a burgers vectri"--72 co 	. This 

reaction is represented by the equation 

o a t Oil 11011 	ao[ 1123 	- 
2 	2 

This  corresponds to two mixed 	/4) dislocations on the 

tl001 <011) system c cmbining t o fcrm a mixed (-G. Tr  /6) dislocation on 

the system .110 (112''i . The stability of this junction dislocation 

depends upon its energy per unit length compared with that of the 

constituent dislocations. This cannot 	ascertained unequivocally 

with the information available at this stage: if the elastic energy is 

similar to that of aill0i < 110> dislocation per unit length, then, 

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

In addition, the close approach of the calcium ions required in creating 

the core region of this dislocation indicates a relatively large core 

energy, so its formation is unlikely. Hot:ever, ]:1ontinck and Dekeyser(1555) 

observe this dislocation in their decoration experiments, although it 

also appears to dissociate quite readily. The temperatures used for 

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

30 
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dislocations might result from interactions between secondary 

dislocations. The situation is nebulous hut, in the absence of 

precise values of the eaerL7,y of the junction dislocation, it cannot 

be stated unambisuously 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 sinificant influence upon the 

deformation. 

b. The combination of dislocations bl and b2  (or b2  and b7) produces a 

- pure edge dislocation on the f110N3(110) system according, to the 

equation, 

0,,C 0113 + 	oe [ no] 	- 2.5 
2 	2 	2 

The sum of the elastic energies of the component dislocations is 

31 ev per atom plane (for a low dislocation density), whilst that 

of the resultant dislocation is 21 ev per atom plane. The core 

energies for the mixed component dislocations and the resultant 

edge dislocation are both likely to be within the rane 1 - 3 ev, 

so the above reaction appears to be favourable with a release of 

energy of at least 8 ev per atom plane of junction dislocation 

produced. Dentinbk and Dekeyser observe dislocations in ( 110) but 

these appear to lie in 112) , So again there is no direct confirmation 

of the calculations. 

The junction dislocation is a slissile one, i.e. it belongs to 

the secondary slip system, but it might still block slip quite 

effectively (c.f. Saada, 1)61). The lack of confirmation of the 

above calculations is partly remedied by some simple etch pit 

experiments. 



3.1.1.2. Direct Observations of Intersections V Etch 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 on 111 

the types of dislocation produced around the indent are those shown 

schematically in fig. 2.14. If a tensile stress is now applied to 

the crystal in [112) dislocations of type 1 move outwards. 

Conversely, if a compressive stress is applied, dislocations of 

type 2 move outwards from the indent. 

So, 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 given length of time; this moves the 

dislocations away from the indent. The dislocations moving on one 

arm are required to intersect dislocations from the original 

indent. Az shown in fig. 2.15, intersection occurs but the 

dislocations do not move as far as those on the arm where intersection 

is not reenired. So 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 to extend the arms out of the 

crystal. However, after the second indentation a compression stress, 

similar 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 from the original indent. (fig. 2.16). 
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The experiment is a difficult one to conduct because, for sane reason 

the reversal of stress produces a large number of dislocations from 

other sources under all conditions, this tends to obscure the effect 

under investigation. tit: never, it is possible to observe in fig.2.16 

that the 'compressive arm' on the original indent emits dislocations 

during the application of the compressive 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 crystal if intersection of the arm from the 

original indent were not required to proceed. 

The interpretation of the above experiments requires firstly 

a consideration of the burgers vectors of the dislocations involved. 

Definition of the burgers vector 

It has already been shcun that a type 1 dislocation loop moves 

outwards under a tensile stress whilst type 2 dislolution loops move 

under a compressive stress. The ambiguous definition of a burgers 

vector means that either loop can be asigned the vector b+  orb . 

However the tensile and compressive loops are required to have 

opposite vectors, so if the vector of loop 1 is define arbitrarily 

as b+, that of loop 2 is b. Prom the symmetry of the planes of 

lowest resolved shear stress with respect in the applied stress 

it follows that the vector of loop 11is, also b+  and that of loop 21, 

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 ( a good review of intersection is given 

by 1., cLean, 1962); this arises simply because the attractive 

intersection requires the dissociation of the junction formed. 

Thus, the larger the release of energy upon 	Oz.-cation of a 

junction, the larger the intersection stress. So the above 

experiments indicate that the reaction is. equation 2,5. prothces 

a relatively stable junction capable of effectively blocking slip 

whilst that in equation 2.4 is either a weakly attractive or 

repulsive interaction. 

3.1.2. Parallel Slip 0lanes 

On any given 1100) there are two orthogonal burgers vectors 

(fig. 2.12) . If dislocations of both types are produced on a j_ven 

slip plane they might combine according to the reaction:- 

9_e[110) + cC --r-IA 	4 0103 	- 2,6 
2 	 2 

This constitutes the combination of an edge and screw 

dislocation on the priffary system to form a mixed 	/4) 

dislocation of the type 100 < 010> 	The elastic energy of the 

latter is 31.9 ev/atom plane whilst that of the component 

dislocations is 32.9 ev/atom plane. So the stability of this 

dislocation depends upon the relative magnitude of the core energies. 

It is not possible to determine these precisely but, that of, the 

junction aisIcoatinn is ol early-  lcirgrir than that of t% cow ti tuont 

disloca.tiono(Roy) So even if the junction forms it will not be 

very stable. Roy has shown that dislocations with <_010> burgers 

vectors move only with great difficulty, so the junction will be 

sessile. lic-)wever, 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. 

3.2 Intersections  

The form and orientation of the jogs produced by intersection 

are now considered to tty to determine whether they :rill move 

conservatively or non,-conservatively. The formation of jogs on 

both edge and screw dislocations are looked at in turn. 

a. 	Edge Dislocation (burgers vector, h1) 

Vrhen this dislocation intersects a forest dislocation 

(b
3 

or hi),  the jog produced has a direction and magnitude 

given by the component of b
3 
( or b

4
) normal to the slip plane 

containing bl  (Read 1953). In this case, the jog is essentially 

a. length 20/2 of pure edge dislocation lying in i,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 significantly. 

o. 	Screw Dislocation (b1) 

:.hen this intersects a forest dislocation (b_
3 
 or b ) the 

orientation of the jog is identical to that produced on the edge 

dislocation and for conservative motion it is required to glide 

along till . In orientation crystals the component of the 

applied stress in the conservative direction of motion is zero, 

so the jog is constrained to move non-conservatively or remain 

sessile with the resultant production of point defects or 

dislocation di:poles. 
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In A orientation crystals(fig.2.17) there As a cooponent of applied stress 

in the conservative direction of motion; this is 	of that in the 

non-conservative direction of motion. It is not possible to 

dote 	-mine whether the jog is sessile or moves conservatively 

or non-conservatively without infoimation upon the relative 

magnitudes of the stresses required for motion. The flexibility 

of the dislocations results in the bowing out bet:7een jogs; this 

often diminishes the possibility of conservative motion and 

encourages non-conservative motion, so the situation is rather 

complex. 

Jogs can also be produced on screw disloctions through 

multiple cross glide (C)rowan, 1954; Gilman and. Johnston,1960) 

under single slip conditions. The orientation of these is 

similar to the intersection jogs but usually larger in magnitude 

and can be treated in a similar fashion. If conservative motion 

if unlikely,long jogs tend to produce dipoles and short jogs 

point defects. 

The bulk density measurements of Roy (see Appendix I) 

show that dipoles and perhaps point defect clusters are produced 

during the deformation of both type A and :D specimens, so jogs 

vitioalvia cannot be solely conservative, even in typeA specimens. 

3.3 Conclusions  

1. 	Stable dislocation junctions can be produced through interactions 

of dislocations moving on orthogonal slip planes; if the burger: vectors 

of the constituent dislocations are suitable these form in the mixed. 

171"/ (4.= /4) orientation. The'; arc not sessile but are expected to move 

only at relatively large stresses. 
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2. The jogs produced on scrw dislocations through multiple 

cross glide or intersection cannot .:vc conservatively 

in type a specimens and probably not in type A specimens. 

act at least in part, they are  either sessile =required to 

move non—conservatively. 
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C1T03 
-X- -- - 

0 F" 	 In plane of paper 

X Ca" a0 /4 below 11 	If 	IS 

0 Ca" 	above 	11 	11 

F- 0 ( In plane of paper 

0 co  /274 behind or in front of plane of paper 

Ca 	In plane of paper 4X  
C G a07-274 behind or in front of plane of paper 

Fig.2.1. Edge dislocation on (100)<110> (After Amelinckx and Roy) 

(1103 

Fig.2.2.Arrangement of ions on 3 adjacent 000) 



Fig. 2.3. Positively char;ed configuratim 
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Fig. 2.4.. Negatively charged confi7aratnn 
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F
- - brain balls 

Ca++ 	. Teen balls 

All Ca++  in bullc are 

attached t 8P-  i-ms(e.g.A) 

At trio core the Ca in rat-! 

13 are attached t,-, •4F 0/117, 

so there is a charge of e+  

at every distance b along 

the length. 

rill F in the bulgy_ arc 

attached t fur Ca ions 

(e.g. at C) 

At the core F in roil D are 

attached to 	Ca++  only; 

F in rows B arc attache: 

tfl three Ca++, so there is 

a cbar-_,,e of e at every 

distance b along the 

length. 



re  cio rf/4 behind plane of paper 

In plane of paper 

In plane of paper 
Ca+  

to as /i/4 behind plane of paper 

Fig.2.5Schernatic formation of two edge dislocations of opposite 
mechanical sign from the perfect lattice. 
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Fig. 2.6. Uncharged configuration. 

Ca++ in row G attached 
to four F - 

F -  in row H attached to 
three Ca++ 

Alternate F-  in rows J 
attached to three Ca++ 

So configuration is 
uncharged 

00012 

 

   

  

0103 
01102 

O In plane of paper 
F - 

O a0 /274 behind or in front of plane of paper 

Ca" X In plane of paper 

O a0 f274 behind or in front of plane of paper 

Fig.2.7.The extra half planes constituting the uncharged 
edge dislocation. 
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Fig. 2.8. A screw dislocation on 0003 <011> 
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Fig. 2.9. Dislocation core energies for an edge dislocation 

on 	{1103 <110> in Na CI 

(After Huntington Dickey and Thomson, 1955) 
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Fig 2.12. The slip vectors of the system {1001 <110> 
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Fig. 2.13a.Type B crystal. Plane of maximum resolved stress 

Fig. 2.13b.Type B crystal. Planes of minimum resolved stresses 



Fig. 2. 14. Schematic representation of edge dislocation 
• produced around an indent on 1110 

1772371177)4171  
I  

I , 

331311a4-4. 	 INL 
Original indent 	Second indent 

Magnification x 150 

Fig. 2.15, The intersection of dislocation arms; arms from 
both indents extended in tension 
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Fig 2.16 (a) x 320 
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Indent 

Original 
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Fig 2.16 ( b ) x 32 0 

Original Indent 

~---------l 
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C represents compression 
arms. 

T represents tension arms. 

The original indent here is 

etched before the second 

indent is ihtroduc ed so the 
I 

tens ion pits are larger than I 

the compression pits . 

Not e ho\v the compressi on 

arrns int ers ect and ho\/ the 

ot her compressi on arm is 

arreB ted at t he tens ile 
I 

arm. I 

I 

The intersection 0f dis 10 Cf.:l.t ion arms; t he original is extendod 

in tension and the second i n c ompressi on. 
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Fig. 2.17"A" orientation crystal 



GHAPTER 3 

The Motion of Individual Dislooations. 

1. Introduotion 

Before conducting a comprehensive study of work hardening 

it is imp or tan t to obtain infonnation about the veloci ty of 

individual dislocations. The velocity and stress usually fit 

the ompirical rela.tionships eLi, 1967) 

u = ( {: 1 ~f'~O - 3.la 

andU = 1..* m* 
(t:""" )'\.}I.o 

- 3.lb 

. to and m'* are constants for a given temperature, "dhilst II). 

may depend upon U (Michelak, 1965). 

An alternative relationship has been suggested by Gilman(1962) 

to fit the experimental data obtained for Lil'; 

-.1,/ 
U = Uoe It. - 3.2 

Uo and A are constants f()r a given temperature. 

Thus, the relationship applicable to calcium fluoride is 

to be determined; the importance of this is shoyJU in Chapter 5. 

It is also important to determine the relative velocities 

of edge and s CreYl dislocations since the component ·wi th the lCJiler 
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veloci ty, for a given stress, controls the rate at lilhich deformation 

proceeds. 

These are the principal objectives of this investigation. 

2. Theo~ 

2.1. Introduction 

The direct measurenent of dislocation velocity requires the 

intlW«luotion of fresh dislooations into the specimen and then 



the observation of the motion of these dislocations when a given 

stress is applied for a given time interval. The motion of the 

dislmations is follrnved by etching before and after the application 

of the stress. 

In this investigation, crystals of type D orientation are used. 

Fresh dislocations can, for instance, be introduced by indentation. 

An indentation on tIll} produces ei ther edge or sere-if dislocations 

in [ilO) and ei ther mixed (-e.:=II/4-) or edge in the "bHO [Oil] , 

fig. 2.13. If a s tress is applied along (112 J ' the shear stress 

components, in u~e direction of the burgers vector and slip plane, 

are those given in table 5. 

An indentation in f 110 J p.rcduces ei thcr edge or SOrell 

dislocations along (110] and either mixod (..g..d7/4) or screvl along 

{lOO]; the associated orientation factors are also given in 

table 5. 

TABIE 5: Scbmid , Pac tors in Type B crys tals 

T'ype of Dislocation Orientation Factor 

f 111\ .~ IIO! 

Edge in lIlOJ Screvl in e1Iol 0 

Screw in [IIOJ ]~dge in t 110J 0.47 

Edge in (011] Sere;; in lIOO] 0.35 
,-

Mixed in lOll] Mixec1 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 subsequent stress application alon,Z [112] that the 

c1islooations that have moved aVlay from the rosette can be identified. 
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The iden tification is still not unequivocal. 'lilhere the planes of 

lower resolved shear stress are conoerned i. e. the mixed disloc8tions 

could be giving the observed motion, dispite the sffi9.ll orientation 

factor. For abs olutely unambiguous results, the movanen t of 

dislocations on both lUl} and (110) , on the plane of ffi9.Ximum 

resolved stress should be looked at. 

The i deal method of determining the velocities, is that adoptee 

by Gilrnan and Johnston (1962). They introduced the dislocations by 

1tidontation and subs8cpently chemically polished to isolate indiVidual 

loops. The motion of these individual loops -'Nas then studied. 

Unfortunately, this method is not applicable in this case for the 

follovdng reason:-

Chemical polishing is conducted using a perch10ric acid, 
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aluminium chloride mixture maintaineo. at 250
0
0. The period of polishing 

is about 30 minutes and qui te severe pinning of the dislocations occurs. 

The pinning varies from ene disl oca ti on to another so extremely erratic 

movements are observecl on stressing. 

Thus, an al ternative method, often used for this sort of 

investigation in b.e.c. metals (e.8. Stein and LOri, 1960; Erikson, 1962) 

is adopted. Here, a scratch is scribed alan'; the proposed stress axis 

usiUJ.'S a diamond ti.:rped scriber pressed agains t the surface of the specimen 

vd t.h a small constant load. This produces a uniform distribution 

of dislocations around the scratch (fig. 3.1). The specimeD is 

subsequently stressed in a frur ppint bending ,jig and the average 

movement of the dislocations a:~lay from the scratch observed. The method 

is not entirely satisfactory because intersections bet\.reen dislocations 

moving on inclined planes is required to occur, in certain instances, 

near the scratch. Thus, it is found mare satisfactory to introduce a 
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series of indents along the length of the specimen (the 

indentations made uSing a speciric Ie_d) and- to observe the 

extension of the indiVidual arms. 

In both the scratch and indent a tion experiments the effect 

of local stresses, other than the applied stress, are required 

to be eliminated. 

2.2. Effect of Local Stresses 

There are tvvo distinct sources of localis ed stress. 

1. The presence of the soratch (or indent) gives rise to a 

stress 0 onoen tra ti on in i ts vi cini ty ; this is a rela ti vely 

short range effeot. 

2. The long range stress field of the dislccations behind the 

leading dislocation. These usually compltment the applied 

stress and diminish the further dislocation moves from the source. 

These looal 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, 

SchaCler, 1964). 

Thus, u = X - Xc 
t 

- .3.3 

~';here X is the total distance moved by the dislocation 

t is the time of application of the load. 

Values of X are always detennined in the unifonn s tress region 

betvveen the inner knife edges of the bending jig (see fig. 3.2 in 

this seotion). 

The magnitude of the quanti ty Xc cannot be estimated by 

direct experiment but has been oonsidered to be within the range 

10 - 30/ (Stein and Low, 1960; Schadler, 1964). HO'Never, relatively 



accurate estimates of Xc may be obtained ~~eoretically; the 

triO above effects are considered separately. 

1. The stress concentration around a circular hole in a stressed 

body is given by 

't.= - era 
2 

(Dieter, 1961). 

2 (1 - 3a 2a) sin 2B 
( X4 + X2 ) 

\;here a is the radius; of the hole 

- 3.4 

--9-is the angle between the applied stress( 08.) and the 

direction considered (X). 

A maximum value of XCl is gL ven by substituting 1: = oa 

at .-& = 45 0 into equation 3.4. 

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

XCtIDaX ::: 8 microns 

2. The stress exerted by a dislocation on another dislocation in the 

same slip plane is (Cottrell, 1953) 

CJX~ ::: /J..J2 1 
. 2ri(1 - V) X 

- 3.5 

V{here" is poisson t s ratio 
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ThUS, the s tress ass ocia ted vri th a roY! of similar dislocations is 

{OXY:::f~ (1 
2II (1 - \)) , X 

- 3.6 

Substituting the values of f ' b and V gives:-

(' ~_ <" -2 
I VAY ::: 0.3 \ 1 .k;: •. mn . 
'~ (. X - 3.7 

(for X measured in microns) 

Thus, using the values of X obtained from typical distributions 

of dislooations observed it is possible to find values of the 

local stress at the leading dislooation and subsequently a value 



3. Experimental 

3. h: Specimen Preparation 

Specimens for (110~ observations are produced by cutting 

along ~'llOl ' using a wire saw described in the folloYling chapter 

and subsequently cleaving along ~'lll~ to produce beams of 

approximately 18 x 3 x 2 m1n3. They are then chemically polished. 

This mixture only polishes ~ lloj so, for observations on ~ Ill! 

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 proomecl usil1:;S a standard Reichart 

microhardness indentor. The load used is the minimwn required 

to separate the individual arms so that the local stresses are 

minimised; tilUS, a load of 5 4gapplied for 10 seconds is 

found to be suitable. The dislccation rosette dimensions 

produced are perfectly reproduceable. 

3.2.2 Scribing 

Scratches are scribeo. using a diamond tipped scriber of 

the appropriate shape (e,g. Stein and LO'd, 1960) loaded at 5.g. 

The technique has been described by Das (1967). 

3.3 The Stress System 

Stresses are applied using a four point bending jig 

(Bruneau, 1962) in conjunction 'iIi th an Instron testing machine. 

This technique provides a region of unifonn stresS'" at the 

surface of the crystal, between the irmer knife edges, given by:-
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cr = W (B-A 1 6 

2 bb.~ 

W == applied load 

- 3.8 

(B-A) is the spacing betv:Teen the inner and outer knife ec\c;es, band 

h are the breadth and thickness of the beam respectively. 

For the jig usec1; if == l2d 

bh2 
- 3.9 

The stress distribution along the strGss axis in four point 

bending is such that the profile orea ted by the movanent of the 

c1islocations aVlay from the scratch is of the fonn shodn in fig. 3.2. 

(after Erikson, 1962). 

Unfortilllately, this stressing system could not be used under all 

conditions; \7hen '\Horldng at high stresses the beams almost invariably 

fractured before any significant dislocation motion could be observed. 

To extend tile Ineasu~nents to higher stresses a number of compression 

tests are performed. Specimen preparation is conducted most carefully 

to avoid intrcduciD[s extraneous sources and, to ensure uniform stress 

applica t ion, a .hemispherical ball is ins erted be-b.7een the end of thu 

specimen and the compression plate. A further complication arose 

because the ends of the specimens y;ere slightly rounded during 

dhernical polishing; this provided an erroneous stress at the surface 

of' the speoimen. This problem is averted by mechanically polishing 

the ends of the specimen after the chemical polish, the dislocations 

introOuced during this process are aged at about 300°C prior to 

indentation (scratching), thereby pinnins them and preventing them 

from interfering ,vi th the subsequent experiments. 
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3.4 Etching 

1. ~lll) 
This is aclneved using concentrated sulphuric acid maintained 

o· at 45 Cj etching time 10 - 90 secs. 

2. {110 \~ 
o 

Aluminium Chloride maintained at 55 C for 90 .... 300 seconds. 

4. Results and Discussion 

4.1 Determination of Xc 

The applied stress range used in this investigation is 

-2 
0.8 - 2 Kgmm • Thus, from equation 3.7 values of l/x greater 

1 than about /10 could provide values of the local stress that are 
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significant in comparison wi th too applied stress. The distribution 

of dislooations behind the leading disloo2.tion in a profile of 

the type in fig. 3.2 gives an indication of the distance that 

the leading dislooation is required to move away from the indent 

before the local stresses are effectively zero. For the 

indentations, this Clistance is seen to be about 80 microns 

(40 microns for a scratch). NOVi, Xc is given by the distance 

moved by the dislocations under the influence of the local 

stresses only. 

