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Abstract

The strain rate sensitivity of the flow stress
of KCl 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

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 indcpendent 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 inbteractions that
have been exbtensively developed for NaCl.
Deformation on the secondary slip system is
invesgtigated by accurately aligning compression
in the <111 direction. The strain rate and
temperature cycling tests are consistent below
3000K with a thermally activated strain independant
process. Ixperimental results give close
agreement with the theoretical parameters of a
Peierls mechanism, probably due to the large
repulsive forces between chlorine ions due to
their close approach during secondary deformation.
Comparison of the temperature dependance of
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slip on the secondary system and previous reports
on the deformation of KCl 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 c¢ross slip is a more probable limiting
process giving plasticity.

The influence of deformation and grain /
boundaries of the formation of F centres by 0060 I
B’—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
increasc of ¥ 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 Zvans and Pratt, 197C have
shown that o corxvictw’rm. analysis of thermally activated
dislocation obstacles may be obtained for alkali halide
crystals by ~pplying 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 244OK on nominally pure material for which
subsequent analysis has indicated 30 to 40 molar ppm
of polyvalent cation impurity (Kirk 1968). E=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
disloceation etch pit studies has suggested for crystals
at this temperature that both yield ond stages I and IT
work hardening are controlled mainly by athermal
obstecles: these results indicated a small thermal stress
which clso increased with strain.

Strain rote and temperature cycling tests on high
:purity crystals over a wide temperature range will be
important to distinguish between these :lternatives.
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 velcocity using etch pits
should give the same parameters as those derived from
mocroscopic measurements 1f the theory is applicable.

Electron microscope studies of slip lines have
confirmed that for compression of crystals in the<l11>
direction the resolved shear stress along the primary

{?lQ}<110> systems is too small for dislocation



motion and slip occurs mainly on the{iOé}(&lQ}seéondary
slip system (Matucha 1968). Secondary slip may be
controlled by large anion repulsion (Huntinﬁpn 1955)
giving a Pelerls 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 {ild}(}ld) provide two
independant systems (Groves and Kelly 1963).

If the secondary {?OO}(ilO)'systems provide the other
three, then a comparison between the temperature dependance
of slip on the secondary system using 111> compression
tests and the ductile brittle transition temperature

for KC1 (Stoloff 1963) may indicate whether secondary

slip controls ductility.

The increasing rate of work hardening, observed
at room temperature when deforming NaCl and KCl single
erystals 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 1 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 sbtabilise 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 suggesbted as the regions where the
trapping of radiation products may occur. This trapping
process is not knmown. Conductivity. and mechanical
studies of bicrystal grain boundaries in NaCl 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 NaCl 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 KCl single crystals and NaCl
bicrystals and the preparation of suitable test
specimens.

(2) Strain rate and temperature cycling deformation tests

-for both primary.and.secondary-slip- systems of
KCl 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 KCl1 to the enhanced T centre
concentration caused by the previous deformation of
the irradiation specimens.

(4) Measure the effect of the grain boundary region of
bicrystals on the T centre concentration of NaCl as
a function of tilt angle.

l.2. Dislocations in ionic crystals.

The aim of this section is to summarise the possible
dislocation slip systems to be expected in KC1l and NaCl
erystals, to assess their relative occurrence during
deformation and indicate how the dislocations contribute
to the observed stress strain curves. Qualitatively
KCl and NaCl crystals have shown similar deformation
characteristics. The unit cell of the rock salt
structure, two interpenetrating f.c.c. lattices, is shown

in fig. 1l.1.
l.s2.1. Slip system Zeometry.

Compared to metals, dislocations in ionic crystals
have added constraints due to the different sizes of the
ions, to lon 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 NaCl and
KCl under particular conditions on three types of slip
plane: {110}, %OOE &{111}. (e.g. Kear et al 1966). In
each case the Burgers vector of the slip is a —<11@>
This is the shortest displacement betwecn ions of the
same sign (see lig.l.2).

The primary slip planes are the six {;1Q} planes,
These require lower shear stress for dislocation motion
than the closer packed {}OQ} slip plane, probably due
to the large repulsive force between anions for slip on
@lX}planes, (Huntingdon et al 1955), heemn.use of )
their close approach during dislocation motion. Fig 1.3,
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illustrates the configuration of an edge dislocation -
on {}16} 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 chénge 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
&;rection inclined to the slip plane. The end of
such a line carries a charge equivalent to half the
charge of an ion i.e. = /2.

To preserve charge neutrality, the ion type at
the end of each half plane may be expected to alternate
along the dislocabtion line as indicabted in Tig. l.4.
Jogs of the dislocation line are also shown in the
figure. With the discontinuity at the Jjog there may
be a charge imbalance which gives the dislocation Jog
an effective charge /2, Overall charge neutrality
is maintained by the presence of a similar number of
jogs of opposite sign. Measurements have shown thet
edge dislocations in alkali halide crystals can carry
a net charge of either sign depending on the impurity
content or other crystal ceonditions (Turn»r and
Whitworth 1963, Zagoriuko 196G)., Thus, deformation
gives a charge flow to surfaces and dislocations move
in an eleciric field.

#dge dislocations move considersably 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
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interactions bevween 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 Jjogs on screw dislocations have all been
suggested as important dislocabtion obstaclcs for KC1

and NaCl. The geometrical nature of these interactions
is now explained as follows. -

The six possible {}103J{110> slip systems may
be divided into three pairs: the planes of any one
pair interscept each other at right amles in aclOQ>
direction and are designated as conJugate slip planes.,
Intersection with another {1ld)plane not the
conjugate plane occurs at an angle of 60° in a <11¥>
direction and is called oblique slip.

For intersection between conjugate slip systems,
the dislocation interaction between dislocations (Sl)
in the one plane with edge (Ez) 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 Jjog can only move in a plane
defined by its Burgers vector and dislocation line:
this is a E}OO} plane perpendicular to the direction
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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 Jjog (Groves & Kelly 1963b)
forming;parallel to the motion a pair of dislocation
lines on planes separated by a distance equal tTo 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 S, may occur to
form an isolated prismatic loop of debris in the
slip plane. Thus, dislocation dipoles areéf@efsﬁﬁﬁial{qﬂ

vacancy sheets on[llqg planes and are comparatively
long in the110> direction and short in the<l00>
direction.

A similar dipole formation process may occur
during thermally activated cross slip of The screw
dislocationi This process may also lead to glide
band broadening (Wasgburn et al 1960) but Evans
& Pratt (1970) have suggested that it is the
subsequent formation of .blocking obstacles that mainly
.@s@ 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 cdnjugate
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 {112}
Plane according to the equation

& (110) + &of) -§ fod ...... (2.1)

See Fig. 1.6 (Groves & Kelly 1963, Washburn 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 Mgl 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 MgO is an ilonic crystal that has the
same primary slip systems as NaCl and KC1l, the
dislocation interactiors may be expected to be similar.

Huntingfon et al 1955 have suggested the
possible configuration of edge and screw dislocations
on both{110}€110> and {100} ¢110> slip systens.
TablelII 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 (ild} direction, in
both planes, but the energy of the core of an edge
dislocation on a{lOO} plane is considerably greater
than on the primary {11 planes.

Stacking faults of 2 to 5b have been calculated
to be stable onillO{ and ll%} slip planes but not
on the \100¢ planes. The dissociation into partials
occurs according to the reaction
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g (g [11d + £ (110 ........ (1.2)

and its formation may lead to an appreciable dilation
of the lattice (Fontaine 1968, Fontaine and Hoasen 1969)
le2.2+ Stress Strain Curves.
(a) Primary slip system i}lQL{ilQ}

(i) Yield Stress.

Yield stresses for NaCl and KC1l 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. A4t

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 independant, indicating that yield is
controlled by long range elastic interactions.
(ii) Three stage work hardening.

At room temperature KCl and NaCl crystals have

three stoage work hardening curves. Deformation during
the first two stages has been compared to the similar
stress strain dependance for f.c.c. metalsi Both
materials have the Taylor relationship between athermal
stress and total dislocation density I suggesting
elastic dislocation interactions in the first two
stages of work hardening (Schmitten & Haasen 1961
Davidge & Pratt 1964 Hesse 1965, Matucha et al 1969.)

T o WL (1.%)
But Davis and Gordon 1970 have added that the
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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 thec ionic crystals: they do not have the
initial region of easy glide and low work hardening
rate of metals.e In fe.c.c. metals slip line observations
indicate slip on the set of parallel planes for Sbtages
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 arc
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. OStrain rate and temperature
cycling tests were used — scee chapter 3.l.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 obligue
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 NaCl (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 wvalid, 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 111 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 <100> 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. YThe deformation is then
continued and the latent hardening is the increase in
stress reguired to move the dislocations on the ncw
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. Whon the first deformation
is halted within Stage I work hardening, the latent
hardening increases with strain, filden 1964, Evans and
Pratt 1970. This suggests that obstacles produced on
the Inclined planes during the original deformation,
arc 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
originel deformation. This dcbris has a large inter-
action with dislocations on inclined planes than with
dislocotions moving on the active slip planes during
the original deformotion. The latent hardening
remains constant for a crystal deformed into Stage II,
suggesting that equal gquantities of debris are produced
on both the acctive slip planes and on the inclined
plones during the original deformation.
1.2.2. (b) Secondary Slip bystemoleO}ZilO>

Stepanov and Bobrikov 1957 havb obaerVedi;OOkilq>
slip for tensile specimens of natural rock salt
stressed in the<?1ﬁ>direction. The resolved shear
stresscs along all the primoary slip systems are zero
for this orientation of the deformation axis. Yield
stresses were measured as a function temperature.
Above 600°K they reported the yield stress was
independant of temperature and below this temperaturec
yield was temperature dependant. The purity of the

[E2%d
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crystals is unknown: "Rock sdlt obtained from the
Artemorsk region was used." "ior the purposes of making
tests we selected the purest pieces: these consisted

of specimens which were as free as possiblie from visible
inclusions in the form of blisters or regions of
turbidity".

