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Abstract 

The strain rate sensitivity of the flow stress 
of KC1 is measured over a wide range of temperatures, 

strains And strain rates for both primary And 

secondary slip systems. 

On the primary slip system the dependance of 

dislocation etch pit velocity on applied stress is 

found to follow the relation 

v = ( It )m*  
( to) 

between 190°K and 325°K for normal stresses of constant 

strain rate tests. Only at lower temperatures 
are the strain rate tests consistent with a 

thermally activated process. An analysis of the 
strain rate and temperature cycling data which 

are independent of strain under all conditions, 

indicates that a thermal stress from point 

defect interactions predominantly controls yield 

at the low temperatures. Work hardening is 

consistent with the athermal interactions that 

have been extensively developed for NaCl. 

Deformation on the secondary slip system is 

investigated by accurately aligning compression 

in the Z'111> direction. The strain rate and 

temperature cycling tests are consistent below 

300°K with a thermally activated strain independant 

process. Experimental results give close 

agreement with the theoretical parameters of a 

Peierls mechanism, probably due to the large 

repulsive fo'yces between chlorine ions due to 
their close approach during secondary deformation. 

Comparison of the temperature dependance of 



slip on the secondary system and previous reports 
on the deformation of KC1 polycrystals suggests 

the plasticity of polycrystals is unlikely to be 

controlled by the onset of slip on the secondary 
systems. Consequently, the beginning of 

macroscopic cross slip is a more probable limiting 
process giving plasticity. 

The influence of deformation and grain 

boundaries or the formation of F centres by CoGO 

Y-radiation is investigated. Comparison between 

the stress strain curves of the deformation and 

the F centre enhancement by the deformation can be 

interpreted in terms of work hardening and 

dislocation debris productions This suggests 

Stage II work hardening is the result of a higher 
rate of production of dislocation debris. The 

increase of F centre colouration with tilt angle 

of zero twist grain boundaries is determined. 

At low angles of tilt where the boundary is 
considered as a dislocation array there is only 

small enhancement. At higher tilt angles F 

centre enhancement is greater, corresponding to 
a grain boundary structure that probably contains 

large concentrations of vacancies which may act 
as favourable regions for F centre formation 

similar to the influence of dislocation dipoles. 
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1.1. General Introduction  

Recent experiments by Evans and Pratt, 1970 have 

shown that a con'raot,cA_ analysis of thermally activated 

dislocation obstacles may be obtained for alkali halide 

crystals by applying theory similar to that successfully 

employed for the strain rate and temperature cycling 

experiments for metals. However, the experiments on 

alkali halide crystals were only conducted at one 

temperature 244
0 
ILon nominally pure material for which 

subsequent analysis has indicated 30 to 40 molar ppm 

of polyvalent cation impurity (Kirk 1968). Evans and 

Pratt concluded from their results that yield was 

controlled by thermal obstacles whilst work hardening 

was completely athermal in origin. Hesse 1965 from 

dislocation etch pit studies has suggested for crystals 

at this temperature that both yield and stages I and II 

work hardening are controlled mainly by athermal 

obstacles: these results indicated a small thermal stress 

which also increased with strain. 

Strain rate and temperature cycling tests on high 

purity crystals over a wide temperature range will be 

important to distinguish between these alternatives. 

This type of analysis has not been made over such a 

wide temperature range, thus, particular care must be 

taken to ensure the validity of the theory used. Direct 

observation of dislocation velocity using etch pits 

should give the same parameters as those derived from 

macroscopic measurements if the theory is applicable. 

Electron microscope studies of slip lines have-

confirmed that for compression of crystals in the<111> 

direction the resolved shear stress along the primary 

.(. 110. systems is too small for dislocation 
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motion and slip occurs mainly on th4104‹1110secondary 
slip system (Matucha 1968). Secondary slip may be 
controlled by large anion repulsion (Huntinlipn 1955) 
giving a Feierls interaction which has been considered 
theoretically by Dorn 1967. 

With increasing temperature the onset of the ductility 
of ionic crystals may be due to the operation of five 
independant slip systems (Von Mises criterion) or to 
the onset of diffusion controlled processes, e.g. Nabarro 
Herring creep, grain boundary diffusion or the climb of edge 
edge dislocations. 

The primary slip systems (114<110> provide two 
independant systems (Groves and Kelly 1963). 
If the secondary 	 0014.10,>systems provide the other _ 
three, then a comparison between the temperature dependance 
of slip on the secondary system using111>compression 
tests and the ductile brittle transition temperature 
for KCl (Staloff 1963) may indicate whether secondary 
slip controls ductility. 

The increasing rate of work hardening, observed 
at room temperature when deforming NaCl and KC1 single 
crystals in the <100> direction on the primary slip 
systems, e.g. Evans 1970, has been attributed to 
an increased rate of dislocation dipole and debris 
production. Also, the enhancement by prior deformation 
of the F centre concentration formed by ionising 
radiations is believed to be due to the influence of 
dislocation dipoles ( Chang 1965). Thus, by 



monitoring the rate of production of dislocation debris 

by the stress and strain during deformation, it should 

be possible to relate the transition from Stage I to 

Stage II of the stress strain curve to a corresponding 
increase in the rate of F centre enhancement with strain. 

Commercial lithium fluoride thermoluminescent 
dosimeters have recently been developed to monitor 

ionizing radiations. To stabilise the colour centres 

produced by the radiation, impurities have been 

incorporated into the crystal. Recently, pure poly-

crystals have been successfully used; the grain 

boundaries have been suggested as the regions where the 

trapping of radiation products may occur. This trapping 

process is not known. Conductivity. and mechanical 

studies of bicrystal grain boundaries in NaC1 have 

been reported (McQuhae 1969 and Stokes 1965 respectively). 
These results can be related to the various models of 

grain boundary structure in terms of vacancies and 
dislocations. Bicrystals of NaC1 with boundaries of 

zero twist are irradiated in this work for different 

angles of tilt and the F centre enhancement is compared 

to previous conductivity tests on similar specimens. 
Unlike polycrystals, bicrystals allow a close study 

of boundary regions as a function of such variables as 

the degree of misorientation across the boundary, 

without the complications arising from the interaction 

between grains in a polycrystalline piece formed under 

stress:- 

Summarising, the experimental investigations are 

carried out in the following manner: 

-(1) Growth of pure KC1 single crystals and NaC1 

bicrystals and the preparation of suitable test 

specimens. 

(2) Strain rate and temperature cycling deformation tests 

.for both primary-and-secondary-slip.systems of 

KC1 are compared with a parallel study of dislocation 

velocities usin etch pits. 
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(3) Correlate the states of work hardening from the 

stress strain curves of KC1 to the enhanced F centre 

concentration caused by the previous deformation of 

the irradiation specimens. 

(4) Measure the effect of the grain boundary region of 

bicrystals on the F centre concentration of Nan as 

a function of tilt angle. 

1.2. Dislocations in ionic crystals. 
The aim of this section is to summarise the possible 

dislocation slip systems to be expected in KC1 and NaC1 

arystals,.to assess their relative occurrence during 

deformation and indicate how the dislocations contribute 

to the observed stress strain curves. Qualitatively 

KC1 and NaC1 crystals have shown similar deformation 

characteristics. The unit cell of the rock salt 

structure, two interpenetrating f.c.c. lattices, is shown 

in fig. 1.1. 
162.1. Slip system geometry. 

Compared to metals, dislocations in ionic crystals 
have added constraints due to the different sizes of the 

ions, to ion charge interactions and to the need to 
maintain charge neutrality. Consequently slip on 

the plane of closest packing does not normally occur. 

Past work has claimed to observe slip in NaC1 and 

KC1 under particular conditions on three types of slip 

plane: t11014001 , 8+4 (e.g. Kear et al 1966). In 

each case the Burgers vector of the slip is a <1.10,> 

This is the shortest displacement between ions of the 

same sign (see Fig.1.2). 

The primary slip planes are the six 1110} planes. 

These require lower shear stress for dislocation motion 

than the closer packed 100, slip plane-, probably due 

to the large repulsive force between anions for slip on 

1044planes, (Huntingdon et al 1955),10AA4axwe of 

their close approach during dislocation motion. Fig 1.3. 



illustrates the configuration of an edge dislocation 
on {.1101 planes in ionic crystals with the rock salt 

structure: the dislocation may be considered as two 

extra half planes inserted perpendicular to the slip 

plane to preserve change neutrality. In the figure, 

it is indicated with broken lines that the dislocation 
may be considered equally as a single line of ions 

alternating in sign inserted into the crystal in a 
direction inclined to the slip plane. The end of 

such a line carries a charge equivalent to half the 
charge of an ion i.e. ± e/2. 

To preserve charge neutrality, the ion type at 

the end of each half plane may be expected to alternate 

along the dislocation line as indicated in Fig. 1.4. 

Jogs of the dislocation line are also shown in the 
figure. With the discontinuity at the jog there may 

be a charge imbalance which gives the dislocation jog 

an effective charge ± e/2. Overall charge neutrality 

is maintained by the presence of a similar number of 

jogs of opposite sign. Measurements have shown that 

edge dislocations in alkali halide crystals can carry 

a net charge of either sign depending on the impurity 

content or other cryst-2.1 conditions (Tur= and 

Whitworth 1963, Zagoriuko 1966). Thus, daformation 

gives a charge flow to surfaces and dislocations move 

in an electric field. 
Edge dislocations move considerably faster than 

the screw component on the primary slip system 

(approximately ten times — Gutmanas et al 1963). 

Thus, dislocation loops rapidly become mainly 

rectangular and the dislocation is then predominantly 

either of pure edge or pure screw orientation. Since 

the screw dislocations are the slower moving, the 



interactions between obstacles and this component of 

the dislocation probably control the dislocation velocity. 

;These screw dislocation interactions are now considered 
'further. Possible types of dislocation obstacle are 

:summarised in Table 1.1. This table distinguishes between 

defects that lie in the slip plane and those than repel 

;.the dislocations when they pass near the defect. Screw 

dislocations interacting with (i) nearby polyvalent 

impurity vacancy pairs and dislocation debris, both 

'of which are asymmetrical defects, (ii) the direct 

interaction of dislocations with one another and with 

dislocation debris, and (iii) the thermal production 
of sessile jogs on screw dislocations have all been 

suggested as important dislocation obstacles for KCl 
and NaCl. The geometrical nature of these interactions 

is now explained as follows.. 

The six possible tl10V110> slip systems may 

be divided into three pairs: the planes of any one 

pair interscept each other at right arljes in a400.> 

direction and are designated as conjugate slip planes. 

Intersection with another t110)plane not the 

conjugate plane occurs at an angle of 60°  in a <1];>,  

direction and is called oblique slip. 
For intersection between conjugate slip systems, 

the dislocation interaction between dislocations (S1) 

in the one plane with edge (E2) or screw (82) 

dislocations in the other, is shown in Fig. 1.5(a) 

and (b) respectively. In both cases a jog is 

produced on the dislocation line. The dislocation 

that constitutes the jog can only move in a plane 
defined by its Burgers vector and dislocation line: 

this is a 4100} plane perpendicular to the direction 
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3. 3 

of the moving screw dislocation. Thus, this jogged 
part of the screw dislocation cannot move forward 

conservatively with the screw dislocation and is 

probably pinned at lower temperatures (Day & Stokes 

1966). The moving screw dislocation bows out on 

either side of the jog (Groves & Kelly 1963b) 

forming parallel to the motion a pair of dislocation 

lines on planes separated by a diStance equal to the 

jog height. This pair of dislocation lines are of 

edge orientation and of opposite sign, so they 

constitute an edge dislocation dipole. 	Cross slip 

of the two separated segments of S2  may occur to  

form an isolated prismatic loop of debris in the 
slip plane. Thus" dislocation dipoles are'inter8titfa:1:orl 

vacancy sheets 041101 planes and. are comparatively 
long in thea10> direction and short in the 4.00> 

direction. 
A similar dipole formation process may occur 

during thermally activated cross slip of the screw 

dislocations This process may also lead to glide 

band broadening (Wabbarn et al 1960) but Evans 

& Pratt (1970) have suggested that it is the 
subsequent formation of.blocking obstacles that mainly 

responsible for slip on new planes. The height 

of the thermally activated jogs may be too small 

for the dipolesto be stable. 
Both processes outlined above for dipole 

production, form debris parallel to the direction 

of the screw dislocation motion. The interaction 

of these dipoles with screw dislocations slipping 

on oblique slip planes is expected to be much 
larger than for further slip on the active Cdidjugate 

planes,  Thus, this model predicts slip predominantly 

on one pair of conjugate slip planes. 



Dislocations moving on oblique slip systems may 
react to give sessile dislocations on the c1121 
plane according to the equation 

a (110) + [04.13 = 	{14 	 2 	2 	 (1.1) 
See Fig. 1.6 (Groves & Kelly 1963, Washburi et al 
1960). These sessile dislocations may act as 
barriers to further slip on the oblique planes. 

In a real crystal multiple intersection of the 
dislocations and debris must occur giving rise to a ' 
tangle of dislocation lines. This has been observed 
for Mg0 using electron microscopy (e.g. a review by 
Langdon & Pask, 1969) but the same technique cannot 
be successfully used for alkali halides due to the 
radiation damage that is simultaneously produced by 
the beam. Since Mg0 is an ionic crystal that has the 
same primary slip systems as NaC1 and KC1, the 
dislocation interactions may be expected to be similar. 

Huntington et al 1955 have suggested the 
possible configuration of edge and screw dislocations 
on botht10}110> and -11001' <110> slip systems. 
Tablelell lists the energies they have calculated for 
dislocations on these systems by allowing the ions 
away from the dislocation are to relax elastically 
to minimum energy and calculating the core energy 
from ion interactions. The screw dislocation has 
the same configuration,along a <110> direction, in 
both planes, but the energy of the core of an edge 
dislocation on a1001 plane is considerably greater 
than on the primary110}.planes. 

Stacking faults of 2 to 5b have been calculated 
to be stable o0.1101 and {111} slip planes but not 
on theirCi planes. The dissociation into partials 
occurs according to the reaction 
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and its formation may lead to an appreciable dilation 
of the lattice (Fontaine 1968, Fontaine and Haasen 1969) 

1.2.2. Stress Strain Curves. 

(a) Primary slip system 110 K110,' 

(i) Yield Stress. 
Yield stresses for NaC1 and KC1 have been measured 

as a function of temperature. (Hesse 1965, Johnston and 
Nadeau 1964 - See Section 3.1.1). The temperature 

dependance is similar to that observed for metals. At 

low temperatures the yield stress is temperature and 
strain rate sensitive. This is consistent with thermally 

activated dislocation motion controlling yield. At 

higher temperatures the yield is comparatively 

temperature independent, indicating that yield is 

controlled by long range elastic interactions. 

(ii) Three stage work hardeninK. 
At room temperature KC1 and NaCl crystals have 

three stage work hardening curves. Deformation during 

the first two stages has been compared to the similar 
stress strain dependence for f.c.c. metalsi Both 

materials have the Taylor relationship between athermal 

stress and total dislocation density Er suggesting 

elastic dislocation interactions in the first two 
stages of work hardening (Schmitten & Haasen 1961 

Davidge & Pratt 1964 Hesse 1965, Matucha et al 1969.) 

Z c( N2  .- 	(1.3) 
But Davis and Gordon 1970 have added that the 



Taylor relation does not necessarily indicate elastic 

dislocation interactions. Nabarro et al (1964) have 

suggested that jog dragging, cutting of dislocation 

forest or attractive intersections also lead to this 

equation. 
However, the rates of work hardening are much 

higher for the ionic crystals: they do not have the 

initial region of easy glide nrd low work hardening 

rate of metals. In f.c:c. metals slip line observations 
indicate slip on the set of parallel pinnes for Stages 

I and II, but with ionic crystals predominantly single 

slip occurs during Stages I and II with some initial 

conjugate slip and during Stage II slip lines are 

observed for limited slip on oblique slip systems 

(Davidge and Pratt 1964). 
Evans and Pratt. 1970 using NaCl of similar 

purity, about 30-40 molar ppm polyvalent cation 

impurity (Kirk 1968) have reported that both Stages I 
and II of work hardening at 244°K may be attributed 

to athermal obstacles. Strain rate and temperature 

cycling tests were used — see chapter 3.1.3. They 

suggested the screw dislocation-- obstacle_ interaction 

during Stage I is due to (1) the back stresses of 

blocking obstacles formed previously on nearby 

parallel slip planes at the regions of screw dislocation 

cross slip and subsequent dislocation pile up and 

intersection, (2) the intersection with the forest of 

dislocations around,a blocking obstacle, and (3) the 

drag due to sessile jogs on the screw dislocation. 

Blocking obstacles in f.c.c. metals are more 

difficult to form by this method since the large 

separation of dislocations into partials restricts 

cross slip thus explaining the difference between 

rates of work 



hardening. The limited dislocation motion on oblique 

systems during Stage II work hardening of ionic 

crystals gives greater intersection and debris 

production on inclined systems which then interacts 

strongly with the predominant dislocation motion 

parallel to the slip planes of Stage I. 

The Taylor relationship between athermal stress 

and dislocation density has been found to be valid 

between 133°K and 294°K for NaC1 (Hesse 1965) 

suggesting work hardening may be predominantly due 

to elastic interactions over a wide temperature range. 

The experiments relating the dislocation etch pit 

density to stress were carried out for deformation at 

two constant strain rates. If during deformation of 

two specimens, one at each strain rate, the 

dislocation density is the same, then Hesse assumes 

the dislocation configuration and athermal stress are 

the same for each crystal: if this is valid, any 

difference between the flow stresses is due to the 

strain rate dependance of the thermal interactions 

for this structure. This technique gives a small 

increase of thermal stress with strain. Thus, this 

is not consistent with the observations of Evans & 

Pratt. Hesse suggests that the decrease of the 

stress for the onset of Stage III with increasing 

temperature is consistent with a thermally activated 

process: the thermally activated cross slip of screw 

dislocation would give the observed work softening 

during this Stage III. This cross slip would become 

easier due to the recombination of dissociated 

dislocations in the stress concentrations of 

dislocation obstacles. 

The effect of hydrostatic pressure on the deformation 

of ionic crystals at room temperature has been shown 



to be consistent with partial dislocations occuring 

during deformation- (Davis and Gordon 1968, 1970, 

Haasen et al 1970, Aladag, Davis and Gordon 1970). 

They propose from the pressure dependance of the flow 
stress that Stage I stress may arise from both 

elastic interactions and the creation or diffusion of 

point defects; Stage II is controlled solely by 

elastic interactions and, during Stage III deformation, 
there is dynamic recovery by the athermally activated 

cross slip of screw dislocations following the 
recombinations of partial dislocations at the stress 

concentrations around obstacles. 
Fontaine 1968 has suggested possible mechanisms 

for the formation of barriers to block active sources 
as part of the model involving partial dislocations. 

The discrepancies between authors may be due 
to the different dislocation interactions in crystals 

with differing impurity contents: Hesse claimed 

purity of 2 ppm polyvalent impurity, estimated from 
conductivity, a technique which may be unreliable 

(see Chapter 2): Aladag, Davis and Gordon 1969 have 
suggested their results apply equally to Harshaw 

crystals with less than 10 ppm impurity: chemical 

analysis of crystals, similar to those used by Evans 

and Pratt, indicate 30 to 40 ppm of polyvalent cation 

impurity. Alternatively,the different conclusions 

may be the result of invalid assumptions involved in 

the techniques used. Strain rate cycling tests on 

high purity crystal may resolvethis. 

(iii) Latent hardening  
Latent hardening experiments consist of deforming 

a crystal in a iaoq> direction to a particular stress 

and strain then reorientating the crystal so that the 

original slip planes are parallel to the new/,100> 



compression direction. The deformation is then 

continued and the latent hardening is the increase in 

stress reauired to move the dislocations on the new 

slip systems through the slip band of the original 

deformation. Conclusions may be reached about the 

relative production of dislocation obstacles on the 

different slip systems. When the first deformation 

is halted within Stage I work hardening, the latent 

hardening increases with strain, Alden 1964, Evans and 

Pratt 1970. This suggests that obstacles produced on 

the inclined planes during the original deformation, 

are not so effective to the original slip as the 

dislocation obstacles produced on the original slip 

planes are to the subsequent slip planes after 

reorientation. This is consistent with the latent 
hardening arising from dislocation debris, produced 

parallel to the active slip systems during the 
original deformation. This debris has a large inter-

action with dislocations on inclined planes than with 

dislocations moving on the active slip planes during 
the original deformation. The latent hardening 

remains constant for a crystal deformed into Stage II, 
suggesting that equal quantities of debris are produced 

on both the active slip planes and on the inclined 

planes during the original deformation. 