80~tc)J) 
LX(i? + ta) 

3.10 

Vihere -r. f' is the local stress and varies from about't'V3 

at the indent to approximately zero at 80 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 miorons. 

Dislocation Velocities 

The valUGS of edge and screw dislocation velocities have 

been obtained at 25°0 and 75°0; these are plotted against the 

applied stress, on logarithmic axes, in figs. 3.3, 3.4 and 3.5. 
',' 

The va]lles obtained from tlw indentation and scratching 

e:x:perimoots on both \ 111~ and (110~ are oombined in these 

graphs. The dislocations moving on the planes of laHer 

resolved stress must be edge on t 1115 and screw on ~ 110J 

if they Yiere 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 confirmed by the good agreement b eViv-een 

these velocities and tho'3e obtained along the plane of maximum 

reso1veo stress. 

The room temperature edge dislocation veloci ties obtained 

are most. consisten t and independen t of the surface, the system 

and the method by vihich they are determined. 'The results fit 

the relationship given in equation 3.1 quite closely \71ri.lst 

deviating from the exponential relationship, over the relatively 

small stress range used • *' + The results give a value of r.l := 7 - 0.7 

.,.. -2 ( - ) and '"'0 = 6.2 Kgmrn • Lp:= 0, in these high puri ty sing18 crystals 

The consistenoy of the velooity 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 resul ts obtained lie vii thin the error 

bars indicated on the diagrams; ti1e range of velocities never 

exceeds a factor of two, so oonsiderable 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 

from these experiments are derived from the maximum value of X 

observed. It is of interest to understand vihy this oocurs. Similar 

observations in b.c.c metals (Stein and. Loy,;, 1960; Erikson, 1962) 

have been attributed to the pinning of some of the dislocations 

around the scratch by the impurities present. This exp1ana tion 

is not acceptable in this case because, once the dislccations have 

initially been moved from the scratch, subsequent ageing for long 

periods 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). 'Jhere junctions form, they cannot be dissooiated 

by tho applied stress, so the dislocations do not move; it is only 

in regions v/here no interactions occur that the dislocations are 

free to move. This vlould also explain ·rihy 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 ',r.i. thin a range extending over a factor 

of ab out t\,vo, for a given stress. The velocities obtained on f 110j 

are quite consistent throughout. (It is suggested that the stress 
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system associated ·with indentation on ~. lll~ produces predominantly 

edge dislocations on the plane of maximum stresa; the screw dislocations 
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interact wi th the~e according to equation 2.6 thereby impeding their 

imt:Ls.l motiQn).The scre\/ dislocation velocities also fit the 

rolation;:>1":d.p in\quation 3.1 most closely \v"ith a value of."*= 9:t 1.5 
. 2 

and "Co = 5.3 kg/mm • 

The edGe ahd scr~1 dislocation velocities are oompared in 

! . 
fig. 3.5 .. It is seen that the Scre~1 dislocations almost invariably 

mG'Ye fas ter than th e edge for a given s tres s ; there are only a small 

number of points from the t'V/o sets of results that overlap. This is 

exhibi ted clearly by comparing the extensions of the edge and scre'J 

arms from given indents on tIIO ~ and llll~ , figs. 3.7,3.8. On \ Ill! 

the scre'i~~ arm has moved considerably fUrther than the edge but the 

applied stress on the scr6Vi slip pIa.ne is greater by a factor of 

about 9/7• Hoy/ever, on t 110 l ' a1 though the applied stress on the 

screy.; slip plane is smaller by the ab ave factor than that on the 

edge plane, the screw arm has extended as far as the edge arm. This 

conclusively indicates that the sere'.': dislocations move faster than 

the edge. 

Velocities are more difficult to obtain at 75°0 because pinning 

oocurs quite rapidly i.e. vdthin a period of about "b~:enty minutes 

after temperature is a ttained. Thus, measurEments have to be 

restricted to the higher velocities \ihere tests can be completed Yli thin 

this period. Although the scatter obtained is slightly larger than 

at room temperature the screvv dislooations: exbibi t consistently larger 

veloci ti es th8J.'J. the edge dislocations • 

. The results give:-

* + m edge = 6.5 - 0.6 '* + m screV! = 8 - 2 

"Co edge = 400 'to soreyV' = 2" 3 



The importance of the determination of the quantity m...x. 

and the effect of temperature on the velocity, stress curves 

is discussed in Chapter 5. 

5. Cone lusi ons 

1. The edge and sere-'ii dislocations move vJi th velocities that 

fi t the relationship. 

u:;: r~:\ "I~ 
\LO}1f~O 

Values or m * and Lc are gi ven in table 6. 

TABLE 6. Val ues of m'*" and-Co 

25°C 75°C 

Edge SOreYl EcL~e Screw 

m* 7 :t 0.7 9 ± 1.5 6.5 ± 0.6 8 :t 2 

"fi -2 
"t kg.rrm 6.2 5.3 400 2 .. 3 

2. For a given value of the resolved shear stress, the edge 

dislocations invariably move wi th a laior velocity than 
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the screvi dislooations. Thus, any rate controlling mechanism 

p!"oposa~ must apply exclusively to the edge dislocation. 

This result contrasts with observations made in other ionic 

crystals (e.g. Gilman and JDhnston in LiF, 1962, 

Gutmanas et al in NaGl, 1963). 
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Chii.Pia 4 	 6 7 
Stress Strain Characteristics  

1. Introduction  

The characteristics of the plastic deformation associated 

with primary and secondary slip are established comprehensively 

in the temperature range where the applied stress contains 

a thermal component i.e. below. about 250°C. The specific 

characteristics investigated are:-- 

i) The stress strain curves for various orientations, relative 

dimensions, temperatures and strain rates. 

ii) The development of slip during deformation using the 

standard techniques of etch pit, slip line and birefringence 

observations. 

2. Experimental  

2.1 Specimen Preparation 

2.1.a 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 other 

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 arranganent 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 

turn, 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 move 

freely only in the vertical direction, through a series of brass 

bushes, and is counterweighted to enable the specimen to bear 

against the wire with an appropriate stress. The actual cutting is 

achieved by the addition of small quantities of fine corundum powder 

to the wire. A 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 screw arrangement. 

The surfaces obtained after cutting are not perfectly flat so 

a jig was designed capable of grinding the faces flat and square. 

The jig is shown in fig.4.2. It consists of an ann A constrained 

to move in a single direction without any trans;lerse motion. The 

movement takes place on a series of ball bearings sitting in two 

V-shaped grooves and set in a cage. 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 screw 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 ann to enable the side faces to 

be ground flat and parallel. Secondly, it can be held vertically in 

the two carefully ground V-shaped notches to enable the ends of the 

specimen to be ground flat and absolutely perpendicular to the axis. 

Grinding is conducted by placing the jig on silicon carbide paper on 

a glass plate and alternately moving the arm and adjusting the vernier 

screw to produce the required dimensions. 
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After the mechanical polish the surface layer contains a 

relatively high density of dislocations penetrating to a depth of 

approximately five microns. So this layer is removed by subjecting 

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 within 

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

high temperature anneal is not required; this is confirmed by comparing 

the mechanical properties of as-prepared and vacuum annealed, slowly 

cooled crystals. 

b. Tensile Specimens 

T' e type of specimen required is of the form shain in fig.4.3. 

The crystals are too brittle for the usual grinding methods so 

the following technique was devised. 

Beams of approximately 5 x 6 x 25 mm3 are cut in the 

appropriate orientation. The shoulders of the specimen are then 

cut at 4.5°C to the surface using the cutting method described 

previously. Type B orientation specimens are used so the region 

between the shoulders can be removed by cleavage to produce a 

specimen of approximately the required shape and size. These 

specimens are now ground precisely to shape. This is achieved 

using the polishing jig with idhe additional components shown in 

fig. 4.4.a,b. The brass block B 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 jig assembled as sham in 

fig. 4.4.c. 
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After mechanically polishing to the required shape and size 

the specimens are subsequently chemically polished to provide 

smooth, dislocation free surfaces. 

2.2. Testing Techniques 

g. 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 

2000C are obtained using an oil bath. Sufficiently accurate 

temperature control ( 100) was achieved using a simple coiled 

heating element, situated in a silica sheath and connected to an 

Ether controller. The oil is ccntained in a vacuum container. 

Temperatures above 200°C are Obtained using a simple radiation 

furnace. 

b. Tensile Specimens 

The tensile testing arrangement is shown in fig. 4.5. It 

consists of a universal joint A attached to the crosshead via 

a framework b and a rod C attached to the universal joint at the 

load cell, passing through a hole in the crosshead. The specimen 

is held by the split grips D which contain carefully ground 

45
0 
 recesses. The grips can be tightened rigidly around the rods E 

so 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 presence 

of the universal joints enables perfectly axial loading to be 

achieved. Heating is attained as described above. 



71 

2.3 Birefringence observations  

To facilitate the observation of birefririgent 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 Selection of Specimen Orientation 

When investigating plastic deformation in compression 

beyond the 'yield stress it is important to avoid excessive 

inhomogeneous deformation. This requires the operation 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 primary 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 investigation of secondary slip, C orientation 

crystals (fig. 4.6) are used. Here there can be no interference 

from slip on the primary system at any stage. 

	

3. 	Results  

	

3.1 	A orientation Crystals 

3.1.1 Effect of Specimen Dimensions and Test Conditions 

There are two conflicting effects that should be considered 

when conducting compression tests. 
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a. Plastic Instability 

At relatively large strains, for specimens with a height, 

diameter ratio greater than 1.5:1 plastic buckling occurs. This 

is evidently undeairable since it gives rise to a complex 

stress system and an anomalously low work hardening rate. 

b. End Effects 

The friction stresses that arise between 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 

the specimens as long as possible and by using a lubricant 

bete-eon the specimen and compression plate. 

So the effect of specimen dimensions and surface lubricants 

is investigated to estimate the most suitable conditions under 

which the more comprehensive study should be conducted. 

i) Surface Lubricants 

i number of recognised lubricants have been tested 

e.g. graphite, P.T.F.E, but equally as effective as these is the 

silicone oil used as a heating medium, so an additional lubricant 

is of no advantage i.e. similar curves and deformations are 

Obtained when testing in an oil bath and in airlIFOlg P.T.F.E. 

lubricant. To ensure that a layer of oil between the specimen 

and the compression plates does not produce an anomalous yield 

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. 

ii) Effect of Shape of Cross Section  

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

b [1001 = 3 
d [11(51 	7 

1 	1 

1 	3 

The curves obtained are almost identical for all three 

relative dimensions, a rather surprising result. So the cross 

section selected is evidently not important but, purely for 

convenience, specimens with 
b/d 

1/1.5 are used in all 

subsequent investigations. 

iii) Effect of height, diameter ratio 0/d)  

Compression Specimens with a wide range of values of 
h 
 /ct are 

tested. The results are shown in fig. 4.7, d represents the 

larger dimension of the cross section. The only clearly valid 

way of determining the str ss strain curves is through a series 

of tensile tests, where the stress system is perfectly homogeneous. 

So a few tensile specimens of this orientation are laboriously 

prepared and tested; the results are compared with the 

compression curves in fig. 4,7. The compression curves with 

intermediate values of 11/d lie closest to the tensile curve, so 

if compression tests are conducted on specimens with -/(1 -.1  3:1 

the curves obtained should be virtually representitive of the 

true work hardening. So all subsequent experiments in this 

orientation are conducted in compression using specimens with 

dimensions 1.5 x 2.2 x 7 mm3. 

3.1.2 The Effect of Temperature on the Deformation Characteristics  

The general variation of the form of the stress-strain 

curves, over a wide range of temperature, is shown in fig. 4.3. 

A more detailed study of these curves iss facilitated by 

distinguishing three temperature ranges. 
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i) Up to 150°C 

Three distinct regions of work hardening are discernable 

within this temperature range, fig. 4-.8. 

The first region, which is designated Ia, depends very 

sensitively upon the surface condition of the specimen tested. 

Thus, a mechanically polished surface produces a curve of the 

type X whilst a perfect chemically polished surface is accompanied 

by a large yield drop. 

A typical birefringent  pattern v.i thin this region is shown 

in fig. 4.3:3.. A close examination of the pattern reveals that 

slip has started from sources at the edge of the crystal and 

continued on different systems in different parts of the crystal. 

There is very little intersection of the dislocations moving on 

the different systems at this stage. 

This region becomes less apparent as the temperature 

is increased, fig. 

The subsequent region Ib has an approximately linear work 

hardening rate which diminishes as the temperature is increased. 

An average value of the work hardening coefficient is ,V/60. 

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

The development of the birefringent pattern in this region 

is shown in figs.4.11. In any specific region of the crystal, 

slip is confined to that one system where slip was initiated in' 

stage Ia. A limited amount of interpenetration of the 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 lower work burdening rate, approximatelyti/150. The 

work hardening rate diminishes slowly as the temperature is increased. 

The birefringent pattern is shown in figs.4.12. 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. slip continues quite readily in the 'single slip' 

regions evidently resulting in intensive dislocation pile ups against 

the relatively bnactive intersection areas. Thus, unusually large 

lattice rotations soon appear there in the form of sharp orientation 

changes, analagous to °rowan kinks, and are presumably associated with 

the pile up of dislocations of opposite mechanical sign at opposite 

ends of the inactive region. This lattice rotation requires 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, unloaded, 

the surfaces either chemically or mechanically polished and finally 

strained again. This enables slip line distributions and lengths to 

be estimated as a function of strain. The observations on each face 

are considered separately. 

On 	110 the slip lines are in the sane direction throughout. 

Initially the lines are long and well 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 i100 

3 
 slip lines 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 direction 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 the highest resolution possible 

in our optical microscopes 	 The length 

of the lines decreases continuously with strain so that the slip line 

length is apprcximately inversely proportional to strain(figs.4.13). 

ii) 150°C -- 300°C  

Here stage Ia is no longer apparent but an additional stage, 

designated II, can be distinguished. This stage develops at high 

strains as stage Ic diminishes with temperature. It is a linear 

region v,ith a consistent work Hardening rate oft) /100. 

The development of the birefringent pattern with strain at 

180°C is shown in fig. 4.14. At this temperature and above slip 

is more uniformly distributed on both systems in all parts of the 

crystal so that the areas of lattice rotation. aro smaller but 

more numerous. There is no obvious difference between the slip 

pattern in stage Ic and II, other than the larger degree of lattice 

rotation in the latter. The occurrence of stage II is evidently 

not associated with the appearence of this lattice rotation, 

otherwise a stage II would have been encountered below this 

temperature, where lattice rotations are also observed. 

The slip line observations are more difficult to conduct 

in stage II because of the associated high strains. However, 

it appears that the length of the lines does not alter significantly 

during this stage; this applies to lines on t 1005 and 	110) 



It is still not possible to resolve lines between the lines 

of the princIpal system in any specific region, thus slip occurs 

almost entirely on the original system operating in that region 

throughout the deformation. 

iii) Above 300°C  

Here stages Ic, II and an additional stage III are observed. 

Stage III exhibits a parabolic shape and cannences at lower 

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 info/mative in sta-4e III, the slip line observations 

are most significant. At the onset of stage III the slip lines 

on (110 become wavy, fig. 4.16. This can almost certainly 

be attributed to the macroscopic cross slip of screw dislocations 
\ 

onto the secondary glide planes i.e. 110 	and perhaps '0113 

)The slip lines on 100 do not alter in form because the 

secondary planes intersect this face in the same direction as 

the primary planes. 

3.1.3 Effect of Strain 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 somewhat similar 

to a decrease in temperature i.e. an increase in the extent 

and the rate of work hardening in stage Ib and a small increase 

in the work hardening rate in stage Ic. Stage II has a 

virtually constant work 'hardening rate, so as the strain rate 

is increased stags Ic and II are less readily distinguished, 

l7 
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until, at high strain rates the individual stages cannot 

be identified. There is little, if any, increase in the length 

of stage Ic as the strain rate is altered. These results 

contrast with the effect of temperature in that the hardening 

in stage Ic increases more rapidly as the strain rate is 

increased, with the length of this stage not simultaneously 

increasing. 

Birefringence observations indicate that slip becomes more 

homogeneously distributed on both systems throughout the crystal 

as the strain rate is decreased. 

3.2 B orientation crystals 

Tests on crystals of this orientation are conducted to 

determine the work hardening features associated with single 

slip conditions; this should assist in the irate' 	 eration of 

the work hardening characteristics. 

Firstly, compression tests are conducted on specimens 

of various relative dimensions; the results are shown in 

fis. L1.18. The form of the curves also depends upon the 

magnitude of 
b
/d. One of the interesting things a5out these 

results is that the stress range corresponding to stage Ib 

is independent of these relative dimensions although the work 

hardening rate varies. 

The birefringence observations, fig, 4.19 show that slip 

is always initiated on the three available systems, in the 

early stages, near the compression plate. In particular,. 

an intense band of slip on one of the planes of lower 

resolved stress, always initiates from one corner of the 



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;between the specimen 

and the compression plate. Thus, the effect of the band is only 

insignificant when the specimens are long and then plastic buckling 

obscures the effects under investigation. So it proved essential 

to prepare tensile specimens. 

Tensile tests are conducted over a wide range of temperature; 

the results are shwon in fig. 4.20. Unfortunately, fracture 

occurred immediately after yielding at temperatures belm 150°C. 

Above this temperature consistent results are obtained. Stage Ib 

is still apparent with a stress range similar to that observed in 

the compression tests on A and B orientation crystals. Stage Ic 

exhibits a very low work hardening rate virtually independent of the 

temperature with a coefficient /Jp  /500, whilst stage II has a 

hardening coefficient ofp /100, again virtually temperature 

independent. These results are almost inde?endent of the bld 

and 
b
/d ratios. 

The development of the birefringent pattern is shown in 

fig. 4.21. Yielding is accompanied by the propagation of a luders 

band from the vicinity of the shoulders of the specimen. Slip 

appears to be confined entirely to a single system in stages I 

i.e. it is not possible to detect slip traces on intersecting 

systems. In stage II relatively large amounts of slip are observed 

to occur on the intersecting systems between the bands of the 

original system. 

7 9 



Slip line observations are made on t.1111 and t,110) 
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The lines on t 111) are straight tnroughout and decrease only 

slightly in length as the strain increases (fig. 4.22); the 

lines are confined to a single system only, even in stage II. 
2 

It is not possible to detect any lines on i:110) at the highest 

resolution of the rfraroscupe. 

3.3 C orientation crystals 

Stress strain curves are obtained in compression as a 

function of temperature. These represent slip on intersecting 

Ct.:110)5 4110) systems withaat any interference from slip on 

the primary system; the results are shwon in fig. 4.23. After 

a small yielding region the curves are approximately parabolic 

with the yield stresses and flow stresses varying somewhat 

similarly with temperature; there is a small decrease in work 

hardening rate as the temperature increases. The curves 

resemble those obtained in many b.c.c. metals. 

The birefringence patterns are interesting. At the lower 

tekperatures, slip is initiated on a set of two orthogonal 

planes in any region with intersection of these systems occurring 

quite readily. However, in adjacent regions slip is initiated 

on the other tzo orthogonal Systems and little interpenetration 

of the slip in adjacent regions proceeds. This gives rise to 

the 'block slip' situation observed by Roy i.e. on any one face 

birefringence reveals alternate blank and slip areas. This 

indicates that the intersection of oblique systems proceeds 

only with great difficulty (c.f. NaC1, Davide and Pratt). 

At higher temperatures, as in type A crystals, intersections 

occur more readily during the early stages so the slip pattern 



becomes more homogeneous. There is no obvious variation of 

the form of the pattern with strain at any temperature 

investigated. 

The slip lines at the loser temperatures are very short 

and wavy, fig. 4.24. and, on a particular face, there are 

alternate regions of slip and no slip, fig. 4.25 indicative of the 

'block' slip already described. 

4.. Discussion and Conclusions 

The results, even at this stage, have elucidated certain 

features of the work hardening and those are looked at briefly. 

Stage 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). hire important, this stage is observed 

under all test ccnditions i.e. single, double and multiple slip, 

for n11 specimen dimensions, and extends over a similar stress 

range for a given temperature and strain rate. 

Stage Ic exhibits a lc;: work hardening rate under single 

slip conditions. HoweVer, the hardening rate is increased 

signi.ficanLly 7then slip can occur on an intersecting system and 

is dependent upon the test conditions i.e. temperature, strain 

rate and specimen dimensions (for B orientation crystals). 

The development of the birefringent pattern provides useful 

information concerning the deformation of type A crystals in 

stages I. During the initial stages, slip is initiates' on one 

of the two available systems in any specific region of the 

crystal , the system selected depends upon the nature of the 

sources in that region. Slip pro;p(v4ates from these sources 
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through 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 high strain rates the density of dislocations 

within a slip band is high (Roy) so the probability of intersection 

of slip bands propagated from different sources is low and the above 

described regions are large. At higher temperatures (loeer strain 

rates) the density of dislocations within a slip band is lower; this 

allied with the larger thermal energy-  available enables intersections 

of the slip bands to occur, during the early stages, resulting in 

a relatively homogeneous distribution of slip throughout the crystal 

i.e. the above regions are small. At higher strains slip continues 

predominantly on one system in any region with dislocations of the 

other system now unable to traverse this region, even at the higher 

temperatures. This situation results in the observed lattice 

rotations. It is possible that the djfferent work hardening rates in 

I° at different temperatures and strain rates might be associated 

with the different distributions af slip bands obtained under the 

different test conditions. 