Electron microscopy studies of carbon replicas of
slip steps of high purity NaCl crystals compressed in
the {111y direction confirm that slip occurs
predominantly on the ilOO} plunes at low strains
(Matucha, 1968). After tor$1onul deformation of
cleaved KCl crystals Gilman 1959 used etch pits to
observe that slip had occurcd only on the secondary
slip systemsilOO}(llO}

Huntingdon et al 1955 have proposed a
configuration for edge dislocations slipping on the
@LK% planes,Fig. 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 2 barrier would act as a
Pelerls potential hill controlling the dislocations
moving forword. Guyot and Dorn 1967 and Dorn and
Rajnek 1964 have reviewed the cexperimental parameters
to be expected from this type of short range thermally
activated interaction.

When the applied stress is zero, the dislocation
line occupics the position of lowest energy in the
potenticl valley midway between the two Peierls
potential hills of chlorine ions., Without thermal
fluctuations (i.e. O L) 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 cqual to
the chlorine ion spacing in al@% At normal



temperatures, tne .hermal cnergy may pe subfricient to
activate a segment of dislocaetion into the next potential
valley. The theory relates the increase in line encrgy
of the dislocation to the thermal and mechanical energy.
The shape of the Pelerls 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 on{}OQ}planes.
l.2e3. 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 NaCl on the primary
.51ip planes: 2 simple power rclation exists between
the velocity of edge or screw dislocation V and the

stress at normal stresses 1.c.

v ()
( %)

‘where the index m is sensitively impurity dependant
and has values between 8 and 17 for pure crystals,
(Gutmanas et al 196%, Ivans & 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
becn 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 Johmsfon 1962

h and Nadgornyi and Stepanov 1963 have considered the
- production of motion of dislocations in this type

of indentag&on, etch pit rosette.
1.2.4. Deformation of KCL

Compression of KC1 in the<100> direction at295°K
moves the dislocations on the prim&ry{lld}llld?system
which gives stress strain curves with similar three
stages of work hardening to NzaCl. The transition
from Stages I to II work hardening occurs at lower
strain for KCl, both crystals show a similar
dependance on specimen dimensions: 2 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 KCl1 (analysis indicated about 1O0ppm
alio-valent impurity ions) below 297°K and by
Stoloff et al 1963 above this temperature. AL
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 similer for KC1l and NaCl.
See Section 1l.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 of mvalues to zero strain
(see sectiom 3.1.1) they quoted m* valucs between
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30 to 40 for.pure crystals. 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 KCl could not detect
any strain rate sensitivity of the flow stress at
room temperature and suggested that changes of
dislocation density completely accomodated the
increase of strain rate.
Slip on the secondary {100}&110’; planes of

KCl has been observed by Gilman 1959 using etch
pits following tortéonal tests which exert stresses
parallel to%}Oé} plane and perpendicular to the
slip direction of the primary slip systems.
Comparison withthis yield stresswith normal £10Q>
compression of the crystals gave an approximate

" raetio of the yield stresses of the two systems

U108
- 10.5
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Micro-hardness tests have been made on.KCl between
230°K and 670°K (Johnston & Nadeau 1964):the logarithm
of microhardness was found to decrease 1inearly
with temperature. The microhardness 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 defomon 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.
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The onset 0f wavy slip duringdlOUS Compression of

KCl has been observed at a temperature 50°K lower than
the ductile - brittle transition for polyecrystalline KC1
at 420°K (Stoloff et al 1963).



l.5. 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 willsummarise 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.

l.35.1. 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 toan excited state, 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. Thus, at roox 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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KCl irradiated at room temperature in the dark
pecomes nagenta and NaCl yellow. A spectrophotoneter
shows these crystals have a large error function shepad
absorption peak,in the visible region,callcd the F
band . This F band is due to the major colour centre
introduced at roou temperature: it consists of an
anion vacancy, which in the lattice has an effective
positive charge, with a trapped elecctron. Other nore
conmplex colour centres are formed particularly at
higher doscs. These will not be considered in detail.
The optical density at the maximz 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. l1.7. There is a sbtage 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 nuch lower. Stages I and II
are affected differently by extrinsic conditions of
the crystal such as deformation, impurity and
irradiation intensity: The dosc dcpendance of other
properties of the crystal differ depending on whether
colouration is within Stage I or IT e.g. volunme
expansion, yield strcsse 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.
(2) Stage I colouration.

Stage I T centres are associated with defects
initially present in the crystal.
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Farly workers assumed thet 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 196 and Agullo Lopez et
al ¥B?7 have suggested that several simultaneous
mechanisms operate to give Stage I, ecach 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 I(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 treatmenvs

(1) Stage 1 mechanisms: impurity effects.

Divalent cation impurity appears to be important in
the colouration process and will be considered briefly
here. Divelent 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 =4 exp (%s )
whereN+ = concentration of free cation vacancies
N_ = concentration of free anion vacancies
Eg = energy of formation of a pair of vacancies.



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 wvacancies
tfapping electrons, divalent impurity may almost
completely suppress Stage I colouration.

On the contrary, EBtzel1l932and many subsequent author#
(eeg. Bibley et.:al 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
Tkeye'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-hcle recombination so enhancing the

trapping of electrons by the anion vacancies.
Srawford & Nelsor & 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 Clg which



lies in a {00p direction, see Fig. 1.8(i) Hayes 1962
& Heyes ana Nicholsai96)have observed a CI; centre at
97°K in a (1CO> 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 conplexing betwegn the hydroxyl ion and divalent
impurities cean pccur and this enables the number
of isolated cation vacancies to be calculated from:
N° - NN
+ m
12

xp {~ Iy (1.7
KT ¢ )
where N = concentration of lattice sites
Nw = concentration of divalent impurities
EA = association energy of an impurity -
vacancy pair.
Both Sibley and Russelj§64 and Tkeyal965 grew OH
free crystals and were able to compare the number of
isolated cation vacancies from this cquation 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 bec
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,
tchus this is a measurc of the isolated cation vacancy
concentration of the crystal. Ikeya]QéG 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
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irradiation” time both folldow tThe Same curve for’
stage I in NaCl: ca®™ i.e. onc cation vacancy 1is
destroyed for cach F centre produced, again
consistent with the Crawford ond Nelson moechanisn.
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 rcally only
supporting an cnhancement of colouration by isolated
cation vacnancies rather than the divalent inpurity
atoms, He proposed an albternative model which
equally satisfies the results. Ikcya noted that
colouration increased with temperature betwcen
200°K to roon teuperature giving an activation
encergy of 0.08cV for the process of colouration:
this is very close to the valuc of 6.07eV that
Schnatterly and Compton 1964 observed as the
activation energy for nmobile interstitial halogen laons,
Ikeya said it would be quitc possible for the cation
vacancics to trap interstitial halogens so reducing
recowbination of F centres and interstitials. This
gives F enhanccment 2t the expense of the cation
vacancies. Such a mechanisn is supported by Sonder
and Sibley 1965 who concluded that F cenhanced
colouration at liquid nitrogen by divalent inpurity
is due to thc stabilisation of interstitial
halogen ions by the inpurity.

Habin 1959 cexanined thc change of density by
neasuring the chonge of linear dincensions as a
function of irradiation dosc for purc and doped
crystal. OStage I gives no density change wherecas
the density decreases in Stage II. Etzel's stage
I nodel involves the production of new vacancies which
would decrease .stage I density. This is not
observed., The nmodels of Crawford & Ikeya do not
involve the production of



vacancies and 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, docs 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 nodels of
Crawford and Ikcya would not produce interstitials or
other hardening centers and are thus compatiblc with
these flow stress measurenents.

(ii) Stage I mechanisms: pure crystal.

Mitchell 1961, Harrison 1963 and Agullo-Lopez 1967
have all suggested more thon 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.
Mitchcll used only low intensity x-rays,about 15,000
R/hour, whereas Agullo-Lopez used irradiation about

1.8 x 106 R/hr and,since colouration in stage I is
scnsitively intensity dependant, an exact comparison
between their results and calculations is difficult.
Both cxplanations considered the trapping of ¢lcctrons
by two or more types of anion vacancics from different
cenvironnents. Mitchell proposed that onc type of
anion vacancy is randonly distributed throughout the
crystal, o bulk process, and the other typc is
concentrated in particular regions of the crystal.

The latter type is probably located with dislocation
debris, 50 a nore comprchensive study of this work
will be given later under deformation enhanced
colouration., Agullo-lopcz 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 thess result$ thal the initial fast compoﬁent is
due to the easy capture of electron: by 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 radiation
before they can form F centres like the fast component.
With higher intensity%i rays more vacancies may be
produced to maintain the equilibrium of:-

radiation
aggregates o=  free vacancies s........(1.8)

More free vacancies will increase the contribution of?%low
component. This increase of the slow component with

intensity will saturate when there is equilibrium for

the process of trapping electrons by freed vacancies.



(b) 8tage IT colouration

We havc seen that Stage I results from the easy
conversion of initially prcsent defects into I centres
with an activation encrgy as low as 0,08 e¢V. During
Stage I1 the anion vacancies have to be created by
the radiation itself; this requires an cnergy of the
order of e¢lectron volts, conscquently the rate of
fornation F centres is much slower in Stage I1I. As
with Stage I, the mechanism of Stage 11 for the
production of T 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
are observed using clectron spin reasonances,
Schocnaker 1966. The hardening and expansion of
crystals incrcasing with dose during Stage 11
irradiation at room temperature is consistent
with Frenkel pairs being produced by the radiation
at this teuperature. Thus in Stage IT colouration
the anion vacancy for F colouration is probably
produccd together with an interstitial anion. Two
possible mechanisns have beon suggested for this
Prenkel peair production: an ionisation mechanism and
an excitonic ncchanisn.

(i) Stage II coloration - ionisabion mechanism.

Prior to 1966, it was generally acccpted that the
exchange of cnergy betwecen radiation and ion occurs
by an ionisation proccss. The Varley 1954 mechonisn
involves multiple ionisation of an anion giving it
an effective positive charge. This ion is highly
ropelled by its neighbouring positive cations and is
ejected into an interstitial position

33



in a<l10}dircction.

Dexter 1960 objeccted to this sort of mcchanism involving
double ionisation of lattice ions. He calculated the
lifetime of a double ionised state before electron
capture on the basis of the band model and found it

to be too short to cause cjection of the anion, but
Howard and Smoluchowski disagreed, : .. .