1.2.2. (b) Secondary Slip Systems ii?_0010> 

Stepanov and Bobrikov 1957 have observed(1001410 
slip for tensile specimens of natural rock salt 

stressed in the<.134direction. The resolved shear 

stresses along all the primary slip systems are zero 

for this orientation of the deformation axis. Yield 

stresses were measured as a function temperature. 

Above 6000K they reported the yield stress was 

independant of temperature and below this temperature-

yield was temperature dependant. The purity of the 



crystals is Unknown: "Rock salt obtainBd from the 

Artemorsk region was used." "for the purposes of making 

tests we selected the purest pieces: these consisted 

of specimens which were as free as possible from visible 

inclusions in the form of blisters or regions of 

turbidity". 

Electron microscopy studies of carbon replicas of 

slip steps of high purity NaC1 crystals compressed in 

the <111> direction confirm that slip occurs 

predominantly on the kl00} planes at low strains 

(Matucha, 1968). After torsional deformation of 

cleaved KC1 crystals Gilman 1959 used etch pits to 
observe that slip had occured only on the secondary 

slip systems 1100 

Huntington et al 1955 have proposed a 
configuration for edge dislocations slipping on the 

planes?  pig. 1.3(b), and_ have indicated that this 

edge motion on the secondary planes may be restricted 

by the 'large' lattice potential barrier between the 

anion closed shells. Such a barrier would act as a 

Peierls potential hill controlling the dislocations 

moving forward. Guyot and Dorn 1967 and Dorn and 

Rajnak 1964 have reviewed the experimental parameters 

to be expected from this type of short range thermally 

activated interaction. 

When the applied stress is zero, the dislocation 

line occupies the position of lowest energy in the 

potential valley midway between -she two Peierls 

potential hills of chlorine ions. Without thermal 

fluctuations (i.e. 0°K) a shear stress applied to 

the slip plane would be sufficient to move the 

dislocation over the potential barrier in the 

direction of the Burgers vector, a distance equal to 

the chlorine ion spacing in 8410% At normal 
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temperatures, tnt;,hernial energy may oe sufficient to 

activate a segment of dislocation into the next potential 

valley. The theory relates the increase in line energy 

of the dislocation to the thermal and mechanical energy. 

The shape of the Peierls potential along the slip planes 

has to be assumed in the calculation, consequently 

theoretical parameters are calculated for different 

values of a variable which can be related to the 

different models of the Peierls hill. 

Fontaine, 1968 and 1969, has calculated that the 

stacking fault energy is too high for partial 

dislocations to form during slip oiqp0iplanes. 

1.2.3. Individual dislocation motion. 

The position of individual dislocations can be 

observed under the optical microscope from dislocation 

etch pits. Dislocation velocities as a function of 

stress have been measured for NaC1 on the primary 

.slip planes: a simple power relation exists between 

the velocity of edge or screw dislocation V and the 

stress at normal stresses i.e. 

V 	L. 
tC0) 

where the index m is sensitively impurity dependant 

and has values between 8 and 17 for pure crystals, 

(Gutmanas et al 1963, Evans & Pratt, 1970). 

Experimentally, the technique consists of 

producing fresh dislocations with an indentation on 

.the specimen surface which produce a "rosette" etch 

pit pattern around the indent. The velocity is 

,calculated from the distance moved by the outer most 

edge or screw dislocation after a known load has 

been applied for a given time. 

The etch pits observed around the indent 

correspond to dislocations on all slip planes of the 
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primary system that intersect the crystal face 
indented. The type of dislocation depends on the 

relative orientation of the slip plane and surface 
(see Section 2.2.5). Gilman and Jahnstoa 1962 

and Nadgornyi and Stepanov 1963 have considered the 

-production of motion of dislocations in this type 
of indentation, etch pit rosette. 

1.2.4. Deformation of KC1.  

Compression of KC1 in the<100> direction at 295°K 

moves the dislocations on the primaryf110Z110>systent 
which 	gives stress strain curves with similar three 
stages of work hardening to NaCl. The transition 

from Stages I to II work hardening occurs at lower 
strain for KC1, both crystals show a similar 

dependance on specimen dimensions: a larger ratio 
of height to diameter gives lower rates of work 
hardening (Alden 1964). 

The variation of yield stress with temperature 

has been reported by Johnston & Nadeau 1964 for 

high purity KC1 (analysis indicated about lOppm 
alio-valent impurity ions) below 297°K and by 
Stoloff et al 1963 above this temperature. At 

low temperatures the yield stress increases more 

rapidly with decreasing temperature than the slow 

approximately linear increase at higher temperatures. 

The yield, particularly at low temperatures, 

increases rapidly with greater impurity content 

(e.g. Johnston & Nadeau 1964). Latent hardening 
experiments at 295°K are similar for KC1 and NaCl. 

See Section 1.2.2. (Alden 1964). The only strain' 

rate cycling tests that have been reported for KC1 
are those at 295°K by Johnston & Nadeau 1964. 

From the extrapolation ofmvalues to zero strain 

(see section 3.1.1) they quoted m* values between 
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30 to 40 for ..pure crysta3o. No etch pit 

measurements were made in conjunction with these 

strain rate cycling tests to check the validity of 

this m* value. 
Komnik et al 1967 using impure KC1 could not detect 

any strain rate sensitivity of the flow stress at 

room temperature and suggested that changes of 

dislocation density completely accourodatedthe 

increase of strain rate. 

Slip on the secondary .0014110>planes of 

KC1 has been observed by Gilman 1959 using etch 
pits following tortional tests which exert stresses 

parallel toipd plane and perpendicular to the 

slip direction of the primary slip systems. 
Comparison withthis yield stressvith normal (1,10Q› 

compression of the crystals gave an approximate 

ratio of the yield stresses of the two systems 

C/11100V  

Ck1:10} 10.5 
Micro-hardness tests have been made on KC1 between 

230°K and 670°K (Johnston & Nadeau 1964):the logarithm 
of microhardness was found to decrease linearly 

with temperature. The flicrohardness results were 

interpreted as a measure of the ease of slip on the 

secondary slip system. Since the indenter gives 

an arbitary deformation, to accommodate this the 

crystal must deformon five independant slip systems 

(Von Mises 1928) if no cracks form. They 
suggested the results indicate a slow variation of 

the yield stress with temperature for slip on the 

secondary system, as similar measurement on LiF 

showed a sudden increase in hardness at the lower 

temperatures tested. 



The onset (5-f wavy slip duirlig-aoq, compression of 
KCl has been observed at a temperature 50°K lower than 
the ductile - brittle transition for polycrystalline KU 
at 420°K (Stoloff et al 1963). 



1.3. Radiation damage in ionic crystals. 
The understanding of radiation damage processes 

in alkali halides has been greatly increased in the 

past few years but exactly how impurities and 
deformation of the crystal affect the colour centre 

formation in the crystal is still not clear. 
This section willsumparise the present knowledge 

of this topic from work undertaken recently. 

Books written on colour centres by Schulmann and 
Compton 1962 	and Markham 1966 	give a 
comprehensive summary of the properties known up 

until about 1961. However, much work relevant to 

this field has been carried out since then and has 
sometimes contradicted previous experiments and 

theory due to the development of high purity crystals► 

1.3.1. Radiation Damage at room temperature. 

If a crystal is irradiated with photons which 

have an energy greater than the fundamental optical 

absorption limit, this causes excitation of the 
most looseley bound electrons from the valance band 

of the halide ion to an excited stets, i.e. the 
creation of An  exiton states of bound electron-hole 

pairs which are mobile at room temperature: these 

pairs can either recombine or interact with ions 
or imperfections of the lattice. High energy 

irradiations not only produce multitudes of electron-
hole pairs continuously but can impart sufficient 

energy to the lattice to the cause direct or 

indirect ion displacement. Thusi  at root: temperature 

certain defects are mobile and, in equilibrium, the 

radiation damage is the complex statistical result 

of many interactions between the defects within the 

lattice. 
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KC1 irradiated at room temperature in the dark 

becomes magenta and NaC1 yellow. A spectrophotometer 

shows these crystals have a large error function shapr:d 

absorption peakiin the visible regionocalled the F 

band. This F band is due to the major colour centre 

introduced at room temperature: it consists of an 

anion vacancy, which in the lattice has an effective' 
positive charge, with a trapped electron. Other more 

complex colour centres are formed particularly at 

higher doses. These will not be considered in detail. 

The optical density at the maxima of a particular 

band is proportional to the colour centre concentration. 

Thus, one can easily plot a graph of F centre 

concentration against irradiation dose. Typically 

for a crystal irradiated at room temperature this F 

'colouration "growth" curve has two stages - see 

Fig. 1.7. There is a stage I in which F concentration 

increases rapidly: this saturates and a Stage II 
starts which is approximately linear and the rate of 

F centre formation is much lower. Stages I and II 
are affected differently by extrinsic conditions of 

the crystal such as deformation, impurity and 
irradiation intensity: The dose dependance of other 

properties of the crystal differ depending on whether 

colouration is within Stage I or II e.g. volume 

expansion, yield stress. 	Gordon and Nowick 

1956 suggested the mechanism for the formation of 

Stage I F centres is different from those 

formed in Stage II. These mechanisms will be 

discussed separately. 

(a) Stage I colouration. 
Stage I F centres are associated with defects 

initially present in the crystal. 
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Early workers assumed that this first Stage I 

colouration was due to anion vacancies, initially 

present in the crystal from thermodynamic arguments,' 

which trapped electrons: when all are filled with 

electrons a saturation level is reached. 
... 

Mitchell et al 1961. Harrison band Agullo Lopez et 

alMhave suggested that several simultaneous 

mechanisms operate to give Stage I, each a saturating 

process freeing anion vacancies from different 

environments. The formation of F centres preferentially 

at sites along dislocation lines can be excluded 

from the failure of dislocation etch pits to move 

during irradiation. Processes involving electronic 

trapping of radiation products would stabilise the 
damage produced, 	preventing recombination and 

may thus contribute to Stage “Sibley & Russel 1964). 
Such mechanisms must account for the dependance 

of Stage I on the following factors, Stage I is 

enhanced by some impurities and not others 	' and 

is sensitive to the intensity of the radiation 

deformation and heat treatment's 

(1) Stage I mechanisms: impurity effects. 

Divalent cation impurity appears to be important in 

the colouration process and will be considered briefly 

here. Divalent cation impurity enters the lattice 

substitutionally on cation sites. It must be 

accompanied by a charge compensating cation vacancy. 

From the law of mass action 

N+  N- 	A exp (--6s ) 	(1.6) ( KT ) 

whereN+ = concentration of free cation vacancies 

N = concentration of free anion vacancies 

Es = energy of formation of a pair of vacancies. 
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This equation infers that if the cation vacancy 

concentration is considerably enhanced by doping 

with divalent cations, then the concentration of 

anion vacancies will be drastically reduced. Thus, 

if F centres are simply formed by the anion vacancies 

trapping electrons, divalent impurity may almost 

completely suppress Stage I colouration. 

On the contrary, Etzel"19and many subsequent authors 

(e.g. Sibley :et. =a1 1965) have shown that certain 

-divalent cation impurity greatly enhances stage I 

colouration. 

Several explanations have been given for this 

enhancement: the mechanism of Crawford and Nelson 1960 

has been well supported by experiment.but recently 

Ikeye:1965 has offered an equally satisfactory 

alternative. These mechanisms will now be discussed. 

Etzel 	thought the impurity enhancement was either 

due to the excess cation vacancies aiding the 

diffusion of anion vacancies away from dislocations 

where they had been created by the irradiation, or 

the cation vacancies trapped holes, reducing the 

electron-hole recombination so enhancing the 

trapping of electrons by the anion vacancies. 

Crawford & Nelson 	suggested that Stage I 

colouration was due to the conversion of the cation 

vacancies into anion vacancies. The conversion 

may take place by an anion adjacent to a cation 

vacancy capturing a hole. The anion thus becomes 

effectively a halide atom of zero charge and may 

relax into the cation vacancy leaving an anion 

vacancy; the energy released in the hole capture 

may be used to free the anion vacancy. If the 

remaining halide atom combines with its neighbouring 

anion this gives a halide molecule ion C12  which 
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lies in a 420d> direction, see Fig. 1.8(i) Hayes 1962 

& Hayes wig Nichols'i96Dhave observed a C12  centre at 

77°K in a <IN> direction but suggested this was 

adjacent also to the divalent cation. Thus, Hayes 

suggested a model similar to Crawford and Nelson with 

an impurity - cation vacancy pair at the beginning 
rather than just the cation vacancy, see Fig. 1.8,(ii) 

If crystals are grown without hydroxyl ions, then,  

no complexing between the hydroxyl ion and divalent 

impurities can occur and this enables the number 

of isolated cation vacancies to be calculated from: 
2 N+ 

 = N Nm  

( 	

) exp (- EA 
12 	 (1.7) 

KT ) 

where N = concentration of lattice sites ,  

Not = concentration of divalent impurities 
EA  = association energy of an impurity - 

vacancy pair. 
Both Sibley and Russel l964 and Ikeyai965 grew OH• 
free crystals and were able to compare the number of 

isolated cation vacancies from this equation to the 

concentration of F centres at the saturation of Stage I 

colouration (Nf)o' found by extrapolating Stage II 

colouration back to zero irradiation time as in Fig: 

1.7. They both found these concentrations to be 

almost equal strongly suggesting the Crawford type 

of mechanism. 

At room temperature, d.c. steady state conductivity 

is due to the diffusion of single cation vacancies, 

thus this is a measure of the isolated cation vacancy 

concentration of the crystal. Ikeya1966 measured 

this conductivity as a function of radiation dose. 

He observed the fractional increase of the F band 

and decrease of conductivity; when plotted against 



ii-radi6:tion-tieboth fellow the S-aMe—Curve for 

stage I in NaCl: Ca++  i.e. one cation vacancy is 

destroyed for each F centre produced, again 

consistent with the Crawford and Nelson mechanism. 

However, in high purity crystals, irradiation does 

not decrease the conductivity. 

Ikeya suggested that while his results supported 

the Crawford and Nelson model, they are really only 

supporting an enhnncement of colouration by isolated 

cation vacancies rather than the divalent impurity 

atoms. He proposed nn  alternative model which 

equally satisfies the results. Ikeya noted that 

colouration increased with temperature between 

200°K to room temperature giving an activation 

energy of 0.08eV for the process of colouration: 

this is very close to the value of 0.07eV that 

Schnatterly and Compton 1964 observed as the 

activation energy for mobile interstitial halogen ions. 

Ikeya said it would be quite possible for the cation 

vacancies to trap interstitial halogens so reducing 

recombination of F centres and interstitials. This 

gives F enhancement at the expense of the cation 

vacancies. Such a mechanism is supported by Sonder 

and Sibley 1965 who concluded that F enhanced 

colouration at liquid nitrogen by divalent impurity 

is due to the stabilisation of interstitial 

halogen ions by the impurity. 

Rabin 1959 examined the change of density by 

measuring the change of linear dimensions as a 

function of irradiation dose for pure and doped 

crystal. Stage I gives no density change whereas 

the density decreases in Stage II. Etzel's stage 

I model involves the production of new vacancies which 

would decrease .stage I density. This is not 

observed. The models of Crawford & Ikeya do not 

involve the production of 
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vacancies mid so satisfy Rabins observations. The 

work of Paus & Thommen 1963 contradicted the work of 

Rabin: they saw a density decrease for stage I. 

Sibley and Russel 1964 found the flow stress of 

crystals, both pure and doped, does not increase with 

irradiation in Stage I. This again rules out the model 

of Etzel which would give interstitial ions that would 

have caused hardening of the crystal. The models of 

Crawford and Ikeya would not produce interstitials or 

other hardening centers and are thus compatible with 

these flow stress measurements. 

(ii) Stage I mechanisms: pure crystal. 

Mitchell 1961, Harrison 1963 and Agullo-Lopez 1967 
have all suggested more than one mechanism contributes 

to stage I colouration of pure crystals. The models 

were derived to fit the observations of the intensity 

,and deformation dependance of the colouration. 

Mitchell used only low intensity x-rays,about 15,000 

R/hour,whereas Agullo-Lopez used irradiation about 

1.8 x 106 R/hr andi since colouration in stage I is 

sensitively intensity dependant, an exact comparison 

between their results and calculations is difficult. 
Both explanations considered the trapping of electrons 

by two or more types of anion vacancies from different 
environments. Mitchell proposed that one type of 

anion vacancy is randomly distributed throughout the 

crystal, a bulk process, and the other type is 

concentrated in particular regions of the crystal. 

The latter type is probably located with dislocation 

debris, so a more comprehensive study of this work 

will be given later under defocwation enhanced 

colouration. Agullo-Lopez and Harrison considered the 

intensity dependance of Stage I. They analysed 

Stage I into 
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fast and slow components and proposed tentatively 

from these resultS- tha the initial fast component is 

due to the easy capture of electromby isolated anion 

vacancies. Such trapping would not be intensity 

dependant. The slow component may be due to vacancies 

having to be released from aggregates by the 

before they can form F centres like the fast 
With higher intensity' rays more vacancies 

produced to maintain the equilibrium of:- 

radiation 

radiation 

component. 
may be 

aggregates 

   

free vacancies 	(1.8) 

   

   

More free vacancies will increase the contribution of!keslow 

component. This increase of the slow component with 

intensity will saturate when there is equilibrium for 
the process of trapping electrons by freed vacancies. 
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(b) Stage II colouration 

We have seen that Stage I results from the easy 

conversion of initially present defects into F centres 

with an activation energy as low as 0.08 eV. During 

Stage II the anion vacancies have to be created by 

the radiation itself; this reauires an energy of the 

order of electron volts, consequently the rate of 

formation F centres is much slower in Stage II. As 

with Stage I, the mechanism of Stage II for the 

production of F centres is not definitely known. One 

difficulty has been that ionising radiations have small 

momenta; thus it is impossible for them to supply 

sufficient momenta to directly knock out a lattice 

ion. 

Below room temperature, interstitial centres 

arc observed using electron spin reasonances, 

Schoemaker 1966. The hardening and expansion of 

crystals increasing with dose during Stage II 

irradiation 	at room temperature is consistent 

with Frankel pairs being produced by the radiation 

at this temperature. Thus in Stage II colouration 

the anion vacancy for F colouration is probably 

produced together with an interstitial anion. Two 

possible mechanisms have been suggested for this 

Frenkel pair production: an ionisation mechanism and 

an excitonic mechanism. 

(i) Stage II coloration - ionisation mechanism. 

Prior to 1966, it was generally accepted that the 

exchange of energy between radiation and ion occurs 

by an ionisation process. The Varley 1954 mechenism 

involves multiple ionisation of an anion giving it 

an effective positive charge. This ion is highly 

repelled by its neighbouring positive cations and is 

ejected into an interstitial position 
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in a.10 direction. 

Dexter 1960 objected to this 
double ionisation of lattice 

lifetime of a double ionised 

sort of mechanism involving 

ions. He calculated the 

state before electron 

3 

capture on the basis of the band model and found it 

to be too short to cause ejection of the anion, but 

Howard and Smoluchowski disagreed. 

To satisfy those objections, Flick 1960 put forward 

other possible models. Either a halide ion is doubly 

ionised as above or two adjacent halide ions were 

ionised, see Fig. 1.9; both lead to the formation of 

a halogen molecule ion, X-2  VK  centre; this may move 

in a<L10) direction and may eventually become localised 

at a halogen site, i.e. formation of an anion vacancy 

and interstitial centre. 
Williams 1962 showed that a single ionisation mechanism 

is possible to form Stage II F centres. The single 
ionisation of an ion leaves a halide atom uncharged, 

X°, which forms a molecule iontX-24,by combining with an 

anion neighbour. This molecule ion has symmetrical 

electrical forces acting upon it, but its movement is 

caused by momenta imparted to it by quantum mechanical 
assymetry considerations and it would then move as for 

a double ionisation mechanism. 

Seitz 1956 suggested that a vacancy production mechanism 

might require less energy if it takes place near 

existing defects e.g. excitam moving dislocation jogs. 