Stage II has a mostbonsistent work hardening rate, plmost 

independent of orientation, temperature etc. The reason for the 

appearance of this stage could not be elucidated from the birefringence 

observations on typ3 A crystals. However, the tensile tests on type B 

crystals indicate unequivocally that stage II is due to slip on an 

intersecting system in the region between slip bands of the original 

system. This also probably occurs in type A crystals but could not be 

unambiguously distinguished from slip that had already occurred on 



this system in the early stages of deformation (stage II only occurs 

at temperatures where slip in stages I is relatively homogeneous). 

Similar 'fine slip' on intersecting syste..s is observed in stage II 

in f.c.c. metals and the hardening could perhaps be explained 

similarly. 

Stage III is due to macroscopic cross slip and can be 

interperated in the usual manner. 

Deformation on the secondary system is similar to that observed 

in b.c.c. metals. There are four available slip systems, all 

viith identical resolved stresses, so the dislocation structures 

developed as a function of strain are someohat complex. There 

are no individual work hardening stages to be distinguished. 

The slip lines Are wavy, so cross slip can occur, yet they are 

snort, so impenetrable barriers are also formed. No attempt 

is made to interperet the work hardening on this system in 

this thesis. 
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Fig. 4.13 (a) The slip lines after 5:, strain 	x 128 

Fig. 4.12 (h) The slip lines after 10/ strain; specimen mechanically 

polished after 5,  strain and restrained. hag x 540 

The Slip lines observed on 	100 	in a type A specimen tested 

at 110°0 

9 5 



9 3 

Fig. 4.14( a) 

11,-• 

( 

iIax3:  

17- .g. ).4.14 (c) 

Stato II 

( E = 7.570) 

Ma x 30 

infic develolpment 	 ;cnt attcxii 	•. 

te.,stedal  10000,  viaied in [ 100 



97 

Stage Ic 
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Fig. 4.15 (a) x 35 

 

Stage II 

Fig. 4.15 (,- 

Stage III 

( 1 = 

Fig. 4.15. (c) x 35 

The variation of the birefringence pattern in a specimen compressed 

at 350°C. 



Ma3. x 360 

Fig. 4.16 	The 7ravy silo lines obserwd in sta.e III; 

s-oecimen strined 	at 350
0
C 

93 



10 

(sec-1) 
13x102  
1-3 x 10-3  
4-8 x 10-4  
2-4 x 10-4  
1.2 x 10-4  
4.2 x 
2.4 x 10-5  
1.2 x 10-5  

1 	2 	3 	4 	5 	6 	7 	8 	9 	10 
COMPRESSIVE STRAIN (%) 

Fig.4.17Effect of strain rate on the stress strain curves of type A crystals at 1g0 oc 



10 

eT1' 
E 8 
E 

cr) 6  ci) 

it5 4 
zr. 

sej 2 
cr) 

0 	1 
	

2 	3 	4 	5 	6 
	

7 	8 	9 
	

10 
COMPRESSIVE STRAIN (%) 

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



1,Iag x 30 

Fig. 4.15 	The birefringent pattern observed in a type B compression 

specimen strained 3, at 150°C 

10 



7 8 9 11 10 0 	1 	2 	3 	4 	• 5 	6 
TENSILE STRAIN (I) 

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



133 

Staz,e, Ia; propagation of 

luders band 

( 	= 0.11 

Pig 24_, 21 (a) x 35 

Stage Ic; slip occurriog 

redominantly on ono 33 

( 	= 

Fig 4.21(1') x 35 

Stage II; th.3 

of slip bands on th.e 

of lower resolveC, shear 

stress 

= 7.50 

Fi,.! 4.21(c) x 353 

The development of the bfrcfringent pattern in tensile 
11 . 

specimens; (a?'  and (b) at 170°C, (a) at 300-0; 



131 

Magnification x 96 

Fig. 4.22. Slip lines observed on 11113 of type B tensile 
specimen tested at 170°C (E = 1.5% ) 
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CHAPTER 5  

Identification of the Thermal Stress Component  

1. Introduction 

This section is devoted to the study of thermally activated 

deformation with the following aim. 

(a) To determine the validity of the theory of thermal 

activation in the case of calcium fluoride. 

(b) If the theory is found to he applicable, to use it to study 

the thermal activation parameters and to attempt to identify 

the mechanisms controlling the deformation rate. 

Before deciding upon an appropriate sequence of experiments, 

it is important to study the theory of thermaJ3y activated flog 

to determine its limitations and the situations under which it 

might not be applicable. 

2. Theory 

The theory has been discussed in great detail by a number 

of authors (e.g. Conrad, 196k; Sasinski 1959; Christian and 

Masters 1964; Schoeok 1965). A logical summary of the theory 

with certain important additions, is presented here and the 

limitations emphasised at each stage. 

2.1 The Force on a Dislocation  

When a dislocation moves through a crystal lattice, a force 

is exerted upon it by a variety of obstacles in the vicinity of 

the slip plane. This force can be separated into two extreme 

components. 

a. Long range forties where the force on the dislocation varies 

only slowly with the -position of the dislocation on the 

slip plane. 
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b. Short range forces acting only over a few atomic dimensions. 

So, in general, the forces exerted on the dislocation, in 

its passage across a slip plane, vary in a manner similar to that 

shown in fig. 5.1 (e.g. Conrad 1962+; Kronmuller, 1967). The 

maximum force required to be exerted on the dislocation to 

enable it to overcome the obstacles Occurs at position A. and 

is given by (F1 + Fs). The physical nature of the defects that 

interact with the moving dislocations, giving rise to these 

forces, is considered in the discussion. 

2.2. Thermal Activation 

To enable the dislocation to move through the lattice an 

external shear stress must be applied along the slip plane. At 
0 
0 K this stress must be sufficiently large to provide the 

maximum force (F1  + Fs) at each 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 given 

= (Fi + Fs) 	- 5.1 

bl 

There lis the avera length of dislocation line available at 

each obstacle (equivalent to the spacing between Obstacles). 

At any finite temperature T, the thermal energy (manifested 

as coherent atomic fluctuations, Friedel, 1964) can assist the 

applied stress in enabling the dislocations to overcome the 

obstacles. The total energy required to be supplied, for a given 

applied stress, is essentially equivalent to the area under the 

force - distance curve (Basinski 1959). So, where long range 

obstacles only are involved, the relatively small amount of 
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thermal energy available does not reduce significantly the 

energy required to be supplied mechanically (fig. 5.1) and the 

long range stress is virtnally independent of temperature. 

However, the magnitudes of the short range obstacles lie 

within the thermal energy range so the energy that has to be 

supplied mechanically to overcome these obstacles 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 can provide useful information 

concerning the nature of the short range obstacles and, in 

particular, the magnitude of the stress required to surmount 

these obstacles ( -U') 	can be obtained and distinguished from 

the athermal component (17r) of the applied stress: (T..4). The 

significant activation parameters are now defined and the 

connection between them derived using basic thermodynamic 

principles. 

2.3 Activation Energies 

its a dislocation moves across a slip plane, under the 

action of an applied stress, and encounters obstacles in its 

path the Gibbs free energy of the system varies in a manner 

similar to that shown in fig. 5.2. (c.f.Seeger 1957); short 

range obstacles only are considered here. 

The amount of thermal energy that has to be supplied to 

overcome a given obstacle when a local stress is available 

has been determined by Schoeck (1965) and Gibbs (1967). 

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 :notion occurs reversibly and isothermally, the 

application of the second lay/ of thermodynamics shoos that 

the minimum Gibbs free energy required to surmount the 

obstacle is given by (Sciaceck):- 

L G 	= A - - (-CA  - 1:1j) 	R - 5.2 

AR is the activation distance. 

The term lb A.R has the dimensions of volume and is usroli-y 

referred to as the activation volume' 

g represents the change in Gibbs free energy associated -.7ith 

the localised atomic interactions (fig. 5.2). lit aero stress 

this is evidently equivalent to 	the 'activation energy 

of the obstacle'. 

Gibbs separatesAg into a number of components,shcving:- 
_ 

.4 Z A 	
, 

A 	U* -TP-S
*
-T .6.Sv, 	- 5.3 i_-  

-X- 
;̀,here A U and 6 S are the changes in internal energy and 

entropy, respectively, associated -Ath the activation and 6.Sv 

is the entropy change associated 	the change in vibrational 

modes at the saddle point (Granatoetal 1964.). 

Ag, 1 and b R may depend upon the value of the locally acting 

stress. The significance of this is discussed in section 2.9, 

rue only restrictions placed upon the subsequent application 

of this equation are that the fluctuation should occur reversibly 

and isothermally. Eshelby and Pratt (1956) have sho;na that there 

is no significant temperature change during deformation, so the 

assumptions are probably valid for most dislocation processes. 

It is new required to discover hen these parameters can be 

determined experimentally. Firstly, the relevant rate equations 

are defined. 
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2.24.. The Rate of Movement of Dislocations  

The avera2,-e velocity of a dislocation line, ,2hich depends 

upon the frequency vdtlawhich the local obstacles are surmounted 

with the assistance of thermal fluctuations, is assumed to be 

given by the usual Arhenius relationship (Zener 1952). 

U = pVexp (- 4/1a) 	- 5.4 

.here p is the distance nloved after a successful fluctuation, 

is the frequency of vibration of the dislocation at the 

obstacle concerned. 

This equation assumes that no back fluctuations occur 

and that the system is '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 (CA , the shear stress acting on the slip 

plane (1,4) is given by:- 

A 	c-  A-  cosec- c cs,6 	- 5.5 

There -0 and IJ are the angles between the applied stress axis 

and the slip direction and the normal to the slip plane 

respectively. 

The total strain rate provided by f dislocations of type i 

moving; with an average velocity Ui is given by (Li 1965):- 

E, 	rc b tic  cos 	cos r ,, 	5.6 

Where Ai is the area swept out after a successful fluctuation. 
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CoMbining equation 5.7 and 5.2 gives:- 

	

CI:. .7 t`A i b \k, CSYs 9, C,:)s A.:  ii,x-f  ( .-h5%: + VI.:C-vi:  ) 	 - 5.8  

k T 	/ 
If all obstacles have identical shapes and energies this 

expression reduces to:- 
4 	 

A 6 	(L,Js e cos - 5.9 
In general  , A..?;, 1 , 	and t are the average values 

for all rate controlling obstacles. The situation that arises 

when two different types of obstacle could influence the 

observed strain rate is considered in Section 2.8. 

2.5. Experimental Determination of the Activation Parameters  

i) .1,ctivation Enthal-py, 

From equation 5.7 

Differentiating with respect to T gives : - 

C   ':) 	6  

	

But, by definition, ACK. 	 — 5.11 
k 1) -r 	)(I-A  

Also, 

Thus, k,14-  

 

- 5.12 

- 5.13 

   

Provided ec , Ai, 	 bi remain constant during an 

increment of temperature, this gives:- 

)T 	• 45;1, 	
G. Lt.: 	ci.Y3 	cos th 

So, if only dislocations of hone type are moving, 

CA.  	 kT (rt 	5.10 
Z, 	4 N);  C,)Sei,coS 

- 5.11 

- 5.15 
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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 

entbalpy obtained. 

If equation 5.15. is modified it gives:- 

H 
eS"  

)T  OTA_i 
k 

— 5.16 

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 obtained is significant only 

if one specific type of obstacle is rate controlling. 

ii) Activation Volume  

Differentiation of equation 5,2 with respect to stress 

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

	

a(G- 	= V 4.-cA t)\/ 	 - 5.17 

	

OT,A 	 3Pr f -r 
But, since the crystal adopts its 10:iest free energy 

in the excited state (Gibbs, 19644 Schoeck, 1565):- 

(cMCO-ct 	- 5.18 
This gives; (Schomck) 

66C-r) 	- V 	- 5.19 

Tj4 11" 
Gibbs (1967) arrives at a slightly different solution 

- 	rdAc .-., 
fr 

V + 	t4t',6 Rb ti  3 	- 5.20 
)-'& 1 -r 
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However, over quite a wide range of L
* 
 values, 1 is virtually 

independent of 1:4"( 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 equation 5.10 gives: 

( 	)
—k-T — 5.21 

- r 	 k 	31:41.  1T 
Thus, V 	 - 5.22 

1{ T 
d r*-  T 

=a, 	, 	— 	tt 	 kk.: 6  (cos 	cos 4,,)' 
3,7-4 	k kroi 

VcosOcasi6 	
23,, 	ts 	s cf) 

WI 

This equation is valid provided all slip planes are similarly 

inclined to the stress axis and 	structural changes occur during 

the alteration in test conditions. 

So V can be obtained from either creep or constant strain 

rate experiments using equation 5.23. provided the above 

conditions are vatilfiea. 

iii) Gibbs Free Energy  

Schcbck shows that this is given by:- 

6c-r 
	A H T 	—4/ii 

	
- 5.24 

is given by Huffman and Norwood (1960  ) 

JT 

iv) The Thermal Stress  

There are three ptincipal methods of distinguishing this 

component of the applied stress from the athermal components. 
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a. 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.1.1). 

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 deformation 

here is purely.  athermal (see equation 6,9). A value of the 

thermal stress at yield may be obtained by extrapolating the 

athermal region to low temperatures 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 to higher strains but the assumption 

of constant structure becomes less valid as shown in the 

previous chapter. 

b. In a stress relaxation experiment the dislocations held up at 

the short range obstacles relax into metastable positions where 

they lie in the long range stress field only. It has been 

suggested that the relaxed floz stress is approximately 

equivalent to the long range stress (Guiu 7_964). 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 impurities or 

point defects are present that can pin the dislocations in 

positions other than the required metastable ones. In addition, 

the configuration of dislocations 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 athermal stress during 

deformation. 

c. 	The third method, recently proposed by Michelak (1965)/ 

enables 	to to be obtained directly from strain rate cycling 

experiments. 

Combining equations 5.6 and 3.1b gives:- 
0f- 

4 	k 	- 5 4 25 

Differentiation of equation 5.6 gives:- 

d  ct.ttte 	 OSsfi u  
eq 	akl: 	akt* 

Thus, 	(ikt4 P1 	-  5.27 4  

- 5.26 

= 

Ctert 

provided 	remains constant during the increment of 

stress (strain rate). 

For small changes of strain rate, 

(yk S. - 5.28 

  

Thus, 
* 	

\ .4. Stk) =c„ - 5.29 * 	1: k* 	rt.m 	' C 

So, 

 

- 5.30 

   

i(6./. rift* I] 

Provided 	and ar, values are known, for a given 

r structure, equivalent values of 1  may be obtained. Methods 

of finding m*, other than that given in Chapter 3, are 

considered in Section 2.9. There are no restrictions on 

the determination of ̀r  other than Qt remaining constant 

during a change in strain rate. 
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2.6. The Validity of the Experimental Parameters  

The limitations of the experimental determinations listed 

in the relevant sections can be dealt with quite simply apart 

from the criterion that the pre-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 

completely independent experiments. For instance, if values 

of V obtained directly using equation 5.23 and those obtained 

from the slope of a Acr  7- * pl ot (equation 5.19) are comparable 
s  

it indicates the validity of the criterion.(Schoock,1965) 

Fortunately, there is an unambiguous method of 

determining whether the factor k alters. It entails comparing 

values of the activation parameters obtained from cycling 

experiments and direct etch pittiag methods. Thus, for 

instance, from equation 5.6 (Guard, 1961; Christian 1964) 

A e,(t.  

 

A (n. t. 	- 5.31 

    

erc:4 
Thus, from equation 3.1a 

A CA 	m 	A 
	

5.32 
4 e;1, t4 
	 A (4 CA 

Thus, a comparison of values of m obtained from etch 

pitting (c.f. Chapter 3) with values of ACla 46A7:4  

unequivocally determines whether e alters during a change of 

stress (strain rate). A similar stmt of analysis can be used 

to determine whether i) alters with a change in temperature. 
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The only factor other than f, 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 

Kooks (1967) for a random fixed obstacle situation. He show s 

that, over a wide range of stress i.e. 0.21:1'  -,7-3O(C) =.t at 0c)k), 

this quantity varies by a maximum of a factor of too. So during 

an incremental test where the stress does not alter by more 

than 0.0.5t...o, 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 arcavaries slowly with 

stress but should be essentially constant providediltis small. 

So if it is shown 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 and are nm 

discussed in more detail. 

2.7 Back Fluctuations 

Schoeck was the first to realise that back fluctuations 

can only occur if the distance moved by the dislocation after 

it surmounts an obstacle is less than the distance over which 

the dislocation 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. 1(Kocks 1967; Foreman and Makin, 1967) even 
at relatively low stresses (1 is the obstacle spacing). 



123 

The amplitude of oscillation of a dislocation under coherent 

thermal fluctuations is limited by the line tension of the 

dislocation and certain lattice friction effects (Friede1,1964). 

If the latter effect is ignored it is possible to obtain 

an approximate magnitude of the maximum amplitude. This is 

determined by Schceck for a free length of dislocation 2 1 

For calcium fluoride, at temperatures below 25000, this 

amplitude is of the order of 10
1 
-- 10 3 1, so there is no 

probability of back fluctuations. 

however, there are sitnntions other than the random 

fixed obstacle case uhere tae possibility of back fluctuations 

must be considered e.g. non-conservative jog motion, point 

defect drag. A general treatment of back fluctuations has been 

conducted by Alefeld (1962). The probability of back 

fluctuations modifies the rate equation (Christian and 

Masters, 1964). 

\,) exp 	exp F '6C"' 	- 5.33 

.'here h,C-t, is the activation energy for the reverse 

fluctuation. 

This gives (Alefeld); 

V 	V ex pl. 	 — 5.34 
oth VV/ 10.* 

	

Thus, the correction only becomes noticeable when 	41,S 

This treatment is not, however, generally applicable to 

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

energy of -the system alters after an activation. So each 

process should be considered separately. 
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2.8. More than one Rate Controlling Obstacle  

In general, several types of obstacle are in existence in 

a lattice. Whether these obstacles contribute to the observed flow 
iathoas 

stress depends upon the relative physical pmplumil4Ao of the 

Obstacles (c.f. Kronmuller, 1964, 1967). 

There are a number of distinct possibilities, two of 

these are considered briefly. 

a. 'Alternative Processes  

A possible 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 V.  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 

contributes in no way to the observed thermal stress. 

An example of this could be impurity dragging and impurity 

interaction. 

b. Series Processes  

This is a more frequently encountered situation and an 

example represented in fig. 5.4. The flexibility of the dislocation 

must be considered when the observed thermal stress 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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cstheles. The obstacles are not always randomly distributed 

and in 	i_ef:‘1-ma...:.on is recounted by the following 

equation. 

- 
11 

- 5.35 
\ 	kr 

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 

jog motion and the interaction with tetragonal defects. 

There are evidently numerous other situations and each 

combination should be considered separately. 

2.9 	The Application of the Measured Parameters 

Havinr4 obtained 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. 

i. 	The Thermal. Stress 

--* 
21s already mentioned 	values can be obtained quite 

readily at yield (method a) and zero strain (assuming tic, = 0 

in the etch pit experiments and using equation 5.30). However, 

if the contribution of V.-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. 
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a. The first was developed by Michelak(1966) 

From equations 3.1b and 5.27, provided the mobile dislocation 

density does not alter during an increment of strain rate, 

m 	= 	tq. E 	tvi  

G-4.1 	( 

	

7) 
	 5.36 

t 
Lk T., 

provided, 117" < < 

- 5.37 At Thus, m 	 - + 
f:. 	 2.. 

So a plot of 6 -  C / 2 against za. /6, E  , obtained at a specific 

strain, has a slope m 	and an intercept t . A further value 

of -C jt; 	may be obtained by substituting in into ecitiation 5.30. 

b. The second method, outlined by Li(1967) enables m4, and hence 

to be determined from stress relaxation experiments. 

Provided the density of mobile dislocations and the athermal 

stress do not alter during the relaxation, the curves are shown 

to fit a relationship of the form;- 

= K(t + a) 	- 5.38 

which is an alternative way of expressing equation 3.16, 

with n ,ml*  - . 

Differentiating equation 5.38 with respect to time gives 

log .1 
CLE• 	

= log nK 	(n + 1) log (t + a) 
	

5.39 

So, a plot of log f tirg, ► against logt has a slope of m*.  
T.7  

when t > > a 	i.e. at long times. 

So values of m*  can be found, and hence?-* 
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ii. activation Volume  

The experimental activation volumes are usually converted 

into the dimensionless quantity /7/133  for the purposes of comparison. 

By definition, 	= Fs (SR) 	- 5.40 

\i -C* = Fs- (AR\ 
	

5.24 

When V and i. are determined for a given structure (c.f.Basinski 1959). 

So a plot of V against .C.must have a specific shape and 

magnitude that depends solely upon the dimensions of the 

rate controlling obstacle i.e. if a single process is rate 

controlling throughout a universal, monotonic curve is obtained. 

The actual magnitude of the activation volume tell can 

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

Obtained, obstacle types with suitably large 1 and 6R 

values must be invoked and certain mechanisms can be eliminated 

immediately. However, great care must be exercised because 

both 1 and 6R are stress dependent and this has to be 

taken into consideration when comparing experimental values 

of V with expectedvalues for a specific obstacle type. 	R 

depends upon stress only through the shape of the obstacle 

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

been determined theoretically, 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 Kooks and Foramen and Makin enables this 

variation to ho allowed for. 
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iii. Activation Enthalpy  

It is important that the enthalpy of the obstacle should 

be found so that it can be compared Ivith the theoretical 

enthalpy values of the possible obstacles; this assists in 

identifying the actual rate controlling mechanism. 