To satisfy thcese obJections, Klick 1960 put forward

other possiblc models. Either a halide ion is doubly
ionised as above or two adjacent halide ions were
ionised, see Tig. 1.9; both lead to the formation of
a halogen molecule ion, X'"2 Vy centre; this may move
in a10 direction and may cventbually become localised
at a halogen site, i.e. formation of an anion vacancy
ond interstitial centre. ,
Williams 1962 showed that a single ionisation mechanism
is possible to form Stage II I centres. The single
jonisation of an ion leaves a halide atom uncharged,
XO, which forms a molecule ion,X—goby combining with an
anion neighbour. This molecule ion has symmetrical
electrical forces acting upon it, but its movement is
caused by momenta imported 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
mizht requirc less energy if it takes place near
existing dcfects e.g. excitonms moving dislocation Jjogs.
But this mechanism does not produce interstitials which
the measurements on flow stress and density have
suggested and so this model has becen ruled out,
Ionisation mechanism fail to account for several Stage
II F centre properties.

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

. Ikezewa et 2l 1967.
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(ii) Stage II growth is very sensitive to small
impurity concentrations. e.g. Sibley et al 1964.

iii tage II growth depends on temperature
(111) Sroge I 2P 1ogs, 4P o ’

(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 independantly, Hersh " and Pooley
proposed a similar excitonic (non-ionising) mechanism
for onion 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
¢110Y 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 (Jﬁhn Teller effect) forming a halide
molceccule ion which at low temperatures is the stable
form of a trapped hole - the VK centre.
Electron-hole recombination occurs all the tinme,
Kabler 1964 and Myrray and Keller have shown how this
recombination may toke place: the electron bound

to the Vi hole center i.c. X—E ion captmﬁ?s another
electron and is then the excited state Xé’of two
anionsy2X . At low temperatures this excited centre
usually relaxes to the perfect lnttice structure

and the extra energy is emmitted as a phonon of
luminescence. At higher temperatures it is more
likely to relaxt 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 Fig. 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 cqual 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
Jjust two of the compcting 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 tocalculate the intensities of the
non-radiative transition to the radiative transition,
lumineswgence, as a function of temperatures and
compared this to F centre production. Fig. 111
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).
Expcerimentally, the rate of colouration at temperature
above 100°K dccreases. This model suggests this

is due to the hole no longer being immobile and
recombination of electron and hole can take place

ot impurities.

This model would then predict the large suppression
of Stage II F colouration by impurities which act as
reconmbination centres for elcetrons and holes
instead of at the halogen X_2 ion. The efficiency



of thc 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 W irradiation

However, ultra violet radiation in 6 to 10 &V range forms
clectron hole pairs and consequently self trapped hole
centres, which with subsequent recombination by the

exciton mechanism may give ¥ centres.
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- Fig.1.3(c) EXTENDED EDGE DISLOCATION ON

{110} <110>
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Fig.1.9
STAGE IL F CENTRE COLOURATION

ANION VACANCY AND INTERSTITIAL
FORMATION FROM AN [ONISATION
MECHANISM
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Fig.1.10. STAGE IL F COLOURATION : EXCITONIC MECHANISM



intensity

Relative

Rate of emission - Rate of
during colouration colouration
- Vo, F

Characteristic

/ Relative
luminescence quantum

efficiency

Ki

100 '
Ternperature ° K

200

Fig.1.11. THE TEMPERATURE DEPENDENCE OF

STAGE II F CENTRE COLOURATION
AND LUMINESCENT EMISSION OF

Kl

5¢.



Impurities : :
SYMMETRTCAL %Olld solutions
DEFECTS same valence)
Vacancies Quenching
F centres
TNDIRECT Solid solutions
TTERACTIQM (different valence)

" OF ASSYMMETRICAL Impurities Precipitates ,
STRESS DEFECTS i
PIELDS Vacancies Prismatic loops ;

Interstials Irradiation damage f

Dislocations Dislocation debris ;

(Taylor, dipole) J

DIRECT Impurities Precipitates j
ITNTERACTION - Vacancies Prismatic loops i
BY CUTTING Dislocations Dislocation debris J
: (Multipoles, forest) :

Table 1 - I’

Dislocation interacsions.



Table I - IT Dislocation energies.

S1lip plane Component Ener eV )
Elastic & /em Cors
110%
5— } edge 1.81 1n R/ro 1.37
screw 1.37 in R/ra 0.39
“¢100 —
i- } edge 1.62 1n R/r 3.8
o
serew 1.37 1n R/ 0.39
T
2

R = distance between dislocations
r = dislocation core radius ( ~ 2 R)
© Table 1-III Possible decay processes
of excited X2‘
0 | TFormation X~ +h¥ -»X~  primary exciton]
*
X+ X X2= relaxed exciton
1 TLuminescence X2=*->2X‘ + 1y
2 | Heat X, —> 2X~ + heat
f
3 |, TIonisation X =X, + e
4 | Dissociabion X2= — X2=; -X int + X + e
5 Formation of (a) Xint + X —> X2 int TV
halogen center
molecules
E (p) Xint + Xint-—> X2 int




Chapter 2. Production of Specimens. 1
2.1, Introduction.

411 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 pﬁrifying NaCl since e
the impurity rejection ratio between solid and melt for Ca
is close to unity. In addition, the gingle crystal-~

areas in the purified material are small and badly
stressed from the constraints of the container and by
thermal gradients, Bubler 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 Svock-
barger method suffers from similar problems from the
container unless it is large. _

Crystal growth using the Kfyropoulas (or
Czochralski) process yields lafée 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
slowly withdrawn. Bicrystals with zero twist
boundaries are grown in the same apparatus using
twin seeds.

The Kyropoulos technique itself involves only
& 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.
2e.2. Experimental.

2+2.1. Starting materizl.

Sufficiently pure KCl can be reasonably
purchased as 'Spcc-Pure' material from the dJohnson
Matthey Chemicals Ltd. (London). The impurity level
varics 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. (Sece Analysis
Table 2-I). High purity alkali halide material
by chemical processcs has been prepared recently by
Butler ¢t al 1966 =2nd McQuhae 1969. Similar ion
exchange techniques are used to purify the NaCl,
starting from rcagent grade material: this is
indicated schematically in Figs 2.1s Chelating agents
purify the salt solution since they morz readily
form compounds with multivalent ions rather than
alkeli ions, due to the directional natuPe of their
bonding, 2.g. Sanuelson 1963.

The NaCl 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
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Partly removes Ca and Mg, since they form complexés
which do not dissolve in the aqueous phase and can be
removed by filtration and with the chloroformn.
The solution is then passed at 25 cc per minutbe
through four 60 cm long, 2 cm diameter columns
containing three chelating resins. Fach resin is in
its sodium form, converted by previous washing with
NaOH solution followed by deionised water.
Resin 1 De-Acidite E resin with the btertiary
amine group replaced by chloracetic acia
(McQuhae 1969).

Resin 2 Oxine treated with formaldelyde then
resourcinol (Penningtbn et al 1959)

Resin 3 Dowex Al (Commercial Resin)

The final 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 2:I. All cation impurity was below the
detection limit of the analysis.

Before use all glassware is thoroughly rinsed
with sulphuric and chromic acid, then with the
commercial deionising solution Decon and washed with
delonised water.
242+2. 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 colouration,Ebtzel
and Patterson 1958, and the grain boundary regions
of bi-zrystals, Cabane 1952, Sibley 1962 has
suggested that heating the material near the melting
point under high vacuum before melting considerably
reduces the OH concentration in the crystals.
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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, Ztzel and Patterson 1958, -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 welt
are completely surrounded by a vacuuﬁ tight chamber
@bgmhae 1969), see Fig. 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
preyent 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



through Ilexiole couplings to give a vVvibration ifree
growing Jjig. 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 1072 mm
of Hg is applied to the growth chamber and the
temperature slowly raised to 92OOK and the apparatus
left under vacuum over nigh%. 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 cms in diameter and 8 cms long are grown:
these are lifted Jjust above the melt after growth and
the apparatus slowly cooled at 0.500 per minute to
minimise strains from thermal gradients.

The technicue outlined by Fuschillo 1966 and
Mejuhae 1969 1is cmployed to grow bicrystals with
planar boundaries using two identical single crystals
seeds by the Kyroéhlos technique: the secd chucks,
Mg. 2.3, are used to holil the secd symmetrically at
the particular angle of misorientation required.
Jareful alignment is necessary bto eliminate twist
between the seeds. Bicrystals with tilt angles from
10° to 80° are grown. & cleaved bicrystal boule is
shown 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

roundary. S __ _
7 | *i.e.. the tilt angle is . the;angle between the:
.- ._," - § o - e e - .. . . X

!t seed- crystals .'j

LN



PR

T T e e

2.2.3. Crystal Purity.

The most likely source of imopurity in the
crystel grower is Tfrom v.pour collecting on the
stninless steel seed holder, becoming contomineted
and frlling back into the melt. The st-inless
steel is slightly sttecked, losing its polish, and
anrlysis shows the salt is contamineted with
iron. The umbrella restricts the visibility
of the growing crystrl, Consequently, there is
a2 vossibility of a small gquentity of cont-minrted s-1%
returning to the melt. Below the umbrells the
strinless rod is covered with silics which is'
supported by st-inless screws holding the seed.

These screws ~nd the recess for the seed remein
exposed; these mey 2lso be sources of contamination,
The rnelyses given in Table 2.1, if not due to
exverimentrl error, may be attributed to sm=all
contemination from either of these gsources.

Several authors heve deduced the »olyvelent cation
imourity of their crystals from the "knee"
temners-ture of the conductivity reciprocel

temveraturc granvh (e.g. Hesse 1965, Peech 1967).

However, Kirk 1969 heos shown thet snion imourities
form complexes which give an apperent lower c~tion
impurity level. The knee tempersture of the KC1

of this work is (770% 10)°K usring the technioue of
Kirk 1969, This indicates o free cetion impurity
of (1.0t 0.2) molar ppm from the ecustion:-

53



<
«“

wvhere SS is the entropybHS the enthalpy of ihottky pair

formation and ¢ the impurity concentration
: C=XO=GXP§SS— Hs% . .
_2-1; _Z‘ﬁ s e -(2’. l) (Lidiard 1957) .