But this mechanism does not produce interstitials which 

the measurements on flow stress and density have 

suggested and so this model has been ruled out. 

Ionisation mechanism fail to account for several Stage 

II F centre properties. 

(i) Production of F centres by U.V. radiation, 

Ikezewa et al 1967. 



(ii) Stage II growth is very sensitive to small 
impurity 	concentrations.e.g. Sibley et al 1964. 

(iii) stage et 
IIaI 

growth
1964 

 depends on temperature, 
Half 	. 

(ii) Stage II colouration: Exciton mechanism. 

The failure of the ionisation model to predict 
certain Stage II properties suggests an alternative 
mechanism causes the Frenkel pair production. 
In 1966, quite independently, Hersh 	and Pooley 

proposed a similar excitonic (non-ionising) mechanism 
for anion vacancy produdtion. 

During electron hole pair formation in the lattice, 
the radiation removes the valence electron from the 

halide ion leaving the halide in an effectively 
uncharged state, X°. The neighbouring anion X-in a 
<114 direction is no longer in a symmetric position. 
The asymmetry splits the triple degeneracy of the 

p electron of this neighbouring ion and the energy 
will decrease if the X°  and X move towards one 
another (JOhn Teller effect) forming a halide 

molecule ion which at low temperatures is the stable 
form of a trapped hole - the VK  centre. 
Electron-hole recombination occurs all the time. 

Kabler 1964 and Hurray and Keller have shown how this 
recombination may take place: the electron bound 
to the VK hole center i.e. X 2  ion captmres another 
electron and is then the excited state X2of two 
anions1 2X. At low temperatures this excited centre 
usually relaxes to the perfect lattice structure 

and the extra energy is emmitted as a phonon of 

luminescence. At higher temperatures it is more 

likely to relax to its ground state without a 

radiative emmission. The extra energy of the 

excited state, in this case, remains with the 
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halide ions. Then the ion with the larger energy 

might start a replacement sequence in the <110> 

direction leaving behind an anion vacancy and 

forming an interstitial halide a few lattice spacings 

away, see Fib. 1.10. This anion vacancy traps an 

electron to become an F centre. The replacement 

sequence satisfies the requirements of the transfer 

of energy from ions of equal size and minimisation 

of coulombic forces by replacing one ion with a 

similar one. Radiative transitions and F centre 

production from the decay of the excited state are 

just two of the competing processes: Table I-III 

lists other mechanisms. 

The success of this exciton model is that it predicts 

properties that the ionisation model is unable to do. 

It is possible to calculate the intensities of the 
non-radiative transition to the radiative transition, 

luminescence, as a function of temperatures and 

compared this to F centre production. Fig. loll 

shows the behaviour of the F colouration and 

luminescence of EI measured.  about 100°K; there  

is small colouration and large luminescence below 

100°K and small luminescence and large F colouration 

above: (Hall et al 1964, Konitzer and Hersh 1960). 
Experimentally, the rate of colouration at temperature 

above 100°K decreases. This model suggests this 

is due to the hole no longer being immobile and 

recombination of electron and hole can take place 

at impurities. 
This model would then predict the large suppression 

of Stage II F colouration by impurities thich act as 

recombination centres for electrons and holes 

instead of at the halogen X-2  ion. The efficiency 



of the suppression. depends on the impurity type: 6ppm of 

lead impurity has been shown to nearly completely suppress 

Stage II but calcium and strontium are not nearly so 
effective, Sibley and Russel 1964. 

The ionisation model has failed to explain the 

F centre formation observed after UT irradiation 

However, ultra violet radiation in 6 to 10 eV range forms 

electron hole pairs and consequently self trapped hole 

centres, which with subsequent recombination by the 

exciton mechanism may give F centres. 
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SYMMETRICAL 
DEFECTS 

Impurities 

Vacancies 

Solid solutions 
(same valence) 
Quenching 
F centres 

ASSYMMETRICAL 
DEFECTS 

Impurities 

Vacancies 
Interstials 
Dislocations 

Solid solutions 
(different valence) 
Precipitates 	

t f 
Prismatic loops 
Irradiation damage 
Dislocation debris 
(Taylor, dipole) 

DIRECT 
INTERACTION 
BY CUTTING 

Impurities 
Vacancies 
Dislocations 

Precipitates 
Prismatic loops 
Dislocation debris 
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Table I - II Dislocation energies. 

Slip plane Component 

, 

Energy eV/Qin,  
Elastic 	Core 

1101- 
edge 1.81 In R/ro 1.37 

screw 1.37 in R/r& 0.39 
. . 

edge 1.62 in R/r  
o 

3.8 

straw 1.37 in R/ 
r 
o) 

0.39 

J. 
istance between dislocations 

r= dislocation core radius (''2 X) 
Table 1-III Possible decaj processes 

of excited X2 
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Chapter 2. Production of Specimens. 
2.1. Introduction. 

All the properties to be investigated depend 
sensitively on impurity. Thus the aim is to grow high 

purity single crystals to reduce the extrinsic effects 

of impurity. 

The athermal forces acting on a dislocation depend 
on the dislocation density of the crystal; consequently, 

deformation specimens need to have a low dislocation 
density which is consistent for the range of specimens 

used. The specimens should be free from low angle 
boundaries since these may be considered as dislocation 

arrays. 

The purification and growth of alkali halide 
single crystals has been reviewed by Dreyfus 1963. 

Zone refining KC1 produces crystals with very low 

concentrations of most cation impurities but this 

process is not satisfactory for purifying NaC1 since 
the impurity rejection ratio between solid and melt:for Ca 

is close to unity. In addition, the single crystal,  

areas in the purified material are small and badly 

stressed from the constraints of the container and by 

thermal gradients, Butler et al 1966: this results in 

high dislocation densities and many low angle boundaries 

in the specimens. Thus, it is difficult to obtain a 

sufficient number of consistent, low dislocation 

density specimens using this technique. The Stock-

barger method suffers from similar problems from the 

container unless it is large. 

Crystal growth using the Kilyropoulos (or 

Czochralski) process yields laYge strain free crystals, 

since there are no constraints from the container. 

This process is used to prepare the crystals for this 

-work.. Crystallisation is initiated .on the surface of 



the molten salt with a seed crystal which is then 
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slowly withdrawn. Bicrystals with zero twist 

boundaries are grown in the same apparatus using 

twin seeds. 

The Kyropoulos technique itself involves only 

a small purification from the favourable rejection 

ratio for certain impurities at the interface between 

solid and melt during crystal growth. Thus, the 

impurity content of the starting material must be as 

good as that required for the crystal specimens. 

2.2. Experimental. 
2.2.1. Starting material. 
Sufficiently pure KC1 can be reasonably 

purchased as 'Spec-Pure' material from the Johnson 

Matthey Chemicals Ltd. (London). The impurity level 

varies considerably between batches. Only KC1 from 

the batch with the lowest impurity content is used: 

analysis gives the total polyvalent cation content 

as 4 ppm and sodium content as 3 ppm.(See Analysis 

Table 2-I). 	Vi.gh purity alkali halide material 

by chemical processes has been prepared recently by 

Butler of al 1966 and McQuhae 1969. Similar ion 

exchange techniques are used to purify the NaCl, 

starting from reagent grade material: this is 

indicated schematically in Fig4 2.14 Chelating agents 

purify the salt solution since they more readily 

form compounds with multivalent ions rather than 

alkali ions, due to the directional nat*e of their 

bonding, e.g. Samuelson 1963. 

The NaC1 is dissolved in deionised water and 

agitated with an immiscible phase of chloroform 

in which is dissolved the chelating agents 

dithizone and oxine and then separated from it. This 

stage is effective for the removal of Ba,Cu,Fe,Pb,and 



partly removes Ca and Mg, since they form complexes 
Which do not dissolve in the aqueous phase and can be 

removed by filtration and with the chloroform. 

The solution is then passed at 25 cc per minute 

through four 60 cm long, 2 cm diameter columns 

containing three chelating resins. Each resin is in 

its sodium form, converted by previous washing with 
NaOH solution followed by deionised water. 

Resin 1 

Resin 2 

Resin 3 
The final  

De-Acidite E resin with the tertiary 

amine group replaced by chloracetic acia 
(McQuhae 1969). 

Oxine treated with formaldelyde then 

resourcinol (Pennington et al 1959) 

Dowex Al (Commercial Resin) 

solution is boiled to give a saturated 

solution then evaporated to dryness in an oven. The 

effectiveness of this purification process is shown in 
Table 24r. All cation impurity was below the 

detection limit of the analysis. 

Before use all glassware is thoroughly rinsed 

with sulphuric and chronic acid, then with the 

commercial deionising solution Decon and washed with 

deionised water. 

24242. Crystal Growth. 

Hydroxyl ions hydrclise the salt at high 

temperatures and cannot be removed by heat alone. If 
present they may enhance the F centre colourationlEtzel 

and Patterson 1958, Fled the grain boundary regions 

of bi-3rystals, Cabane 1962. Sibley 1962 has 

suggested that heating the material near the melting 

point under high vacaum before melting considerably 

reduces the OH concentration in the crystals. 



Patterson 1962 has shown that the 'hydroxyl ion content 

of melt grown crystals is reduced for the growth in 

the absence of oxygen, particularly if a dry inert gas 

is used. Bubbling chlorine or hydrogen chloride 

through the melt reverses the hydrolysis, Butler 1966. 

Hydroxyl ion concentrations were found to be lower 

from melt grown crystals in silica containers rather 

than platinum, Etzel and Patterson 19581 -probably due 

to OH ions forming compounds with the silica. This may 

be responsible for the solidified melt adhering to its 

container after crystal growth if no initial precaution 

is taken to remove OH. 

The Kyropoulos technique crystal grower is of 

essentially standard design but includes the following 

items to prevent contamination of the melt and 

modification to grow bicrystals. The seed and melt 

are completely surrounded by a vacuu tight chamber 

Icge:uhae 1969), see Pig. 2.2., which consists of a 

six centimeter diameter transparent high purity 

silica tube mounted at each end with water cooled 

'0' ring seals and stainless steel end plates. The 

furnace and thermocouple are fixed externally to 

prevent contamination. The rotating stainless steel 

beaker support and seed holder are both water cooled 

to limit corrosion. An umbrella is attached to the 

seed rod to collect any deposit that may be loosened 

as the rod is withdrawn during crystal growth. A 

high purity silica tube covers the seed rod below the 

umbrella to prevent any salt deposit contaminated 

by the stainless steel rod from falling back into the 

melt. 

Seed withdrawal and beaker and seed rotation are 

mounted on ball races and driven at variable speeds 

5 e 



through flexiole couplings to give a vibration free 

growing jig. High purity silica 250 ml beakers are 

used to contain the melt. Silica has never been found 

to be dissolved in melt grown crystals and the silica 

removes hydroxyl ions from the melt (Wartenburg 1957, 

Warren 1965). Before the salt is placed in the beaker, 

the beaker is cleaned as outlined for glassware in 

section 2.2.1, then heated in air to 1000°K to remove 

any tenacious carbon deposit. 

Before melting the salt, a vacuum of 5 x l0-5 mm 
of Hg is applied to the growth chamber and the 

temperature slowly raised to 920°K and the apparatus 

left under vacuum over night. The growth atmosphere 

of argon is then admitted up to atmospheric pressure 

after passing through drying columns of silica gel 

and anhydrous calcium sulphate: this gas is then 

replaced twice before the powder is melted. Single 

crystals 4 ems in diameter and 8 ems long are grown: 

these are lifted just above the melt after growth and 

the apparatus slowly cooled at 0.5°C per minute to 

minimise strains from thermal gradients. 

The technique outlined by Atschillo 1966 and 

Mcquhae 1969 is employed to grow bicrystals with 

Planar boundaries using two identical single crystals 

seeds by the Kyro4Ilos technique: the seed chucks, 

fig. 2.3, are used to hoTa the seed symmetrically at 

the particular angle of misorientation required 
Careful alignment is necessary to eliminate twist 

between the seeds. Bicrystals with tilt angles from 

10°  to 80°  are grown. A cleaved bicrystal boule is 

3hown in Fig.2,4: the cleavage plane is perpendicular 

to the boundary. The absence of discontinuities on 

this cleavage plane indicates there is no twist at the 

boundary.' 	  
angle is the;angle:betWeen 

- Lseed:crystals.1 
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2.2.5. Crystal Purity. 

The most likely source of impurity in the 

crystal grower is from wpour collecting on the 

st,inless steel seed holder, becoming contaminated 

and felling back into the melt. 	The st,inless 

steel is slightly ettacked, losing its polish, and 

PnPlysis shows the salt is contaminated with 

iron. 	The umbrella restricts the visibility 

of the growing crystpl. 	Consequently, there is 

a possibility of a small quantity of cont-minated s-lt 

returning to the melt. 	Below the umbrella- the 

stainless rod is covered with silica which is 

supported by st,inless screws holding the seed. 

These screws end the recess for the seed remain 

exposed; these m'y also be sources of contamination. 

The riplyses given in Table 2.1, if not due to 

ex-)erimentel error, may be attributed to smell 

contemination from either of these sources. 

Several authors hr.ve deduced the polyvelent cation 

imourity of their crystals from the "knee" 

tempereture of the conductivity reciprocal 

temperature graph (eg. Hesse 1965, Peech 1967). 

However, Kirk 1969 hes shown that anion im)urities 

form complexes which give an apparent lower c-tion 

impurity level. 	The knee temperature of the K01 

of this work is (770± 10)°K using the technioue of 

Kirk 1969. 	This indicates a free cation impurity 

of (1.0- 0.2) molar ppm from the eollation:- 



where Ss 
is the entropy1 Hs the enthalpy of 4hottky pair A 

formation and c the impurity concentration 
c=xo=expIS Hss-  

2k 2kT 	....(2.1) (Lidiard 1957). 
Similarly for the NaC1, the knee temperature is 

(768 ± 8) K corresponding to a free cation impurity 
concentration of (2± 1) molar ppm. The actual cation 
impurity level cannot be deduced until the anion impurity 
concentration has been determined unequivocally. 

Any free hydroxyl ion causes optical absorbance 
peaks in the infra-red and ultra-violet wavelengths of 
KC1 (Fritz et al 1963). These peaks are too small to see 
for KC1 and NaC1 with a Perkin Elmer 137 infra-red 
grating spectrophotometer and a Perkin Elmer 450 ultra-
violet spectrophotometer, even for 3cm thick crystals. 
For low levels of divalent cation impurity in KC1, the 
hydroxyl ion concentration OH-  in molar ppm has 
been shown to be approximately (Butler et al 1966) 

COHJ= 2.54 
OH 

of absorbance at this wavelength is better than 0.1 cm 1, 

this indicates the hydroxyl ion content of KC1 is 
below 1 molar ppm. 

No extensive experiments relating infra-red and 
ultra-violet absorption peaks similar to those of 
Fritz et al for KCl, have been reported for NaCl. 
However, the similarity between NaC1 and KC1 crystals 
suggests a comparable hydroxyl ion dependance applies. 
If this is correct, since no OH-  peak can be detected 

for NaC1, this probably corresponds to a low hydroxyl 
ion concentration for NaC1 and the precautions to 
_eliminate these ions, as outlined in the previous 
.section, are adequate. In addition, if any correction 

is necessary to the cation impurity .concentration 

9 

Where 06 is the absorption coefficient (cm-1) at the 

204 9m absorption peak of KC1. Since the sensitivity 



deduced from the conductivity results then this is 

probably due to anion impurities other than the 

hydroxyl ion. 

The low temperature yield stress of ionic crystals 

is impurity dependant. This is discussed extensively 

in Chapter 3. The yield of the KCl is similar to that 

obtained by Johnston and Nadeau 1964: they estimated 

the divalent cation content of their crystals at 10 

PPm. 
Thus, summarising, the observations suggest 

the crystals to be used have a cation impurity 

concentration in the range 2-10 molar ppm. 

2.2. 	Specimen preparation. 

Cleaving crystals is the usual manner of specimen 

preparation for the alkali halides. This has 

certain disadvantages when a large number of similar 

deformation specimens are required. Cleaving gives 

specimens each of slightly different shape, cleavage 

step pattern and is wasteful in the use of crystal 

since all specimens with chipped corners or bad 

cleavage steps have to be rejected. In addition, 

there may be an impurity gradient through the boule, 

due to the rejection ratio of impurities between 

solid and melt during crystal growth. Thus, only a 

limited number of consistent specimens may be 

obtained by cleaving the crystals. Most specimens 

which are produced in the following way, give 

identical results to cleaved samples within 

experimental error, but are considerably more 

consistent especially at larger strains, due to 

their uniform preparation. In addition, a large 

number of satisfactory test specimens can be 

obtained from a crystal. A Capco diamond slitting 

wheel with internal cutting blade rotated at high 

BC 



speed is used. To minimise the damage to the orysta1 
	

61 
at the cutting surface the diamond cutting blade has 

a fine diamond sizel the blade must be in as new condition 

and the lowest rate of feed of the crystal onto the 

blade employed. If this care is taken the dislocation 

damage is limited to within 100 microns of the surface 
see Fig. 2.5. The surface damage is removed by 

chemical polishing. The Capco machine incorporates an 

accurate screw thread to adjust the position of the 

boule with respect to the blade so that specimens can 

be cut to - 20 microns with a series of parallel cuts 

each with the same spacing. From the boule,two 
parallel faces are cleaved one of which is attached 

with adhesive to the moving stage of a two axis 

goniometer: a further face is cleaved perpendicular 

to the others. This goniometer can be mounted 

reproducibly on the Capco and also on another jig 
with a similar holder to the Capco so that the 

goniometer can be accurately aligned with the cutting 

blade parallel to the required crystallographic 

direction. A thin slice of crystal is removed after 

alignment and the orientation of the surface checked 

using the Laue-back reflection X-ray technique. 

From Any misalignment shown by the steretgraphic 

projection of the cut face, the goniometer is 

readjusted and a new cut made until the face lies 

along the required plane to better than one degree. 

The standard projections of the cut faces are shown 

in Fig. 2.6. After cutting the specimens are rinsed 

in acetone to dissolve the adhesive, then polished 

for two seconds in a solution of 5itls880 ammonia 
diluted in 95 mis of doubly distilled water; this 
gives a fast polish. The specimens are then placed 

• 
	in a slower polish of a solution of 15 mis of the 



fast polish mixed with 85 mis of ethyl alcohol. This 

polishing procedure removes the damaged surface layer 
produced by the Capco but also slightly rounds the 

compression faces of the specimen. The ends of the 
specimen are polished flat by holding the specimen in a 
V-groove milled on the side of a metal block and lightly 

lapping on a fine cloth moistened with a solution of 

equal quantities of the fast and slow polish. 
The yield and stress strain characteristics of the 

crystals depend on the dislocation density. This density 

is rendered consistent and small by annealing the 
specimens at 970°K for six hours, then slow cooling at 

0.5°K per minute. Sibley et al 1967 has suggested the 

diffusion of impurities may be Jimpertad3for  pure crystals 

during annealing. This is avoided by annealing under 
the same conditions as used for the crystal growth. 

The crystals are placed inside a clean silica beaker 

in the sealed enclosure of the crystal growing apparatus. 

This is evacuated to 5 x 10-5mmg of Hg and refilled ilidce to 

atmospheric pressure with high purity argon before the 

annealing begins. 

Bicrystal specimens can be similarly cut with faces 
parallel to the grain boundary using the Capco slitting 

wheel. In this case particular care must be exercised 

when polishing the specimens since water attacks the 

grain boundary rapidly. Only the surfaces parallel to 

the boundary are polished on a fine cloth lightly 

moistened with the polished: no polish is allowed to 

wet the sides of the specimen that expose the grain 

boundary. 

2.2.5. Geometry of <il]) compression specimens. 
The standard (111) projection Fig. 2.6 indicates 

that there are three 
f 
 1.001-  <410 secondary slip systems 

for compression in the <4.1> direction equally inclined 



to the compression axis: th6r-e 1s -10.10 TruaalVed shear stres15,3 
for slip on the { 110 }4..1C> primary slip systems. 

In order to understand the dislocation etch pit 
rosette around an indent and the subsequent dislocation 
motion and the slip step orientation, the specimensfaces 
need to be planes of low indicesland mutually perpendicular 
to produce rectangular compression specimens. Thus, from 
the standard (111) projection, Fig. 2.6, the specimens 
faces parallel to the compression axis are chosen as the 
(10i) plane and the perpendicular plane, close to a (la) 
plane. The directions of intersection between the possible.  
slip systems and the crystal faces are tabulated in Table 
2.11. 
2.2.6; ,Slip step observations. 