It can be shown that (Gibbs 1967) 

34- V r4 	S -ILA°  

-CIis the athermal stress at 0- 1i. Po 
Therefore, 

H Au* 	Crpo  -C,z) 
But, for calcium fluoride (Huffman and Norviood, 1960 ) 

T, ;.-. Cpo 	137) 
	- 5.244 

.There is a constant 

- 5.42 

-5.43 

So, 	A 	v r4-11-11 A te 	 -5.45 

For relatively lair temperatures. 

So, for a single rate controlling mechanism, a univesT:t1 

6 H 	plot should be obtained with a slope equivalent to V, 

provided the temperature is low. 

A value of alio(l 411o), the actual enthalpy of the barrier 

(independent of stress) may be obtained by extrapolating values 

of AH and 40 	) to zero effective stress (c.f. method 

for finding AC-o). 

There is an alternative, and probably more satisfactory 

-way of finding 6Ho(Arsenault 1965) . 

From equation 5.19 	V = - a/O- 
I r-01T 
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AG_ x 	-14-.9 

) ila.  *:" - 
	

v 4.70 	- 5.46 

i -r4(  
1:1G -. 4VG 0 = 	..' t V CO *. 	 - 5.47 

.1 
o tk  

... AH - TAS = aro - TASo - 	
5 

vc0:4- 5.48 
o 

For low temperatures, or if /NS is independent of 1,14- , this 

becomes 

6.11 = 	- 
5 

jT dt* 	- 5.49 

This is the relationship derived less rigorously by Arsenault. 

It is probably not true that 46 is independent of O (Gibbs 1967) 

but the magnitude of the term T (413o -48) is small  

particularly at low temperatures. 

Equation 5.4.9 can be used to find values of4Ho over 

a range of T..*  values and hence to see if the obstacle type changes. 

3. Experimentql  

Tests at strain rates of about 10 5 sec -1  and above are 

all conducted on an Instron testing machine where change in 

strain rate tests can be performed instantaneously. All 

temperatures are attained as described in the previous chapter. 

The temperature chane tests are conducted using two oil 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 conducted under constant stress conditions. It is also 

desirable that results should be obtained at strain rates lower 

than 10-5sec -1, so suitable creep equipment has been constructed. 

• 
• • 
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The arrangement is shown in fig. 5.5, It consists of two interpenetrating 

frameworks that can move relative to one another on a series of 

adjustable ball races. One framework is attached to a cast iron 

base through a set of rigid supports. 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 (4. 0.11;:.) 

are necessary in each experiment. The strain is measured using a 

transducer arrangement which is attached to the rigid supports and 

can be moved over and inserted into a recess in the mobile framework, 

when the specimen is in position. The transducer is connected 

through a multimeter to a Honeywell recorder to enable a continuous 

displacement -time plot to be recorded; this is imperative for the 

sort of incremental test required to be conducted, where, the 

instantaneous change in strain rate is to be measured. 

The temperature is required to be controlled most accurately 

0.500) otheridse the expansion and contraction of the specimen 

and rams superimposes an undesirable waveform, of long wave length, 

upon the displacement-time recording. So the oil bath arrangement 

is inadequate and a suitable radiation furnace 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 

furnace 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 lair thermal conductivity. Accurate temperature 

control can be achieved by passing a fixed current through 

the outer windings and attaching an anticipatory Ether 

controller to the inner windings. Temperature changes of 

up to 50°C can be achieved within 15 minutes by adjusting 

the current in the outer windings, by a predetermined amount, 

coupled with a suitable alteration on the controller. This 

is adequate for the tamporature change experiments envisaged; 

the load is partially removed during the temperature change 

period. 

Results  

4.1 	A Orientation Crystals 

4.1.1 Effect of Speciien Dimensions  

Before a systematic investigation of the activation parameters 

is conducted the effect of specimen dimensions upon those 

parameters is established. So specimens with a range of 

relative dimensions, similar to those used in the previous 

chapter are tested. Values of AT:, for a given strain rate 

increment, are determined. It is found that all results 

fit an identical 87.:,-CA  plot (even for type B crystals) 

at a specific temperature, although there is no universal 

AL, C plot. So the dimensions of specimen used are 

evidently unimportant but, again for convenience, dimensions 

similar to those used in the previous investigations are 

employed. 
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4.1.2. The Determination of m  

The first objective is to discover whether the 

density of mobile dislocations changes during an increment 

of strain rate. This requires the determination of m 

from strain rate cyMling experiments to compare with those 

values obtained directly in Chapter 3. 

1. 	Extraikolation Technique  

Values of m (given by equation 5.32) have been 

obtained as a funntion of strain for a series. of temperatures 

and strain rates. .The results are Shown in figs. 5.7:5.8:.  

5.9a - f. If it is again Pssumed that at zero. strain.  

(dislocation density ‹: 105  cm-2) the long range stress is 

approximately zero (probably valid for these high purity 

single crystals), then m extrapolates to m *- at zero strain. 

The results reveal that m is independent of both 

strain rate. increment and base strain rate (figs. 5.7; 5.8) 

but.  decreases as the temperature is increased.(fig. 5.10). 

In fig. 5.10 these values of 11.1 .  are compared with 

those obtained directly in Chapter 3. The agreement is almost 

exact at 75 C. m.*decreases linearly with T such that 

m T is virtually constant and if the plot is extrapolated 

to lower temperatureo it passes through the etch pit .value 

obtained at 25°C. Thus, it may be concluded unambiguously 

that the deAsity 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 sondacted at finite strain but there is no reason for 



133 

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. However, if the 

mobile density altered during 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 acid dependent upon the strain rate increment used. 

Even at 17000, consistent values of 0' are obtained 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 4.1.3. Kbmaik et al (1967) show that this 

criterion is not valid at temperatures close to the athermal 

stress region for EfArn  and LiF, so the validity of tests conducted 

above 20000 is questionable and tests are confined to lower 

temperatures. 

The variation of m with strain is interesting. In stage Ib 

it remains approximately constant and equal to m*. In stage Ic 

it increases approximately linearly with strain; similarly in 

stage II it increases linearly, but more rapidly, with strain. 

combination of equations 3.1a and 3.1b gives:- 

= L  	 - 5.50 

So the variation of m depends upon the relative variations 

of 11/ and 114  and is considered when more information concerning 

these stresses is available. 
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A further interesting feature of the results is the 

anomalously low values of m obtained at low strains and 

temperatures in specimens tested in the mechanically polished 

condition. This effect is discussed in Section 5.1.1. 

ii. Strain Rate Cycling Method 

Firstly values of the stress increment (40:) 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 shown 

in fig. 5.11. Values of /,fit., corresponding to each strain rate 

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

_ quantity 241TAVW for the same strain; the slope gives a 

value of m 	The plots are constructed for a series of 

strains, figs. 5.12: 5.13. They show that 111 )€  is independent 

of strain throughout, the values of rilare in good agreement 

with those already obtained at zero strain. 

iii. Stress Relaxation Method 

The validity of this method requires that both the mobile 

dislocation density and the long range stress remain constant 

throughout the test. This is probably not valid for long times, 

as shorn by subsequent strain ageing experiments, particularly 

at high temperatures. However, the method only applies at 

relatively long times, so it is not ideal and has to be 

restricted to a small range of times; typical logt, log (--d:C4/ztt 

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

shown in fig. 5.15. The results at 110°C are most consistent 

and show that Itis independent of strain; they are also in good 

agreement with other values obtained already. However, values at 
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170°C are erratic; a consequence of the small time period 

over which the linear relationship is obeyed. 

These results indicate two important things. 

1. The density of mobile dislocations does not alter 

significantly during an increment of strain rate between 

room temperature and about 170°C in the strain rate range 

10 - -- 10-2 sec-1. 

So it is nod possible to ocntinue with the 

determination of the activation parameters within this 

range of temperature and strain rate. 

2. The value of m' is independent of strain. These values of m* 

are used to determine the variation of the thermal stress 

with strain. 

4.1.3. The Estimation of the Activation Parameters  

4.1.3.1  Thermal Stress  

The three methods outlined in the theory are used. 

a. Extrapolation from the Plow 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.l); 

the only significant difference appears above 350°C 

i.e. no strain rate dependence is encountered in this 

investigation. The values of -Cl. obtained are useful for 

comparison with values given by the other methods. 

b. Stress Relaxation 

After the crosshead is arrested during a constant strain 

rate experiment, the stress is allowed to relax for a 

period of twenty four hours. The relaxed flow stress is 



133 

subtracted from the applied stress to give a possible value of 

C the thermal stress (t  ) 	The values of 	increase with 

strain in stage Ib but remain virtually constant in all 

subsequent stages, certain of the results are shown in fig.5.16. 

c. Strain Rate Cycling  

Values of 	, at the base strain rate, are obtained using 

the above values of AI: 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 fig. 5.16. The • 

magnitude of the athermal stress is now obtained by subtracting 

from the applied stress (fig. 5.16); it varies approximately 

linearly with strain and almost independent of temperature. 

The values of t*  obtained at yield are in good agreement 

with those given by the first method. Their variation with 

strain is similar to u 	, although the magnitude of the 

latter is considerably small  er (this is readily explained as 

shown in Section 2.5). illthougla these values of C are not 

entirely unequivocal*, because it is not unambiguously 
dkitS\.ty 

established that the mobile aslocation.hdoes not alter during 

a strain rate change at large strains, considerable confidence 

is placed in them and these are the 	values used subsequently. 

It is now possible to understand the variation of m with 

strain. The almost horizontal region corresponding to stage Ib 

arises because T.. increases almott as rapidly as 1 	. However, 

in stages Ic and II, C does not alter so the increases in 

m are directly related to increases in the athermal stress. 
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Activation Volumes  

Values of the activation volume are obtained by strain 

rate cycling experiments over a 'aide range of temperatures 

and strain rates. Typical variations of the activation volume 

with applied stress are shorn in fig. 5.17; after a rapid 

decrease in the activation volume with strain in stage Ib, it 

remains virtually constant in all subsequent stages. There is 

no obvious relationship between the values at different 

temperatures when plotted against the applied stress. 

It was shown in Section 2.9 that the activation volume 

should be uniquely related to the thermal stress for a 

specific obstacle type. So corresponding values of the 

activation volume and the short range stress, obtained by 

several independent methods, are plotted in fig. 5.18. :All 

results fit a single curve. The agreement between the values 

determined from the velocity measurements obtained in 

Chapter 3 and all strain rate cycling values tends to confirm 

the previous statement that the density of mobile dislocations 

does not alter alring an increment of strain rate, at strains 

greater than zero. In addition the same obstacle appears 

to be rate controlling throughout; this is confirmed by 

tho enthalpy measurements (Section ) .1.3.3.). 

further interesting feature of the results is the low 

values of activation volume obtained for a given applied 

stress in stage Ia, in mechanically polished specimens. 

The results are rather erratic but it is possible to obtain 

approximate values of 1:41, assuming that m extrapolates to mYr 

at zero strain; the values determined; plotted in 
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fig. 5.18: fit a different curve. Thus, it seems possible 

that a different mechanism controls yield and flow in these crystals. 

4.1.3.3. 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 temperature change is occurring. So 

specimens are unloaded, after straining to a certain stress, and 

reloaded, after a certain period, to see if the stress has altered 

from its unloading value. If not this would indicate that the 

mobile density does not alter significantly during this period. 

Below 110°C there is no change, other than the usual 

metarecovery, for periods of less than about forty minutes. 

However, for periods in excess of a Levi hours unusually large 

and extensive yield regions (similar to those in stage Ia in 

mechanically polished specimens) are observed. The regions 

diminish in stage Ic and beyond. Above 110°C, the yield regions 

decrease in magnitude but appear more rapidly but there is still 

no significant effect in less than twenty minutes. Between 

150°C and 220°C (the maximum test temperature used) there are 

no significant yield drops but at the latter temperature 

permanent recovery is first observed. 

Since the experiment 	 temperature changes can be affected 

within twenty minutes, these tests should be valid but least 

accurate within the temperature range 110°C — 150°C. 
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A systematic study of enthalpies, as a function of stress, is 

best achieved from constant strain rate experiments using equation 5.16; 

this requires values of the quantity ( 	/AT' )i to be determined. 

This is conducted at various temperatures at a strain rate of 

2 x 10 4sec-1; 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 increases vdth stress in stage Ib but 

remains virtually constant in all subsequent stages. It is nov 

required to relate (4-C,  /AT ) t with -1",* , this is done in fig.5.20; 

(A t /Ay ) 	increases as r., increases and is generally lok-:er, for 

a given C. 	the higher the temperature. 

Now, values of the activation enthalpy can be estimated for 

Various 	, the results are shown in fig. 5.21. There is quite a 

scatter at a particular 1:.,%ut it is possible to detect a general 

decrease in the enthalpy as T increases; the variation becomes more 

apparent at lower stresses. The enthqlpies do not depend systematically 

upon temperature i.e. all results can be approximated to a single curve. 

Values of the quantity Ali ( or AU*  ) ( equation 5.4-5) are also 

determined (the error bars -;ive maximum and minimum possible values). 

However, the important quantity is 11 o( equation 5.24-9), the enthalpy 

of the barrier. This is computed and also plotted in fig. 5.21. 

Tithin the limited accuracy of the results, 6i-1%o appears to be 

independent of t, vdth a magnitude 1 ± o.1 eV. Also, the 61-1. and 6,E* 

plots can be reasonably extrapolated to this value at zero stress, 

tending to confirm the maiglitude. of A H.°. 
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These results are compared viith values obtained from etch pit 

and creep experiments, The constant strain rate results, when 

extrapolated to low stresses, pass through the creep values; this 

confirms the validity of equation 5.16 and hence the applicability 

of the constant strain rate method (see Section 2.5). The direct 

values are slightly larger, at a given 	, the difference is not 

large and can be accounted for by a slight change in the mobile 

dislocation density in the temperature change tests. The results 

provide a value of i o within the error rangqquoted above, this 

giving confidence in the magnitude of the enthalpies obtained from 

the constant strain rate experiments. 

The slope of the za 	* plot should, according to equation 5.45 

give a value of the activation volume.. The values of V obtained this 

way are indeed of similar ma:7nitude to those in fig. 5.15; this 

provides indirect confirmation that the mobile dislocation density 

is approximately constant for all the constant strain rate experiments. 

The experiments provide the important result that the obstacle 

type is the same for all strains, temperatures and strain rates used. 

For the mechanically polished specimens in stage Ia, the 

results are most erratic and give a value of WI 0 = 0. 6 O.I. ev. 

4,2 	B Orientation Crystals(Singla Slip) 

A similar series of exL,eriments are conducted on tensile 

specimens oe this orientation. All activation parameters fit 

identical thermal stress relationships, even giving similar values 

of 	41ma.x at a specific temperature and strain rate. The only 

difference in the deformation characteristics lies in the variation 

of the athermal stress with strain. 
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Secondary Slip 

The same experiments are repeated for specimens of type C 

orientation. The results are summarised below. 

1. Determination of m* 

Values of m increase approximately linearly with strain 

at all temperatures, fig. 5.22. rn is independent of strain 

and decreases approximately linearly as the temperature is 

increased, fig. 5.23. 

2. The thermal stress  

Values computed usins equation 5.30 are independent of 

strain fig. 5.24, and comparo v:ell with those values obtained 

by the extrapolation technique (Section 2.5). 

3.. 	Activation Volumes  

These too are independent of strain for a given temperature 

and strain rate. Values are plotted against 	in fig. 5.25. 

Activation :&-ithalbies 

Enthalpies, obtained as before, are plotted in fig. 5.26; 

( AtT.A1-) 	is indepondont of strain. The results give a 

value oftWo = 1.4 ±0.1 ev, independent of T:4  . Thus, the 

same mechanism is rate controllin,.!: throughout and differs from 

that controlling primary slip. 

5. 	Discussion 

5.1 	-Jirjailarz 3liz  

5.1.1. Yielding 

In chemically polished specimens the activation parameters 

are identical for yield and flovr whilst in laccanically polished 

specimens they are different. The difference is probably 
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associated with the observation that a layer of dislocations is 

introduced at the surface on mechanical polishinf7,whilst it is 

removed by the chemical polish (Chapter 4). The yield drop in 

the chemically polished specimens (fig. 4.8) is typical of the 

situation. where the initial mobile dislocation density is low 

and yielding is controlled by the rate of multiplication of 

dislocations, with the obstacle type identical for generation 

and propagation of dislocations. In the mechanically polished 

specimens, the operation of the initial sources possibly involves 

a different mechanism than subsequent propagation. Here, the 

density of obstacles at the sources is higher than in the lattice; 

this suggests that the dislocations introduced during polishing 

are lightly pinned by point defects before testing commences 

(this is confirmed by experiments on strain aged crystals where 

the activation parameters obtained on yielding obey similar 

relationships to those in mechanically polished specimens 

in stage Ia). Thus, the mobile dislocation density required 

to comply with the applied strain rate on yielding is provided 

by the unpinning of these dislocations from this impurity 

aLmospheres (or by dragging the atmospheres with the existing 

dislocations); this evidently occurs at lower stresses thnn 

the operation of sources in 'as-grown' crystals (fig. 4.8) where 

the grown in dislocations are heavily pinned. 

At low temperatures unpinning (dragging) controls yield 

but, since the 'propagation' stress increases with strain, a 

transition occurs as a function of strain so that in stage Ib 



119 
deformation ls controlled entirely by this 'propagation' 

mechanism. Ls the temperature is raised the stress to 

operate the 'as grown' sources reduces 'rapidly so that, at 

150°C, they can operate equally as readily as the unpinning 

sources and deformation 'is controlled throughout by the same 

'propagation' mechanism. The situation is more readily 

comprehended after the 'propagation' moahanism is identified. 

5.1.2. Work Hardening 

The work hardening in stage Ib is primarily due to an 

increase in the short range stress whilst that in stages Ic 

and II is due solely to increases in the long rang() stress. 

The athermal effects are considered in the following chapter, 

not the activation parameters arc analysed to try to understand 

this variation in the thermal stress. 

The activation volume decreases with strain in region Tb 

(c.f. Tungsten, Schadlor, 1964; Iron, Stein, 1966) whilst the 

thermal stress increases. This decrease in the activation volume 

must correspond either to a decrease in the activation distance 

(m) or the obstacle spacing (1) or both. Any change inATI 

evidently corresponds to a change in the form of the force - 

distance curve i.e. the obstacle type changes, so this would be 
X- 

accompanied by a change in iSIIe and the V, 1: curve. Since those 

cao not alter during the deformation it may be reasonably 

concluded that4VR does alter (apart from that duo to any change 

of the equilibrium position of the dislocation at the obstacle 

as the thermal stress increases). Thus, the decrease in 

activation volume in stage le must be due to an increase in 

the density of obstacles of a specific type as the strain(stross) 
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increases. (It should be noted here that it is not possible to 

explain the decrease in activation volume by invoking different 

equilibrium positions of the dislocation at the obstacles, for 

this cannot Change simply through an increase in the athermal 

stress i.e. without a change in obstacle density occurring  

first). The next step is identification of the obstacle type 

that increases in density during stage lb. 

There are a number of features of the deformation, other than 

those mentioned above, that can assist in identification of 

obstacle typo; those are listed below. 

a. The magnitudes of V and42Lo. 

b. Edge dislocations are rate controlling. 

c. The activation parameters are identical for single and multiple slip. 

T.*  d. attains a maximum value during deformation, the magnitude 

depends upon temperature and strain rate. 

The identification procedure takes the form of an elimination 

process. All possible mechanisms are listed, table 7, and the 
ems-scs 

clearly inapplicab4are eliininated so that the remainder can be 

considered in more detail. 

Non-conservative jog motion and cliMb arc eliminated because 

of the high enthalpies involved. 

The dislocation forest density in the tensile experiments is 

10 (Chapter 4.) and cannot account for the small obstacle spacings 

required by the activation volume measurements. A similar 

argument eliminates intersection of dislocation dipoles 

(sec also Chapter 6. II). 

the 



TAME 7 	Possible Rate Controlling obstacles in 7ialciurn Fluoride, 

i Mechanism 
Expected Activation Parameters 

References 

Possible range of obstacle 0 
spacings(based o 	experimental 
values of 	V /b and allowing 
for variation of 1 with stress) 

AR(b) Obstacle spacing(b) 44H.o(ev) 

__ i'eierls-Nabarro --... 	1 
L. 

1 	- 	10 ? e. g. Dorn and 
Rajnak(1964) 	, 

1 - 	20 

T._ Point Defect Dral ti1 1 	- 	103 
_Point Defect 

 qhitaorthi_1967 1 - 2 x 102 

Interactions IC 10 1 	- 	102 x ? 

? 	
-\Fleischer(196-2 
Friedel (196/4 1 - 	20 

.. Dislocation Forest 
Intersection < 10 

r Dorn 
) 103 

1 
 

X 
? 

(1963) 
Basinski (1959) 4-,-,  1 - 	20 

:.Conservative Jog 
Motion ... 	i 1- 10 - 103 7 Hirsch (1962) 1 - 2 x 102 

-Non-conservative 
log Motion -... 	1 10 - 	103 Z 2 ev 

Mott (1952) 
geertanan (1965) 1 - 2 x 102 

Cross slip .. 1 10 - 	103 , 	? (1962) 1 - 2 x 102 

. Climb -.1 10 - 103  ) 2 av i.:eertman(1957) 1 - 2 x 102  
,Intersection of 
Dislocation 
Dipoles 

1 + 10 )'103  X 1 ? Davidge (1966) --- 1 - 	20 

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

X1  For a forest density of < 109cm2 

)(3  For a dipole density of C 109em 2  
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short range interaction with dislocation dcepoles is 

eliminated primarily because a sufficiently high density of 

these dipoles is unlikely and secondly because it is not possible 

to explain a maximum value of dipole spacing that does not alter 

in Stage II (Davidge et al, 1964, Observe* a marked increase in 

this density in stage II in nal). 