Similarly for the NaCl, the knee temperature is
(768 t 8) oK corresponding to a free cation impurity
concentration of (2% 1) molar ppit. The actual cation
impurity level cannot be deduced until the anion impurity
concentration has been determined unequivocally.

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

[OH] = 2.5
OH

WhereosH is the absorption coefficient (cm_l) at the
204 muabsorption peak of KCl. Since the sensitivity
of absorbance at this wavelength is better than 0.1 cm—l,
this indicates the hydroxyl ion content of KCl 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 NaCl and KCl crystals
suggests a comparable hydroxyl ion dependance applies.
If this is correct, since no OH peak can be detected
for NaCl, this probably corresponds to a low hydroxyl
ion concentration for NaCl 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



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
ppnm.

Thus, summarising, the observations suggest
the crystals to be used have a cation impurity
concentration in the range 2-10 molar ppm.
2els 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. lMost specimens
which are produced in the following way, give
identical resulbts 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

6C
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speed 1s used. To minimise dhe damage o '‘the sryestal 63
at the cutting surface the diamond cutting blade has

a fine diamond size,the blade must be in as new condition
and the lowest rate of feed of the crystal onto the
blade employed. If this ceare 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 cleawed perpendicular

to the others. This goniometer can be mounted
reproducibly on the Capco and also on another Jjig
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
aiignment and the orientation of the surface checked
using the Laue-back reflection X-ray technique.

From any misalignment shown by the sterebgraphic
projection of the cut face, the goniometer is
readjusted and a new cubt 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 5mls880 ammonia
diluted in 95 mls of doubly distilled water; this
gives a fast polish. The specimens are then placed
in a slower polish of a solution of 15 mls of the



fast polish mixed with 85 mls 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
O.BOK per minute. Sibley et al 1967 has suggested the
diffusion of impurities may be importort for pure crystals
during annealing. This is avoided by anncaling under
the same conditions as used for the crystal growth,

The crystals are placed inside a clcan silica beaker

in the sealed enclosure of the crystal growing apparatus.
This is evacuated to 5 x 10 “mmg of Hg and refilled #wice to
atmospheric pressure with high purity argon before the
annealing begins.

Bicrystal spccimens 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 surfacecs 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.
2e2e5e. Geometry of (ﬁ.l]) compression specimens.

The standard (111) projection Fig. 2.6 indicates

that there are three lOO} {11Q} secondary slip systems
for compression in the <}l£} direction equally inclined



Yo the compression axis: there is no resolved shear stresgg
for skip on the{llo }¢10> 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 specimens faces
need to be planes of low indices,and 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
(101) plane and the perpendicular plane, close to a (121)
plane, The directions of intersection between the possible
slip systems and the crystal faces are tabulated in Table
2,11, '

2.2.6: S1ip sbep observations.
Slip steps are observed with the interference
contrast attachment on a Reichert Table.model microscope.
For (11;} compression of KCl at room temperature and for
strains less than 1.5% the slip steps are observed only
j in the[ioi]direction,'at right angles to the compression
direction, on the (121) face of the specimen, see Fig. 2.7.
! Reference to table 2iIT shows that the slip planes (101),
(111) and (010) intersect this face in the obsexrved
direction, However, slip on the (101) plane is parallel
to the (1§1) face so this cannot produce the slip steps,
and slip on the (1i1) plane would give simultaneously
slip steps of similar height on the (101) faces at 55° to
the{11l) compression axis, since the possible burgers

' vectors for this slip4 (013 or §f110]are inclined to all
faces of the specimen. Slip steps on the (;oi) face |
cannot be seen at these strains, thus neither the 2110}419:

nori}l%kﬁl@} slip systems are active and slip occurs

only on the secondary (010) [ioi} system at low strains.




Since not all the slip steps are parallel, this
indicates that some cross slip of the screw
dislocations is occuring; if sd, this is likely to occur
on the primary {110} 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.{llo'}primary slip
planes. Probably lattice rotation occurs as siip
proceeds until there is sufficient resolved stress
along the primary slip planes for dislocations to move
on this system.
2e2.7. Dislocation Etch pit observation.

The following etching solution is used to produce
‘dislocation etch pits of good definition for KCl with
a controllable etching time of about 20 secs. The
etchant is 1.75% by weight of mxeagent 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 KCl1 specimens
before deformation is (63) x 1O+4 em 2,

Dislocation ctch pit rosettes around an indent
are illustrated in Fig. 2.8829.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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TABLEQLT

Slip Step Orientations

Slip Intersection lnter-gsection
Plane with (121) plane with (101) plane
Crystallographic f{Inclination Crystallographic Inclination
Direction to 111> Direction to £111>
direction. direction.
%100) 012 392 010 55°
001) 210 29 010 559
(010) 101 900 101 35° (3)
(110 111 o° 111 o°
(101 111 09 -(1) -(1)
(011 111 og 111 og
(101) 101 90° (2) 010 55,
(1103 113 58° 1§1 710
(011 311 5g8¢@ 111 71
117 123 22° 101 350
1111 321 229 101 35
(171 101 90 112 199
1) Slip plane parallel to (101)
2) Slip direction parallel to (121)

| 3) S1ip direction parallel to

101)




CHAPTER % Dislocation Motion

2.1, Dislocation Dynamics.
3.1el, Generqi.

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 NaCl and KCl single crystals. This
technique is particularly useful for probing thermally
activated dislocation obstacle interactions. BSince 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 NaCl and KCl crystals near
room temperature between 250 and BOOOK, a region
where the yield stress of pure crystals is temperature
independant: these will be considered in section 3.l.3.
The aim of this chapter is to apply these methods to
the deformation of single crystal KCl 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 dynanic 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 deta obtained for NaCll & KCl crystals.
3.1s.2. Dislocation Dynamics.

(a) Dislocation Velocity.

Certain forces on the moving dislocation limit
its terminal velocity along the slip rlane. 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 wvariation of the

w}
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force on a dislocation from both obstacle types as
the dislocation moves through the lattive.

Thermal fluctuations may assist or be completely
responsible for the dislocation passing only those
obstacles with short range forces, since the
fluctuations would be sufficisntly cohersnt 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"
stressqgtsee Fig. 3.2). As the temperature is
increased the thermal contribution becomes larger,
hence 't*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 ﬂyuof the applied
shear stress T'Thus, the applied shear stress
necessary to move a dislocation must be the sum of
the forces required to move the dislocation past
thermal and athermal obstacles.iie. - "

Aot o+, (3.1)
It is important to note that all the theory assumes
that only one type of thermal obstacle contributes to
{tfand if more than one slip system is operating then
these must be equally inclined to the compression
axis so that the stress on each system is identical.
(See section (C) for Arrhenius 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
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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= (T)™ 7 o)
A{;) ()'2)
where V = dislocation velocity

~
L

M, ¥,= constants at a particular temperature

applied stress

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 % 9then m” = dlogV
where ml* is the value of qlat 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 te this component ol the dislocation,
interacting with its most effective obstacle, that
limits the dislocation velocity, and this requires
the highest stress to move a dislocation loop at a
particular speed.
By equation 3%.%, plotting log dislocation
velocity versus log stress, gives mi from the gradient.
for a constant strain rate test, the strain



rateé: WbV (3e4)

Where N = mobile dislocation density
b = burgers vector of the dislocation

Combining eguation (3.4) and (3.2) gives

m, = & logf . 4 _logh
2 TTogr * dlogr (27

If I is stress independant

gjl.gg.% "% Gesa)

then m, = dlove
Thus values of m? can be obtained by change of

strain rate tests s$ a function of strain: these can
be extrapolated to zero strain to give m2'. If this
value of m* agrees with m* obtained from the etch
pit studies then the mobfﬁe dislocation density does
not appreciably vary with stress during a change of
strain rate at this temperature, and equation (3_.5) is
a valid approximation. This comparison should be
made to check that the strain rate cycling tests are
made at constant structure.
Bquation (3.6) can be rewritten:

ms AT =+ AT (3.9

JEin % 2
assuneing the stress increment during strain rate
cycling can satisfy: A‘{;((’t,j(;.?a)
If a series of tests are made to give theAlvalueg for
a range of strain rate increments then a graph of A7f
R ) iﬁ%%%ior a cet of AL values at a particular straln
gives m5 from the gradient at each strain apd?fls the

interscept on the Alaxis,
2



gp) Thermal and athermal stress components.

If yield stresses are plotted against temperature,
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 temperatures; + 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 yicld.

At finite strains the most general equation for
determining qfvfrom change of strain rate tests is
derived from equqt %?(5 +€)

qu

Thus the cond tlons applicable to equation

(3.8)

must also appl{ for this cquation to be valid 1lie.
conclitions(j"3 (313a) (3452) and (3:7a) must be
satisfied: if they are, then this ¥* value should
agree with the wvalue obtained from the graphs of

AT (3.7).

_ﬁﬂwqagalnstéh.using equation

AIn If the ermal 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 thermal stress during activation
of an obstacle is V* A*'When a linear segment,

lengthl (approximately thc dhstacle interacticn distance)
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' of a dislocation of burgers vector b is thermally - 8
activated a distancef\R reversibly & isothermally past
the obstacle
V* = 1.b. AR (3.10) B
(This is not identical to the thermodynamic activation

volume. The factors I, b &IR are not mutually perpendicular
nor are they independant of%* 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
o v éﬁﬂpxp (-AG+V* T*)
( KT )
‘wheréxis the distance moved after a sﬁccessful activation
. of the dislocation andk&he dislocation and lattice frequencyt
AG is the Gibbs free energy of the obstacle: V* can be
determined from strain rate cycling tests using:
V* = KT A& ) - (3.11)
AlnT
provided equations (3.3a) (3.5a) (3.7a) are satisfied.
The variation of 1,b and AR withT*has not been
rigouriously treated theoretidally. For random fixed

point obstacles it has been suggested the stress
dependance of 1:&ARwill cancel out at stress below

one tenth of ( Ef*)ooK, Evans and Rawlings 1969.