Slip steps are observed with the interference 
contrast attachment on a Reichert Table, model microscope. 
For (ill> compression of KC1 at room temperature and for 
strains less than 1.5% the slip steps are observed only 
in thet1011direction,at right angles to the compression 
direction, on the (12i) face of the specimen, see Fig. 2,7. 
Reference to table MI shows that the slip planes (101), 
(111) and (010) intersect this face in the observed 
direction. However, slip on the (101) plane is parallel 
to the (121) face so this carnot produce the slip steps, 
and slip on the (111) plane would give simultaneously 
slip steps of similar height on the (101) faces at 55°  to 
the<11 compression axis, since the possible burgers 

C019or ipcilare inclined to all vectors for this slipi 
faces of the specimen. Slip steps on the (101) face 
cannot be seen at these strains, thus neither th4110}<1.19); 

nor 1010 slip systems are active and slip occurs 
only on the secondary (010) cLog system at low strains. 



Since not all the slip steps are parallel, this 
	6 

indicates that some cross slip of the screw 

dislocations is occuring; if s6, this is likely to occur 
on the primary .110j,  slip planes, since the burgers 

vector for screw dislocations on the primary and 

secondary slip planes is the same. 

At higher strains, slip steps appear on four 

faces of the specimen; the directions of the steps are 

consistent with slip taking place on c110 1primary slip 

planes. Probably lattice rotation occurs as slip 

proceeds until there is sufficient resolved stress 

along the primary slip planes for dislocations to move 

on this system. 

2.2.7. Dislocation Etch pit observation. 

The following etching solution is used to produce 

'dislocation etch pits of good definition for KC1 with 

a controllable etching time of about 20 secs. The 

etchant is 1.75% by weight of reagent grade barium 

carbonate dissolved under reflux in freshly distilled 

proprionic acid (Cook 1961). The specimens• are rinsed 

in petroleum ether which is evaporated in a stream of 

warm air. The dislocation density of the KC1 specimens 

before deformation is (6-3) x 10+4 cm72. 
Dislocation etch pit rosettes around an indent 

are illustrated in Fig. 2.8&9.The indent produces 

dislocations on all the primary slip systems. The 

movement of the dislocations during subsequent 

deformation is discussed in Chapter 3. 
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Table2.I Analysis  

KCl 
starting material 
Spec pure 

Al Ba Ca Cu Fe Mg Na Ni Pb 

<1 N.D 2 N.D N.D 1 	3 F.D N.D. 

Emission 
spectroscopy. 
.A.11 other cations 
not detected (1) 

KC1 crystal 

NaC1 purified Emission 
Spectroscopy (2) 

N.D N.D. Emission 
Spectroscopy 
except: 
a. Atomic 

absorption. 
b. Calcrimetric. 

(2) 

N.D 
	

N.D 
<513Pri 
	

4lppm 

N.D N.D N.D N.D Trace Trace 
Nl 	-5a 

NaC1 crystal N.D Trace Trace 

b .rya 

Trace Emission 
Spectroscopy 

(2) 

SoUrces: 

(1) Johnson & Matthey Ltd, London. 

(2) Imperial College (Analytical Services Dept.) 



TABLEZII  
Slip Step Orientations  

Slip 
Plane 

-Intersection 
with (121) plane 

Inter-section 
with (101) plane 

Crystallographic 
Direction 

Inclination 
to 'x.11> 
direction. 

Crystallographic 
Direction 

Inclination 
to <pal> 
direction. 

(100) 
(001) 
(010) 

(111 
(101 
(011 
(101) 
(110) 
(011) 

cl1T1 

(Ill 
,Ill 

012 
210 
101 

111 
111 
111 
101 
r14 
311 

123 
321 
101 

39°  
39°  
900  

0° 	- 
00 
0°  
90°  (2) 
580  
58°  

22°  
22° 
90°  

- 

010 
010 
101 

111 
-(1) 
111 
010 
1:1 
111 

101 
101 
112 

1 
55°  

550 	 , 
37 U) 

0°  
—(1) 
0° o 
550 71, 
71' 

cl 3 5  35°  
19° 

1) Slip plane parallel to (101) ' 

2) Slip direction parallel to (121) 

1  3) Slip direction pitrallel to (101) 

c. 
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CHAPTER 3 Dislocation Motion 

3.1. Dislocation Dynamics.  

3.1.1. Genera]. 

The plastic deformation of ionic crystals is still 

far from being fully understood. The techniques of strain 

rate cycling have been successfully used to investigate 

the deformation of metals over a wide range of 
temperatures and impurities: no such extensive study 

has been made for NaC1 and KC1 single crystals. This 
technique is particularly useful for probing thermally 

activated dislocation obstacle interactions. Since the 

yield stress of both metals and ionic crystals exhibit 

a large temperature dependance at low temperatures, 

this strain rate cycling method seems applicable. Those 
papers that have appeared report only strain rate 

cycling for primary slip of NaC1 and KC1 crystals near 
room temperature between 250 and 300°K, a region 

where the yield stress of pure crystals is temperature 
independant: these will be considered in section 3.1.3. 

The aim of this chapter is to apply these methods to 

the deformation of single crystal KC1 for both the 

primary and secondary slip systems over as wide 

temperature range as possible to understand further 

the thermal activation of dislocation interactions. 

The applicability of these methods is investigated 

in detail. 

In high purity single crystals the movement of 

dislocations and hence the relationship between 

applied stress and strain, is controlled by the 

relative magnitudes of the resistance of the lattice 

to a dislocation moving through it and the interaction 



between this dislocation with either intrinsic obstacles 

or dislocation debris caused by those dislocations 

that have previously moved. 

The techniques for experimentally determining these 

interactions and relating their contribution to work 

hardening have been recently developed and reviewed. 

Evans and Rawlings 1969 giVe a general derivation of the 

dislocation dynamic theory and Evans 19}consider the 

application of this theory to ceramic materials. In 

these papers concern is given to the extent of the 

validity of the theory to the experimentally derived 

parameters from strain rate and temperature cycling 

tests. The conclusion is reached that considerable 

care must be exercised in the use of these theoretical 

equations since even at ordinary temperatures their 

boundary conditions are not necessarily satisfied. 

Since deformation on both the primary and 

secondary slip systems will be investigated in this 

chapter, a brief general survey of the theory of 

thermally activated dislocation motion is nedessary, 

sufficient only to state the limitations of the 

equations: a more complete derivation can be obtained 

from the reviews mentioned above. This survey is 

followed by a review of the previous strain rate 

cycling data obtained for tia.C1 & KC1 crystals. 

3.1.2. Dislocation Dynamics. 

(a) Dislocation Velocity. 

Certain forces on the moving dislocation limit 

its terminal velocity along the slip plane. Such 

obstacles may be separated into two types: those 

which exert a long range force on the dislocation 

and those whose force acts over a much shorter 

distance. Fig. 3.1 shows a schematical variation of the 
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force on a dislocation from both obstacle types as 

the dislocation moves through the lattice. 

Thermal fluctuations may assist or be completely 

responsible for the dislocation passing only those 
obstacles with short range forces, since the 

fluctuations would be suffici'ntly coherent over 
small interaction distances 	This type of obstacle 

is referred to as a 'thermal obstacle' and the part 

of the applied stress necessary to overcome this type 

of obstacle and not already provided by the thermal 

fluctuations is called the "thermal" or "effective" 

stress?(see Fig. 362). As the temperature is 

increased the thermal contribution becomes larger, 

hence L will be temperature dependant, decreasing as 

temperature increases for a particular obstacle. 
Long range forces between dislocation and obstacles 

are also overcome by another part tpof the applied 
shear stress T Thus, the applied shear stress 

necessary to move a dislocation must be the suol of 
the forces required to move the dislocation past 

thermal and athermal obstacles.ile. 	. 

It is important to note that all the theory assumes 

that only one type of thermal obstacle contributes to 
-ee and if more than one slip system is operating then 

these must be eaually inclined to the compression 

axis so that the stress on each system is identical. 

(See section (0) for Arrhenlus rate equation for 

dislocation velocity). 

A valid theory of thermally activated dislocation 

motion using parameters concerned with macroscopic 

properties must yield the same results as measurements 

from the observations of individual dislocations. Etch 



pit techniques can be used to see individual 

dislocations. By applying a known stress for a given 

time the distances moved by the dislocation can  be 

determined and hence their velocity as a function of 

the applied stress can be found. 
The empirical relationship that has been found 

by this method for normal flow stresses during stress 

strain tests is given by Gutmanas 1963, Evans 1970. 

V = 	)ml 
('t;)

(3.2) 

where V = dislocation velocity 
= applied stress 

1111;(0. constaniGat a particular temperature 

Experimentally, this equation does not apply at 

very high or low velocities, Gutmanas 1963. 
If there are no athermal obstacles present at zero 

strain i.e.".0then m = alo V 1 	og 	(3.3) 

where mi* is the value of miat zero 	. . (Different 

subscripts will be used to distinguish values of m* 

determined by different experimental techniques). 

The velocities are different for edge and 

screw components. The slowest component at a particular 

stress must be found from these etch pit studies, 

since it will be to this component of the dislocation, 

interacting with its most effective obstacle, that 

limits the dislocation vel.ocity, and this requires 

the highest stress to move a dislocation loop at a 

particular speed. 

By equation 3.3, plotting log dislocation 
velocity versus log stress, gives mi from the gradient. 

:.or a constant strain rate test, the strain 



8C 
rateE= IThV 	(3.4) 
Where N = mobile dislocation density 

b = burgers vector of the dislocation 

e = strain. 

Combining equation (3.4) and (3.2) gives 

m2 d to  
d logy 

d logN 
d log?, (3.5) 

If N is stress independent 
dlogN = 0 
d.lOgt 	(3.5a) 

then m2  = 112EL (3.6) 

Thus values of m2  can be obtained by change of 

strain rate tests as a function of strain: these can 
be extrapolated to zero strain to give m2*. If this 

value of m2*
1 

 agrees with m* obtained from the etch 

pit studies then the mobile dislocation density does 

not appreciably vary with stress during a change of 

strain rate at this tempel:ature,and equation (3..6) is 

a valid approximation. This comparison should be 

made to check that the strain rate cycling tests are 

made at constant structure. 

Equation (3.6) canbe rewritten: 
m* Art 	 (3•7) 
3tark t 	2 

assuming the stress increment during strain rate 

cycling can satisfy: t.C.(3.7a) 

If a series of tests are made to give theUva2-aes (or 
a range of strain rate increments then a graph of A-e 

Airff 	
727 N's 

 sr
-1r a set of 	at a particular strain 
ry 

gives m
3 

from the gradient at each strain anat 13 the 
interscept on the Maxis, 
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(b) Thermal and athermal stress components.  

If yield stresses are plotted against temperatui-e, 

at high temperatures there is usually only small 

temperature dependance controlled by athermal obstacles. 

At lower temperatures the temperature variation of 

the yield stress is much greater (See Fig. 3.3) due 

to contributions from both thermal and athermal 

mechanisms. An approximate value of the thermal 
stress may be obtained by subtraction of the extrapolation 

of the athermal high temperature yield from the yield 

at lower temperaturesi 	This method will be 

strictly valid only if the structure at yield is the 

same at all temperatures. This is unlikely to be 
completely satisfied since dislocation motion occurs 

on a limited scale before yield. 
At finite strains the most general equation for 

determining (efrom change of strain rate tests is 

derived from equatisT(3,e) 

'e- 
Thus the conditions applicable to equation 

must also apply for this equation to be valid ise. 

conditions 	3) (3i3a) (3+5a) and (367a) must be 

satisfied: if they are, then this 	value should 

agree with the value obtained from the graphs of 

.Arr...againstit using equation 
rre If the -ehermal stress increases with strain, 

this indicates new thermal obstacles are being 

created whose production probably depends on the 

increasing dislocation and debris density. 
(C) Activation Volume. 

The activation volumeV* is defined such that 

the work done by the thdrmal stress during activation 

of an obstacle is V*  itl̀ 'When a linear segment, 

length. (approximately the titIntacle illteracticn distance) 

(3.8) 



'of a dislocation of burgers vector b is thermally 
	,. 82 

activated a distanceAR reversibly & isothermally past 

the obstaal_e 

V* = 1.b. AR (3.10) 

*(This is not identical to the thermodynamic activation 

volume. The factors 1, b &AR are not mutually perpendicular 

nor are they independant of q:* for a particular obstacle 

type). 
,An Arrhenius rate equation may be expected to apply 

to the thermal activation of dislocation motion giving 

dislocation velocity as 
V =70),:pxp (-AG+V*t*)  

( KT 

whe4is the distance moved after a successful activation 

of the dislocation andAhe dislocation and lattice frequency: and] he 
is the Gibbs free energy of the obstacle: V* can be 

determined from strain rate cycling tests using: 
V* = KT (61n.t. ) 	- (3.11) 

provided equations (3.3a) (3.5a) (3.7a) are satisfied. 

The variation of 12b and aR with'&has not been 
rigouriously treated theoretioally. For random fixed 

point obstacles it has been suggested the stress 
dependance of le&6Rwill cancel out at stress below 

one tenth of ( y*)00K2  Evans and Rawlings 1969. 

Direct correlation of V* from etch pit velocities may be 

obtained from 	(v) 
V* = KT (d iLn 	(3.12) 

(d't 	T 

Evans has suggested that theAk9ois approximately 

stress independant. 

(d) Activation enthalpy. 
If the total activation enthalpy of a particular 

thermal obstacle 



• 

can be calculated, this can be compared with the 
theoretical values. This enthalpy should be constant 

over the range for which this type of obstacle limits 
dislocation motion and should change in value if the 

prednmindntfobstdcle:dh4"n8'as. 
The total enthalpy of the obstacle, alio, is equal 

to the activation enthalpy 613 at zero effective stress 

eI Op .  

Experimentally,re>0 so values 	are calculated and 

a suitable factor added to determine Alio for each test. 

QH = KT2  (di  A  ) ( .4,T)  (3.13) 
(4 eC) (AT). 

These factors will be considered separately: 

t  (iyinS ) can be derived from the strain rate 

(4 	)/1 

cycling tests and the conditions (3.3a) (3.5a) anct, 

(3.7a) must be applicable. 

(d/C) requires temperature cycling tests 

( AT)" 
to be performed at a particular strain and strain 

rate* There must be no change of the dislocation structure 

during the temperature increment i.e. ATtz-- 0. Thus values 

of ( AT) from the yield stress temperature plot do not 

necessarily satisfy this condition since the quantity of 

dislocation motion that occurs before yield changes with 

temperature. 

To obtain the total activation energy AHo of the 
obstacle a correction must be applied tog to account 

for the energy suppliele by the thermal stress. 

13,Ho `AH +/1"*de This is valid 
if the entropy termT(ASo-AS) is small in comparison 

to Vo where ,Q So is the entropy at re-0 and 468101-1 V4(Te,(A 



wheretb=b dT  
- 1 VA 
" 

;4 ; shear modulus. l  
The integration can be obtained numerically from 

-p;  V* 	graph. 
3.1..3. The strain rate sensitivity of flow stress. 

In chapter 2 we have considered the general 
deformation features of NaC1 and KC1 and have shown the 

great similarity between them. This section reviews the 

deformation literature with particular reference to the 
strain rate sensitivity and its relation to the theory 

developed in the previous section. 
Until the very recent work of Evans and Pratt 1970 

no comparison had been made for KC1 and NaC1 between 

m* valtes obtained from macroscopic strain rate cycling 

tests and microscopically from individual dislocation 

etch pits. Even in this work experiments were made only 

at one temperature and the NaCl crystals probably 

contained an impurity level which was higher than other 

comparable work. Thus this immediately asserts the need 

of experitental data on purer crystals over a wide 

temperature range. 
The variation of yield stress with temperature 

indicates (from section 3.1.2i(c)) that a thermal 

mechanism controls deformation at low temperature and 

is impurity sensitive in KC1 and NaCl. Yield is 

temperature sensitive below 250°K for material of 10 ppm 

divalent cation impurity and to higher temperatures at 

greater impurity concentrations, Johnstdh 1964, The 

yield stress is not temperature dependant to a large 

extent above 250°K for purer crystals suggesting yield 

is controlled by athermal obstacles at high temperatures. 



However, Schmitten and Haasen 1961 suggested 

there is only a small thermal activation of the 

dislocation motion of NaC1 at room temperature from the 

small changes of flow stress during a change of strain 

rate test. They reportedgvaluesof10 grm/mm
2 for 

EA= 10 and the C.R.S.S. of their NaC1 at room 

temperature was 41 grm/mm2. 

Johnston & Nadeau 1964 reported m* values from 
Strain rate cycling tests at room temperature for NaC1 

and KC1, 
NaC1 pure m* = 30 to 40 
NaC1 impure m*=30 to 200 

KC1 pure m* = 45 to 60 

Their CRSS and Ovalues are similar to those obtained 
by Schmitten & Haasen: their total multivalent cation 

impurity level was calculated at 10 ppm. 
Komnik et al 1967 concluded from observations of 

the rapid fluctuations of flow stress with time that 

aislocation multiplication was greater for KC1 than 

NaC1 at room temperature. On the same crystals they 

could not detect any stress changes for strain rate 

cycling of KC1. This wac because either dislocation 

multiplication was occuring, hence equation (3-3a) 

was not satisfied, or the strain rate increments were 

too small to give a measurable stress change. The 

conflicting results between Komnik and Johnston may be 

the result of different impurity content. Komnik 

estimates that for their crystal the Mg content, 

for instance, could be as high as 30 ppm: their room 

temperature yield stress was also Duch higher, 100 gmKr
2  

which could also have been the result of this impurity 

level. 
The hydrostatic pressure around deformation specimens 

was cycled in the experiments of Davis & Gordon 1968, 



and the stress changes that resultea were recorded. 

Their conclusions assumed that the dislocation thnsity 

within the crystal did not alter when the stress increased 

during the pressure cycle i.e.equation (3.5a) is a valid 

assumption at room temperature. A comparison between m* 

values from strain rate cycling and dislocation etch pit 
experiments would determine the validity of this 

assumption. Davidge 1966 has reported the small strain 

Fate sensitivity of NaC1 at room temperature was constant 

for all strains and suggested the thermal stress remained 
constant, thus all work hardening was athermal. 

Evans and Pratt 1970 at 244°K have found reasonable 
agreement between the value of m* from etch pit velocity 
observations of NaC1 (m1* = 15 ± 3) and the values from 
strain rate cycling tests (from the extrapolation of 1112  
values to zero strain m*2 = 16 ± 2 for a range of strain T rate increments and from a graph of A  against nt-_ 13- 2 
for all strains. They concluded their results were 

consistent with the theory of a single thermal obstacle 

giving a point defect interaction of total enthalpy of 

0.5eV probably caused by impurities. The thermal stress 

Was found constant for all strains so the work hardening 
in Stages I & II had to be completely due to the 

development of athermal obstacles during deformation. 
However 244°K was within the athermal region of the CRSS -
temperature graph of Johnston and Nadeau, 1964 for crystals 

of 10 ppm impurity. Thus, either yield within the high 
tua,perature region is still thermally activated or the 

crystals used by Evans and Pratt contained a greater 
impurity than those of 
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Johnson & Nadeau, sufficient to raise the extent of 

the athermal region above 244°K. 

Gutmanas, Nadgornyi and Stepanov 1963 have made a study 
of the dislocation velocity - stress relationship from 

the etch pit motion around rosettes for a complete range 

of velocity and for pure and doped NaCl. For normal 

flow stress m* increased from 8 for purity estimated 

qualitatively at 10 ppm Ca to m* = 17 for impurity 

of about 100 ppm Ca++. Screw dislocations moved slower 

than edge so would be the limiting component. 