The fact that edge dislocations control the deformation 

eliminates conservative jog motion and cross slip. 

Thus, three possible rate controlling processes remain; 

these are considered in more detail. 

Poierlse-Nabarro Mechanism  

IL considerable amount of literature has been devoted, in 

recent years, to the study of this mechanism (e.g. Seeger et a1,1957; 

Celli et al, 1963). This is not reviewed here because an excellent 

review article by Guyot and Dorn (1967) has recently appeared. 

They summarise the criteria required for the operation of this 

mechanism. These arc as follows:- 

i) The activation volume is independent of strain ('iynblatt and Dorn,1965 

Conrad of al, 1962). 

ii) The energy required to nucleate a pair of kinks (at zero stress) 

is evidently related to the line energy of the dislocation 

comprising the kinks. The theory relates these quantities as 

follows (Seeger 1956) 

	

Uk = 2 ro a 	b 	) 	- 5.51 

1m 	1r r; 

	

Uk is the kink energy, 	re is the line energy, 141 is the 

thermal stress at CPK. 
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Thus, if the mechanism operates, substitution of the 

experimentally determined values of Uk:and Te should give a 

value of ro similar to that determined in Chapter 2. 

iii) The activation volume, given by equation 5.19, is shoan to fit 

the relationship in fig. 5.27 if this mechanism applies, 

(Demand Rajnak, 1964). This plot can be compared with 

experimental values. 

The first criterion is not established unequivocally and 

there is no fundamental reason why the activation volume should 

not vary with strain, so this is not sufficient reason for 

discarding this mechanism. 
1- 

Substitution of the mxperimontal values of U and 14 into 

equation give a value of 1-0 of 2 ± 1 ev for a length b of 

dislocation. This is considerably lower than even the minimum 

expected value of 7 cv given in Chapter 2. 

Values of the axperimental activation volume are normalised 

to give values of Vexj.."CpY217,k and these are plotted against 

in fig. 5.27. The agreement with the theoretical curve is 

quite good at high stresses but at low stresses there is a 

large discrepancy (c.f. Fleischer, 1967). Fleischer argues that 

discrepancies at low stresses discount* the operation of the 

cierls process. 

Thus, it seems most unlikely that this mechanism controls 

the deformation. Alere the 2cierls mechanism is quite likely 

to control the thermal stress, a much closer fit to theoretical 

predictions is encountered. (see Section 5.2). 
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Point Defect Interactions  

There are a number of possible interactions; these are 

listed belo. 

a. The interaction with the tetragonal strain field of impurity- 

vacancy (intorstial) complexes (e.g. Fleischer 1962). 

b., The cutting of small precipitates (e.g. Byrne, rine and Kelly,1961:. 

c. The interaction of the charged core of the edge dislocation with 

isolated point defects; this is short range because the alternating 

sign of the charge at the dislocation eliminates any long range 

effects (Frei del, 1964). 

d. The rotation of impurity complexes in the vicinity of the 

dislocation core; this could be short range if the rotation 

is controlled by electrostatic rather than elastic considerations 

(c.f. Pratt et al, 1963) 

Iach process is considered in turn. 

a. The interaction energy between the dislocations and the 

tetragonal strain field of the complex is given by Fleischer(1962). 

The magnitude depends upon the degree of tetragonality and is 

usually within the range 0.5 - 0.9 ev, so the mechanism is 

possible. It is required that, for a specific slip plane, there 

should be complexes within a fu.: burgers vector distances of this 

plane and spaced about 10 - 100b apart (given by the experimental 

activation volume). This necessitates an aliovalent impurity 

content, in the required complex form, of at least 40 p.p.m. 

Tests on high purity crystals (Chapter 7) show that this 

mechanism is unlikely. 
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b. The experimental value of the activation volume requires the 

precipitates to be spaced about 20b apart on the slip plane. This 

requires a concentration of impurity in excess of 103p.p.m. z Which 

is well in excess of the impurity revealed 7)y analysis; so this 

mechanism is eliminated. 

0. 	charged, isolated point defect could interact electrostatically 

(as well as elastically) with the charged core of the edge dislocation. 

The magnitude of the interaction energy depends upon the exact 

nature of the core of the dislocation. An approximate value can 

be obtained from simple electrostatic considerations. Thus if, 

for instance, there are Vireo adjacent charges of a certain sign a 

value of 1 ev is obtained; this rises to 1.4 ev for twelve adjacent 

charges. This magnitude is reasonable and the mechanism possible. 

d. This process gives an interaction energy of less than 0.6 ev so 

is immediately eliminated. 

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

It is now required to explain how the obstacle density can 

increase as the applied stress increases until a certain maximum 

value is Obtained. In the case of the impurity complex mechanism 

this could be achieved by small aggregates being cut by passing 

dislocations (c.f. Kewey et al 1966) leaving an increased density 

of complexes on the slip plane (the cutting mechanism always being 

able to operate at lower stresses than the interaction mechanism). 

The efficiency of dispersion of the aggregates is required to increase 
-r 

as the stress increases; the maximum value of te being achieved 

when all aggregates on the slip plane can be dissociated into 



147 
complexes. 

The isolated point d.efocts situation is more realistic. If the 

point defects are vacancies or intorstitials these can be produced by 

the non-conservative motion of jogs on screw dislocations; the jogs are 

formed even under single slip conditions by multiple cross glid.e(Johnston 

and 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 observed as a rate controlling obstacle nor can it contribute 

to the athermal stress at the c:d.T: dislocation. The formation of point 

defects by this process has been considered recently by a number of 

investigators e.g. ,Teertman, 1965; Barrett and Nix, 1966; Hirth and Lothe,1967. 

They conclude that, except at very high stresses, the defect with the lowest 

formation energy is created at one typo of jog whilst the other typo of 

jog moves by absorption of certain of these defects; the situation is 

evidently more complex in ionic crystals where more defect typos are 

involved.. 	the concentration of defects on the slip plane increases 

larger stresses are required to create further point defects; this is 

purely a 'chemical' effect. Thu:i the ccncentration of defects of the 

predominant type in excess of the equilibrium concentration (Co) 

in the vicinity of the jog, is related to stress according to the 

expression (:reer-Lilian, 1965) 

	

amp ( 	 R  
) 	

- 5.52 
co = 	( 	k 

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

considered; 	 i 	1:1--ti at the jog. 
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`Tice value of T.7.4 at the jog is unlikely to be the same as the 

measured value at the edge dislocation so it is not possible to find 

exact values of tj to fit this relationship. The sequence of events 

during deformation is as follows; at yield the edge dislocation can 

interaat with the equilibrium defects providing a  specific value of fa 

and a certain positive value oftj:  , at the jogs; thus a non-equilibrium 

concentration of defects can be produced. The subsequent edge dislocations 

are required to interact with the increased density of defects giving 

a larger value of 1:, and so on. 

1:*  The difficulty arises in explaining the maximum value of 	reached 

at a curtain applied stress in each test. The only way in which it could 

be explained is by assumingthat, at a certain defect density, as many 

defects that are created can be absorbed by jogs and other sinks so that 

a dynamic equilibrium is reached and maintained. 

It is of interest to determine the order of magnitude of the point 

defect concentration required for this mechanism. Thus, using the 

experimental value of the activation volume, a density of defects close 

to the slip plane of 1021  cm 3  is required. Hoidever, defects are only 

produced on the slip planes so, for a dislocation density of 109 0-0
2 

(the maximum value encountered, Chapter ), an average defect density 

throughout the crystal of 1016-1017  cm 73  is required. This is not 

,ratly in excess of the equilibrium 	e concntration of 1015 m c 3 [e 

	

	 (pre,1957) 

but it should be possible to detelat in ionic conductivity measurements, 

if the measurements are made iamediately after deformation is arrested. 

The situation would not be as simple as this, for isblated 

aliovalont impurity ions have a similar interaction energy and could 

contribute to the observed obstacle density; their density could even 
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inorasc with stress through the dispersion of aggregates as 

already shown. However, a density of aliovalent impurity of more 

than 40 p.p.m. is required for impurities alone to control deformation 

and this is unlikely (Chapter 7). 

Point Defect Lra;77ing 

len a length of charged edge dislocation of a specific sign 

encounters an isolated point defect of opposite sign the two associate 

with a release of energy (a reduction of electrostatic and elastic 

energy is involved). If the association energy is large, dissociation 

does not occur and the point defect is required to migrate along with 

the dislocation. This mechanism is evidently the alternative to the 

interaction mechanism just considered; the process that occurs is that 

trith the lower activation energy. 

Alit. orth (1967) has con ideret the migration of point defects with 

edge dislocations in N I. Ho uses the ionic configurations of the 

edge dislocation in its various translation positions as determined 

by Huntingdon et riJ (1555); he concludes that the migration energy 

is relatively law and considerably levier than the bulk migration energy, 

when the point defect always lies close to the dislocation. 

It is possible to obtain an expression for the population of 

available sites from simple theLmodynamic considerations (ead 1954, 

Uhitworth 1567). 

AS 	•-•-• 	q4"/(1- ) 	en C 	- 5.53 

l!hore 	gB is the binding energy between the point defect and 

the dislocation. 

f is the fraction of sites occupied. 

C%),o. 	is the fraction of ion sites occupied by vacancies 

(interstitials, impurities). 
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In this case A r,  is large because it involves a reduction in 

electrostatic as well as elastic energy (see Chapter 7). As described 

previously, Coo  can increase during deformation so a detailed analysis 

of this equation would enable f to be determined for the various test 

conditions and to be compared with experimental values of f; this is not 

possible at this stage because 4 gB  and Coo 	are not kno;in accurately. 

The distinct advantage of this mechanism is that it can readily 

explain the appearance of a maximum value of 	in a given test. Thus, 

once C 	reaches a specific value ( that depends upon temperature) f 

becomes approximately unity and these can be no further significant 

increase in f, and hence 	has already been shorn how C0 

on the slip plane can increase as the etress increases, so f can 

increase during deformation and attain the maximum value at a specific stress 

If this situation applies, the difference in values ofti max 

at different temperatures and strain rates is required to be explained 

by varying values of the activation distance as A G in equation 5..2. 

varies with terrperature (or strain rate) i.e. a consequence of the shape 

of the force-distance curve. Thus, at relatively low values of Ti * max, 
4 

A R is required to be large (e.g. at least al9b at 220°C) and the 

situation does not correspond to :hit-worth' s whore the point defect 

always lies close to the dislocation core. So, in fact, the activation 

enthalpy for this migration process might approach the bulk migration 

energy of the defect involved. 

It is interesting to consider the activation process involved 

because it differs from the usual fixed ob7tacle type. The initial 

activation involves the 'unpinning' of the dislocation from the defect. 
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It cannot move completely away fran the influence of this defect 

because the thermal stress available is not sufficiently large. Now, 

thermal fluctuations can occur either to move the dislocation 

further away from the point defect (this increases the energy of the 

system) or to move the point defect towards the dislocation(reducing 

the energy of the system). The latter evidently occurs in preference 

to the former so that the activation enthalpy is given by the mi'ation 

enthalpy of the defect in the vicinity of the dislocation. The situation 

is a complex one especially at higher temperatures where fluctuations 

of the dislocation away from the defect might occur prior to the 

migration of the defect to the dislocation. The definition of the 

activation distance is not clear nor is the variation of the activation 

enthalpy with the thermal stress readily predicted. 

The above activation process occurs when the point defect at the 

dislocation can still be identified as such (c.f. Drown, 1960). This is 

possible for an aliovalent impurity ion but not so far vacancies or 

interstitials. Thus, when the latter associate'aith the edge dislocation 

half jogs are created similar to those already in existence (Chapter 2), 

so the association merely reduces the half jog spa:ang on the dislocation. 

(Chapter 7) The Motion of the dislocation corresponds to the migration 

of these jogs. Again, the definition of4 Rand the variation of 	H 

with Twkare not clear. 

approximate magnitude of aliovalent impurity required for 

impurity migration to control the deformation is determined to see if 

this process is possible. There must be, initially, adequate impurity 

available in the vicinity of the slip planes to saturate all the 

dislocations that pass through a specific area of slip plane. 
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Consider the passage of a single dislocation across a slip 

, plane in a specimen of typical dimensions. 

At low temperatures Where little diffusion occurs all defects 

must lie within a few burgers vector distances of the slip- 

plane. So the concentration of defects required to saturate 

this dislocation in its passage through the crystal is 

approximately 10
17
cm

-3. L. typical slip step height at yield 

requires 500 dislocations to have traversed a given slip 

plane (iratt 1953), so an impurity concentration of 50 p.p.m. 

is required to saturato all dislocations. _Uthough the 

dislocations are not saturated at yield, it is expected that 

more dislocations would traverse this same plane during 

deformation, so this impurity level is regarded as a minimum 

requirement; the mechanism is thus possible but unlikely 

(See Chapter 7). 

The situation is probably not a straight foniard one and 

certain other features might be required to be considered. 

i. The motion of the dislocation might be controlled by the ccubined 

effect of impurities, vacancies and interstitials associated 

with it. 

ii. The concentration of 'free' defects increases as the temperature 

increases so favor defects are required to be created during 

deformation. 

iii. limited amount of diffusion might occur that modifies the point 

defect distribution on the slip planes. 

iv. Sufficient defects to saturate the dislocations may not be 
ir 

created so that 	max corresponds to a maximum rate of 
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production of defects on the slip plane. 

At this sta.;e, it 

is not possible to decide which of the three mechanisms outlined 

above controls the deformation because all can be adjusted 

to fit the experimental results. It is also possible that another 

mechanism which has not boon considered might be.involved. 

Secondary Slip  

Unfortunately, the 	is not sufficient information emidlablo 

to perform such a thorough analysis of rate controlling processes 

in this case. In particular, the relative velocity of edge and 

screw dislocations is not known. Thus a number of mechanisms are 

possible. (table 7); these are as follows 

1. ..i:eierls-Nabarro 

2. Conservative Jog hotion 

3. Cross slip 

4. Interaction with point defects 

5. 2oiit defect 	T5Lng 

The secondary edge dislocation is uncharged so the energy 

of association with point defects is low and given a2pn)xithately 

by the ,)assani-Thompson calculation as 0.4- 0.2 cv, for an 

isolated defect. Thus, the dragFing of point defects 

unlikely (see Section 5.1). 

The interaction with isolated point defects and complexes 

cannot be the sole source of the thermal stress because these arc 

not orientation dependent effects and it would not be possible 

to explain the lower thermal stress(activation enthalpy etc.) 

in the primary orientation if either mechanism should be invoked. 
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The three remaining processes are all possible and might even 

operate in conjunction with an impurity mechanism with a 

similar activation enthalpy (sec Section 2.8). It is not 

possible to differentiate between these processes until the 

relative velocity of edge and scraw dislocations and the 

effect of impurities on the deformation are known. However, 

it is of interest to see if the experimental parameters fit 

the criteria for operation of a 1;eierla mechanism, listed 

in section.5.1.2. 

The activation volume is independent of strain so the 

first is satisfied. The line energy of the dislocation given by 

equation 5.51 is 7- 2 ov for a length b of dislocation; this 

compares with a minimum value of Elev given in Chapter 2. So 

this condition is satisfied. 

The exporimontal activation volume is compared with theoretical 

values in fig. 5.27. The agreement is good even at low stresses. 

Thus, it seems quite likely that the I'cierls mechanism 

operates in this case although this cannot be regarded as 

unequivocal. 

6. Conclusions  

1. Primary Slip 

a. The mobile dislocation density does not alter sigaificantly 

during an instantaneous change in strain rate between room 

temperature and 170°C. 

b. The mobile dislocation density changes by a small amount during 

temperature change experiments, even at low temperatures. 
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c. There appear to be three rate cchtrolling processes that might 

explain the Observed deformation characteristics on this system. 

i) The interaction with impurity-point defect comelexes. 

ii) The interaction with isolated, charged point defects. The difficulty 

here arises in explaining the requirement that the density of 

Obstacles on the slip planes reaches a maximum possible value. A 

tentative explanation has been given but not substantiated. 

iii) The migration of point defects with the dislocation. The attraction 

of this mechanism is the ready means of explaining a maximum value 

of obstacle density attained at a specific applied stress. However, 

the mechanism is unlike fixed obstacle types and the determination 

of the force-distance curve and the variation of the enthalpy with 

stress present rather complex problems. Thus, it is not possible 

to determine'.'bother the experimental values of activation distance 

and the enthalpy, stress relationship are reasonable for this model 

as they are for fixed obstacle processes. 

The situation is discussed in more detail in Chapter 7 when tests 

on very high purity crystals have been conducted. 

2. 	Secondary. Slip 

The parameters obtained can be explained by invoking a number 

of mechanisms. How aver, they fit the 2eierls criteria remarkably 

closely and since the feierls stress is likely to be high for slip 

on this system (Chapter 2) it seems quite likay that this process 

is rate controlling. 
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Fig. 5.3. The force - distance curve for the alternative 
obstacle situation. 
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Fig. 5.4. The force - distance curve for the series obstacle 
situation. 
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The Origin of the .iithermal Stress  
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I'art I 

Dislocation Densities 

6.1.1 Introduction 

The magnitudes of the thermal and athermal stress cagponents 

and their variation with strain have already been determined. In 

addition, the mechanisms ,providin the thermal stress have been 

tentatively identified. It is now required to determine the 

origin(s) of the long range stress to understand why it varies 

in the observed manner. In these high purity crystals this stress 

is provided by the dislocations themselves; its ilagnitudo depends 

upon the density, distributionand shape of the dislocations. So a 

detailed investigation of dislocation arrangements should assist 

in determining the origin of the stress. Two types of investigation 

are required i.e. etch pit and transmission electron microscope 

studies. Unfortunately neither a sufficiently high voltage 

microscope (Evans, 1963) nor a source of in situ radition 

(Essmann, 1963) arc available so the latter study is not possible. 

Consequently, the invebtigation is confined to etch pit studies. The 

method enables densities up to about 103  cm
-2 
 to be estimated and, 

in conjunction with the slip line and birefringence observations 

(Chapter 4) should provide useful information concerning the origin 

of the athermal stress. Unfortunately, the observed distribution 

of etch pits is not of great use because the dislocations are in 

relaxed positions after etching. 

2. 	Theories 

The athermal stress is frequently related to the total average 
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dislocation density (Nt) according to the expression:- 

IT 4  A-.44b 	-6.1 

,Chere 	=04/e0b, .r.:"A is a constant that depends upon the distribution 

of the dislocations. 

This relationship is an empirical one found invariably in f.c.c. 

metals (0.g. Hordon, 1962; Livingston,1962; hasinski and Jasinski,1964) 

and occasionally in ionic crystals (Haasen and Hesse, 1963; Davidge 

and Lratt, 1964). In f.c.c. metals values of c< obtainod vary fret 0.2 to 0.5, 

similar values are obtained for all orientations and for polycrystals 

(e.g. Copper, 'Lledersich, 1964). In ionic crystal, Nael has been studied 

in some detail by Hesse (1966,1967). He finds that is both temperature 

and strain rate dependent below 250°C with values of ranging from 0.4 to 0.8. 

This relationship is not observed in stage II in ionic crystals 

(Hesse, 1967) nor in certain b.c.c. metals (e.g. Mo, Guiu, 1964).  In the 

former a linear relationship between dislocation density and applied 

stress is observed. Gilman and Johnston (1960) also find a linear 

variation in Li7 throughout the deformation. 

All theories are developed to fit these empirical relationships. The 

theories have been confined almost entirely to the explanation of the 

parabolic relationship in f.c.c. metals; it is considered expedient to 

review the theories briefly at this stage. 

The first theory was developed by Taylor (1934), he considered the 

interaction of dislocations with the stress field of randan arrays of 

parallel dislocations. Saada (1960) shows that the theory gives a value 

of (X. = 1/217r. Experimental values ofcx generally differ from this so 

alternative theories have been developed using more realistic dislocation 

distributions e.g. Hazzeldene (1967), Xronmaler (1967),Seeger (1958) 
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Hirsch and Ijitchell (1967), Jackson and Basinski (1967), Hirsch (1960) 

Kuhlmann-:Alsdorf (1962). 

The most satisfactory theories are those of Seeger and Kronmuller 

and Hirsch and hitchell, both theories attribute the athermal stress primarily 

to the interaction of dislocations wit the 	. stress field 

of other dislocations. The theories disagree about the propurtion 

of the stress derived from the dislocations on the slip planes of 

maximum resolved strcss ('primary' planes) and the other slip planes 

( t 
 
secondary' planes). See'Nr sugest5that the stress is provided 

almost entirely by the back stress from 'primary' dislocation pile ups 

whilst Hirsch requires the stress to be derived fro-/complex 'obstacles' 

consisting of 'primary' and 'secondary' dislocations of various 

mechanical sipis. The other theories e.g. jog theory (Hirsch, 1960) 

and forest interaotia. theory (Hirsch 	1958) do not provide a 

suitable means of effectively blocking dislocations as is required 

by the slip line observations (-Hirsch and Mitchell) so are h.Dt entirely 

satisfrtot -xy. 	Thus any athermal stress theory must provide suitable 

blocking obstacles; this is discussed in more detail in section 1.5. 