Direct correlation of V* from etch pit velocities may be
obtained from (v)

V* = KT (d 1n @& (3.12)
e

Evans has suggested that thedﬁgois 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
predemingnt.’obstdcle: ¢hinges., '
The total enthalpy of the obstacle, NHo, is equal
to the activation enthalpy AH at zero effective stress
= oy,
Experimentally,ftiﬁo so values of AH are calculated and
a suitable factor added to determine AHo for each test.
AH = K72 (418 ) (4D (3.13)
(A ’t‘:)T (AT)% )
These factors will be considered separately: 1
(@;gé ) can be derived from the strain rate

(4 T)

cycling tests and the conditions (3.3%a) (3.5a) and
(3.7a) must be applicable.
(AT) 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.ﬁ:f 0. Thus values
of ( Af).from the yield stress temperafure plot do not
necessargly satisfy this condition since the quantity of
dislocation motion that occurs before yield changes with
temperature.
To obtain the total activation energyJAHo of the
obstacle a correction must be applied to\l to account
for the energy suppliggrby the thermal stress.
Ao &g + Jv*at™ This is valid
if the entropy terhT(ASo-AS) is small in comparison
to AHo where ASo is the entropy at T=0 and AS=p@E + )



(0%9)
1Ly

where%= jﬂ%) %gﬁfézshear modulus;
The integration can be obtained numerically from
-a V* - graph.
3,4.3. The strain rate sensitivity of flow stress.

In chapter 2 we have considered the general
deformation features of NaCl and KCl 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 KCl and NaCl between
" m* valuiles obtained from macroscopic s¥rain ra¥e cycling
tests and microscopidally from individual dislocation
etch pitsi ZEven in this work experimenfs were made only .
" at one temperatﬁre and the NaCl c¢rystals probably
contained an impurity level which was higher than other
comparable work. Thus this immediately asserts the need
of experimental 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 KC1l and NaCl. Yield is
; temperature sensitive below 250°K for material of 10 ppm
" Jivalent cation impurity and to higher temperatures at
greater impurity concentrations, Johnstcn 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 NaCl at room tenperature from the
small changes of flow stress during a change of strain
ia?e test. They reported Nvalues of 10 grm/mm2 for :

&/¢= 10 and the C.R.S.S. of their NaCl at room
temperature was 41 grm/mmg.
. Johnston & Nadeau 1964 reported n* values from
strain rate cycling tests at room temperature for NaCl
and KC1,

'
]
'

NaCl pure m* = 30 to 40

NaCl impure n*=30 to 200

KCl pure n* = 45 to 60
Their CRSS and Avvaluces are similar to those obtained
by Schmitten & Haasen: their total nultivalent cation
inpurity level was calculated at 10 ppu.

Komnik et al 1967 concluded from observations of
the rapid fluctuations of flow stress with time that
dislocation multiplication was grcater for KCl than
NaCl at room temperature. On the same crystals they
could not dcteect any stress changes for strain rate
cycling of KCl. This was because either dislocation
nultiplication was occuring, hence equation (3-3a)
was not satisfied, or the strain rate increncnts were
too snall to give a measurable stress change. The
conflicting results between Kommnik and Johnston may be
the result of different impurity content. Komnik
estinates that for their crystal the Mg content,
for instance, could be as high 2s 30 pprm: their room
tenperature yield stress was also puch higher, 1GC0 gmééz
which could also have been the result of this impurity
level.

The hydrostatic pressure around deformation specinens
was cycled -in the experiments of Davis & Gordon 1968,



and the stress changes that resulted were recorded.

Their conclusions assumed that the dislocation &nsity
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 amd dislocation etch pit
experiments would determine the validity of this
assumption. Davidge 1966 has reported the small strain
rate sensitivity of NaCl 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 ony°g have found reasonable
agreement between the value of m* from etch pit velocity
observations of NaCl (m * =15 % %) and the values from
strain rate cycling tests (from the extrapolation of ME
values to zero strain m*2 =16 I 2 for a range of strain
rate increments and from a graph ofm:agalnstdrL " 13+
for 211 strains. They concluded their results were
consistent with the theory of a single thermal obstacle
giving a point defect interaction of total enthalpy of
C.SeV probably caused by impurities. The thermal stress
Wwas 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 Nadeaw 1964 for crystals
of 10 ppm impurity. Thus, either yield within the high
teuwperature region is still thermally activated or the
crystals used by Evans and Pratt contained a greater
impurity than those of

8G



Johnson & Nadeau, sufficient to raise the extent of

the athermal region above 2u4%%,

Gutmanas, Nadgornyi and Stepanov 1965 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. TFor normal
flow stress m* increased from 8 for purity estimated
qualitatively at 10 ppm Ca to m* = 17 for impurity

of about 100 ppm cat . Screw dislocations moved slower
than edge so would be the limiting component.

The onset of macroscopic slip for the pure crystils

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

the crystals of Johnston & Nadeau with the same estimated
impurity level.

For NaCl Hesse 1965 and others have shown that the
stress may be directly proportionel to the square root
of the dislocation density observed as etch pits. Thus,
they have shown that the stress in Stage I of the roonm
temperature stress strain curve may be predominantly
athermal. Matucha 1969 using electron microscope
replicas to count the closcly spaced etch pits has
observed that stage 11 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 that ¥* is small but increases with
dislocation density, 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 siip
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 operatinge.
2+.2. Experimental

3.2.1. Testing Technigues.

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,
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The specimen can be viewed through glass windows
nounted on '0O' 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
initielly partly cool the jig. A nuch simpler

method is to cover the room temperature Ixstron Jjig with a
polythene bag and seal the top with an elastic band.

The Jjig can be lowered slowly into a vacuum flask
containing the coolant: The bag prevents any surface
contamination of the spccimen 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 temperabure

is reached when the specimen ccases altering its
dimensions. This can be monitored from the stress

on the Instron Chart, when+espall load applied to

the specimen no longer changes,The Instron gives a
constant strain rate to the specimen from about 1 x 10-2
sec_l upwards, automatically recording load and time.
Changes of strain rate up to 1000 feld increase

or decrecasc can be effceccted instantaneously on this
machine. The chart specd is sinulbaneously increased
in the same ratio as the strain rate so that the

time axis of the chart is lincar dzformation even
during strain rate cycling.

To improve the consistency of stress strain
results three conditions have to be satisfied for &
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
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chart must agree within O.Zhstrain with the difference
of crystal lengths measured with a travelling microscope.
During deformation the crystal ray.‘Be 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 compubter 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 1965. 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 Gut=m-nas 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 mey pin the -ddislocations.,
Indenting with the diamond microhardness tester on

a Reichert table model microscope gives a completely
reproducible indent and dislocation rosette etch

pit pattern roy te obbtaimed. The length of the arms
of the indent rosette are measured after etching for

a trial test, +then similar indents are made in
crystals just prior to deformation thus avoidingpossible
dislocation pinning. Dislocations should move at least
200 microns away from the indent when the stress is
-applied so that the a2ffects of stress concemtrativns
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 toc res

1ts uging compression specimens. Four
point bending gives a uniform surface tensile force
between the inner knife edges where the stress is

given by
applied load

= 3WS
he W
S = spacing between lines

and out knife edges.
b = specimen breadth
h = specimen thickness
The jig was machined from pyropholite with sapphire
rollers sec Fig. 3.5.
3.2.2., Deformation on the Primary Slip Systems of KCl.

Specimens are prepared for conpression in the(}OQ}
direction by the methods described in Chapter 2.
Resolved stresses for this deformation direction refer
to the {110}<110> systens.

(a) Constant Strain ratc tests

(i) Effect of environment
Evans 1970 has reported latent hardening tests

at liquid nitrogen temperature mnade by the technique
of surrounding the specimen with a polythene bag as
outlined in the previous section. Doubt exists whether
atmospheric moisture has any e¢ffect on the stress strain
curve by condensing on the surface o¢f the specimen
Experiments in the dewar in an atmosphere of dry
nitrogen do not give consistertly different results

from the simpler technigque. 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



preparation in the air. Thus the simplef‘technique'may
be used. ILubricants of oil anmdvacuum grease were applied
to the rams to prevent friction stresses between specimen
eand 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 slze
specimen must be determined and the results of size
aependance will be used in Chapter 4 to show how the
bnhancement of F centre colouration depends on specimen
dimensions. This dependance is shown typically at 20°¢
in Fige. 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 the
?ates of work hardening decrease and length of Stage I
increases as the ratio of height, h, to the diagonal, 4,
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 spccimen but is greater at the ends: this may

cause greater debris production and a larger rate of

work hardening in these regions (seec section 3.2.2. (d)
Chese end effects may be reduced by having longer
specimens: however, if the specimen is too long §>4 or

has one dimension of the cross section much less than the
nther, plastic buckling of the specimen occurs giving rise
to unknown stress concentrations and an anomalously low
rate of work hardening and long Stage I. If % is much
less than 2 deformation takes place by block slip and

the stress strain curve has more than threc regions of
work hardening as dislocation
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boundaries develop. Zvans and Pratt 190 have shown
that § = 3 satisfies the above criteria for Nesl

and gives similar results to tensile gepts 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 1965

and IMatucha 1969 use similar values of g and
should be quantitively similar: Gutmanas 1963 g‘ = 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 €.g.
Chang 1965 neasuring the influence of deformation upon
I' centre colouration has used thin specimens, one
dimension of the cross section much less than the
other; consequently,they must have deformed by plastic
buckling with a long Stage 1. But absorption
measurements at high I’ centre densities require a
thin specimen,

Thus specimen dimensions must have 3 = 3 and
have one dimension as thin as possible without
plastic buckling occuring:test specimens 12.5 x 3.5 x
2.5 mm satigfy these criteria and are used for
subsequent tests.

(iii) Variation of the stress strain curve with

temperature.

Fig. 3.9 demonstrates the variation of the
stress strain curve with temperature. Above 1c0°¢
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 increases as temperature decreases until
at about 120°K fracture occurs within this stage.



This behaviour is similar to that revorted for 1\?&101,}?.valc1s196%"l
Subsequent tests will investigate the thermal and
athermal components of these stresses.