The onset of macroscopic slip for the pure crystals 

occured at 110- gm/mm2 a much higher stress than for 

the crystals of Johnston & Nadeau with the same estimated 

impurity level. 
For NaC1 Hesse 1965 and others have shown that the 

stress may be directly proportiontato the square root 

of the dislocation density observed as etch pits. Thus, 
they have shown that the stress in Stage I of the room 

temperature stress strain curve may be predominantly 

athermal. Matucha 1969 using electron microscope 

replicas to count the closely spaced etch pits has 

observed that stage II is also caused predominently by 

athermal obstacles. Hesse's results indicate that for 

two constant strain rate tests at different strain rates 

and for strains having the same dislocation density (and, 

hence, same athermal stress) the flow stress difference 

should reflect the strain rate dependence of the thermal 

stress. They show thatt* is small but increases with 
dislocation densityl i.e. with strain, consistent with 

being caused by forest dislocations, jogs or debris. 

The purity of these crystals was estimated at 2 ppm from 

conductivity tests. (This value may be too low if any 

anion impurities are present, see Chapter 2). 
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Thus it may be concluded that for the primary slip 

system there is need for experiments to compare the strain 

rate cycling data with etch pits studies over a wide 

temperature range to include thermal and athermal regions 

of the yield stress temperature graph for high purity 

crystals. 

No strain rate cycling tests have been made for 

the secondary slip system. 
The possibility of a Peierls mechanism controlling 

edge dislocation motion has been considered in section 
1.2.2(b). If this dislocation interaction operates, 

then the motion will be thermally activated and it will 

be strain rate sensitive. The experimental results can 

be compared to the theoretical parameters, reviewed by 

Dorn and Rajnak 1967 for this type of dislocation obstacle!, 

to deduce whether a Peierls mechanism is operating. 

3.2. Experimental  

3.2.1. Testing Techniques. 
The preparation, orientation, polishing and 

etching of specimens has been explained in Chapter 2. 

Compression is effected in Instron testing machines 
with compression jigs of the type described at length 

by Pascoe 1967. They consist of two interpenetrating 

frames moving relative to one another on adjustable ball 

races to keep the compression faces parallel. See Fig.3.4. 

Two methods are used to deform at low temperatures. 

A dewar was constructed Fig. 3.6 & 3.7 which consists of 
a deformation jig enclosed in a container than can be 

evacuated or filled with dry nitrogen. The deformation 

jig inside is held at a constant temperature by a reservoir 

containing the coolant (or hot oil) isolated from the 

outer casing. 

an 
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The specimen can be viewed through glass ,windows 

mounted on '0' ring seals in the side of the finger 

which is constructed to fit the specimen compartment 

of a Perkin Elmer 450 Spectrophotometer (see Chapter 4). 

To prevent thermal shock of the specimen when cooling 

to liquid nitrogen temperature it is essential to 

initially partly cool the jig. A much simpler 

method is to cover the room temperature Iftstron jig with a 

polythene bag and seal the top with an elastic band. 

The jig can be lowered slowly into a vacuum flask 

containing the coolant: The bag prevents any surface 

contamination of the specimen by the coolant and allows 

the specimen and jig to cool slowly as the trapped 

air acts as an insulator. Temperature cycling tests 

require the load on the specimen to be removed and the 

reservoirs of coolant exchanged. The new temperature 

is reached when the specimen ceases altering its 

dimensions. This can be monitored from the stress 

on the Instron Chart, whent:osmall load applied to 

the specimen no longer changes.The Instron gives a 

constant strain rate to the specimen from about 1 x 10-5 

sec-1 upwards, automatically recording load and time. 

Changes of strain rate up to 1000 fold Increase 

or decrease can be effected instantaneously on this 

machine. The chart speed is simultaneously increased 

in the same ratio as the strain rate so that the 

time axis of the chart is linear deformation even 

during strain rate cycling. 

To improve the consistency of stress strain 

results three conditions have to be satisfied for a 

result to be valid. The elastic part of the stress 

strain curve must have a linear elastic region and 

the total plastic strain determined from the Instron 



chart must agree within 0.g,strain with the difference 

of crystal lengths measured with a travelling microscope. 

During deformation the crystal nay.'1110 observed with an 
optical microscope between crossed polaroids. 

The birefringence of the slip bands must be uniform 

along the compression axis: specimens with slip on 

oblique system at opposite ends of the crystal give 

large dislocation boundaries at the centre of the 

crystal and anomalous stress strain curves. 

A program is used for an IBM 7090 computer to calculate 
the activation parameters from the experimental results. 

Direct dislocation velocity measurements can be 

made using an etch pit technique similar to that 

described by Gutmanas 1963. This requires the 
introduction of fresh dislocations on to the crystal 

surface and the distance moved by these, observed by 

etching, can be measured when a given stressis applied 
for a known time. The method used differs.from that 

used by Gutltv:mas in one important respect, since the 
etching of an indent before compression pins the 

dislocations. Gutmanas used steel or glass to indent 

the crystal: this was not reproducible and the size of 

the indent needed to be known by etching before each 
compression: this etching mny pin theqTdislocations. 

Indenting with the diamond microhardness tester on 

a Reichert table model microscope gives a completely 

reproducible indent and dislocation rosette etch 

pit pattern nay be obta4ed. The length of the arms 

of the indent rosette are measured after etching for 

a trf.al test, -then similar indents are made in 

crystals just prior to deformation thus avoiding possible 

dislocation pinning. Dislocations should move at least 

200 microns away from the indent when the stress is 

applied so that the affects of 6Lress-  uunuentratitns" 

around the indent may be lessened. Any rounding 



of the specimen ends or the specimen defects may give 

rise to stress concentrations: these give a very large 

scatter to results ,king compression specimens. Four 

point bending gives a uniform surface tensile force 

between the inner knife edges where the stress is 

given by 

= 3WS 
bh2 
	W = applied load 

S = spacing between lines 

and out knife edges. 

b = specimen breadth 

h = specimen thickness 

The jig was machined from pyropholite with sapphire 

rollers see Figs 3.5. 
3.2.2. Deformation on the Primary Slip Systems of KCl.  

Specimens are prepared for compression in the 1.00 

direction by the methods described in Chapter 2. 

Resolved stresses for this deformation direction refer 

to the (1103‹).10> systems. 

(a) Constant Strain rate tests. 

(i) Effect of environment  

Evans'1970 has reported latent hardening tests 

at liquid nitrogen temperature made by the technique 

of surrounding the specimen with a polythene bag as 

outlined in the previous section] Doubt exists whether 

atmospheric moisture has any effect on the stress strain 

curve by condensing on the surface of the specimen 

Experiments in the dewar in an atmosphere of dry 

nitrogen do not give consistertly different results 

from the simpler technique. This may be because 

any moisture condensing during cooling does so on the 

coldest surface: this will be the polythene and not 

the specimen. Any other surface contamination of the 

specimen must be present in both cases due to crystal 
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preparation in the air. Thus the simpler technique may 

be used. Lubricants of oil nnivacaum grease were applied 

to the rams to prevent friction stresses between specimen 

and ram: this made no difference to the deformation. 

(ii) Effect of specimen dimensions. 
The stress - strain curve for deformation depends 

on the shape of the test specimens. The correct size 

specimen must be determined and the results of size 

dependance will be used in Chapter 4 to show how the 

:enhancement of F centre colouration depends on specimen 
dimensions. This dependance is shown typically at 20°C 

dal Fig. 3.8 for crystals of the same cross-section but 
different heights. (Similar graphs from Alden 1964 are 

included for comparison). Yield stress is constant but Chet 
rates of work hardening decrease and length of Stage I 

increases as the ratio of height, h, to the diagonal, d, 

Of the cross section increases. Etch pits and birefringenCe 

of slip planes show this may be associated with the stress 

concentrations from end effects between the crystal and 

the jig. Dislocation motion is uniform in the centre 

of the specimen but is greater at the ends: this may 
cause greater debris production and a larger rate of 

work hardening in these regions (see section 3.2.2. (d) 

These end effects may be reduced by having longer 

Specimens: however, if the specimen is too long g>4 or 
has one dimension of the cross section much less than the 

tither, plastic buckling of the specimen occurs giving rise 

to unknown stress concentrations and an anomalously low 

hate of work hardening and long Stage I. If is much 

less than 2 deformation takesplace by block slip and 

the stress strain curve has more than three regions of 

work hardening as dislocation 



boundaries develop. Evans and Pratt I97) have shown 

that a  = 3 satisfies the above criteria for Neil 
and gives similar results to tensile -tests where no 

end effects are present. Within these limits the 
stress strain curve and strain rate sensitivity do not 

depend on the cross sectional dimensions. Hesse 

and Natucha 1969 use similar values of k 	and 

should be quantitively similar: Gutmanas 19-63 1k= 4.2 
Similarly the deformation specimens to be used 

for irradiation should also conform to these 

dimensions for the structure to be quantitatively 

interpreted from stress strain curves. Past work e.g. 

Chang 1965 neasuting the influence of deformation upon 
F centre colouration has used thin specimens, one 

dimension of the cross section much less than the 

other; consequently,they must 

buckling with a long Stage I. 

measurements at high F centre 

thin specimen. 

Thus specimen dimensions 

have one dimension as thin as 

have deformed by plastic 

But absorption 

densities reauire a 

must have la = 3 and 
Possible without 

plastic buckling occuring:test specimens 12.5 x 3:5 x 
2.5 mm satisfy these criteria and are used for 
subseeuent tests. 
(iii) Variation of the stress strain curve with 

temperature. • 

Fig. 3.9 demonstrates the variation of the 
stress strain curve with temperature. Above 100°C 

there is a single stage of work hardening: the gradient 

of this initial stage decreases at lower temperature 

and a Stage II of higher rate appears followed by a 

Stage III of lower work hardening rate. The rate of 

Stage I slowly in3reases as temperature decreases until 

at about 120°K fracture occurs within this stage. 
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This behaviour is similar to that reported for NaC1lEvo.ns196w)' 

Subsequent tests will investigate the thermal and 

athermal components of these stresses. 
The insert in the last figure 3.9 allows the methods 

for determining the yield stress, 0.2% proof stress and 

critical resolved flow stress from the Instron charts. 

These values are plotted in Fig. 3.10 as a function of 
temperature for two different strain rates. (These are 

compared to the CRSS experimental points of Johnston and 
Nadeau 1964 which are similar and may be associated with 
a comparable crystal purity). Yield stresses are least 

consistent. The curves have two temperature regions 

of the type indicated in section 3.1.2. The high 

temperature region above about 150°K decreases slowly 
with temperature and, thus, might be associated with 

an athermal dislocation interaction. Below this 

temperature yield is much more temperature sensitive 

and may be attributed to a theiral dislocation obstacle. 
Change of strain rate tests should confirm this change 

of obstacle type. The yield stress temperature graph 

for the test at higher strain rate shows, in the low 

temperature region, the strain rate dependance is 

considerably greater than that at higher temperatures the 

latter h(tare nearly of the same order of magnitude 

as the experimental error of the observation but in 

each case are positive (see Fig. 3.1,8) 

(b) Determination of m*  

(i) m* from Etch Pit Studies. 

Values of m* can be obtained directly by etch pit 

studies from the variation with applied stress of the 

edge and screw velocities around an indent. A typical 

.indent rosette after deformation is illustrated in 

Fig.2,41.and the interpretation discussed in Chapter 1. 

This me shod is found to give consistent results for 



KC1 between 190 & 325°K. At higher temperatures the 
. 	- 

dislocations around the indent become Dinned in the 

short period of time after indentation and before 

deformation:at lower temperatures the scatter and 

error of the calculated velocities renders this technique 

useless. The consistency of the measured velocity at 

a particular stress needs to be ascertained. This 

can be confirmed by deforming specimens at the same 

load for different periods of timea-na measuring the 

dislocation movement in each case: these give the same 

velocities except at low stresses and short times when 

the dislocations remain in closer proximity to the 

indent (see Section 3.2.1). Such a check i$ not 

possible at the larger velocities since the aaximum 

time is limited by the dislocations nearing the 

specimen edge and the shortest time by the speed at 

which the Instron can load and unload the specimen. 

However, these higher velocities still follow the 

same velocity-stress dependance. 

The graphs of dislocation velocity •vetstAS appli-ed 

stress for 295°K and 196°K are shown on log scales 

in Fig. 3,11 & 3.12 for both edge and screw dislocations. 

Each graph point and its standard deviation is 

derived from the arms of three indents in a partj,cular 

specimen used in four point bending. The outermost 

dislocations in each arm are used to calculate the 

velocity. A few dislocation arms move much less than 

the mean: any dislocation velocity that lays outside 

two standard deviations from the mean is omitted from 

the set. The method of least squares is used to 

draw the best straight line through the graph points 

(and to determine the standard error of the gradient) 

which is the value of m * (Topping 1961). The graphs 

show that the edge dislocations move faster than the 

screw dislocations at all the ,stresses, so any 



dislocation - obstacle interactions considered in late196  

pectidhs Tor the rate controlling mechanism will api5IT 

to the screw dislocation. Both edge and screw 

dislocation satisfy an empirical equation of the type 

(1. 1111' 

From graph graph 3.11 & T.12: screw ; . -edge 

at 295Gk,m1 = 14.3 t 2.1 1 12.9 ± 3.2 

at 196°K,9! = 18.2 ± 2.9 116.7 ± 3.5 

If no dislocation density change occurs during strain 

rate cycling then these ml* values should agree with 

those from strain rate cycling tests, 
(ii) m* from strain rate cycling tests.. 

The load extension graph for a typical strain 

'rate cycling test is given in Fig. 3.13. The period of 

'strain at the higher strain rate is kept to a minimum 

to reduce the effects of the higher strain rate 

structure, if any, on the lower strain rate test. 

There is good agreement between the values for strain 

rate increase and decrease provided the overshoot on 

decreasing the strain rate is omitted (see Fig. 3.13).; 
This overshoot may be due to increased density of 

mobile dislocations that result from deforming for 
the small but finite time at the higher strain rate. 

Thus  for the short period of time after the strain rate 

cycling at the lower rate, there is an excess of 

iiislocations and the strain can be accommodated by 

;the dislocations moving at a slower velocity, which 

requires a lower stress. The excess dislocations 

are then rapidly pinned. The overshoot lasts too 

long to be due to poor pen response. 

The values of m2 are determined using equation 

(3.6) for different strains, strain rate increments 

and base 



strain rates at each temperature. These are plotted in 

Fig. 3.14 for three temperatures 77,196,295°K. These 

tests have been undertaken between 400 and 900°K 

using a radiation furnace with alumina rams: a small 

strain rate sensitivity is observed over the whole 
temperature range (no flow stress drops on strain rate 

increase were observed like those seen in Ng° at high 

temperatures, Moon and Pratt 1969). 
The graphs given in Fig. 3.14 show the m2  values 

increase with strain at a particular strain rate, but at 

each strain m2 decreases as the strain rate incremPflt 

increases. These m2 
curves extrapolate to approximately 

the same value m2* at zero strain at a particular 

temperature. These values are considerably greater 

than the corresponding ml* values found using etch 

pits. 
Both the etch pit velocity-stress graph and 

extrapolation of m2  values to zero strain provide m* 

values only for small strains. The alternative method 

using strain rate cycling data in equation (3.7) 

calculates m*3  at finite strains. The graphs of all, 

against a are plotted in Fig. 3.15 for each 	2 

Ala 
temperature. Sinceals found to be independant of 

strain, m* is independent of strain. At the low 

temperature the experimental points give reasonable 

straight lines whose gradients give values of m3 

which agree closely with m2*: at higher temperatures 

the points lie on a slight curve , straight lines drawn 
through these points give m3* values less than ml  

and m2*. 

The variation of ml*, m2' and L,* with 

temperature is shown in Fig. 3.16. 	The significance 
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of these vale will be discussed when the variation 

of the other thermal activation parameters has been 

derived. 

(c) Thermally Activated Dislocation Motion 

(i) stress Changes during_ Strain Rate Cycling Tests 

The stress changesAt for each strain rate increment 

are independant of strain at each temperature, Fig. 3.17, 

thus indicating that no new thermal obstacles are 

produced during deformation. If thermal obstacles cause 

this strain rate sensitivity then they must have existed 

at yield. The variation of &t with temperature for a 

particular strain rate increment is shown in Fig. 3.18. 

Above 240°K, 'Chas low values and is approximately 

constant with temperature: below this temperature 

increases rapidly as temperature decreases. This 

temperature when Cincreases is similar to the region 

where the yield stress increases rapidly as temperature 

decreases. Plotted for comparison in 	3.18 are 

the difference of flow stress between the two constant 

strain rate tests at different strain rates. The 

strain rates .:1-c" the same as those of the strain rate 

cycling tests. Approximate agreement is obtained but 

the errors for the flow stress measurements are 

considerably larger. 

(ii) Thermal Stress  

From the previous section, tis constant with 

strain so there is no measurable increase of thermal 

stress with strain at any temperature. Thus all work 

hardening must be predominantly athermal. The 

methods for determining the magnitude of the thermal 

stress have been outlined in section 3.1:2.and each 

is given in iig. 3.19 as a function of temperature. 

The thermal stresses derived from equations(3.7)and 



(3.8)both assume that the athermal stress is zero at 

zero strain while the value calculated from the flow 

stress temperature graph includes an approximate 

correction for a non-zero athermal stress. 

All three values converge at lower temperatures 

where 'Chas larger values. This suggests that these 

assumptions are valid at these temperatures but not 

at any higher temperature. The small difference between 

the 't values from equations(34)&(3.8) at" 
lowtemperatures is probably due to a small athermal 

stress at the Field str .ss,but the progressively larger 
difference at higher temperature suggests the parameters 

of a thermally activated interaction become :Lees_. valid. 
For the temperature region where the strain rate 

dependance of flow stress is small and the yield stress 

is not temperature dependant, the thermal stress is 

probably zero or very small i.e. yield is controlled 

by athermal interactions. Consequently the thermal 

stress determined from the flow stress temperature 

graph should give the most satisfactory value at the 

low values ofT7since the other derivations assume 
at zero strain i.e. yield is still a thermally activated 

process. Consequently, the thermal stress from flow 

stress measurements will be used in subsequent 

calculations. The temperature dependance orefrom 

different experimental techniques is similar to the 

agreement between m* values: they are consistent at 

low temperatures only. 

The components of the applied stress, qfrand 'C/A 

are shown in Fig. 3.20. 

(iii) Activation Volume. 

For a particular type of thermal obstacle, V* must 
be a unique function of and all results should lie 



On this continuous curve. Activation volume can be 

determined from strain rate cycling experiments using 
equation (3.11) and etch pit studies from equation(3.12.) 

It is independant of strain since &Cis conatant. The 

variation of activation volume- with the thermal stress 

for each technique is given in Fig. 3.21. The values of 

V* are large, approximately 100 1,3  at 77°K, and increase 
rapidly with temperature. 	Por the lower temperatures 

they lay on a continuous V* -:E:* curve. The V* from etch 
pit velocities do not lie on the curve and further 

suggests that the dislocation motion at higher 

temperature is limited by different types of obstacle. 

(iv) Activation Enthalpy. 

The determination of activation enthalpy' requires 

the values of two terms for equation(3.13)at.each 

temperature (thermal stress). The first  

can be readily obtained from the strain rate cycling 
data, above. The second term 	can be found 

only by temperature cycling tes s at constant strain 

rate. There must be no alteration of the athermal 

stress during;  the time taken for the equilibrium at the 
new temperature to be established (about 12 minutes). 

This is checked by deforming a specimen at each 

temperature to a particular strain, unloading (as for 

an actual temperature cycle, see section 3.2.1), 

but not changing the temperature, for 12 minutes, 

then compressing again at the same strain rate. 

The flow stress after unloading is equal to that 

before, so no measurable dislocation structure 

changes occur during this time interval. The 



10: 
stress changes for a particular temperature increment 
are individually quite erratic] but show no consistent 

variation with the strain at which the cycle is undertaken, 

so an average value is taken. The results of these 

tests are shown in Fig. 3.22 for each temperature. The 

values oftEareplotted in Fig. 3.23 as a function of 15*. 

As iaecreases the value of Hslowly increases 

until suddenly-6g increases much more rapidly at small 

values of the thermal stress (which correspond to the 

temperatures at which the flow stress becomes strain 
rate insensitive). The reason for this is clearer when 

the total enthalpy is considered (equation 3.15). 
Calculation oft.; requires the integralfV*d-e 
to be calculated numerically from Fig. 3.21. This 

gives a constant value ofplo  for thermal stress larger 

than 30 gm/mm.2  Thus in the low temperature region of a 

yield stress temperature graph the strain rate cycling 
parameters are consistent with a single thermally 

activated obstacle of total enthalpy (0.5 ± 0.1) eV, 

(The error represents maximum; 	and minimum values of 

the integration of IV*dt). For lower values of,-r* 

a different predominant dislocation obstacle limits 

dislocation motion:4110  increases rapidly as 'edecreases. 