Gilman and associates have developed a theory to explain Gilman 

and Johnston's observations in Li?. The theory is based upon the 

interaction of dislocations with dislocation dipoles; this is also 

considered in Section 1.5. 

It is now required to establish density stress relationships for 

calcium fluoride and, hence, to determine .hether the observed attermal 

stress variations can be explained using existing theories or whether 

new theories have to be developed. 
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11.3 -Lx-Derimental 

....iefore starting an etch pit density investigation of this sort 

it must bo established that there is a 1 : 1 correspondence betaeon 

dislocati ons, and etch pits. 

1.3.11 Correspondence between dtch its and Dislocations  

Firstly, the correspondence between etch pit and birefringence 

bands indicates that the pits are associated with dislocations. 

Successive polishing and etching of the surface enables the pits 

to be identified with line defects only i.e. no point defects,this 

is sh5',in clearly by compar*.ng the etch pits on opposite faces of a 

cleaved surface. Similar observations were made by Gilman and 

Johnston (1962) in LiF. An exact correspondence between pits and 

dislocations has been shown in Lill by Newkirk (1959) and Yoshimatsu 

and Kohra (1960); they detected dislocations using X-rays and found 

that each dislocation intersecting• the surface was associated with an 

etch pit (and there were no a,7LC.itional pits). Thus, by anlogy, it 

can be assumed that there is a 1 ; 1 correspondence in calcium fluoride. 

I. 3. 2 Specimen Preparation and T 	techniques  

host tests are conducted in compression, so Ti orientation 

compression specimens with dimensions 8 x 2.5 x 1.5 mm3  are prepared 

as described in Chapter If.. 

The crystals are compressed to a certain stress at the test 

temperature; good alignment is ensured by superimposing a hemispherical 

.Uall between the specimen and upper compression plate. It is 

unloaded and cooled slowly to room temperature to avoid inducins 

quenching stresses that might alter the density and distribution of 

the dislocations. The specimen is then cleaved along 111 
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containing the stress axis; this does not introduce a significant 

quantity of additional dislocations. The cleaved faces are etched 

in concentrated sulphuric acid maintained at '.5:b (the etching time 

varies from 5 to 30 seconds). 

Etch pit counts are conducted over the central region of the 

crystal so that any effects associated with the inhomoeneous 

deformation region near the compression plates are eliminated. 

Provided the strain is not large i.e. less than about 10/, the shape 

of the crystals does not alter significantly during the deformation 

so shear stresses along the slip planes can be determined directly 

from the applied stress. The general tendencies of the results 

are confirmed by conducting a fe-.: tensile experiments where the 

stress system is perfectly homogeneous throughout. 

1.3.3 The Relation betv eon. Etch  y  it and Dislocation Densitiots  

Reference to fig. 2.13 reveals that the dislocations intersecting 

111 	are the scrc.T.•.,  dislocations lying on the 'primary' plane 

(density NS-p) and edge dislocations (1\TEs) and dislocation dipoles 

(NDs) on the 'secondary' planes. The existing theories relate the 

athermal stress either to the total dislocation density on the 

' -orimary' plane (Np = N.i!4) + NSp) or the total dislocation density 

(Nt = Np + Ns). So approximate values of 	Nt 	are required 

in terns of the etch pit density (N). This may be achieved as follows. 

a. 	In tensile experioents slip occurs almost exclusively on the 'primary' 

system and the density of dislocations lying on the 'secondary' planes 

nay be (Ditto la-z. 	Thus, etch pit counts on these crystals give 

approximate values of iggp (on '1111 ) and Ni)? + Nlip (on .11.01 ) . 
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b. If it is assumed that the shape of a dislocation loop depends upon 

the relative velocities of edge and screw dislocations (this requires 

that the athermal stress should be the sane at edge and screw 

dislocations ) then the ratio of the length of edge to screw dislocation 

is given by Us/Uc. Thus, (Chapter 3) 

NE? 5* 	S 
2NS 	- 6.2 

, 

This also assumes that annihilation of screw dislocations by cross glide 

does not occur. 

c. Etch pit densities are also measured on 1110t, 

specimens to give a value of (NEp + NDp + NSs) 

Now, lot, 

of the compression 

NSp + NEs + NDs =-11114i  - 6.3 

it must be remembered to include the appropriate orientation factors 

for each slip plane with respect to the plane of measurement. 

Also, let, 

NEp +.NDp + NSs = 	6.L.. 

From tensile tests, NDs N
1
Ep + N

1
Dp - INiSp 	N

3 	
- 6.5 

NEs NEp ' 2N1SP 

These give; 
	Nt=3(N3-2N2-1) N1-2N3  (1+N2  ) 	 6.6 

1-4(1+N2 ) 
Thus, an approximate value of Nt may be found in terms of the etch 

pit densities. 

I.4_ Results  

Etch pit densities are measured as a function of strain at two 

temperatures (11000 and 170°C). At the higher temperature, almost 

immediately after yield, a random distribution of dislocations is 

observed throughout the specimen, with a density variation of 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 0.87 

whilst at higher strains the distribution is almost perfectly random again 

with density variations of up to 25 encountered over the central region 

of a crystal; the results quoted at ltW strains are average values taken 

over a large number of banded and dislocation free areas. 

The etch pit densities are plotted against strain on logarithmic 

axes in figs. 6.la,b. There are two distinct regions, one corresponds 

to all stages up to the start of stage II whilst the other corresponds 

to stage II itself. The fanner has a slope of 0.6t 0.1 whilst that of the 

latter is 0.9± 0.2. 

The stress dependence is of a more interest, 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 Section 1.2 the 

dislocation density need only be related to the athermal stress, so values 

of Li (obtained in the last Chapter) are plotted against the etch pit 

density, also in figs. 6.2a,b. A linear relationship is observed in 

stages I, at both temperatures, with a slope of 0.5t 0.1. In stage II 

another relationship is observed, it is approximately linear with a slope 

of 0.9t 0.2. Thus, in stages I, the athermal stress is related to the 

dislocation density according to equation 6.1 whilst in stage II they are 

related approximately linearly. 

Having established these relationships, stages I are looked at in more 

detail. The next objective is the determination of the constant C‹ , so 

values of 	Nt 	are required; These are determined as described in 

the previous section. 

Firstly etch pit counts on 1.1101 are made. It is frund that NI/NS 4 
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is virtually constant in stages i (c.f. NaCl, Hesse, 1966) and equal to 

1.8 4.  0.2; in stage II it increases slightly with strain. 

From the tensile tests conducted at 170CC, counts are made on -C1111. 
ti 

and r110i faces; the ratio of etch pit densities is again independent 

of strain with, 	N1Ep + N1Dp 	2.1 ±0.2 	(e.g. figs. 6.3.a,b) 

N
1
Sp 

Thus, very few of the dislocation dipoles formed actually etch, 

an indication that only narrw dipoles are formed (c.f. Davidge and Pratt) 

It does not indicate that dislocation dipoles are not created,see Appendix I. 

So for the purposes of this investigation 	0 

Thus, from equation 

Nt 	3.3 MIL Ni 	— 6.7 

for all strains used 

These are evidently only very approximate because a number of the 

assumptions are not strictly valid but still give an indication of 

the appropriate factors. 

Now plots oft, against 4/77 are constructed, figs. 6.4a,b. The 

slopes in stages I give a value of%X ; within the quite considerable 

range of error, similar values arc obtained at both temperatures, giving 

0‹. = 0.32 ± 0.06 

The validity of the experiments is confirmed by plotting values of TT) 

against .ArRt obtained from tensile experiments at 170°C. Slightly 

smaller values of Nt are obtained for a given-CACC,10 but the general 

tendencies are similar. The results give a value of 0‹ within the 

range 0.2 to -CO (fig. 6.41)) 
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It is not possible to obtain sufficient results in stage II to 

establish a more precise relationship. 

A,5 	Discussion 

It is established that the applied shear stress in Stages I 

hardening in calcium fluoride is given by:- 

1:  A = 	0.32t/bwNt 	- 6.9 

The hardening in stage II is not so well established but is given 

approximately by:- 
-r  

f„ 	= kd -I- Kat 	C - 6.10 

where K and C are constants. 

Hesse (1967) has found the following relationship applies for 

Na01, under all conditions: - 

L
A
= 	A di Nt + ENt 	- 6.11 

• where A and B are constants 

If the thermal stresses are taken into consideration this relationship' 

also fits approximately the results obtained in calcium fluoride. 

The pro-Um in the identification of the origin of the athermal 

stresses is the additive nature of these stresses, so that the 

contributions from a number of separate sources often haf, to be 

considered. Also of. importance is the relative 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 to the observed athermal stress (e.g. dislocation sources, 

Nhbarro, 19610. Without knowing in detail the actual relative 

positions of all possible ohstacles it is not possible to determine 
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the origin of the athermal stress unequivocally. However, a consideration 

of the results obtained this far enables certain possibilities to be 

eliminated, thereby narrowing the field of interest. 

Each stage is now considered in turn. 

1. 	Stage I 

As already mentioned there are numerous processes capable of 

giving the observed parabolic relationship. It is expedient to look 

firstly at the tensile experiments. Although slip is occurring predominant::,- 

on a single system the value of e4 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 requires that ek;e dislocations of opposite mechanical 

sign, initiated from different sources, should interact to form multipols5, 

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, gives a value ofcx. of about 0.1 for calcium fluoride, 

so cannot be the sole source of athermal stress 

There are other possible obstacles. Thus, Chen et 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 dislocations 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 to be effective. DeformatiOft 

proceeds with slip occurring predominantly on planes between existing 

slip bands; the dipoles created on these adjacent bands are too far 
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from the moving dislocations for the interaction stress to be significant 

(see later in this section). Thus, only dipoles created on or near the 

operative slip plane arc effective and the blocking condition is not 

likely to be satisfied unless the first screw dislocation to traverse 

the slip plane produces a sufficient density of dipoles. This situation 

is then similar to one discussed in. Chapter 7, where the first dislocation 

to movo 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 considered in Chapter 2, dislocations with 

orthogonal burgers vectors, moving on the same slip plane, could interact 

to form dislocation junctions, which could impede the passage of other 

dislocations. However, oven if these junctions can form they are not 

very stable and would not be capable of holding up many edge dislocatiol_ 

Finally, since the orientation factors for the 'primary' and 

'secondary' slip planes do not differ greatly, the small pile ups on 

the 'primary' plane could initiate slip on the 'secondary' planes 

(c.f. Hirsch, 1964). The extent of 'secondary' glide can only be small 

(see Chapter 4) but could be sufficient to enable interactions with 

'primary' dislocations to occur fm form junctions (equation 2.5 ). The 

junctions form in the mixed (G . 1/4) orientation and could quite 

effectively block these dislocations. Although the junctions are stable 

they are not strictly sessile like the Lomer-Cottrell barrier formed 

between extended dislocations; so they cannot 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 piled up groups of dislocations formed on the 

'primary' planes. It is not possible to determine, at this stage, whether 

these stresses are of the appropriate magnitude to provide the observed 

work hardening. If not, more complex obstacles might be created as 

discussed later. 

The slip line observations on the tensile specimens refer to screw 

dislocation slip distances only. Thus, they do not provide any useful 

information about the obstacles to edge dislocations, they simply indicate 

that no effective blocking obstacles for screw dislocations are created 

during deformation. So the Obstacles created are not able to block 

the expansion of dislocation loops all around; whichever Obstacle type 

is selected is required 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 dislocations; 	stable junction can form 

in two orthogonal (mixed) orientations in type 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 explanation 

of the work hardening here is probably also complicated by the movement 

of a large number of dislocations out of the crystal. 

lidditional 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 sufficient to block the 

dislocations. 

Corpression Specimens 

The develont of deformatLn in the ccmpressi:n specimens is 

obscured through slip occurring on all available primary systems in the 
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early stages. However, it is observed that, in any specific region, 

slip occurs principally on one system so that intensive pile ups occur 

against adjacent regions; this is particularly apparent in type A crystals. 

The slip slip line observations on these crystals refer to mixed (0 = A.1.) 

dislocation slip distances; these decrease continuously with strain. 

The slip line length variations in other orientations have not been 

determined but it is assumed that similar variations occur for edge 

dislocation 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 (p /150) is similar to the larger values 

observed in stage II in f.c.c. metals (AJ /150 - 	/ 500). Similar 

observations are made in other ionic crystals e.g. Nan. (AJ/1000, Davidge 

and fratt), mw  (t) /500, - fashlourn, 1963), llgO 91,1/120, Stokes, 1965). 

The dislocation density, athermal stress relationship is also similar, 

even the magnitude of the constant o(, and the length of the slip lines 

is approximately inversely proportional to strain in both cases. The only 

difference concerns the specimen size and strain rate dependence of the 

work hardening; such large variations are not observed in f.c.c. metals. 

Thus, there is good reason for presuming that stage I hardening here is 

similar to stage II in f.c.c. metals; the specimen size and strain rate 

effects need not rule out this possibility (see Section ii'-  ). There is 

a wealth of literature devoted to the theories of work hardening in f.c.c. 

metals and it is n-t considered in any great detail here. The slip line 

Observations indicate that the athermal stress is derived predominantly 
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from interactions between dislocations held up at blocking 

obstacles rather than from interactions with the elastic field of 

forest dislocations during intersection (Hirsch and Mitchell), the jog 

mechanism (Mott, 1960) does not apply to edge dislocations. The form 

of the blocking obstacles could be simply those already described in 

connection with the tensile experiments (analogous to Seeger's theory) 

or the pile ups behind these obstacles could initiate slip on the 

'secondary' systems in their vicinity so that complex obstacles are 

created (analogous to the Hirsch theory). The latter is favoured in 

this case because the simple obstacles 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 of the same sign (Chen et al). The birefringence 

Observations (e.g. at 11000) and slip line observations indicate that there 

are no distinct slip bands created on the secondary' planes during this 

stage, so whichever theory is adopted is required to account for this. 

The Hirsch theory requires a relatively large 'secondary' dislocation 

density but only a small proportion of this dislocation motion need occur 

on these systems so the experimental observations do not discount the 

theory (c.f. Nabarro et pl, 1964.). It is not really possible to 

positively identify the fonu of the obstacle without, at least, 

extensive electron microscope studies. 

2. 	Stage II  

The theory adopted for stages I must also be able to provide a 

logical transition into stage II. The tensile experiments showed 

that stage II corresponds to the onset of slip, in the form of bands, 

on the 'secondary' planes. The theories adopted to explain Stage I 
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require a certain amount of slip to have proceeded on the 'secondary' 

systems; this cannot have occurred in the form of distinct bands (as 

already described). Thus, the transition to stage II might occur at a 

stress where definite slip bands can be formed on the 'secondary' 

planes or perhaps might correspond to a certain density of 'secondary' 

dislocations and dipoles. 

The other signific=t features of stage II are firstly that the 

slip line length (i.e. the slip distance) does not alter although the 

forest density is increasing and secondly the onset of the stage 

corresponds to a rapid increase in the total dislocation dipole 

density (Davidge and Pratt). The formation of dislocation dipoles in 

calcium fluoride is considered in Appendix I; the term dipole is used 

throughout but might equally refer to dislocation loops and point 

defect clusters. 

Thus, some form of dissociation at the available obstacle 

sites might be occurring, to account for the sip line effect, and 

this results in the formation of dislocation eLpoles. The most logical 

explanation of these effects is that extensive intersection of the 

dislocations comprising the obstacles can comme nee, with the resultant 

formation of sessile, long jogs on screw dislocations and hence 

dislocation dipoles. If the obstacles are of the simple Seeger type, 

the above situation could arise when the stress at the obstacle (applied 

plus internal stress) is sufficiently large to dissociate certain 

of the junctions that are created (or cause them to become Elissile). 

Blocking is then only achieved where the density of obstacles ('secondary' 

dislocations) is suitably high i.e. depends upon the inhomogeniety of 

the distribution of the 'secondary' dislocations. The dipoles 



produced in this case would form predominantly on the 'primary' planes. 

Alternatively, if Hirsch type obstacles are required, intersection might 

commence at the obstacles to reduce their complexity so that their 

trapping radius decreases more rapidly with stress than in stage I. 

This releases both 'primary' and 'secondary' dislocations that can 

glide away and produce dipoles on both sets of planes. This could 

account for the distinct '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 obstacle 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. lIntersection 

commences at a certain magnitude of the total stress at the head of a 

pile up. Thus, as the apclied stress increases, the obstacles are able 

to support fewer dislocations before intersection occurs (where the 

spacing between dislocations comprising an obstacle does not increase). 

Thus, the athermal stress component associated with the long range stress 

field of the dislocations at these Obstacles cannot increase more rapidly 

with strain than in stage I because this would require the number of 

dislocations at the obstacle to increase with strain according to the 

expression (Hirsch and Mitchell, Kronmullar):- 

L 	f(n) 
	

- 6.12 

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

I
n the number of dislocations held up at the obstacle. 
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Thus, some additional contribution to the athermal stress is required. 

This is possibly the interaction of the dislocations with the dislocation 

dipoles produced, in large quantities, at the onset of this stage 

(Keer et a1,1966). There appears to be three meQhanisms that might 

give the required linear athermal stress, dislocation density 

relationship, when these are the sole contribution to the athermal stress. 

The first mechanism, proposed by Gilman (1962), requires dislocation 

dipoles to be formed on the 'secondary' planes; they can then be regarded 

as analogous to coherent precipitates. If the spacing between the dipoles 

is of the appropriate magnitude and the strain field around than suitable 

it might be possible to invoke a Mott-Nabarro solute hardening mechanism 

i.e. the dislocation is required to adopt a curvature to conform with the 

strain field of the dipoles. The stress is derived from the line tension 

associated with the imposed curvature. The mechanism provides an athermal 

stress proportional to the dipole density. The dipole density increases 

approximately linearly with strain in Stage II (Davidge and Pratt), and 

since the dislocation density itself is observed to increase approximately 

linearly with strain, then the required linear dislocation density, 

stress relationship is obtained. 

ii) 	The second mechanism, proposed by Stokes (1965) requires a high 

density of dipoles to be formed on the 'primary' plane. The dislocations 

can interact with the stress field of these dipoles according to the 

relationship (Kroupa, 1962),t, 1 
	

2 , where 1 iS the distance of the 

dislocation from the dipole. If 1 is proportional to the spacing between 

dislocations this gives the required relationship. This mechanism is 

essentially a short range interaction and hence an only contribute to the 
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athermal stress if the dipoles are sufficiently long and dense on the 

slip planes 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 

fermatin of intersection jogs. This mechanisms is only 

effective for edge dislocations; the screw dislocations are impeded 

by the increased density of jogs that are either sessile or required 

to move non-conservatively. 

iii) 	The Mott-Nabarro mechanism was originally developed for defects 

with a spacing of a few tens of angstroms 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 during intersection. The latter can only 

provide a component of athermal stress if dipole intersection determines 

the thermal stress; this is not so (see Chapter 5). Thus, the bowing 

out between dipoles, according to the Orowan process, might be a third 

possible mechanism (Nabarro et al, 1964). The °rowan process gives; 

T-r Q.< '1, 	-6.13 
Where 1 is the spacing between inpenetrable obstacles (dipoles, in this 

CaSe). 

If the spacing between dipoles on the 'secondary' planes is 

proportional to the average spacing between dislocations, this gives a 

parabolic 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 surrounding the dipole, so, in fact, 

1 might decrease more rapidly than the spacing between dipoles, so this 

mechanism could give the relationship observed in stage II. 
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The thermally assisted intersection of debris proposed by Kear et al 

(1966) as a stage II hardening 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 dislocations 

requiring to intersect debris and for approximate single slip conditions in 

relatively dislocation free crystal.(See Sectionla). 

If dislocation loops (point defect clusters) are created rather than 

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 

Makin (1964);"  They drrive• a relationship of the form; 

= 0.14 bap 	- 6.14- 

2-rdi-v) 

Where a 	the radio of the loop and 1 is the distance of the dislocation 

from the loop. 

So these too cold contribute to the athermal stress if their 

distribution and density should be suitable. 

In addition, if they are formed on 'secondary' planes they might act 

as impenetrable obstacles with dislocations bowing out.between them. 

These individual interactions are clearly not the only contributions 

to 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 strain field might provide the major 

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

Ti) 	0 + (L K 	 6.15 
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Valero to is the stress due to the interaction with the dislocations 

associated with the blocking obstacles. 

k is the dipole passing stress = p-1)--- 
27if(1-v) (Chen etal) 

Where 1 is the distance of the dislocation frcm the dipole. 

TV; , is the internal stress, associated with the blocking obstacles, 

at the dipole and depends upon the position of the dipoles with 

respect to the blocking obstacles. 

For 1.c to provide a significant contribution, 1 is required to be 

within the range 102--103A0  . This is an order of magnitude lower 

than the spacing between dislocations observed under these conditions, 

so, if dipoles are formed only on the slip planes containing the 

dislocations this cannot have a significant effect. However, a detailed 

study of dipole distribution is required before any quantitative 

estimates can be mads. 

The dipoles formed on the 'secondary' planes can also contribute 

to the athermal stress as already described. So the overall atherna 1 

stress might be; 

-.141)t(Ip  -T N) - 6.16 

whore 	is either a Mott-Nabarro or an Orowan term. 	depends 

upon the relative physical position of the dipoles with respect to the 

blocking obstacles and 'primary' dipoles. 