The insert in the last figure 39 ahows the nethods
for determining the yield stress, 0.2% proof stress and
critical resolved flow stress from the Instron charts.
These values are plotted in Fig. %.10 as a function of
temperature for two different strain rates. (These are
compared to the CRSS experimentdl 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%.1i2. The high
temperature region sbove about lSOoK 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 thermal 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 rcgion, the strain rate dependance is
considerably greater than that at higher temperaturesthe
1atter Qfﬁ-are nearly of the same order of magnitudec
as the experimental error of the observation but in
each case are positive (see Fig. %.1.8)

(b) Determination of m*

(i) m* from Ztch 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.2e8.and the interpretation discussed in Chapter 1.
This mechod is found to give consistent results for



KCl between 190 & 5250K. ATt higher temperatures the
dislocations around the indent become piﬁned 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 time and measuring the
dislocation movement in each case: thesc 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 {8 not
possible at the larger velocities since the iaximum
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 ~versus applisd
stress for 295K and 196°K are shown on log scales
in Fig. %2.11 & 3.12 for both edge and screw dislocations.
Tach graph point and its standard deviation is
derived from the arms of three indents in a partjicular
specimen used in four point bending. The outeréést
dislocations in cach arm are used to calculate the
velocity. A few dislocation arms move much less than
the mean: eny dislocation velocity that lays outside
two standard deviations from the mean is omitted from
the set. The method of least squares 1s used to
draw the best straight line through the graph points
@nd 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
serew dislocations at all the stresses, so any



dislocation - obstacle interactions considered in latex ¥
Sectiociis Tor the Tate co6idtrolling Tiéchanism will apply
to the screw dislocation. Both edge and screw
dislocation satisfy an empirical equation of the type
TSN
From graph 3,11 & F,12: screw b edg
at 295°K,mt = 14.3 4 3,2
at 196°K.m¥ = 18.2 £ 2.9 | 16.7 % 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 testse
The load extension graph for a typical strain
Fate 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
Hecreasing the strain rate is omitted (see Fig. 3.13).;
This oversheet 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
flislocations and the strain can be accommodated by
the dislocations moving at a slower velocity, which

requires a lower stress. The excess dislocations
bre then rapidly pinned. The overshoot lasts too
long to be due to poor pen response.

The values of m, are determined using equation
(3.6) for different strains, strain rate increments
and base
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strain rates at ~ach vemperature. [T‘hese are plotted in
Fig. 3.14 for three temperatures 77,196,295°K. These
tests have been undertaken between 40C and 900°K

using a radiation furnace with alumina rams: a small
strain rate sensitivitv is observed over the whole
temperature range (no flow stress drops on strain rate
increase were observed like those seen in MgO at high
temperatures, Moon and Pratt 1969).

The graphs given in ¥ig. 3.14 show the m, values
increase with strain at a particular strain rate, but at
each strain mo, decreases as the strain rate incremsnt
increases. These m,, curves exbtrapolate to approximately
the same valuc m2* at zero strain at a particular
temperature. These values are considerably greater

than the corresponding m,* values found using etch

1
pits.

Both the etch pit velocity-stress graph and
extrapolation of m, valuces to zero strain provide m*
values only for small strains. The alternative method
using strain rate cycling data in equation (3.7)
calculates m% at finite strains. The graphs of AT
against AT are plotted in Ffig. 3.15 for each

Alnt
temperature. Since §fis found to be independant of
strain, m* is independant of strain. At the low
temperature the experimental points give reasonable
straight lines whose gradients give values of mj
which agree closely with mg*: at higher temperatures
the points lie on a slight curve , straight lines drawn
through these points give ma* values less than ml*
and ma*.

and 1.:-9 * with

temperature is shown in T'ig. 5.15. The significance

The variation of ml*, ms



o
¢D

of these values will be discussed when the variation
of the other thermal activation parameters has been
derived.

(c) Thermally Activated Dislocation Motion

(1) Stress Changes during Strain Rate Cycling Tests

The stress changesﬂffor ecach strain rate incremcnt
are independant of strain at each temperature, Ffig. 3.17,
thus indicating that no new thermal ohstacles are
produced during deformation. If thermal obstacles cause
this strain rate sensitivity then they must have existed
at yield. The variation of AT with temperature for a
particular strain rate increment is shown in #ig. %.18.
Above 240°K,A¢has low values and is approximately
constant with tcmperature: below this temperature
increases rapidly as temperature decreases. This
temperature when fCincreases is similar to the region
where the yield stress increases rapidly as temperature
decreases. Plotted for comparison in ig. 5.18 are
the difference of flow stress between the two constant
strain rate tests at different strain rates. The
strain rates <rc¢’ the same as those of the strain rate
cycling tests. Approximate agreemeant is obtained but
the errors for the flow stress measurements are
considerably larger.
(ii) Thermal Stress

Trom the previous section, Mis 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
methols for determining the magnitude of the thermal
stress havc been outlined in section 3.Li2and each

is given in fMig. %.19 as a function of temperature.
The thermal stresscs derived from equations (3.7)and
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{3.8)both assume that the athermal stress is zero at
‘zero strain while the value calculated from the flow
stross temperature graph includes an approximate
correction for a non-zero athermal stress.

All three values convergc at lower temperatures
where inas larger values. This suggests that these
assumptions are valid at these temperatures but not
at any*higher temperature. Th- small difference between
the ¥ values from equations (3.7) & (3.8 at* -
low temperatures is probably due to a small athermal
stress at tRe yield streésgbut the progressively larger
difference abt higher temperature suggests the parameters
of a thermally activated interaction hecome :lees. valid.
For the temperature region where the strain rate
dependance of flow stress is small and the yield stress
i1s not temperature dependant, the thermal stress 1is
probably zero or very small i1.e. yield is controlled
by sthermal interactions. Consequently the thermal
stress determined from the flow stress temperature
graph should give the most satisfactory wvalue at the
low values of‘szince the other derivations assume’QﬁCD
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 temperaturc dependance ofTﬂfrom
different experimental techniques is similar to the
agrecement betwecn m* values: they are consistent at
low temperaturcs only.

The components of the applied stress, 1fand’§)A
are shown in Iig. %.20.
(iii) Activation Volume.

For a particular type of Ghermal obstacle, V* must
be a unique function off* 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(B.lEJ
It is independant of strain since Lris constant. The
variation of activation volume with the thermal stress
for cach technique is given in Fig. %.21. The values of
V* arc large, approximately lOO;‘o5 at 77OK, and increase
rapidly with temperature, For the lower temperatures
they lay on a continuous V*~L* curve. The V* from etch
pit velocitics 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 .,cach
temperature (thermal stress). The first gé%_m;

T
can be readily obtained from the strain rate cycling
»
data, above, The second term Eé%%i can be found

only by temperature cycling tests at constant strain
rate. There must be no alteration of the athermal
stress during the timz taken for ithe eqguilibrium at the
new temperature to be established (about 12 minutes).
This is checked by deforming a specimen at each
temperature to a particular struin, unloading (as for
an actual tempcrature cycle, see section 3.2.1),

but not changing the tcmperature, 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

bty

-
N

k]



101

stress changes for a particular temperature increuecnt
are individually quite erratic, but show no consistent
variation with the strain at which the cycle is undertaken,
so an average value 1ig taken. The results of these
tests are shown in Fig. 3%.22 for each temperature. The
values of 8 areplotted in Fig. 3.23 as a function of T*.

As T'accreases the value of AH slowly increases
until suddenlyfH 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 of Ml rcquires the integraL/VﬁTr*
to be calculated numerically from Iig. 3.21. This
gives a constant value ofAHO for thermal stress larger
than 30 gm/mmEThus in the low temperature region of a
yield stress tempercture 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 maxlmum and minimum values of
the integration of J(V“dtd For lower values of‘t
a different predominant dislocation obstacle 11m1ts
dislocation motion:AHy increases rapidly as‘T?decreases.
Ignoring the points for these lowest values of T*
AH reasonably extrapolates toAH for 17%0.
(d) Discussion.

These results show that the treatment of
deformation can be divided into two temperature regions.

This is demonstrated, for example, from the yicld

stress measurements; the flow stress temperature
graph,like f.cescC. metals,has a high temperature region
which is temperaturc and strain rate insensitive but

at low temperature is very dependant on both these '
variables. Each region will now be considered separately.
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At low temperatures below EOOOK,there is & 10:
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
paramcters of a thermally activated process before a

comparison with particular models can be made.
Unfortunately, etch pit measurements of dislocation
velocity are,tﬁb erratic at these temperatures to
give values of n* (in al} cases edge dislocations
move further than screw & screw dislocation obstacles
are rate controlling). Thus direct comparison with
the nff valucs from strain rate cycling was impossible
but the values from the different cquations that can
be used to determine ¢ from strain rate cycling
tests give similar values. This can only occur if the
boundary conditions are satisfied. The small
difference in the valuecs of mf can be easily
accounted for by the requirement that

Tu= 0 at €=0
This is probably nearly satisfiecd especially at the
lowest temperatures but not completely. Ixbtrapolation
of the high temp region of the yield stress
temperature grapn show the athermal stress could be
as high as 40 gm/mm2 at yield.

Ii 1967 has suggested that to satisfy the third law of
thermodynamics m*T is constant as 70K for a
thermally activatced process. The value of m*T
is plotted against temperature in ¥ig. 3.24. 1T
can be seen that this relationship is reasonably
satisfied below 2OOOK;thus, this suggests further
that these results apply to a thermally activated
process. VWithin this region the T*~ T curve is



continuous andﬁﬁb is constant as a function of

”f*?extrapolating to 8} 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. Iivans 1970 has listed the properties of
possible thermal obstacles: this is given in Tabledl:

a comparison of the obstacle characteristices will
eliminate most of them. Thc thermal stress is strain
independant. 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 ev, is much less than the self diffusion
energy of ions, this excludes thosc mechanisms that
depend on the diffusion of ions and vacancies i.e.
point defect drag, non-conservative Jjog 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 whetvther a Peiswrls mechanism is operating,
the variation of flow stress with tempecrature and of
activation volume and enthalpy with stress. These two
graphs are plotted in Mg, .25 and 5.26. Vslues of
the Feierls stress at QOK, Te » 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. Zven for the
smallest acceptable value of TPthe cxperimental points
for both graphs lie far from the theoretical curves
at lower values ofT*, For higher values of ﬂ?v
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discrepancy is even greater. Thus & Pcierls process
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 dcpendance of the
low temperature region of the yield stress temperature
graph to impurity content of the crystals.