Ignoring the 	points for these lowest values of 't* 
Ali reasonably extrapolates toAlb for 

(d) Discussion. 

These results show that the treatment of 

deformation can be divided into two temperature regions. 

This is demonstrated, for example, from the yield 

stress measurements; the flow stress temperature 

graph,like 	motalsi has a high temperature region 

which is temperature and strain rate insensitive but 

at low temperature is very dependant on both these 

variables. Each region will now be considered separately. 



At low temperatures below 200°K1there is a 	102 
rapid increase of yield stress as temperature decreases. 

From similar observations in metals this suggests the 

main type of dislocation obstacle at yield is thermally 

activated. The strain rate cycling results must be 

shown to be consistent with the theoretical 

parameters of a thermally activated process before a 

comparison with particular models can be made. 

Unfortunately, etch pit measurements of dislocation 

velocity are,tdo erratic at these temperatures to 

give values of m* (in 0.14  cases edge dislocations 
move further than screw BD screw dislocation obstacles 

are rate controlling): Thus direct comparison with 

the 	values from strain rate cycling was impossible 

but the values from the different equations that can 

be used to determine r1 from strain rate cycling 

tests give similar values. This can only occur if the 

boundary conditions are satisfied. The small 

difference in the values of m* can be easily 

accounted for by the requirement that 

T,;,.= 0 at E=o 
This is probably nearly satisfied especially at the 

lowest temperatures but not completely. Extrapolation 

of the high temp region of the yield stress 

temperature graph show the athermal stress could be 

as high as 40 gm/mm2 at yield. 

M 1907 has suggested that to satisfy the third law of 

thermodynamics m*T is constant as T-*0°K for a 

thermally activated process. The value of m*T 

is plotted against temperature in -gig. 3.24. It 

can be seen that this relationship is reasonably 

satisfied below 200°K;thus, this suggests further 

that these results apply to a thermally activated 

process. Within this region the V*--"ecurve, is 



continuous anddHo is constant as a function of 
rt*  ,extrapolating tom at zero effective stress.Thus 

all results are consistent with one type of thermally 

activated screw dislocation obstacle. 

The particular type of thermal obstacle needs to 

be determined. Evans 1970 has listed the properties of 

possible thermal obstacles: this is given in Table1I: 
a comparison of the obstacle characteristics will 

eliminate most of them. The thermal stress is strain 

Independent. Thus obstacles whose concentration or 
effect increases with strain can be excluded i.e. 

intersection of dislocation dipoles, dislocation 

intersection and conservative jog motion. The activation 

enthalpy, 0.5 av, is much less than the self diffusion 

energy of ions, this excludes those mechanisms that 

depend on the diffusion of ions and vacancies i.e. 
point defect drag, non-conservative jog motion and 

dislocation climb. 

The theoretical characteristics of a Peierls 

process have been described by Dorn & Rajnak and 

reviewed by Guyot and Dorn 1967. 	Two comparisons 

between theoretical and experimental parameters are 

given to decide whether a Peils mechanism is operating, 

the variation of flow stress with temperature and of 

activation volume and enthalpy with stress. These two 

graphs are plotted in ag. 3.25 and 5.26. Values of 

the Feierls stress at 0°K, to  , have to be assumed from 

a reasonable extrapolation of the flow stress 
temperature graph and, therefore, extrapolation from 

77 to 0°K involves substantial error. -Even for the 

smallest acceptable value of Yp the experimental points 

for both graphs lie far from the theoretical curves 

at lower values off. For higher values of T? 

10S 



discrepancy is even greater. Thus a Peierls process 
	1 0 

seems most unlikely. This leaves point defects as the 

most probable origin of the thermal interactions. The 

low density of these obstacles is the cause of the high 

value of the activation volume from the large spacing 

between obstacles. 

Thus, this analysis, using the data of strain 

rate cycling tests to provide a comparison with the 

theory of a thermally activated process, is consistent 

with past work that has related the dependance of the 

low temperature region of the yield stress temperature 

graph to impurity content of the crystals. 

For this work on KCl with multivalent impurity 

about 10 ppm, the low temperature impurity sensitive 

region ceases around 200°K: a similar temperature 

dependance of flow stress has been observed for NaC1 

and KC1 with similar impurity. For greater impurity 

levels this temperature would be expected to be much 

higher so that the yield stress might be predominantly 

due to thermal interactions around room temperatures. 

The results of Evans and Pratt at 244°K can be 

considered consistent with this work on KC1: they 

reported that the yield stress was predominantly 

thermally activated at 2111°K. This may arise 

from the larger total polyvalent impurity content 

of their NaC1 crystal, estimated at about 40 ppm, 

which would raise the low temperature region above 

244°K 	Yurther emphasis is given to this 

conclusion by the agreement between the activation 

enthalpies 0.5 eV for KC1 nnd NaCl. They would be 

expected to be similar for the same type of 

dislocation obstacle. 



107, 
At higher temperatures it is found that the 

dislocation etch pit velocities for edges and screws 

satisfy a relation with applied stress of 

v = ("1-1m
1 

( rto 
between 196 & 295°K: mil' decreases slowly as the temperature 

dncreases. 

Strain rate cycling shows the flow stresses are 

slightly strain rate dependant and this stress increment/it 

is constant with strain and temperature and increases 

for larger ratios of the strain rate increment. These 

results differ from those of Komnik on less pure KC1 

where no such strain rate sensitivity was observed, and 

;of other ionic crystals e.g. MgO which shows flow stress 

drops on strain rate cycling in an athermal region. 

Johnston & Nadeau have suggested values of m2* for KC1 

from extrapolation of m2 values to zero strain at room 

temperature can be used in the dislocation velocity stress 

relation - no complementary dislocation etch pit 

velocity measurements were made. The ]age difference in 

the values of mi* and m2* obtained in this work show 

that the strain rate cycling data cannot be used in tkis 
way.-  In thf derivation of e'zuation (3.6) for values 

from the empirical dislocation velocity - stress, equation 

(3.2), the assumption that dislocation density remained 

unaltered during strain rate cycling can no longer be 

considered valid at these higher temperatures. The 

interpretation of the pressure cycling experiments 

by Davis and Gordon 1968 assumed that the dislocation 

density remains unaltered during a cycle of pressure: 

this must now be reconsidered since (AlnN) is not 
T 

zero -at room temperature i.e. equation (3 .5a) is 

not valid. 



For the three stage work hardening curve of NaC1 
	103 

Hesse 1965 has suggested from etch pit observations 

that applied stress is directly related to the square 

root of the dislocation density, and yield and working 

hardening are predominantly caused by athermal stresses 

over a wide temperature range. This is the type of 

yield and work hardening curve observed for KC1 in the 

high temperature region. Hesse suggests the limited 

mobility of jogs i responsible for the work hardening 

in Stage I. Matucha 1969 has reported a similar stress —

dislocation density relation in Stage II. Evans & Pratt 

1970 have extended the work of Hesse on the 3 stage 

work hardening curve. Although yield was a thermally 

activated process in their crystals, due to a larger 

impurity content, the work hardening was found to be 

identical: it was shown to be athermal from strain rate 

cycling tests and satisfy an athermal stress—root 

dislocation density relation. In Stage I slip lines 

were observed like those in Stage II of metals. 

Blocking obstacles may form ion the active slip planes 

so that new parallel, active, slip planes operate in 

between the original planes. The obstacles suggested 

are sessile dislocation junction.; -11ich require slip 

on oblique slip planes for their formation. The process 

for forming these junctions starts with a cross—slipped 

screw dislocation. If subsequent dislocations have 

difficulty in passing this by themselves cross slipping 

because of adjacent slip bands, then local secondary 

dislocations on oblique planes may be generated to 

relieve any stress concentrations. These may interact 

forming dislocation junctions i.e. a sessile obstacle 

of a tangle of dislocations, 
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junctions'and dipoles. 'Thus in Stage Iathermal 

stresses are expected to act on a subsequent 

dislocation from 

(1) Back stress from the obstacle 

(2) Intersection of forest dislocations around 

obstacles. 

(3) Limited mobility of thermal jogs in between 

obstacles. 

In Stage II, in regions of favourable stress near the 

obstacles, there may be sufficient stress for the 

junction to dissociate and dislocations on 

oblique systems move. Such a dislocation moving 

would give much debris inclined to the active slip 

system which would interact strongly with the 

majority of the dislocations moving on the active 

system giving rise to greater rate of debris 

production and consequently a higher rate of work 

hardening. Thus athermal stresses acting on a 

dislocation in Stage II occur from 

(1) All the stresses acting in Stage 

plus (2) Increased number of jogs 

(a) On planes parallel to the active system 

(b) On planes inclined to the active system. 

The authors suggest the greatest stresses are caused 

by forest dislocations, blocking obstacles and debris 

on pip-ries inclined to the active slip system. 

The thermal activation in the lower temperature 

region of KCl deformation is similar to that observea 

by Evans and Pratt at 244°K for NaCl. The work 

hardening curves obtained for KC1 over the whole 

temperature range are similar to those for NaCl. 

Thus it may be reasonably suggested that similar 

athermal work hardening interactions apply. 

3.2.3.,Deformation on the secondary slip system. 

Specimens for compression in the<lll> direction 
are prepared by the method outlined in Chapter 2. 



Particular care needs to be taken to ensUre that the 
end faces of the specimen are the <111 planes to the 

nearest half a degree. Weaver 1964 has demonstrated 

for similar experiments on Mg0 that if misalignment is 

greater than a few degrees there is sufficient resolved 

stress on the primary slip systems for dislocations to. 
move, despite the highly unfavourable Schmid factor,: 

instead of the secondary slip systems being activated. 

Thus from each batch of samples the compression faces 

of one specimen are rechecked using the Laue back -
reflection X-ray technique after cutting and polishing. 

Compression in the<I1J>direction has been 

reviewed in Chapter 1. Thet..4<?_10>are shown in 

Chapter 2 to be the activated slip systems for this 
deformation; resolved stresses in this section refer 

to these systems. 

(a) Constant strain rate tests. 

(1) Effect of specimen dimensions. 
The specimen faces parallel to the compression 

axis need to be reproducible and give a rectangular 

specimen cross section to be comparable to the .0.00 
compression results,and be rational planes preferably 

of low indices for easier slip trace analysis. The 
standard (117) projection of a cubic crystal, 

Fig. 1.131 indicates the most suitable faces that 

satisfy these conditions are (ici) and close to a 

(in) plane. Changing the height to diameter ratio 

for the specimens does not alter the yield nor the 

work hardening below 3% strain. At higher strains, 

the stress strain curve becomes increasingly 
dependant on the h/d ratio: this is probably a result 

of the varying lattice rdo,tion that occurs and the 

beginning of dislocation motion on the 



primary slip planes. Thus providing only small strains 
134. 

are used, valid results are obtained using the specimen 

dimensions of the <106} compression tests. 
(ii) Variation of the stress strain curve with 

temperature. 
Typical stress strain curves for 4(111> compression 

are shown in Fig. 3.27 for a rangetemperatures. At 
each temperature the stress strain curve is parabolic. 

Thus the shape of these curves for the alkali halides 

are similar to those obtained by Hulse,Copley and Pask 

1963 for Mg° deformed in1(111>at much higher 

temperatures, by Evans 1967 for the deformation of 
CaF2 on its secondary slip system and similar to 

those obtained for b.c.c. metals. The rate of 

work hardening at a particular strain decreases with 

temperature. The variation of yield stress with 

temperature is drawn in Fig. 3.28. 

Above 330°K the yield stress is neither 

sensitively dependant on temperature nor strain rate. 

Below this temperature there is a rapid increase in 

the yield stress and strain rate dependance suggesting 

thermally activated dislocation motion. Strain 

rate cycling tests should confirm this. The change 

from thermal to athermal interaction occurs at a 

much higher temperature then for the €110}<110> 
slip system as determined in the previous section, 

thus different slip mechanism are responsible. This 
is a lower temperature than the 600°K observed by 

Stepanov & Bobrikov 1963 for similar observations 

on natural rock salt. This suggests that impurities 

may effect this temperature of the transition from 

one mechanism to another. 
(b) Thermally activated dislocation motion. 
(i) Stress change during strain rate cycling tests. 

-The stress changes during strain Fate -cycling AT: 
are independant of strain at all temperatures tested. 



• 

Thus, if strain rate cycling data are valid for these 

* tests, within experimental error there is no production 
of thermal obstacles during deformation: any thermal 

obstacles must be present at yield and consequently 

the work hardening is athermal. The variation of Wd 

with temperature for a particular strain rate 

increment is shown in Fig. 3.29. There is little 
temperature dependance above 350°K. (350°K is the 

temperature for the transition of the yield stress 

from being temperature dependant to temperature 

independent, Fig. 3.28.) Below 350°K there is a 

rapid increase in Al%below 200°K a slow decrease. 

Thus at low temperatures the flow stress is strain 

rate sensitive, probably from thermal obstacles, 

but the strain rate dependance decreases as the 

temperature is reduced: this is similar to the 

theoretical operation of a Peierls stress which 

tends to become strain rate independant as the 
temperature approaches 0°K. 
(ii) m* values. 

The variation of m2 values with strain, 

determined from strain rate cycling using equation 

(3.6) is plotted in Fig. 3.30. For a range of 

strain rate increments these extrapolate to the 

same value, m2*, at zero strain. The variation of 
these m2 values with strain can be easily understood 

from equation (3.6). 
Alnt 

m2 - 67.n 
If Ar.Z<T., this equation approximates to 

m, = 1/N 
AV't. 

Since both the strain rate increments and tare 
constant during strain rate cycling, mo  will rapidlY 
increase as a function of strain from the similar . 



13$ 
increase ofti.e.m2value-strain curves are similar to 

the stress strain curves. 

The m
3 
 * values are determined at finite strains 

from equation (3.7) for a range of strain rate increments. 

Ea. - is the gradient of the graph of A plotted against 

. see Fig. 3.31. 	2  
411nt 

The number of points is limited by the suitable strain 
rates obtainable from the Instron, strain rates that 

are too fast lead to premature cracking of the specimen. 
Within the low temperature region of the yield 

stress-temperature, these experimental points give 

straight lines of gradient m3* which are only just 

below the values of m2*' see Fig. 3.32. This suggests 

the boundary conditions for the validity of strain rate 

cycling data may be satisfied (see section 3.1.2). Where 

the yield stress temperature graph indicates an 

athermal region these values no longer give m3*  values  

consistent with m2*  values. Thus at higher temperatures 

the yield stress being athermal suggests a non zero 

athermal stress at zero strain, so the boundary 

conditions for strain rate cycling are no longer 

satisfied, equation (3.3a). 
The variation of the m* values with temperature 

is shown in Fig. 3.32. At the lowest temperature the 

strain rate sensitivity decreases as the temperature 

rises and the yield stress decreases, hence m2' 

.(from (3.6)) decroass rapidly. Between 200 and 3C0°K.ht 

decreases rapidly and yield stress is nearly athermal 

so m"' increases. Finally, yield stress and m* values 

are both approximately constant above 300°K. 
Further confirmations of the validity of these m* 

values at low temperatures can be obtained from a plot 
1 of 17.1*  against temperature, see Fig. 3.33. 



The. .plot is linear and may pass throve 
the origin within experimental error for low 

temperatures below 200°K. This relationship is 
consistent with the work of Li 1967 that suggests the 

product m*T tends to a constant value as the 

,temperature approaches 00K. The determination of 

dislocation velocity as a function of stress to 
calculate mi from etch pit observations of 

dislocations around indents, as outlined in Chapter 2, 

is not possible for slip on the 100110)system. 
Four point bending in the 61> direction fractures 

the specimens before deformation takes place. 

Compression tests do not yield consistent results: 

the distance moved by the edge and screw dislocations 

varies over a wide range for the several indents 

in one specimen rind between specimens. However, these,  

indents do show the important result that the screw 
dislocations move consistently further then the edge 

dislocations. Consequently the rate controlling 

obstacle for dislocations moving on the .[1061<ld,› 

system must be effective for edge dislocations and 

not screw dislocations. 

(iii) The Thermal Stress  

The thermal stress at yield can be estimated from 

the yield stress - temperature graph by subtraction 

of an extrapolation of the high temperature athermal 
region. To be valid, this requires that the structure 

at yield is similar over the whole temperature range. 

Strain rate cycling data provide two alternative 

.erivations ofrr at finite strains from equations (3.8) 
& (3.9). Since ,is constant as a function of strain 

both these equations givet also constant.Agreement 

between these three different derivations at low 

temperatures suggest the boundary conditions (3.3a) 

(3.5a) and (3.7a). of the equations are satisfied 
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and predominantly thermally activated obstacles control 

dislocation motion at yield. In the athermal region 

of the yield stress temperature graph no consistency 

is obtained forVvalues; probably the athermal 

stresses predominantly control yield and so 

parameters of a thermally activated process are not 

relevant. This variation of V with temperature is 

shown in Fig. 3.34. The values from the yield stress 

measurements are probably closest to the true values 

since they are consistant with those from strain 

rate cycling at low temperature and are zero in the 

athermal region where there is no temperature 

dependance. 

The relative contributions of thermal and athermal 

stresses to the observed applied stress is presented 

in Fig. 3.35. 
(iv) Activation Volume  

For the thermally activated, low temperature 

region 	the activation volumes 

Fig. 3.36 are much lower than for slip on the primary 

system suggesting the obstacle interaction distance 

extends over a shorter distance or the spacing between 

obstacles is much less. When plotted against' ^` the 

experimental values of V* from strain rate cycling 

lie on a smooth curve, consistent with the same 

thermal obstacle being rate controlling throughout 

the temperature range. 

(v) The activation enthalpy. 

Temperature cycling tests are required at 

constant strain rate to calculate the activation 

enthalpy. To be valid they must carried out at 

constant dislocation structure. To ensure no 

measurable structure change occurred, specimens 

were deformed to a particular-strain, unloaded for- 



:a period of time equal to the auration of a temperature 

cycling test and then reloaded. 	'go changes in flow 

stress are observed before and after unloading for 

temperatures up to 400°K. The measurements of 

temperature cycling are given in Fig. 3.37 and are 
approximately independent of strain. This confirms 

that no large thermal obstacles form during 

deformation. 

Values of the activation enthalpyAH can now be 
calculated, combining the results of temperature and 

strain rate cycling, and the total enthalpy of the 

thermal obstacleshHo  can be estimated by the addition 

offV*dir 

from the numerical integration of Fig. 3.36. These 

enthalpies are plotted in Vg. 3.3$ and as a function 

of 	Except for the lowest value of T*AH0  is 
independant oft* and equal to 1.04± 0.17 eV. The 

error quoted in the value of total activation enthalpy 
represents the uncertainties in the calculation of 

thefirdeand the temperature cycling tests . The 
activation enthalpy should extrapolate to this value 

at zero stress (when the barrier would be completely 

thermally activated): AH0  is an acceptable value 
for this extrapolation provided that the result for 

the lowest value of It* is again ignored. This point 

may be excluded since it corresponds to the beginning 

of the athermal region of lower strain rate 

sensitivity where the boundary conditions are not 

completely satisfied. 

(c) Discussion. 

The observations in Chapter 2 confirm previous 

observations that deformation takes place oni'p014.100 

secondary slip systems for compression in k'll;> 

direction. 



14C The results of yield stress, and temperature 

and strain rate cycling experiments indicate that 

there are two distinct temperature regions. Below 

300°K the yield stress is controlled mainly by thermal 

obstacles which are then equally effective at all 

strains. Above this temperature there is no evidence 

to suggest that thermal obstacles predominantly slow 

dislocation motion and yield is probably controlled 

mainly by athermal interactions. The mechanism of 

work hardening seems to be similar at all temperatures 

and due to athermal obstacles. 

Comparisons will now be made between the 

experimental results and possible types of obstacle. 

Since the total activation enthalpy was independent 

of stress in the low temperature region, the V' 

curve is continuous and the m* ands'` values are 

consistent for different derivations, this suggests 

that one type of thermally activated dislocation 

process may control the yield stress, and then the 

boundary conditions, upon which the validity of the 

strain rate cycling equations depend, must be satisfied. 

The strain rate sensitivity is independant 

of strain, thus the obstacles may be excluded whose 

density increases with strain (see Table 3.1). 