For an Orowan mechanism, Lr.-r.r. 2,Pb/1; this is about an order of magnitude 

greater thant f< and could provide the major proportion of the athermal 

stress, if the spacing between 'secondary' dipoles is similar to the 

spacing between dislocations (although 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 enable the alternative Mott-Nabarro contribution to 

be estimated. 

Thus, the possible contributions to the athermal stress in stage II 

are listed but it is not possible to make any quantitative estimates 

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 proceeds on a certain slip plane, then reorienting 

the crystal so that slip cannot occur on this system but 	is 

required to take place on another intersecting system (c.f. Alden,1963 

Kooks, 1964; Jackson and Basinski, 1967). The experiment enables 

intersections to be investigated in a relatively controlled manner 

and should be able to provide useful information about the athe/mal 

stress. 

2. Experimental  

A B orientation specimen is compressed to a specific strain 

so that slip occurs largely on single system in the central region 

of the specimen. Then, a type A specimen is cut from the central 

region such that the original slip plane 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. A number of additional 

dislocations are presumably produced during the cutting of the 

second specimen but these are ccnfined to the surface layers and 

should not influence the subsequent deformation significantly. 

3. Results 

Firstly a few simple birefringence observations are made to 

confirm the mode of deformation. The birefringent pattern after 

the original deformation is shown in fig. 6.5a; after the second 

deformation, this pattern is completely broken up, fig. 6.5b. This 

indicates that extensive intersection of the original slip bands 

has proceeded. 

Secondly, the stress strain characteristics are established. 

A typical result is shown in fig. .6, for a specimen prestrained 

into sta,e Ic at 170°C. The significant features of the latent 

hardening are as follows, 

a. The stress required to move a dislocation through an existing slip 

band is considerably larger than that required 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). 

Alatever the mvgnitude of the prestrain in stage Ic, the rate of 

work hardenin in the second deformation is almost identiOal to 

that in a type A. specimen that has not been prestrained. (c.f. 

Alden, 1964), this applies at both 170°C and 110°C. 

The situation is slightly different for specimens prestrained 

into stage Ib; a typical experiment is shorn in fig. 6.7. During the 

second deformation, the curve has an identical form to that of a 
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type A specimen of similar dimensions that has not been prestrained, 

when the curves are superimposed at similar stresses. Thus, a specimen 

prastrained sufficiently into stage Ib will adopt a stage Ic hardening 

rate immediately, during the second defoliation. 

It is now evidently important to distinguish the contributions 

to latent hardening due to thermal and athermal stresses. SD typical 

change in strain rate and temperature tests are conducted on prestrained 

specimens. Firstly, specimens prestrained into stage Ic are tested. 
9E- 	\ 	\ 

All activation parameters obtained i.e. -7(
,, 
 )3 JOIE( Is,  )3 	

/ 	
) 

"T) , are identical to those determined in Chapter 5 for as prepared 

specimens. Thus, the the/mal stress is identical for dislocations 

moving through lo:i and high densities of forest dislocations and 

dislocation dipoles, fig. 6.6; this confirms a previous observation. 

that forest intersection and dislocation dipole intersection cannot 

contribute in any way to the observed thermal stress. The latent 

hardening is, therefore, entirely athaimal in oricin. 

The experiments are repeated for specimens prestrained into stage 

I's at 110cC. The results are interesting;. The magnitude of the 

parameters obtained immediately upon reloading differ from those 

obtained during prestraining, immediately prior to unloading. However, 

on plotting these activation parameters (-7, 	ZiEo) against the 

applied stress, apart from a faw initial values, the curves obtained 

are identical to those determined previously for as-prepared crystals 

(Chapter 5). The variation of 1:Is shown in fig. 6.7; the latent 

hardening is partly athermal and partly thermal in origin. In. addition, 

the magnitude nf the thermal stress, at a given temperature and strain 

rate, depends only upon the applied stress and not upon structure or 
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strain etc., this also confirms the conclu3ions, drawn 

in Chapter 5, concerning the likely thermal mechanisms. 

II.L 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 distribmtion of static dislocations on an intersecting system. 

This confirms previous slip line observations that the distribution 

of initial pile up positions cannot influence the work hardening 

significantly i.e. some alternative blocking obstacle is generated 

during deformation. Thus the effect 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 14. 
More realistic, qualitative explanations of these effects 

are attempted here; the specimen size effect is considered first. 

This must evidently be associated with the inhamogeneous stress 

system around the compression plates. No specimen size effects 

are observed in Stage II in f.c.c. metals (Kooks et al, 1964) 

and since stage I hardening here has been regarded as similar 

to stage II in f.c.c. metals, 
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the discrepancy must be accounted for. The onset of stage II commences 

at an approximately similar applied stress in all cases. Thus, beyond 

a certain magnitude of the applied stress there must be a constant 

rate of production of obstacles (dipoles) under all conditions to 

provide the relatively constant stage II hardenin,c; observed (this has 

to be explained by any stage II theory developed quantitatively). 

Stage Ic hardening presumably cannot be solely due to interactions 

with blocking obstacles, except for large values of 11/d, otherwise a 

constant hardening rate would be observed as in f.c.c. metals. The 

most reasonable explanation is that the friction stresses, in specimens 

with small values of 11/d, alter the resolved shear stresses on the 

'secondary' and 'primary' slip planes such that a relatively high 

dipole density is __produced before intersection at the obstacles 

provides the required stage II rate of production. The total athermal 

stress is then given by equation 6.16 with small contributions from 

and/or 	It is not attempted to provide any worthwhile 

explanations of how these additional dipoles are produced at t his 

stage. Whether this argument is correct can be tested by dislocation 

density and bulk density measurements on squat specimens. Thus, the 

dislocation density, stress relationship should be intermediate 

between the parabolic and linear relationship in stages I for these 

crystals. In 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 NbC1 (Davidge and Pratt) and LiF (Gilman and Johnston) dipoles 

arc produced during 'easy glide' so there must always be a contribution 

to the athermal stress from these 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 suggested by Gilman, 

so that only one work hardening stage is encountered. Thus, the above 

size effect explanation appears possible with the work hardening 

depending upon the relative variations oftpand -CK and perhaps-CF. 

with strain in equation 6.16. It is only at relatively high dipole 

densities that CK and 1.-, F can produce a significant effect, so 

presumably in specimens with relatively large values of /d the 

parabolic relationship is obeyed quite closely in stage I. 

The effect of temperature is entirely different for, as the 

temperature decreases, both the length of and the rate of work hardening 

in stage Ic increase. Now, the lower the temperature, the larger the 

stress required for intersection to proceed at a given strain rate; 

this explains how the onset of stage II might occur at higher stresses 

at lower temperatures. The rate of work hardening in stage Ic varies 

slowly with temperature, although the variation is more rapid than a 

simple shear modulus effect. 

This might also be associated with a variable production of dipoles 

during this stage i.e. the lower the temperature the higher the rate of 

production of dipoles. If this is correct, at the lower temperatures, 

the stress dislocation density relationship would deviate slightly 

from the parabolic relationship. Unfortunately, the results at 110°C 

are not sufficiently accurate to test this. 

The strain rate effect is an intermediate case with a relatively 

rapid increase in work hardening in stage Ic, as the strain rate is 

increased, and a corresponding increase in the stress associated with 
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the onset of stage II. It is expected that the effeats of temperature 

and strain rate upon the stage II starting stress should be similar but 

the increase in hardening rate in stage Ic is contrary to 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 

frrmation of obstacles through the interaction of 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 etc. depend only upon 

the magnitude of the applied stress at a particular temperature and 

strain rate; this confirms the previous observations made on specimens 

of various relative dimensions. This indicates that the rate of production 

of obstacles on the slip planes depends only upon the applied stress and 

not upon strain, structure etc. This essentially means that the obstacles 

are created on the slip planes only and not generally throughout the 

lattice; this is consistent with the mechanisms proposed in the previous 

Chapter. 

Conclusions 

1. The applied stress in stage I deformation is given by4- 

t-' X .4' 	+. a .32: • biti 
The 

- 

The athermal work hardening is most likely to be associated 

predominantly with the interactions between the .stress 
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field of dislocations comprising obstacles on the slip planes. These 

obstacles are formed by the interactions between dislocations on the 

planes of maximum resolved stress and the other primary planes. The 

actual physical nature of these obstacles is not clear. 

2. The applied stress in stage II deformation is given approximately by:- 

A 	K 	+ C 
There are a number of contributions to the athermal stress in 

this stage. The principal contribution is possibly associated with 

the interaction of the dislocations with dislocation dipoles created 

during deformation. If this is so, the onset of stage II is associated 

with the stress required for copious intersection to proceed at the 

stage I obstacles, with the resultant rapid increase in dipole 

density. 

3. 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 

faumation rates of dislocation dipoles in each case. The stress 

corresponding to the onset of stage II is explained logically by 

assuming that it is the stress associated vith a thermally activated 

process i.e. intersection of dislocations at the stage I obstacle. 
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Appendix I  

The Formation of Dislocation Dipoles Luring Deformation 

The bulk density measurements of Roy show that point defects and/or 

dislocation depolos are produced during deformation; the density of 

defects is greater, fora given strain, in type A than in type B 

specimens. His measurements are made after an ageing period of many 

hours at room temperature and the results are independent of time. 

Similar observations are made in NaCl(Davidge and Pratt; Kear et a1,1966). 

If the density change is due to vacancies or interstitials they could be 

detected from ionic 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 are generated arring deformation 

in calcium fluoride. 
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Fig. 6.5 (a) frestrained 1/ _ 	x 30 

Fig.  6.5 (b) After the second deformation 	x 30 

The variation of the birefringence pattern in the latent 

hardening experiments at 110°C. 
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alidTER 7 

Tho Deformation of Very High Purity and Yttrium Doped Crystals  

1. Introduction 

It has been concluded in the previous sections that the thermal 

stress might be dependent upon interactions -:,it h impurity ions or 

copkplexes. So the effect of differing clumntities of impurity upon 

the deformation characteristics is studied briefly to determine 

whether these impurity mechanisms are possible. Thus, as described 

in Chapter 1, very high purity and yttrium doped crystals have 

been obtained and these are studied. 

2. Experimental 

ii orientation specimens, prepared as described in Chapter 4 

are tested c7ver a series of temperatures, usin the techniques 

outlined already. 

3. Results  

High ,:Urity Crystals 

Stress strain curves have beer obtained. for these crystals at 

11C 2C and 170°C. The results are shown 	7.1. There is 

little difference from the Harsha,d crystals apart from a lower 

work hardening rate in stage Ic with the transition from Ic to II 

occurring at higher stresses. (This differs from observations made 

in 1%01 by Hasse , 1967). 

The activation parameters i.e. m (T) , 	),6.71 (e), 

are identical to those obtained in Harsha.J-  crystals (figs. 5.1, 

518, 5.21). Thus, for relatively small quantities of impurity, 

the rate controlling obstacle is independent of the impurity 

content. This is a most important result and its relevance is 

seen in Section 2.-. 
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Yttrium Doped Crystals 

Firstly, specimens are tested in the fully aged condition i.e. 

they arc: left at tae test temperature for a few hours prior to testing. 

The stress strain curves obtained are shown in fig. 7.2c. There 

is no significant deformation below 150°C. Above this temperature, 

yield is followed immediately by a horizontal region up to about 1: 

strain and then a transition to a region of linear work hardening 

(c.f. LiF stress-strain curves obtained by oilman and Johnston, 1960) 

The activation parameters that can be obtained from change in 

strain rate experiments are also determined. Unfortunately, it is 

not possible to conduct valid temperature chane experiments because 

rapid and severe dislocation pinning is encountered. The results 

obtained areshown in fi . 7.2 , ,d. The activation vAume and the 

thermal stress are independent of strain. For a strain rata of 

1.2 x 10-5sec-1, the activation volume lies within the range 

1--3 x 102b3 between. 130°d and 30000; the results arc not sufficiently 

numerous to warrant plotting a VI 	diagram. This activation volume 

is well in excess of that obtained in the pure crystals for a similar 

value of the thermal stress e.g. an order of magnitude higher at 

4kgmm72 (fig. 5.18). Values of Ill, obtained by the extrapolation 

of m to zero strain, increase as the temperature increases. This 

might be an anomalous result either because the density of mobile 

dislocations alters during the increment of strain rate at the hi.gh.er  

temperatures see Chapter 5) or because zero strain does notraoriespond 

to the eomaitical of zero athamal stress, so it is not m)  that is being 
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The experiments are repeated on crystals that have been heated 

in vacuo at 1000°C and cooled to the test temperature as rapidly 

as possible, in an attempt to produce a different aggregation 

state for the yttrium impurity. hoever, there is no difference 

in the deformation characteristics. This means that either the heat 

treatment does not alter the distribution of impurities, or that 

the form of the impurity does not significantly influence the 

mechanical properties. 

L. Discussion 

The results reveal that for given test conditions, the thermal 

stress (and other activation parametefs) is independent of the 

impurity content, for small quantities of impurity, and differs 

from that obtained in crystals containing a relatively large 

quantity of aliovalent impurity. It is not intended to identify 

the impurity mechanism, it merely suffices at this stage to note 

that, in crystals viith an aliovalent impurity content of more than 

200 p.p.m., the deformation is controlled in some 	by the 

impurity, and this mechanism differs from that encountered in 

pure crystals. 

The aliovalent impurity content (anion plus cation) in the 

high purity crystals is less than 2J P.m. For the Fleischer 

interaction mechanism to be a'A_e to pr-wide the observed activation 

volumes a concentration of aliovalent impurity greater than 

40 p.p.m. is required (see Chapter 5). LIven if 40 p.p.m. of 

aliovalent impurity should be presents  it is unlikely that it is 

all manifested as the appropriate individral complexes required for 

this mechanism (c.f. Quin, 1)(7), so it is regarded as a 
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most unlikely mechanism in this case. Similarly, for the interaction 

and migration mechanisms to be ccntrolled entirely by aliovalent 

impurities, at least 40 and 50 p.p.m. respectively af the impurity 

in the appropriate form is required, so theee arc also regarded as 

most unlikely. 

Thus, the interaction and migration mechanisms, requiring at 

least a proportion of the (obstacles to be vacancies or interstitials, 

remain as the most likely mechanisms; these are considered further. 

The particular mechanism that operates is determined by the 

relative values of the binding energies and miRration energies (Chapter 5) 

at the specific thermal stress concerned. 1ln approximate value of the 

former may be obtained from a relatively simple calculation. 

Consider the association of a positively charged defect (e.g. a 

fluorine vacancy) with an edge dislocation consisting of thtee adjacent 

megative charges, -Ath half jogs on both si(Tes. If the vacancy associates 

with the dislocation at the central position of this configuration, 

there is a decrease in electrostatic energy of about 1 ev (see Chapter ); 

the association energy in any other position. is mailer. There is also 

a reduction in strain energy (larely electrostatic and core repulsive 

in origin). -.,3assani and Thomson have calculated the association energy 

between a vacancy and an uncharged dislocation in Neal and obtain a 

value of 0.4 t 0.2 ev. The calculation will not be significantly 

different in calcium 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 because -there the 

displacement energy at the half jog had to bu created whereas here 

it is already available in the form of tae vacancy). 
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Unfortunately, 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 operate. However, it might 

be possible to differentiate between them by indirect means. 

It has already boon determined that a point defect 

concentration of the order of 1016  to 1017  cm 73  is required for 

the interaction mechanism to provide the observed activation 

volumes. The migration mechanism evidently requires a smaller 

concentration to be available at any instant, during deformation. 
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An order 

of magnitude is obtained here. The maximum expected value of the mobile 

dislocation density is 10
6
cm
-2
. Then, the density of point defects 

required to saturate all available edge sites on these dislocations 

is 1014cm 3  (assuming the loop expands to a diameter of 105Ao  before 

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 expected if the former mechanism applies. In addition, the 

variation of this concentration with strain is different in both cases. 

For the interaction mechanism, the concentration increases in stage Ib 

but remains constant in all subsequent stages; for the alternative 

mechanism the concentration increases in all stages and probably more 

rapidly in stages 1c 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 them 	ionic conductivity measurements 

(Ure, 1957), The conductivity should be measured immediately after 

deformation is arrested (c.f. Taylor, 1953; Garaagni et al, 1965). 

A particular problem presents itself where mechanisms requiring 

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 with only a slow increase in obstacle density on the 
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operative slip planes as the strain increases. Hoefever, for this 

situation to arise, dislocation sources must be available on the planes 

of lowest thermal stress (ostac:.e density). In addition, the 

respective magnitudes of the athermal stress on the possible slip 

planes must be considered i.e. dislocations prefer to move mid way 

between existing slip bands and sources operate only where the 

internal stress is favourable (Chapter 5). S the problem is a complex 

one with a detailed knauled-,:e of dislocation sources and dislocation 

distribtuions required. The slip line observations (Chapter 4) show.  

that dislocations move in hands, 	d:e other crystals, but this does 

not necessarily rule out the al)o7c mechanisms. 

One of the important criteria used in. elimination of possible 

rate controlling processes is that the scre dislocations move faster 

than the edge dislocations. This is determined experimentally at zero 

strain and assumed to apply under all test conditions; the assumption 

may not be valid. The application of the criterion requires two 

conditions to be satisfied. The firot is that the athermal stress 

component at the scree; dislocations is not significantly in excess of 

that at the edge dislocations. If this should not be so and (t1 	 ) 

at the screw dislocation is larger than the corresponding value at the 

edge dislocation then it is the screw dislocation motion that determines 

the magnitude of the thermal stress measured, There is clearly a 

difference betaeen the blocking obstacles for edge and scL:;:v dislocations 

in stage I (c.f. Hirsch and Kitchell). Ho,:ever, it is not expected 

that the athermal stress at the scree: dislocation should be significantly 

larger than that at the edge. 
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Secondly, in a typical constant strain rate experiment, the thermal 

stress is related to the applied strain rate rather than the velocity 

according to equation 5.9.Thus, if the density of mobile edge dislocations 

is greater than the corresponding screw density, the thermal stress, 

at both could be similar in magnitude, Dr even larger for the screw 

dislocations. If dislocation motion can always be regarded simply 

as the expansion of individual loops, from a source, this density 

is evidently the same for both components and the above possibility 

does not arise. However, the actual deformation process might be 

more complex than this, in which case this possibility must be considered. 

This uncertainty raises the interesting possibility that the edge 

dislocation controls the deformation at yield (as shoJn by the etching  

experiments) with a gradual transition to the screw dislocation process 

ciocurrino: in stage Ib until, in sta. e Ic, it depends entirely upon 

the motion of the screw dislocations. This is most unlikely because 

it requires both edge and sera.; activation enthalpies to be very similar 

and 	be the same for edge and screw dislocations (the etch pit 

measurenents in Chapter 3 shov; that this is probably not so). 

Finally, there is the possibility that more complex processes 

are involved; t;:o interesting possibilities are considered. Firstly, 

the presence of point defects (or complexes) could influence the 

nucleation and/or lateral motion of :ceierls kinks (Cottrell, 1963; 

Guyot and. Daria)so that a modified 2eierla process applies. Secondly, 

if the impurity complex intersection energy and the point defect 

interaction energy are similar, the former could apply at the start 

of deformation, with stage Ib representing a transition to the 
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latter,as intersection produces a hiher density of isolated point 

defects ,then in stav e lc the latter applies exclusively 'Ath no more 

point defects capable of being produced. 

There are probably further possibilities. The identification of 

the actual rate controlling mechanism is not possible until more precise 

theoretical and experimental ent1121:2ies are determined, for the various 

processes. 

Conclusions 

The most likely rate controlliniz deformation processes in 

calcium fluoride appear to be either the interaction of the edge 

dislocation lAth isolated 	d point defects (vacancies or interstialE7. 

and perhaps aliovalent impurities) or 'the niyration of point defects 

viith the dislocation. Ho7zever, there are a number of more complex 

possibilities that cannot be eliminated so it is not possible to 

uncouivocally identify the rate controlling obstacles at this sta e. 
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CH QTR 8 

General  Conclusions and  Surestions for Further Vork 

1. Conclusions 

This etudy has provided a crtain amount of information concerning 

the deformation of calcium fluoride crystals. The principal 

ccnclnsions derived from this work are presented here. 

1. The e'lge dislocation on the p_001i <110) system, although 

macroscopically neutral, consists of regions of relatively high 

local charge, the sign of the charge e altermting along the length 

of the dislocation. The presence of these ch7.rges appears to 

influence the deformation on the primary slip planes. 

2. The ed:-_;e dislocations on the primary system  move at a lower 

velocity than the screw dislocations, for a given value of the 

thermal stress. This is the inverse of the situation observed 

in other ionic crystals (e.. LiF, Gilman and. Jehnston,192; 

Na0I,Gutmanas et al, 1963); it indicates that it is the movement 

of the edge dislocations that controls the rate at which deformation 

prooccaa for 4.given applied stress. This is possibly associated 

with the unusual configuration of the ed • e dislocation on this systeia. 