For thig 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 NaCl
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 KCl: they
reported that the yicld stress was predominantly
thermally activated at 244 %K, This may arise
from the larger total polyvalent impurity content
of their FNaCl crystal, estimated at about 40 ppm,
which would raisc the low tomperaturc region above —
244 °K ¥urther emphasis is given to this
conclusion by the sgrecment betwecn the aciivation
enthalpies 0.5 eV for KCl snd NaCl., They would be
expeeted to be similar for the same type of
dislocation obstacle.
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At higher temperatures it is found that the
dislocation etch pit velocities for edges and screws
satisfy a relation with applied stress of
v o= (% %m{
To
between 196 & 295°K: gf decreases slowly as the temperature
increases.

Strain rate cycling shows the flow stresses are
3lightly strain rate dependant and this stress incrementm
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
0of other ionic crystals e.g. g0 which shows flow stress
drops on strain rate cycling in an athermal region.
Johnston & Nadeau have suggested values of me* for KC1

from extrapolation of m, values to zero strain at room

temperature can be usedgin the dislocation velocity stress
relation - no complementary dislocation etch pit

velocity measurements were made. The large difference in
the values of mi* and m2* obtained in this work show

that the strain rate cycling data cannot be used in this
way.  In the derivation of ejuztion (%3.€) for values

from the empirical dislocation velocity - stress, zsguation
(%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 cxperiments

by veavis and Gordon 1968 assumed that the dislocation
density remsins unaltered during a cycle of pressure:

. this must now be reconsidered since (Alnl) is not

(Mne)T
zero at room temperature i.e. equation (3 .5a) is
not valid.
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‘Tor the bthree stage work hardening curve of kaCl i
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
yvield and work hardening curve observed for KC1l in the
high temperature region. Hesse suggests the limited
mobility of Jjogs is responsible for the work hardening
in Stage I. DMatucha 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 Iike those in Stage II of metals.,
Blocking obstacles may form gn the active slip planes
so that new parallel, active, slip planes operate in
between the original planes. The obstacles suggested
are sessile dislocation junction; +hich weguire slip
on obligue slip planes for their formation. The process
for forming these Jjunctions 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 obligue 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 I athermal

stresses are expected to act on a subsequént

dislocation from

(1) Back stress from the obstacle

(2) Intersection of forest dislocations around
obstacles.

(3) Limited mobility of thermal Jjogs 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 I
plus (2) Increased number of Jjogs

(a) On planes parallel to the active systenm

(b) On plancs inclincd to the active systen.
The authors suggest the greatest stresses are caused
by forest dislocations, blocking obstacles and debris
on planes inclined to the active slip system.

The thermal activation in the lower temperature
region of KCl deformation is similar to that observea
by kvans and Pratt at 2449 for WaCl. The work
hardening curves obtained for XCl over the whole
temperature range are similar to those for NaCl.

Thus it may be reasonably suggested that similar
athermal work hardening interactions apply.
%.2+%. Deformation on the secondary slip system.

Specimens itor compression in the{111) direction
are prepared by the method outlined in Chapter 2.
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Particular care needs to be taken to ensure that the
end faces of the specimen are the(?li} planes to the
nearest half a degree. Weaver 1964 has demonstrated
for similar experiments on MgO 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 cach 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(il%}direction has been
reviewed in Chapter 1. The{}CQf(;lO;>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 ratec tests.
(1) Effect of specimen dimensions.

The specimen faces parallel to the compression
axis necd to be reproducible and give a rectangular
specimen cross section to be comparable to the (10@}
compression results,and be rational planes preferably

af low indices for essier slip trace analysis. The
standard (111) projection of a cubic crystal, '
Fig. 1.13, indicates the most suitable faces that
satisfy these conditions are (10I) and close to a
(1Z1) 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 increagingly
dependant on the h/d ratio: this is probably a result
of the varying lattice rdation that occurs and the
beginning of dislocation motion on the
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primary slip planes. Thus providing only small strains
are used, valid results are obtained using the specimen
dimensions of the <@Od> compression tests.

(ii) Variation of the stress strain curve with
temperature.

Typical stress strain curves for {111» compression
are shown in Fig. 5.27 for a range, temperatures. 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 MgO deformed in (lll:)at much higher
temperatures, by Lvans 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. %.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 yicld stress and strain rate dependance suggesting
thermally activated dislocation motion. EStrain
rate cycling tests should confirm this. The change
from thermal to athermal interaction occurs at a
much higher temperature than for the {llO}-(}lQ}
slip system as dctermined 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 trangition from
one mechanism to another.

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

The stress changes during Strain rvate c¢ycling AT
are independant of strain at all temperatures tested.
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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 A%
with temperature for a particular strain rate
increment is shown in Fig. 3.29. There is little
temperature dependance above 550°K. (350°K is the
temperature for the transition of the yield stress
from being temperature dependant to temperature
independant, Tig. %.28.) Below %250°K there is a
rapid increase in.Z&T;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 o, 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, me*, at zero strain. The variation of
these m, Values with strain can bc easily understood

from cquation (%.6).
_ A]_nf.
oy = Rn%

If Ac/{t, this equation approximates to
m, = 1n7%,
[
~
Since both the strain rate increments and ATare

constant during strain rate cycling, m, will rapidly
incrcase as a function of strain from the similar
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increase ofTi.e@., mvaluc-strain curves are similar to
the stress strain curves.
The m.* values are determined at finite strains
10rom equation (3.7) for a range of strain rate increments.
"is the gradient of the graph of ﬁ{ plotted against
N% see Tig. %.31l.
Aln%
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 m5* vhich are only just
below the values of m2*, see I'ig. 3.52. 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 ma* 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 ¥ig. 3.3%32. at the lowest temperature the
strain rate sensitivity decrcases as the temperature
rises and tThe yield stress decreases, hence mq
(from (3.6)} decrcascs rapidly. Between 200 and 300°K. kv
decreases rapidly and yield gtress is nearly athermal
so m™ increases. Finally, yield strecss and m* values
are both approximately constant zbove 300°K.
Further confirmations of the validity of these m*
values at low btemperatures can be obtained from a plot
of %* against temperature, see I'ig. 5.35.



The .plot is linear and may pass through
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 0°K. The determination of
dislocation velocity as a function of stress to
calculate m{ from etch pit observations of
dislocations around indents, as outlined in Chapter 2,
is not possible for slip on the {?00}41110i>system.
Four point bending in the <i1i> direction fracbtures
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 and between specimens. However, these:

indents do show the important result that the screw
dislocations move consistently further than the edge
dislocations. Consequently the rate controlling
obstacle for dislocations moving on the {}Od}<}l@>
system must be effective for edge dislocations and
not screw dislocations.

(iii) The Thermal Stress

The thermal stress at yield can be estimated frowm
the yield stress - temperature graph by subtraction
of an extrapolation of the high temperature cthermal
region. To be valid, this requires that the structure
at yield is similar over the whole temperature range.
Strain rate cycling datao provide two alternative
derivations ofx* at finite strains from equations (3.8)
& (3.9). Since ATis constant as a function of strain
both these equations give&f also constant, sgreement
between these three different Gerivations at low
temperatures suggest the boundary conditions (3.3a)
(3.5a) and (3.7a). of the equations are satisfied

Ca

<X
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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 forTfvalues; probably the athermal
stresses predominantly control yicld and so
parameters of a thermally activated process are not
relevant. This variation of ~* with temperature is
showvn in ¥Fig. 3.54. 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 Tig. %.3%5.

(iv) Activation Volume

Yor the thermally activated, low temperature
region the activation volumes
Fig. %.76 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. VWhen plotted against™¥ the
experimental values of V* from strain rate cycling
lie on a gmnooth curve, consistent with the same
thermal obstacle being rate controlling throughout
the temperaturc 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 bto a particular strain, unkoaded for



‘a period of time equal to the duration of & temperatur~s
cycling test and then reloaded. o changes in [low
stress are observed before and aiter unloading for
temperatures up to 400°K, The mcasurcments of
temperature cycling are given in TFig. 3.3%7 and are
approximately independent of strain., This confirms
that no large +thermal obstacles form during
deformation.

Values of the activation enthalpydH can now be
calculated; combining the results of temperature and
strain rate cycling, and the total enthalpy of the
thermal obstaclesﬁﬁo can be estimated by the addition
o{/ﬁ*d@*
from the numerical integration of Fig. %.%6. These
cnthalpics are plotted in Fig. 3.3§and as a function
of T*., Except for the lowest value of rﬁ,AHo is
independant of V* 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
thef%@ﬂ*and the temperature cycling tests « The
activation enthalpy should extrapolate to this value
at zero stress (when the barrier would be completely
thermally activated): Qﬁb is an acceptable value
for this extrapolation provided that the result for
the lowest valus of ®* is again ignored., This point
may be excluded since it corresponds to the beginning
of the athermal region of lowcr strain rate
sensitivity where the boundary conditions are nov
completely satisfied.

(¢) Discussion.

The observations in Chapter 2 confirm previous
observations that deformation takes place on{}Od}(ﬁlQ}
secondary slip systems for compression in a<11y>
direction.

fanr by
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The results of yield stress, and temperature
and strain rate cycling experiments indicate that
there are two distinct btemperature regions. Below
300°K the yield stress is controlled mainly by thermal
obstacles which arc then equally effective at all
strains. Above this tempcraturc there is no evidence
to suggest that thermal obstacles predominantly slow
dislocation motion and yicld 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 resulits and possible types of obstacle.
Since the total activation enthalpy was independant
of stress in the low temperaturs region, the V¥ -
curve is continuous and the m* and®* valucs are
consistent for different derivations, this suggests
that one type of thermally activated dislocation
process may control the yicld stress, and then the
boundary conditions, upon which the wvalidity 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).
Tontaine 1968, 1969 has calculated that the stacking
fault energgy is too high for partial dislocations
to form during slip on theilOO}planes.