Fontaine 1968, 1969 has calculated that the stacking 

fault energy is too high for partial dislocations 

to form during slip on the1001planes. 

Huntington, Dickey PL Thompson 1956 have 

calculated the theoretical formation energies of 

dislocations on both the primary kill- (110> slip 

systems and secondar4_061 Q10> slip systems of 

NaCl. They concluded the difference between the 

formation energies of '6hese two systems is not 
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variation of yield stress. Thus the difference between 

them must be a result of their relative resistance 

to the movement of dislocations rather than the 

energy of formation. Both Huntingdon and .Gilman 1959 
have suggested that the large repulsion between the 

chlorine ions as they closely approach one another 

during edge dislocation motion on the ,100-1.< 

system may be the limiting process. This type of 

interaction should satisfy the kinetics of a Peierls 

mechanism. Evans 1970 has observed that the deformation 

of CaF2 along its secondary slip system requires a 

similar close approach of fluorine ions and has found 

a reasonable comparison of the experimental and 

theoretical Peierls parameters for this structure. 

Thus, this data for KC1 will be compared to the 

theoretical requisites for this type of mechanism. 

Dorn & Rajnak 1964 and Guyot & Dorn 1967 have reported 

the comparisons that are most satisfacory. The 

activation volume should be small, about 20b, and 

independent of strain: these are satisfied, Fig. 3.36. 

The theory predicts a particular variation between 

temperature, and activation volume and thermal stress. 

A comparison of ex:oerimental =a71c_ theoretical valus 

is made in Figs. 3.39 and 3.40. They both agree 
within experimental error except at the lowest 

value of ''t* (this point has already boon considered 

and can be excluded). The strain rate dependance 

becomes less as the temperature decreases. 

If a Peierls mechanism is operating, the 

experimental value of the dislocation line energy 

should agree with theoretical calculations from 

lattice constants. For a Peierls mechanism the line 

energy per unit distance of the dislocation has 
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been given by Guyot andiDvn as 
Uk  = 2a1g (2a1.1.1 1  

rt 	( Tr' ro  ) 
for a sinusoidal Peierls hill where a = lattice spacing 

(the distance between the Peierls hills), b the 

burgers vector, r4the Peierls stress at 0°K and 2Uk  

is the energy required to nucleate the pair of kinks 

to surmount the Peierls hill at 0°K. Substitutingal 
° gives the experimental value 1.2 x 108  ev/cm for ro, 

ti 

Huntingdon, Dickey and Thompson' calculated this line 

energy for NaC1 as 0.6 x 108 eV/cm. The order of 

magnitude agreement reflects the similarity between 

KC1 and NaC1 and the reliability of the theoretical 

and experimental calculations: 
Li 1967 has shown that m*T is a constant as the 

temperature approaches 0°K and for a Peierls mechanism 

m*T- 	 2Uk 
2.303K 

where K = Boltzmann's constant. Fig. 3.33 shows that 
there is a linear relation between 1/01* and T for : 

low temperatures and this gives a value of 2151, = 0.7±0.1eV. 

This is just below the experimental value for the 

total enthalpy of the obstacle (1.04± 0.17) eV and 
is sufficiently close to show the consistency between 

the experimantal obsorvatione and the theoretical 

values for a Peierls process. 
Thus, although all Ule other possible thermally 

activated obstacles cannot be systematically eliminated, 

the agreement between the experimental and theoretical 

parameters strongly indicates that a Feierls 
interaction provides the predominate thermal obstacles 
that limit dislocation velocity. A theoretical model 

exists that is consistent with this intention: this 

involves the close approach of chlorine ions during 

dislocation motion. 
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The characteristics of the athermal work hardening 

are now considered. Particularly significant is the 

decreasing rate of work hardening as deformation proceeds 

i.e. the interactions become increasingly less effective 

the greater the strain. 
There are 3 possible -1001 slip planes equally 

orientated to the stress axis but only one active 4110) 

slip direction in each plane for<1.11>compression. 

(See fig. 3.41.) Consider the interaction of dislocations 

on any two of these planes. The intersection of bl  and 

b4 is given by 

a _ 

2
_210111 

, . a 
11°1.1 —x,  2.-2 0.16j 

The junction dislocation is a pure edge dislocation 

on the primary 1110)4(.110> system. Energetically 

this is likely to be a stable junction but it lies on 

a plane of zero resolved shear stress. Since this is 

the primary slip system the junction may move 
conservatively from local stresses especially if 

small lattide rotations occur. 

The interaction of bl  and b3  is given by 

a r 0 	+ 	ao 	ao [1121 
2 	2 - 	a 

The product is an immobile junction of al110 112> 

system. However, the energy of this junction is 
unlikely to be much less than that of its constituents 

so it may be expected to be easily dissociated by a 

small pile up. A similar conclusion applies to the 

combination of an  edge and. sc:eew dislocation, bl  and 

bo, on the same plane. (Evans 1967) 

Intersection of an edge dislocation b by a 

forest dislocation b
3 

or b4 
simply forms a jog on 

the edge dislocation and is unlikely to be impeded. 
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A similar jog on a screw dislocation is of same 

type as the junction of b1  and b4. Multiple cross 

glide produces probably larger jogs of the same type. 

Thus the rapid work hardening may be explained by the 

initial formation of weak obstacles which dissociate 

at higher stress/ and small lattice rotations lead to 

slip on the primary system. 

The decrease of work hardening rate as the 

temperature is increased is consistent with increased 

cross slip at obstacles reducing the effectiveness of 

obstacles and the rate of debris production at a 

particular strain. Transmission electron microscopy 

may elucidate further these dislocation interactions. 

).2.4 Comparison of Primary and Secondary slip systems. 

For the plastic deformation of polycrystalline 

material there must be at least five independant slip 

systems — Von Mises criterion. Failure to satisfy 

this means that high internal stresses cannot be 

relieved at grain boundaries and eventually voids and 

cracks form to relax these stresses ;end fracture occurs. 

Groves and Kelly 1963 and Kocks 1967 have calculated 

that only two of the six %1101 <110> slip systems of 

rock salt structure are independant. Thus deformation 

on these primary systems alone is not sufficient for 

the plastic deformation of polycrystals: this will 

only occur if slip takes place on a secondary set of 

slip systems. For the ,c1601_10> slip systems there 

are three independant systems. Slip on the secondary 

system requires much higher stress than or the primary 

system at a given temperature, thus the stress 

temperature graph for polycrystals may have a similar 

temperature variation to that of the secondary slip 

system. This suggests from the results for the yield 

stress of KC1 on the ,1001 <1.10> system that 
poly—crystals might 



become ductile around room temperature since yield 

stress of the secondary system decreases rapidly up to 

this temperature and is then approximately constant. 

Stoloff, Lezius and Johnston 1963 have shown that 

their KCl polycrystals deformed plastically about 523°K. 

Stokes found significant plastic deformation of NaCl 

polycrystals at 428°K at a slower strain rate 

(5x10-5sec-1). 	Clearly these temperatures are both 

higher than the expected transition temperature from 

the secondary slip system. This discrepancy may 

depend on the relative purities of the single and 

polycrystals, particularly from contamination during 

the preparation of polycryst?ls. This extra impurity 

may have produced an athermal stress which raises the 

yeild stress.  transition from thermal to athermal 

mechanisms for secondary slip to ^ higher temperature. 

Crack formation occurs mainly at grain boundaries 

thus this impurity effect may be enhanced by the 

segregation of impurities to these boundaries. 

Aladag et al 1970, has suggested that the onset 

of mrcroscopic thermally activat,,d cross slip mPy 

correspond to the beginning of plasticity in 

polycrystals rather than slip on 1001s <110 system. 

From the temperature dependance of the start stage 211 

work hardening, which Hesse 1965 and Aladag suggest 

corresponds to thermal activated cross slip, an 

extrapolation indicates that cross slip will be 

completely thermally activated at around 900°K. 

This is consistent with the -all> compression 

result which show that slip on the secondary system 

does not directly control the onset of plasticity. 



Alternatively, the ductile-brittle transition 

may be controlled by deformation on the ~lllk 4.10) 

secondary slip system. A similar set of experiments 

on single and polycrystal KC1 doped with controlled 

impurity concentration may distinguish between 
these alternatives. 

Gilman 1959 using torsional tests to deform 
single KCl crystals on the secondary (00.1 <110 

system found at room temperature 
Yield Stress t100} 4:110> :10.5. 
Yield Stress .01Q) .0.10> 

In this work the ratio is 12.2 using compression 

tests. 

Johnston and Nadeau 1964 have reported 
microhardness measurements on KC1 from 273 to 

673°K. They suggest that for bulk deformation 
around the indent, rather than cracking, Von Mises 

criterion must be satisfied. Thus hardness may 
be a measure of the ease of slip on the secondary 

slip systems. No sudden change in microhardness 

was observed in this temperature range. Thus 
these results are consistent with the athermal 

region of yield temperature plot of f1044C110, 

system obtained from the <I11> compression tests. 

A more rapid increase of micro hardness would be 

expected below room temperature if the Peierls 

mechanism restricts dislocation motions 
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TABLE 31 - Characteristics of various 
activation processes  

Mechanism 	R(b) 1(b) Comments 

Peierls-Nabarro 	1 1 - 20 V* independent of strain; various theoretical 
models for the stress dependence of activation 
volume are available; Ho related to the line 
energy of the dislocation. 

Point defect drag 1 1 - 103  Ho given by the migration energy of the point defect; 
usually applies preferentially to edge dislocation 
where binding energy is larger. 

Point defect 	10 
Interaction 

1 - 102*  V* must be related to the concentration of the point 
defect type controlling the deformation, it may depend 
upon strain if deformation alters the point defect 
concentration or distribution. 

Dislocation 	10 
Intersection 7  

103-  V* must decrease (and ,t..** increase) as the forest 
density increases, i.e. it depends upon strain. 

Non-conservative 	1 
jog motion. 

10 - 10' Ho given by the self diffusion energy. 	Applies 
exclusively to the screw dislocation. 	V* may de 
depend upon strain as the thermal jog spacing 
increases & intersection jog spacing_ decreases. 

Climb 	1 1 Ho given by self diffusion energy; operates 
exclusively at the edge dislocation. 

Conservative 	1 
jog motion depend 

10 - 10' Applies to the screw dislocation only; V* may 
on strain as for non-conservative motion. 

Cross slip 	1 10 - 102 Applies to the screw dislocation only; often rate 
controlling when the dislocations are extended so 
that it includes a constriction term. 

Irltersection of 	1 
Dislocation 

10 103  V* decreases as the dipole density increases 
with strain. 

* Point defect concentration in required form 
Forest density 10 cm-2  
Dipole density 109 cm-2  

1 p.p.m. 

Cr) 



CHAP TER,4  

The Influence of Defect Structure on F Centre Production. 

The enc,lysis of deformation in Chapter 3 hPs studied the 

thermal stress. It is found to be independent of strPin for 

both slip systems at all temperatures tested. 	Thus, work 

hrdening is due to atherm:1 obstacles. 	The stages of work 

hardening are similrr to Nan ,nd the dislocation obstacles 

probPbly are of the seme type, dislocation - dislocation 2, 

debris interactions. 

There ere few techniques available to measure the dis- 

location debris production. 	The total vacancy concentration 

err_ be measured es a function of strain by density measure- 

ments. 	F centre formation by ionising radiations is partic- 

ularly sensitive to prior deformation of the crystal: the F 

enhancement hes been suggested to be due to dislocation dipoles. 

The aim of this chapter is to develop r new technique to 

be able to relate simple i=dietion and F centre absorption 

measurements to strain and the athermrl stages of work hard-

ening determined in Chapter 3, through models that relate F 

enhancement to the presence of dislocTtion dipoles. 	These 

results can be compared to density measurements that indic2te 

a higher rate of vecency production during Stage 11 than Stage 1 

work hardening. 

If vacancy concentration can be related to F centre 

enhancement then in: dietion of bicrystels may provide e useful 

techniaue o study the vacancy structure of grin boundaries. 

4.1.  F centre colour tion  enhanced by deformation. 
4.1.1. General  

Pest work to investigate the effect of deformation on F 

colouretion used strain, not stress, and deformed specimens 

with one cross section dimension much less than the other, 

typically 1 to 6 or 8. 

This deformation must have occurred by elastic buckling with 

an anomalously long Stage I of low work hardening end debris 

production rate. 



this shape of specimen this mechanism of deformation 
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remains unknown due to the formation and action of 
stress concentrations, and the transition from Stage 

to II occurs at high strains about 10% when the 

crystals are appreciably bent. If crystals are 
deformed to these high strains, the enhancement of 

colouration by the strain cannot be consistently 
measured. Consequently the changes of work hardening 

at these high strains are unlikely to be accurately 

monitored by the F colouration. 

The aim of this section is to deform specimens 

of the dimensions used in Chapter 3: for these the 
deformation mode is reasonably understood and the 
transition from Stage I to II work hardening, with 

the corresponding increase of dislocation debris, is 

observed at strain of a few per cent. A comparison 

can then be made with longer specimens. Thus, it 
should be possible to correlate the F centre 
enhancement with the stress strain curve and also 

compare debris production rates for Stages I and II 

work hardening which is difficult using other methods. 
If this correlation is obtained it provides 

valuable confirmation of the proposed mechanisms ;of 

dislocation motion and F centre enhancement. 

4.1.2. F centre enhancement. 
Dislocation debris has been recognised as the 

source of deformation enhanced Stage I colouration. 

The modification of this enhancement by certain 

electronic processes is still not clearly understood. 

Seitz .1954 proposed that dislocations provide 

easy sites for vacancy and F centre formation. This 

model was ruled out mainly by Crawford and Young 
:1960 and Geudeke and Burgers -1963.  they observed 

.that the etch pits of dislocations failed to move after 
heavy irradiation. Nowick 1958 suggested that 



184 pIastio deformation dispersed precipitated impurity: 

it is this redissolved impurity which then gives an 

added impurity colouration. But if it was a Nowick type 

of mechanism giving F enhancement, then after 
deformation re-aggregation of impurity would be 

expected, causing a decrease of colouration with time 
after deformation. This has not been observed. Sibley 

& Russel 1967 Mitchell et al 1961 developed an 

equation to fit their experimental growth curves. They 

divided the initial vacancy concentration into two 
types: those vacancies initially present that are 

randomly distributed through the crystal would give a 

bulk colouration when irradiated: the other vacancies 

are concentrated in particular regions of the crystal. 
The numbers of the latter type are found to increase 

with plastic deformation of the crystal (in agreement 

with later work e&g. Chang 1965 F centres produced 
near dislocation dipoles) This approach is also 

confirmed by bleaching experiments by Schneider which 
require two rate constants for the decay of the F 

band suggesting there are two types of F centre. A 

similar approach has been made by Alvarez, Rivas and 
Levy '1969 who analysed the F ulouration,curve, 

F(t), as a series of three satuxing experimental 

processes which constitute Sta.& I of the curve ' 

(i.e. F centres formed by 3 different mechanisms) 

plus a linear term corresponding to F centre production 

during Stage II colouration 

i.e. F(t ) = a t
+ 

A
l 
(1-e-a't) 

where t is time and A and a are constants. 

On deformation the F centre enhancement changed the 

saturation level of only one of these exponential 

.processes. They suggested that this analysis was valid, 

not just fortuitous, and indicated that the variation 



of the exponential With7d'eformation was due to F- 	15 
centres formed in the region of dislocation structure. 

Their analysis could not explain the variation of 

the saturation level with strain. 

Davidge and Pratt (196$) found that the deformatio4 

enhancement was no longer present after the crystal was 

annealed at 450°C: they concluded this temperature 

would anneal dislocation dipoles but not dislocations, 

so the deformation colouration was due to dislocation 

dipoles rather than the dislocations themselves. 

Agullo-Lopez 1967 irradiated a crystal at room 

temperature into Stage II coloration, then deformed the 
crystal. When it was re-irradiated the coloration has 

a new Stages I & II with the same shape as the previous 
colouration curve. These results were repeated by Sibley 

.1965 . He found the enhancement of the new Stage I 

process was proportional to the plastic deformation 

and this enhancement then saturated as the dose was 
kurther increased. This sugg-,sts a finite number of 
vacancies has been introduced as debris by the 

dislocation interaction duping deformation. These extra 
vacancies are gradually used up. If the debris had 

Plot caused enhancement, but was due to dislocations as 
Bauer & Gordon had concluded, it would have been harder 

to understand why such dislocations became used up and 

caused saturation. Thus Sibley proposed that deformation 

enhancement is caused by such vacancy pairs and clusters 

bather than isolated vacancies or dislocations. The 

deformation enhanced colourability also depends in 

magnitude on trace impurities. (This is not supprisingf  

Since Stage II colouration in undeformed crystals also' 

depends on trace impurities). 

If an F centre is close to a dislocation dipole 

I
n deformed crystal, the stress field of the dipole will 



influence.  the energy levels of the P centre electron, 
	I 

causing the characteristic wavelength of the F band to 
change by a very small amount. Chang (1965) has observed 

this change. Using the Drickamer (1960) calculation 
of the wavelength variation with applied stress to give 
the stress field from the dipole at the F centre site, 
Chang determined the position of the dipole with respect 

to the F centre for a dipole of particular width. Such 
a treatment gives the F centre situated a few Burgers 

vectors away from the dislocation core, slightly above the 

slip plane, in the compression region of one of the 

dislocation pairs that constitute a dipole. Chang also 

found that crystals deformed at liquid nitrogen 
coloured twice as fast as crystals deformed at room 

temperatures. The critical shear stress for such 

deformation at 77°K is a factor of two higher than 

deformation at room temperature. He reasons that 

dislocation theory gives the average dipole spacing 

proportional to the inverse of the resolved shear stress; 

so the crystal with twice the resolved shear stress 

contains twice the dipoles, ise. colciation is well 

related to dipole influences 
Sibley & Russel .1964 have considered the possibility 

41 a purely electronic process to account for the 
deformation enhanced F centre concentration by the 

dislocation jogs trapping holes. The radiation is 

believed to produce halide vacancy-interstitial pairs; 
trapping holes at jogs increases the density of free 

electrons, increasing the number of vacancies :hat traps 

electrons and reducing recombination of vacancy and  

interstitial. Results from flow stress measurements to 

detect the extra hardening of more interstitials 

were inconclusive. 



Bauer and Gordon 11962. showed the deformation 

enhanced colouration is temperature dependant. 

Neither they nor Rabin & Klick 1960; could 

measure any enhancement at 77°K but both Royce 

and Smoluchowski 11964 and Sibley and Russell 

1964 have subsequently been able to measure small 

enhancements at lower doses am a suppression of late 
stage colouration. 

Sibley, Nelson & Crawford '1965 showed that 
deformation colouration is impurity dependant. Their 
Stage I F colouration of pure crystal was 4 x 10 per 

°M.-3 which was half the 8 x 1016 vacancies per 
cm3 estimated to be introduced by 1% strain in the 
crystals of Davidge P. Pratt 1964 i.e.all the 
enhancement might be caused by vacancies introduced 

by the deformation. However, calcium doped crystal 
has a much larger deformation enhanced colouration 

than lead doped crystal. An increase of deformation 

might be expected from doped over pure crystals 
since the impurities ray form obstables which 

raise the dipole formation and flow stress. It was 

found that for similar impurity content and flow 

stresses, the calcium doped crystal gave a much 

greater deformation enhancement than lead. Thus, 

there is probably an electronic influence from 

the impurity on part of the colouration process. 

Summarising, dislocation debris is probably 

the main cause of deformation enhanced colouration, 

acting as vacancy sources or easy regions for 

vacancy production. This may then be modified by 

electronic traps. 

4.1.3. Experimental 

(a) Experimental technique. 

The specimen preparation and compression 



jig have already been described in Chapters 2 & 3. 

Colouration at 295+  3 °C is obtained using it-rays 
from a Co60 source (see Fig. 4.1)X- rays have low 

absorption coefficient in crystals giving a uniform 

colouration and have almost nonchromatic energy about 
1.2 MeV (low energy X-rays, 0.8 MeV, have higher 

absorption which results in a greater colouration in 
the surface regions of the crystal than the bulk). 