3. Over the range of temperature investigated, the stress-strain curves 

sho,: five separate regions. Apart from tie rapid ,Jork hardening 

region observed immediately after the yielding stage, the stages 

are similar to those observed in other ionic crystals (e.g. NaC1, 

Davide and Pratt; Hesse) with a typical throe stage curve, plus 

a yield region. The curves also depend upon the mode of deformation 

i.e. tension or compression and upon temperature, strain rate and 

specimen size (for compression specimens). 
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4. The agreement between the stress dependence of the dislocrAion 

velocity obtained from etch pit experiments (for edse dislocations) 

and from charge in strain rate experiments indicates the validity 

of the latter, macroscopic, method. for the determination of the 

activation parameters in calcium fluoride e.g. 	, V. The temperature 

dependence shows that the macroscopic incremental temperature method 

provides a close approximation to the activation enthalpy of the 

rate controlling deformation process. Application of the analysis 

of thermally activated deformation to the results obtained shows:- 

a. The rapid work hardening stage, 	is due largely to an increase 

in the thermal stress with s'Grain. 

b. The increase in the thermal stress probably arises from an increase 

in the density of taermal obstacles of a given type on the slip 

planes, during defoliation. 

c. The thermal obstacle involve is most likely to be associated either 

with the interaction of the charged regions of the edge dislocation 

with isolated charged point defects, generated during deformation, 

or with the migration of point defects (or half joEs), picked up 

during deformatton,with the dislocation. 

5. The variation of the atheimal stress with strain is similar to 

that observed in other ionic crystals, in particular NaGl, and can 

prcbably be explained similarly. The stage 	features 

are adequately explained by invoking a theory similar to that 

developed to explain star;: II hardening in f.c.c.metals, with the 

athermal stress derived predominantly from the interactions beteen 

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 II athermal stress is possibly 

derived principally from interactions Ath dislocation dipoles 

generated during deformation. 

5. The characteristics of secondary 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 temperature and strain rate (it is also independent of strain) 

and that the experimental activation. parameters fit a Peierls 

process analysis quite closely. Thu2, the Peierls process might 

be the important thermal mechanism but the cross slip of scre 

dislocations and conservative jog motion cannot be ruled out as 

alternative mechanisms. The athermal stress origin has not been 

investigated. 

2. Further Sork 

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 these are considered briefly belmi. 

1. 	detailed study of the core confi:uration of the primary edge 

dislocation, in particular, rigorous lattice calculations. This 

should enable the most favourable configuration to be estimated and 

hence the interaction energy of this dislocation vdth various 

defects to be calculated. This v  ould assist in the identification of 

the rate controlling thermal mechanism. 
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2. The measurement of the dislocation velocity as a function of stress 

on deformed crystals (c.f. Gilman and Johnston, LIB', 1960). This is 

exoerimentally extremely difficult and requires fresh dislocations 

to etch differently than old dislocations, as in LiF. However, if 

this sort of measurement could be performed it would be able to 

confirm the important assumption that the mobile dislocation density 

does not alter during an increment of strain rate even at relatively 

large strains. 

3. The measurement of ionic conductivity during and after deformation. 

This would provide information about the concentrations of free 

vacancies and interstitials produced during deformation. These 

concentrations are of great importance in the identification of the 

thermal obstacle, as already described. 

/4.. Transmission electron microscope studies; these should be conducted 

on crystals irradiated in situ, immediately after deformation is 

arrested, so that all  line defects are pinned in the positions they 

occupy during deformation. This would enable the distribution of 

dislocations and dislocation dipoles to be studied to provide valuable 

information about the athermal stresses. These should be conducted in 

conjunction with comprehensive etch pit and slip line observations 

(the latter conducted to find the slip distances of edv, mixed and 

screw dislocations). 

A comprehensive study of the effect 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 athennal stress. 
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Plastic Deformation of Calcium Fluoride 
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Imperial College of Science and Technology, London. 

ABSTRACT 
Single crystals of CaF2  begin to glide on {100} <1T.0> at tempera-

tures above 60°C and on { 110 < 110> above 200°C. The critical 
resolved shear stress for slip on these two systems becomes comparable 
above 300°C. According to von Mises's criterion a general strain 
should be possible if both systems can operate simultaneously. Hot-
pressed pore-free polycrystalline CaF2  becomes fully ductile in com-
pression above 320°C, in agreement with the single-crystal results. 
Below this temperature, cracking near grain boundaries leads to 
fracture. 

1. INTRODUCTION 
The study of the mechanisms of plastic deformation of CaF2  is of 

general interest in the field of ionic crystals, but it has a special 
interest in view of the similarity in crystal structure of CaF2  and UO2, 
which is used as a nuclear material. The early investigations on the 
plasticity of ionic crystals were summarized by Scumitp and BOAS' 
where it is reported that CaF2  deforms by slip on a (100) plane in a 
[I TO] direction (Figure 1). By using a decoration technique, BONTINCIC 
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Nadi 	 CaF2  

FIGURE 1.—Slip planes and directions in the CaF2  structure compared with 
those in the NaCI structure. 
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and DEKEYSER2  studied the configuration of dislocations in natural 
CaF2, reporting that dislocations with Burgers vectors a/2 [110] (a 
is the side of the unit cell) are the most probable and the expected 
slip plane should be of {110 } type. Recently, PHILLIPS3  has studied the 
deformation and fracture processes in CaF2  single crystals tested in 
compression. He found no ductility in as-cleaved or in as-cleaved 
and vacuum-annealed CaF2  tested below 400°C. Above 400°C the 
critical resolved shear stress decreased exponentially with increase of 
temperature, and the glide elements were (100) [110], in agreement 
with Schmid and Boas. 

In our work the plastic properties of CaF2  single crystals have 
been studied in compression, in the temperature range 20° to 600°C.4  
It is the first purpose of this paper to emphasize certain important 
features of the glide elements which were not observed in the work 
of Phillips. Furthermore, we have studied the plastic properties of 
polycrystalline CaF2  over the same temperature range, and the 
second purpose of this paper is to emphasize the role of grain 
boundaries in determining the onset of brittleness at low tempera-
tures. Some of the single-crystal results were presented at the meeting 
of the British Ceramic Society at Hastings in 1962. 

2. EXPERIMENTAL PROCEDURE 
The single crystals used in this work were purchased from Harshaw 

Chemical Co., Ohio, and the polycrystalline material was kindly 
donated by the Worcester Royal Porcelain Co. Ltd, and by Kodak 
Inc., Rochester, New York. Although the nominal composition has 
not been checked spectrographically, it is claimed that impurities 
amount to a few tenths of p.p.m. in the single crystals. The Worcester 
material, a crucible lid prepared by slip-casting and sintering, 
contained some 400 p.p.m. of impurities, and about 4% porosity, 
which made it opaque. The grain size was in the range 10-20pm, with 
most of the porosity in the form of closed pores along the grain 
boundaries. The Kodak material, prepared by vacuum hot-pressing, 
was fully transparent and of very high purity and low porosity. The 
grain size varied from 15-35,um, with 20p.m as the average. 

2.1 Preparation of the Single-crystal Specimens 
Rectangular specimens with a cross-sectional area of about 3 mm2  

and 8 mm long were used. As CaF2  cleaves to an octahedral shape, a 
wire saw was used for cutting the crystals. Single crystals with at 
least one cleaved surface were oriented by the X-ray back-reflection 
Laue method and then sawn parallel to the desired planes. The 
accuracy of cutting was kept within 3° of the plane. 
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A technique has been developed for polishing CaF2  by chemical 
means. The 1101 and {211} surfaces are reasonably well polished 
when agitated for 1 min. in a boiling solution of perchloric acid 
saturated with aluminium chloride and then washed in water and 
successively rinsed in absolute alcohol and anhydrous ether. With 
the same solution the { 100} and { 111 } surfaces became deeply 
etched, making difficult the interpretation of any surface markings 
produced by deformation ; therefore the { 100} faces were mechani-
cally polished and the { 111 } were cleaved. 

2.1 Preparation of Polycrystalline Specimens 
Polycrystalline specimens were cut from larger pieces by means of 

a diamond wheel and a wire saw. These specimens were ground and 
polished to a finished size of 3.50 x 1.50 x 1.50 mm3. 

2.2 Examination 
The mechanisms of plastic deformation were studied by using 

photoelastic techniques to examine stress birefringence, by micro-
scope examination of slip band traces on the free surfaces, and by 
dislocation etching techniques. 

All the mechanical tests were carried out on Instron testing 
machines, and similar strain rates were used for the single-crystal 
and for polycrystalline specimens. 

3. EXPERIMENTAL RESULTS 
3.1 Determination of Glide Elements in Single Crystals 

In order to determine the glide elements and to study the effect of 
orientation on the stress/strain behaviour of CaF2, crystals of four 
different orientations were deformed in compression. This enabled 
different combinations of glide elements to become operative and 
microscope studies to be made on different crystallographic surfaces. 
Figure 2 gives a schematic illustration of the two different crystal 
orientations which would involve slip on the { 100} planes. Com-
pressed in the [110] direction, the Type A crystal has two systems 
equally favoured using the { 100} planes, while the < 110> directions 
are inclined at 45° and 60° respectively to the stressing axis. Com-
pressed in the [112] direction, the Type B crystal has three available 
{ 001} < 110 > systems, but since the resolved shear stress is greater 
on one of these systems, single slip should predominate. 

All crystals oriented for slip on { 100} were brittle at room tem-
perature but, in contrast to the results of Phillips, could be deformed 
plastically at 60°C and above. 
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[1101 

FIGURE 2.—Crystals oriented for slip on {110}<110> systems. 

3.11 Type A Crystal 
Stressed in the [110] direction, Type A crystals were found to 

deform by slip on the two { 100 } planes inclined at 45° to the com-
pression axis. The birefringence pattern observed normally to the 
[100] of a specimen strained by 1.2 % at 104°C is shown in Figure 3. 
The bands intersecting at 90° and making 45° with the [110] com-
pression axis represent residual stresses after glide on two orthogonal 
(100) planes. This was accompanied by the formation of correspond-
ing slip lines on both pairs of lateral faces (Figure 4). The slip bands on 

FIGURE 3.—Stress birefringence on Type A specimens strained by 1-2% at 
104°C (x 20). 
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the (OD) face were running normal to the [110] compression axis. 
From these observations it can be deduced that slip occurred on the 
two available { l00} planes with a strong indication of the < 110 > 
slip direction. 

FIGURE 4.—Slip line pattern on the (100) surface of specimen of Figure 3 ( x 186). 

3.12 Type B Crystal 
Stressed in the [TT2] direction, Type B crystals strained by 1 % at 

80°C deformed initially by single slip on the (001) plane inclined at 
about 55° to the compression axis. The birefringence bands observed 
normal to the (110) face, and shown in Figure 5, make an angle of 55° 
to the long axis of this specimen and to the { 111 } pair of side faces. 
The micrographs of Figure 6 show the sharp slip bands developed on 
the { 111 } faces; no slip markings were revealed on { 110} crystal 
surfaces. Figure 7 shows slip bands on a { 111 } surface after etching. 

FIGURE 5.—Birefringence pattern on Type B crystal strained by 1% at 80°C 
( x 18). 
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FIGURE 6.—Slip line pattern on (111) surface of the specimen of Figure 5. 

FIGURE 7.—Etch pits formed at slip bands on (111) surface of Type B crystal 
strained by 0.6 % ( x 141). 

These observations confirm that the primary slip system in CaF2  
isa001}<11:0>. 

The two different crystal orientations chosen to activate slip on 
the {110} < 110 > system are illustrated in Figure 8. These are 
defined as Type C and D crystals. The compression axis for both 
types was the [100] direction, which gives maximum shear stresses 
on four 110} < 110 > systems but no resolved shear stress on the 
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{001} < 110 > system. Type C and D crystals are essentially equiva-
lent except for the crystallography of their side faces. Type C crystals 
have the faces of the cube, and Type D crystals side-faces of the 

110 } type, because the chemically polished surfaces are smoother, 
thereby facilitating microscope examination. 

(OH) 
FIGURE 8.—Crystal oriented for slip on {1101‹ 1TO> systems. 

All the crystals oriented for slip on { 110 } were brittle at room 
temperature, but they could be deformed plastically at temperatures 
above 200°C. 

3.13 Type C Crystal 
Slip in this orientation occurred with difficulty at 200°C, but 

became progressively easier and more homogeneous with increasing 
temperature. Block slip, on different systems in different parts of the 
crystal, occurred extensively around 200°C, but was absent at about 
400°C. Two intersecting orthogonal systems operated preferentially 
at high temperature (Figure 9); these systems were generally situated 
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in such a way that the slip planes intersected the narrow faces in a 
[110] direction and the wide faces in a [100] direction. This indicates 
that the slip systems which have the shorter slip distance to reach 
the surface are more active, as in sodium chloride. 

FIGURE 9.—Stress birefringence on Type C crystal compressed by 8 % at 393°C 
( x 20). 

3.13 Type D Crystal 
Compressed in the [100] direction, Type D crystals deformed by 

slip on the {110} planes. Because the lateral faces are all of the {110} 
type, the specimens had to be rotated by 45° to see birefringent 
patterns equivalent to those of a Type C crystal. The stress bire-
fringence of a specimen strained by 6 % at 433°C is shown in Figure 
10. As shown in Figure 11, sharply defined wavy slip bands have 
developed during deformation. The slip markings were observed on 
the four side faces of the specimen and were inclined at about 60° 
to the compression axis. Slip on the {110} < 1TO > system is in 
accordance with these observations and those made on Type C 

FIGURE 10.—Stress birefringence on Type D crystal compressed by 6 % at 433°C 
( x 18). 
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FIGURE 11.—Wavy slip line pattern on (110) face of specimen shown in Figure 10 
( x 141). 

crystals. This permits us to conclude that, above 200°C, CaF2  can 
deform by slip on the {110}< 110 > system. 

These slip systems are very reasonable. The common < 110> 
directions contain the only glide vector for which the Ca and the F 
sub-lattices are preserved; and this is the shortest lattice vector in 
the crystal, a/2 [110]. As far as the slip planes are concerned, the 
Chalmers and Martius ratio blh (where b is the slip distance, or 
Burgers vector, and h is the interplanar spacing normal to b) should 
be a minimum for the primary glide plane; for {100} in CaF2, blh 
=1.42, compared with 2.0 for {110}. Finally considering aniso-
tropic elasticity, the elastic energy of a dislocation line lying in {100} 
is somewhat less than that of the same length of line lying in the 
{110}. 

3.2 Temperature Dependence of the Yield Stress for Slip on {100} 
and {110} 
Specimens of the four types of crystal were deformed in com-

pression to study their stress/strain characteristics over a range of 
temperatures. The temperature dependence of the critical resolved 
shear stress was determined for slip on both systems at two strain 
rates. The two lower curves in Figure 12 are for Type B specimens 
slipping on { 100}, and the two upper for Type D specimens slipping 
on {110}. The yield stress varies exponentially with temperature for 
both specimens at the two strain rates. At the lower strain rate the 
temperature dependence becomes very large for Type B specimens 
near 100°C, and for Type D specimens near 300°C. 
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FIGURE I2.—Temperature dependence of the critical resolved shear stress for 
slip on {100} and CHOI planes. 

3.3 Deformation of Polycrystalline Specimens 
GROVES and KELLY5  applied the von Mises criterion to the CaF2  

structure, showing that slip on { 001} < 110 > yields three independent 
slip systems, while slip on {110} < 110 > yields two further indepen-
dent systems. Thus a general strain involving five independent 
slip systems is possible if both families operate simultaneously and 
independently. 

The single-crystal results (Figure 12) show that, for a strain rate 
of 2.5 x 10-4  sec-', slip should be possible on {100} at all tempera-
tures above 60°C, whereas slip on {110} should not occur, at 
comparable stresses, below about 300°C. Thus, polycrystalline 
material would be expected to possess only a limited ductility 
below 300°C, with a rapid increase to true polycrystalline plasticity 
above this temperature. 

Compression tests performed on fully dense polycrystals of high 
purity yield results that are in close agreement with predicted 
behaviour. At low temperatures the yield stress is high (Figure 13) 
but it decreases between room temperature and 300°C. The ductility 
is low (Figure 14), only attaining a value of 5 % at the higher tem-
perature. Microscope examination of the free surfaces revealed that 
yielding in this temperature range was accompanied by grain 
boundary cracking (Figure 15). Straining beyond the yield point 
enabled these cracks to extend and widen and to initiate other 
cracks in adjacent grains (Figure 16). Slip occurred on {100}, 
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FIGURE 13.—The variation of yield stress with temperature for CaF2  polycrystals 
in compression. 

producing very fine straight slip-lines in certain grains (Figure 17), 
like those in single crystals (Figure 6). Superposition of single-crystal 
yield-stress curves for slip on { 100} upon the polycrystalline curves 
of Figure 13 indicates that, prior to yielding, slip should have been 
possible in grains of a number of orientations. However, the slip step 
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FIGURE 15.—Cracking of a grain-boundary triple point accompanying yielding 
at 120°C ( x 360). 

heights were not sufficiently large to enable slip lines to be distin-
guished using the optical microscope until the later stages of defor-
mation. As the temperature was raised towards 250°C, {100} slip 
became more extensive and stress concentrations at grain boundaries 
were relieved by cracking at lower applied stresses. The number of 
regions of grain boundary cracking observed immediately after 
yielding increased as the temperature was increased. This would 
account for the more distinct yield point encountered at the higher 
temperatures in this range. 

At approximately 250°C, limited numbers of wavy slip lines were 
first identified. The form of wavy slip is typical of slip on { 110} as 
revealed by single-crystal work. Superposition of single-crystal 
curves upon the polycrystalline yield stress/temperature diagrams 
indicates that { 110} slip should have been possible below the 
observed yield stress at temperatures as low as 200°C, but then only 
in ideally orientated grains. However, slip step heights are only 
sufficiently large for identification above 250°C. Above this tempera-
ture the extent of wavy slip increases rapidly until it is predominant 
at about 320°C. The ductility increases quite markedly over this 
temperature range (Figure 14), whilst the yield stress diminishes 
more slowly than at previous temperatures. Grain-boundary 
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FIGURE 16.—The propagation of a crack through a specimen deformed to fracture 
at 120°C (Specimen etched prior to deformation; x 55). 

FIGURE 17.—Fine straight slip-lines observed after 2% compressive strain at 
150°C ( x 360). 
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cracking immediately after yield is less profuse, although it is still 
observed in the later stages of deformation. 

Above 320°C the transition to true polycrystalline ductility is 
virtually complete, i.e. { 110} slip can occur in grains of most orient-
ations at stresses lower than those required to initiate grain boundary 
fracture. Slip lines are abundant and almost entirely wavy (Figure 
18), but remarkably straight slip lines are still observed in a very few 
grains, even after extensive strain. It is significant that, when cracks 
do form, they often emanate from boundaries of this type of grain. 

FIGURE 18.—Wavy slip lines observed after 20% compressive strain at 450`C 
(x360). 

There is very little reduction in yield stress above this temperature, 
which appears reasonable when it is considered that the critical 
resolved shear stress for { 110} slip (Figure 12) diminishes very little 
above this temperature. The ductility is well in excess of 20 %. 

Increasing the strain rate by an order of magnitude not only 
raises the yield stress and results in more distinct yield points but 
also raises the brittle—ductile transition range. The observed increase 
agrees very favourably with that expected from the effects observed 
in the single crystals. Thus, wavy slip was observed first at about 
290°C and very little further change in the behaviour of the poly-
crystals was encountered above 360°C. 
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It is interesting to compare these results with tests performed on 

porous polycrystals containing a higher impurity concentration, 
reported in a previous paper.6  The effect of temperature upon the 
deformation characteristics of these crystals is essentially similar to 
the effect already related for fully dense polycrystals. Thus, observa- 

• tions of yield stresses and ductilities (Figure 19) and of slip lines 
show that the transition from a brittle to a ductile condition still 
occurs in the vicinity of 300°C. 
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FIGURE 19.—Effect of temperature on the stress/strain curves of polycrystalline 
CaF2. in compression 

Ductility is very limited below 300°C, whilst slip lines are very 
fine and straight. Wavy slip lines first appear at about 230°C, and 
this form of slip is predominant above 350°C. At 400°C the specimens 
can withstand a compression of 16 % before fracture occurs; at this 
stage, wavy slip is most profuse, with cracks extending across many 
grains. 

At low temperatures sharp drops in yield were encountered; 
these were attributed to the appearance of microcracks immediately 
after yielding. The microcracks were almost invariably initiated at 
the grain-boundary pores. Thus a good criterion for the onset of 
true polycrystalline ductility would be the disappearance of a yield 
drop. This occurs in the vicinity of 300°C. 

The differences in deformation characteristics of the two types of 
polycrystal are interesting. The yield stresses of the porous specimens 
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are higher at all temperatures. The pores, lying at the grain bounda-
ries, could be expected to exert little effect upon dislocation motion 
and thus upon the high-temperature yield stresses, The effect at high 
temperature can be attributed to the higher concentration of impurity 
by virtue of its effect upon the lattice friction. That the pores have 
little effect upon the high-temperature deformation is confirmed by 
the similarity of work-hardening rates observed in both types of 
polycrystal. The overall ductility of the porous material is lower, 
a consequence of the relative ease of crack formation, at the pores, 
in the later stages of deformation. 

Below the transition temperature the yield stresses are controlled 
by the size and distribution of pores. Thus, stress concentrations are 
relieved, at yielding, by crack initiation at these pores. In materials of 
similar purity, this type of cracking can occur at lower applied 
stresses than grain-boundary cleavage. Its temperature variation is 
less pronounced, however, and this contributes to the indistinct 
change in yield stress encountered during the transition. 

4. CONCLUSIONS 
The application of the von Mises criterion has proved remarkably 

successful in explaining the behaviour of polycrystalline CaF2  in 
terms of the deformation characteristics of single crystals. A more 
complete understanding of the plasticity of ceramic polycrystals can 
only be achieved, however, by determining the precise effect of 
grain size and impurity content. Work on these aspects is now in 
progress. 
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