The Co60 source is di'vided into six vertical 

rods: specimens are placed in holders giving reproducible 

positions along the axis of these six rods. Here there 

is maximum intensity from the source 1 x 106 Rads/hr 

(Siddivd. 1969) and is approximately uniform, so that 

intensity is not so dependant on specimen position as it 

would be outside of the circle of six rods, where the 

intensity is proportional to the square of the distance 
away from the source. During irradiation specimens are 

contained in thin walled glass tubes with plastic caps: 
these prevent surface contamination and the outside of 

the tubes is coated with photographic black paint to 

prevent bleaching of the crystal. The spectrophotometel' 

specimen holders are designed so that the specimen cnn  
slide from the glass tubes directly into place without 

handling the optical surfaces. 

After deformation the surfaces of the specimen 

.are no longer planar due to slip steps and the crystal 

.becogss, bowed or barrel shaped at higher strains. 

Consequently the thickness needs to be measured with a 

travelling microscope parallel to the direction of 

absorption making measurements at different points 

along the length of specimens; the use of a micrometer 

does not give an  accurate measurement of thickness 

after deformation and damages the specimen surface. 



Before irradiation the absorption cofficient of a 

deformed crystal is the same as that of an undeformed 

specimen, thus the large number of slip steps on the 

surface do not cause significant absorption and need 

not be removed by polishing. 

Optical absorption is measured as a function 

of wavelength using a Perkin Elmer 450 Spectrophotometer. 

It was necessary to have greater resolution of the 

spectrophotometer for absorbances levels above 2. This 
was achieved by using a Wayne Kerr frequency voltmeter. 

The spectrophotometer incorporates a constant velocity 
60 cycles per sec beam chopper in the light that passes 

through the specimen to the photomultiplier. The 

voltmeter can be adjusted to this frequency and acts 
as a very sensitive pulsed amplifier to measure the 

output from the photomultiplior tubes. This modification 

is calibrated with a series of filters of high known 

absorbances. Specimen absorbance readings are made six 

minutes after irradiation) This is sufficient time to 

allow for any Floentre decay but still one quarter 

of the time period that elapses before thermal decay 

of the F band can be noticed4Itrt of the H centre band, 

from two bound F centres, lays partly under the F band; 
although much smaller than the F ban:, its height. 

also varies with strain. A suitable correction is 

the subtraction of the height of the N centre at 8253a 

• from the F band peak height. (e.g. Sibley et al 
1965). 

(b) Results. 
The effect of deformation for different strains on 

the F band growth curve is shown in Fig. 4.2. Stage 

is enhanced by the deformation but not Stage II which 

has a linear dependance on dose similar to the 

undeformed crystal. 



The late stage colouration is extrapolated to zero 

dose to determine the magnitude of, Stage I colouration. 

The increase of these intercepts with strain is plotted 

in Fig. 4.3 for specimens with different dimensions. 
None of these curves extrapolates exactly to zero 

enhRncement at zero strain. A specimen compressed to 

its yield stress also shows a small F centre enhancement: 
This effect is probably due to localised dislocation 

motion and dbris production prior to macroscopic yield. 
The deformed crystals with one cross section 

dimension much less than the other (eig. specimen size 

8 x 8 x 1 mm) or with high h/d ratio (e.g. specimen 

size 30 x 5 x 2 mm, h/d = 6) have an F band enhancement 

that increases with strain up to 8 % at a decreasing 

rate. Inconsistent results are obtained at higher 

strains. Specimens with one cross section dimension 
much less than the other is typical of the specimen 

shapes reported by previous authors who have investigated 

the influence of deformation on F colouration. As 

indicated in Chapter 3, the stress strain curve for 
this type of specimen has a long single stage of low 

work hardening rate: plastic buckling of the specimen 

takes place above 3% strain. 
For crystals with the specimen dimension used 

for the majority of compression tests in Chapter 3, 

h/d = 3, the F centre enhancement is larger for the 

same strain than for the thinner specimens. At 

small strains less than 2% the strain dependence is 

similar to the thinner crystals but by 3% the rate of 

enhancement is considerably greater for the specimens 

with h/d = 3. Above 6% strain for these specimens the 

absorption is beyond the sensitivi±Tior the 

spectrophotometer. Specimens with the same cross 
section as the h/d ,= 3 specimens, but longer 1,ength,,h/c1=4, 

I 7 C. 
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have sn F centre enhncement consistently below thet for 

specimens of h/d = 3 and above that for the thinner specimens. 

The strain dependence increases more rapidly than the thinner 

specimens only ebove 4% strain. 

Yhe enhancement of Stage I F centre formation by comp-

ression in<I11>direction for a similar set of deformation 

specimens with h/d = 3 is given in Fig. 4.4. es a function of 

strain. 	The enh:ncement increases rapidly at low strains but 

then has a decreasing str.in de2endance. 

(c) Discussion.  

For compression secimens with h/d = 3 there are three 

stages of work h rdening with a trnsition between Stages I 

and II at 3% strain (Chapter 3). 	The second stage is of much 

higher rate than the first orobably due to the increasing 

rate of debris production. 	If dislocation debris enhances F 

centre formation, then the increasing rate of debris product 

ion fl'; 3% strain accounts for the observed increasing rte 

of F centre enhancement at this strain. 	The F enhancement 

graph has • similar strain dependence to that reported by 

Devidge 1964 for bulk density ch,ngrs (e.g. for 6% strain, 

bulk density gives a v - c ncy n•-it concentration of 5 x 1017 

per ci t3  ' wherees Stage I F enhancement is (5 -2) x 10
16per cm3) 

Thus these results confirm th t the enhancement by deformation 

of F centre production is caused by disloc tion dipole and 

debris -'nd there is an increased rate of dislocation debris 

during Stage II of the stress strain curve. 	Longer spec- 

imens of the same cross section i.e. h/d 	4 have stress 

strain curves with lower re to of work lirdening at ell 

strins than for h/d == 3 sPecimens and - Stage I that extends 

to higher sbreins (Chapter 3). 	A comoarison of the F centre 

enhancement as a function of str-in between the specimens 

with h/d = 3 and 4, Fig. 4.3, corresponds to the differences 

between the stress strain curves, 	For the longer specimen both 
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the F centre density and the stress - strain curve remains 

consistently lower than that for the h/d=3specimens. 

If F enhancement is due to dislocation dipoles, this 

result suggests that the rate of dislocation debris 

production is less for crystals with a higher ratio 
of /d. The stress strain curves of thin specimens and 

those with dimensions ha=6have only a single stage of 
work hardening below 10% strain, the work hardening 

rates are lower than for the specimens with h/d = 3 as 
above. TI2fn, 	specimens also have lowest F centre 
enhancement as a function of strain WalltRA 3. rvtorQ rapid 

increase of the 	1 enhancement at higher strains 
comparable to that observed for the specimen with h/d =3, 
This indicates that this increase is enhancement for 

the specimen with h/d = 3 is the result of the 
increase of dislocation dipole production in Stage II. 

Thus the F centre enhancement for <100 compression 

tests follows qualitatively the work hardening stages 

of the stress strain curves for the specimens of 
different dimensions, giving strong support to models 

that relate (a) work hardening to dislocation debris 

and dipole production 

by deformation to the 

crystal. 

The steep increase of 
specimens strained in  

and (b) F centre enhancement 

debris and dipoles produced in the 

the F centre enhancement for 

the (111> direction Fig. 4.4 

suggests the rapid production of dislocation debris at 

low strains, if a similar process is responsible for 
F centre enhancement. The deformation tests in Chapter 

3 show that there is a steep athermal work hardening 
rate at low strains; this is also consistent with the 

rapid production of dislocation debris during 

deformation at low strains. However, the unequivocal 



correlation of F- centre enhancement to dislocation 

debris and athermal work hardening cannot be made for 

the secondary slip systev,  until the work hardening 

mechanisms have been more conclusively determined. 

4.2. F centre colouration enhanced by boundaries in NaC1  

4.2.1. General  

The use of alkali halide crystals for radiation 

dosimeters has been a field of considerable research 

recently. Radiation produces electrons and holes. 

The stable trapping of these by point defects can be 

used to record quantitavely the radiation received, 

Subsequent heating of the irradiated specimen releases 

the electron or holes from their traps and recombination 

can take place with the radiative emmission of visible 

light. The intensity of this thermoluminescence is 

found to be directly proportional to the dose of 

irradiation. 

This technique has not been successfully applied 

to pure single crystals of LiF. Thus the existence 

of traps has been associated with the influence of 

certain impurities. However, recently the Harsho.w 

Chemical Company has marketed as TLD material, very 

pure Li? powder hot pressed in billets4 This has been 

found to give much more reproducible results for 

dosimetry since it does not depend sensitively on 

impurity concentration. The polycrystalline structure 

must provide sufficient trapping centres to stabilise 

electrons, holes or interstitials, since single crystals 

themselves give no traps. 

The type of trapping centre and the structure of grain 

boundaries are not well known. This section will use 

bicrystals of NaC1 to investigate the effect of F 

colouration of these interfaces. 

112 
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4.2.2. Experimental  

(a) Experimental Technique  

The growth and preparation of bicrystal NaC1 specimens 

with the boundary at right angles to the direction of 

absorption measurements is explained in Chapter 2 and 

the method of irradiation and absorption measurements 

is given in the previous section. 

(b) Results  

The bicrystals used are pure tilt boundaries 

i.e. zero twist. No twist of the cleavage plane is 

observable when a bicrystal is cleaved through a plane 

at right angles to the boundary. Such boundaries are 

characterised solely by the angle of tilt. 

The F centre colouration curves for irradiated 

bicrystals are given in Fig. 4.5. The curves are 

plotted for different angles of tilt. Stage I 

colouration is increasingly enhanced as tilt angle 

increases while Stage II remains similar to the single 

crystal rate. If the linear colouration of Stage II is 

extrapolated to zero dose for each crystal, the 

enhancement of Stage I from the tilt boundary env be 

obtained by subtracting the single crystal intercept. 

The boundary region used is taken from the top of the 

boule near the seed for each angle of tilt so that 

impurity concentration should be identical. To 

determine this enhancement due to the grain boundary 

region two single crystal specimens, of the same 

thickness as those containing the boundary, are taken 

from the adjacent single crystal on both sides of the 

boundary. This enhancement due to the boundary is 

plotted in 	4.6 as a function of the angle of tilt 

of the boundary. absorbance is used instead of 

absorption coefficient due to the problems associated 

with determining an effective thickness of the grain 



bound-ry region conseruently specimens are polished to the s-me 

thickness (ChPter 2). Fig. 4.6. shows thrt the F enhsncement 

is not so sensitive to tilt :- ngle below 200  as above this :ngle. 

r\ -b low doses the tilt bounthry c- n be seen Ps s dorker 

region of the cryst:=1 when viewed end on, so the increase of 

colouration is due to the boundary rather th,,. n some change in 

bulk colouration. 

(c) Discusclion. 

The F colouretion enhancement of bicrystal boundaries mPy 

be due to the structurf- of the tilt boundary or an impurity 

effect. 

During the. preparstion of polycrystalline specimens from 

powder, wcter vapour L-iy contamin•- te the surface of the grains. 

It h-s been suggested by Gibbon 1966 that F centre enh-  ncement

of polycrystals is due to these hydroxyl ions at the groin 

bound=ries. 	By growing bicrystals from the melt this poss- 

ibility con no longer ariPe. 	Segregation of cPtion impurity 

to grin boundaries is unlikely to c. use the observed F centre 

enhsncement since Siblcy 1967 h.'s shown th-t levels above 50 ppm 

necesory to give impurity enh- ncement. 	Thus F enhancement 

by inpuriies is most unlikely. 

The increse of F enh ncement with the angle of the tilt 

bound=ry is -r.iven in Fig. 4.6. 	There is P slow incrcas. of 

F eth- ncement at low ,ngles of tilt. 	This is consistent with 

electron microscope observations which show low angle boundsries 

consist of e dirloc, tion - rray only (Momcmt & Gordon 1964). 

At larger tilt angles diffusion experiments (1'7c,-)uh - e 3269) 

indicate an increasing v-crrcy concentration, suggesting sn 

island model of grin boundrry structure i.e. islands of good 

atomic m;-'tchipg surrounded by re s of mism'tch proposed by 

Mott 1948 and modified by Gifkins 1967. 



-6  
?:;These vec:-ncies may led to F centre enhencement in e memer 

imil:r to the influence of the v:c7ncy sheets of disloction 

ipoles. 

The unexpected feature of the F enhancement is the 

j:eontinuing increase of enh;qicement for tilt angles above  450. 

:Since a 60°  tilt bound ry, for instence, should be equivalent 

':to P 30°  bound;7-ry, the F enhancement should be the s. me f:t 

both these angles. 	Thus, bicryst:a growth by this technioue 

be introducing an increasing vac- ncy concentration. 	No 

bubbles or cloudiness -re visible in these high angle boundaries.. 

..Thus further investigation by electron microscopy m y determine 

:Iiiore precisely the gr in bound,,ry structure. 

Conclusions  
A 	This chapter hes well relrted the rate of disloc-'tion 

'dipole production during the therm:1 work hardening strges - 
`Observed in Chi-Iter 3 to corresponding increases in F centre 

'
,enhncement of deformed crystals cs a function of strain.. 

this gives suyport to the models that (a) relate work hrrd- 

bning le-ding to dislocction dipole production, particularly 

-confirming en increased r-:-be of dislocPtion intersection 

St!.-.ge II work h7rdening, 	(b) F centre enhancement 

Jpy deform .tion is due to the debris -nd dipoles. 	This 

confirms ,)revious observ'tions meesuring crystel density s a 

.-±anctionrfstr-in. 	(lXvidge 	Prtt 1964) which is a more 

technir,ue for mea.suring absolute v-c - ncy cancan-

trations particularly 2t higher str ins. 

Irradiation of grain boundaries is shown to be a  useful 

technioue to study gr- in boundary structure. 	It is suggested 

.that F enh - ncement from boundaries is due to the vac-ncy 

concentrPtion within the boundary. 	The F centre enhancement 

then be related to the existing models of grain boundaries, 

dislocation arrays at low angles and en islrnd model at high 



angles. 	The results indicate th-t further investig2tion 

is needed to understE•nd the anomalous structure of 

high cngle bound-  riesgrown by the twin seed method. 
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Challter 5 

General Conclusions and suggestions for Future Work. 

.1. Conclusions  

This study introduces some information dbout 

dislocation motion in potassium chloride single 

crystals and the effect of this deformation and of grain 
boundaries on F centre formation by radiation. The 
principle conclusions are summarised in this chapter. 

Stress strain curves and the results of strain 

rate and temperature cycling tests are reported over 
a wide temperature range for both primary .1101<1100 

and secondaryf1044110slip systems. The temperature 

dependance of the dislocation motion on each system 

is separated into two distinct temperature ranges: 
yield at low temperatures is sensitively temperature 

dependant but nearly temperature indepondant at 

higher temperatures. 

The strain rate sensitivity of the flow stress 
is independent of strain under all conditions tested. 

Thus, the observations are consistent with the 

predominantly athermal work hardening interactions 

recently proposed by vans & Pratt 1970. 
For the primary .110.11100slip system in the 

high temperature region, the dislocation velocity 

is found to be proportional to the m* power of the 

applied shear stress obtained from measurements of 

the velocity of edge and screw dislocations observed 

using etch pits e.g. m* = 14.3 ± 2.1 at 295°K and -A  

m*= 18.2 4 2.9 at 196°K. Edge dislocations move 
faster than the'screw components but both have the 

same value of m* within experimental error. 

Determination of values of M* by strain rate cycling, 

e.g. m* = 36t3 at 2952K, assumes that the dislocation 

density does not change during the cycle. Since these 
values of m* by the different 



experimental techniques are not the same, the assuLlpGiv:— 
made cannot be considered as valid and the values of m* 1S5 
determined from strain rate cycling experiments at room 

temperature, and previously reported, do not have the 

significance that their authors suggest, and may be 

explained as a combination of both changes of dislocation 

density and dislocation velocity during strain rate 

cycling in this temperature region. 

'At low temperatures the yield stress becomes 

increasingly temperature and strain rate sensitive. 
Application of the analysis of a thermally activated 

dislocation motion to the strain rate and temperature 

cycling data gives point defect interactions as the most 

probable screw dislocation obstacle. This is 

consistent with the impurity dependance of the low 

temperature yield stress. By loading the crystal 

specimens in the<lll>direction slip is obtained on the 

6[1010 <119> system: for low strains slip step traces 

are consistent with deformation occuring predominantly on a 
a single slip system. Yield-stress temperature graphs 

satisfy the dependence predicted for a Peierls mechanism 

controlling dislOcation motion: Strain rate and 
temperature cycling tests give activation parameters 

which are consistent with this type of thermally 

activated dislocation interaction, although all the other 

dislocation interactions cannot be unequivocally 

&Iiminated. The large anion outer electron shells are 

believed to be responsible for the Peierls potential 

hill which restricts dislocation motion. The strain rate 

sensitivity is independent of strain thus the parabolic 

work hardening is probably due to athermal obstacles 

which have decreasing effectiveness as deformation 

proceeds. At higher strains for this compression 

direction slip steps are observed for slip on the primary 



slip systems: this is the result of lattice rotation 

as deformation proceeds so that the resolved shear 	1-2;6  
stresses on these planes is no longer zero. 

A comparison between the temperature dependance of 

the yield stress for the secondary "100}6.10> systems 
and similar deformation tests that have been reported 

for KC1 polycrystals suggests that the onset of the 
high temperature region of low yield stress for the 

secondary system about 300°K does not correspond to the 

beginning of the plasticity of polycrystals between 420 

and 520°K. Consequently, the operation of five independent 

slip systems - Von Mises criterion - does not in itself 
completely control the plasticity of polycrystals: grain 

boundaries or dislocation interactions must also be 

responsible to a large extent. 

Increased rates of F centre enhancement by deformation 

as a function of strain are observed for crystals 

deformed into Stage II of the stress strain curve. Early 

stage colouration is believed to be enhanced by dislocation 

dipoles. Work hardening models predict greater 

dislocation production during Stage II of the stress strain 

marve then during Stage I. This confirms the enhancement 

of F colouration by dislocation debris formed during 
deformation and that the rate of debris production is 

greater during Stage II work hardening. 
The early stage F colouration of NaCl is found 

to be enhanced by the presence of pure tilt boundaries 

in the test specimens. The enhancement increases with 

the angle of misorientation between the single crystal 

;regions. Conductivity experiments previously reported 

ror tilt boundaries, are consistent with increased vacancy 

concentrations at higher angles of tilt and at low angles 

the boundary contains dislocation arrays. Past work has 

established that F centre colouration by radiation is not 



enhanced by isolazed dislocations, thus little enhancement 

may be expected from the dislocation array. The higher 

vacancy concentrations at larger tilt angles may behave 

in a similar manner to dislocation dipoles in the method 

by which the F colouration is enhanced since the structure 

of dislocation dipoles may be considered also as vacancy 

sheets. 



5.2; Suggestions for further work. 
	 is8 

The deformation studies now require comprehensive 

tests on crystals doped with low concentrations of 

polyvalent impurity ions in order to determine the impurity 
dependance of the dislocation interactions on both slip 

systems. This would give a much more complete 

understanding of the processes controlling the plastic 

deformation of polycrystals and its impurity dependance. 

A parallel study should be made for polycrystalline 

material of different grain sizes prepared from the same 

doped crystals. 

These deformation experiments may then be similarly 

repeated on other ionic crystals, particularly Nacl 

and Mg° to build a more complete study of dislocation 

motion on the primary and secondary slip systems to 

interpret the influence of these factors on polycrystalline 

deformation. 

An extensive study using high energy transmission 

electron microscopy on crystals immediately after 

deformation may give valuable confirmation of the 

dislocation interaction and debris production mechanisms. 

Currently these have to be infered from macroscopic 
observations of the electron microscopy studies of Mg0 

which is considerably stronger than the alkali halide 

crystals. 

Experiments are currently being undertaken on the 

creep of irradiated KC1 and NaC1 single crystals to 

measure the hardening of the crystals by the colour 

centres produced by the *adiatimithus combined creep 

tests and optical absorption studies may give information 

about the structure of the radiation damage, Pooley 1970. 

Strain rate cycling tests would be equally suitable for 

a parallel study of the radiation hardening centres. 



An examination of grain bound::Ties of bicrystals with 

controlled angles of tilt and twist and polycrystals of 

varying grain sizes using combined F colouration and 

conductivity may lead to a better understanding of 

vacancies in the grain boundary structure. 
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