Huntingdon, Dickey & Thompson 1956 have
calculated the theorctical formation energies of
dislocations on both the primary {110} {110 slip
systems and secondary{}Od} (}10>'slip systems of
WaCl. They concluded the difference betwecn the
formation energies of these two systems is not

14¢
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ncarly large enouzh to cause the large oxperimental
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 jions as they closely approach one another
during edge dislocation motion on the %lOO}(il@)

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 agpproach of fluorine ions and has found

a reasonable comparison of the experimental and
theoretical Peierls parameters for this structurc.

Thus, this data for KCl 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
independant of strain: these arc satisficd, Tig. 3.36.
The theory predicts a particular variation between
temperaturc, and activation volume and thermal stress.
A ocomparigon of eynoerimental sud theoretical valuns
is made in Iigs. 3.39 and %.4C. They both agree
within experimentel cerror except at the lowest
value of 7* (this point has already becn considered
and can be excluded). The strain rate dependance
becomcs less as the temperaturc decreasecs.

If a Peierls mechanism is operating, the
experimental valuc of the dislocation line ecnergy
should agrec with theorctical calculations from
lattice constants. Jlor a Peierls mechanism the line
energygper unit distance of the dislocation hes



been given by Guyot andﬁqun as

Uy = 2ald (2ab’t'g.gz
™ (i,

for a sinusoidal Peierls hill where a = lattice spacing
(the distance between the Peierls hills), b the
burgers vector,’ﬁthe Peierls stress at 0°K and 2Uy
is the energy required to nucleate the pair of kinks
to surmount the Peierls hill at 0°K. Substitutingﬁﬂo
giv?s the experimental value l.2 x 108 ev/cm for [y,
Huntingdon, Dickey and Thompson' calculated this line
energy for NaCl as 0.6 x 108 eV/cm. The order of
magnitude agreement reflccts the similarity between
KCl and NaCl 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. 5.353 shows that
there is a linear rclation between 1/m* and T for |

low temperatures and this gives a value of 20, = O.7iQ.leV.
This is jus®t below the experimental value for the -

total enthalpy of the obstaclc (1.04% 0.17) eV and

is sufficiently close to show the consistency between

the experimsntal obscorvations and the theoretical

values for a Peierls process,

Thus, although 211 ithe other possiblc thermally
activated obstacles cannot be systematically sliminated,
the agreemcnt between the experimental and theoretical
parameters stronzgly indicates that a Peierls
interaction provides the predominate thermal obstacles
that limit dislocation velocity. A theoretical model
exists that is consistent with this inter@ﬁion: this
involves the close approach of chlorine ions during
dislocation mobtion,



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 {;OO} slip planes equally
orientated to the stress axis but only one active {110)
slip direction in each plane for<§ll}compression.

(Sece fig. %.41.) Consider the interaction of dislocations
on any two of fthese planss. The intersection of bl and
b4 is given by

2fo11] + 22 [103) - 22 i0]

The Junction dislocation is a pure edge dislocation
on the primary<{11Q}<{llQ> system. Energetically
this is likely to be a stable Junction but it lies on
a plane of zero resolved shear stress. »Bince this is
the primery slip system the Junction may move
conservatively from local stresses especially if
small lattice rotations occur.

The interaction of by and b5 is given by

%o (011 8 f101] .y 20117
fofa + Zofof - ol

The product is an immobile junction of a{il@k@l&}
aystem. However, the encrgy of this Junction is
unlikely to be much less than that of its constituents
so i1t msy be expected to be easily dissociated by a
small pile up. A similar conclusion applies to the
combination of an edgq:ggijfffﬁidislocation, b, and
b2, on the same plane,(Evans 1967)

Interscction of an edge dislocation bl by a
forest dislocation by or by, simply forms a jog on

the edge dislocation and is unlikely to be impeded.

M
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A sinilar jog on a screw dislocation is of sane

type as the Jjunction of bl 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 prinary systen.

The decrcase of work hardening rate as the
tenperature is increasced is consistent with increased
cross slip at obstacles reducing the effectiveness of
obstacles and the rate of debris production at a
particular strzin. Transmission clectron microscopy
may celucidate further these dislocation interactions.
sa2s4 Comparison of Primary and Sccondary slip systens.

For the plastic deformation of polycrystalline
naterial there nust be at least five independant slip
systens -~ Von Mises criterion. Failure to satisfy
this neans that high internal sbtrcsses cannot be
relicved a2t grain boundaries and eventually voids and
cracks forn to rclax these stresses and fracture occurs.
Groves and Kelly 1967 and Kocks 1967 have calculated
that only two of the six {110.} €11 slip systens of
rock salt structurc are independant. Thus deformation
on . these prinary systens alonc is not sufficient for
the plastic deformation of polycrystals: this will
only occur if slip takes place on a scecondary set of
slip systems. Ior the {1&&f}{11@> slip systens there
are three independant systems. 8Slip on thce secondary
systen requires nuch higher stress then or the prinary
systen at a given tenperature, thus the stress
tenperature graph for polycrystals may have a sinilar
tenperature variation to that of the secondary slip
systen. This suggests fron the results for the yield
stress of KCl on the.{lOO} 10> system that
poly-crystals might

™
e
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becomec ductile around room tcmperature since yicld
stress of thc sccondery system decreases rapidly up to
this temperature and is then apprezimately constant,

Stoloff, Lezius and Johnston 1963 have shown that
their KCl polycrystals deformed plastically about 5230K.
Stokes found significant plestic deformation of NaGl
polycrystals at 4280K at o slower strain ratce
(SXlO“SSec—l). Clearly thesc temperatures sre both
higher than the expccted transition temperaturc from
the sccondaryv slip system. This discrcpancy nay
depend on the relative purities of the singlc and
polycrystals, perticularly from contemination during
the preperation of polycrystzls. This extra impurity
m-y have produced an athermsl stress which raises the
yeild strcss transition from thermzl to athermel
mechanisms for secondsry slip to o higher temperature.
Creck formation occurs meinly at grain boundaries
thus this impurity effect may be enhanced by the
segregation of impurities to these boundaries.

Aladag et al 1970, has sugecsted that the onsct
of mrcroscopic thermelly activat.d cross slip mry
correspond to the beginning of plasticity in
polyerystals rather then slip on-{lOd} Q10> systen.
From the tempersturc dependence of the start:stage IT1
work hardening, which Hesge 1965 and Aledeg suggest
corresponds to thermsl activated cross slip, an
extrapolation indicates thet cross slip will be
completely thermclly activated at around 900°K.

This is consistent with the <111 compression
, result which show that slip on the secondery system
does not directly control the onset of plasticity.



Alternatively, the ductile-br¥ttle transition
may be controlled by deformation on the {;ll} <11d>
secondary slip system. A similar set of expériments
on single and poiycrystal KCl doped with controlled
impurity concentration may distinguish between
these alternatives.

Gilman 1959 using tor$ional tests to defornm
single KCl crystals on the secondary {;OQ}4<110>
system found at room temperature

Yield Stress 1100t <110> -10.5.

Yield Stress {11Q Q10>
In this work the ratio is 12.2 using compression
tests.

Johnston and Nadeau 1964 have reported
microhardness measurements on KCl 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 sudﬁen change in microhardness
was observed in this temperature range. Thus
these results are consistent with the athermal
region of yield temperature plot of {lOO} <1100
system obtained from the (lli} 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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PTABL: %4 ~ Characteristics of wvarious
activation processes

Mechanism R(Db) 1(b) Comments )

Peierls-Nabarro 1 1 -20 V* independent of strainj; 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 -~ 107  Ho given by the migration energy of the point defect;
usually applies preferentially to edge dislocation
where binding energy is larger,

Point defect 10 1 - 10" V* must be related to the concentration of the point

Interaction defect type controlling the deformation, it may depend
upon strain if deformation alters the point defect
concentration or distribution.

-
Dislocation 10 10 V* must decrease (and* increase) as the forest
Intersection - density increases, i.e., it depends upon strain.
NMon~conservative 1 10 - 107 Ho given by the self diffusion energy. Applies
Jjog motion. exclusively to the screw dislocation. V* may de

depend upon strain as the thermal jog spacing
increases & intersection jog spacing decreases.

exclusively at the edme dislocation.,.

Climb 1 1 Ho given by self diffusion energy; operates
1

2
10 - 10° Applies to the screw dislocation only; V* may
depend on strain as for non-consexrvative motion.

Conservative
Jog motion

=

10 - lO2 Applies to the screw dislocation only; often rate
controlling when the dislocations are extended so
that it includes a constriction term.

Cress slip

Z
%Pt rse%Fion of 1 10 10~ V* decreases as the dipole density increases
islocation with strain.

* Point defect concegtration in required form 1 p.p.m.
Forest density 107 cm~

Dipole density 109 cp-2 T~




<
ST
atalty

E )

DA
Cw e, oat

o,
e

ST

oA
by F

A
-V,

W

E SR U O WA URNIIUIDI FAE R <SSV M g

CHA,PTERAI'L 1

h
A

The Influence of Defect Structure on F Centre Production.

The enslysis of deformetion in Chrpter 3 hes studied the
thermrl stress. It is found to be independant of stroin for
both slip systems =t ~ll temver~tures tvested. Thus, work
h: rdening is due to atherm 1 obstecles. The stages of work
hrrdening are similsr to NaCl ~nd the dislocaetion obstecles
probsbly ~re of the seme type, dislocetion - dislocation &
debris inter-ctions.

There ore few technicues evrilable to messure the dis -
location debris production. The totrl vecancy concentretion
cen be messured s2s 2 function of strein by density measure--
ments. F centre formetion by ionising rodiations is prritic-
ulerly sensitive to prior deformetion of the crystel: +the R
enhencement hes been sugacsted to be due to dislocation dipoles.

The oim of this chepter is to develop r new technioue to
be able to relete sinple irrrdisition =nd F centre absorption
measurements to gtrerin end the othermrl sitrges of work hard-
ening determined in Chevpter 3, through niodels that relete T
enhencenent to the presence of disloc-tion dipoles. These
results crn be compsred to density mersurements that indicrte
2 higher r~te of vrerney production during Stage 11 then Steage 1
work herdening.

If vecancy concentriotion con be relrted to P centre
enhencement then irr di-~tion of bicrystsls may nrovide - useful
technioue 1o study the vrerney structure of gr-in bounderies.
4.1. F centre colour tion enh nced by deformetion.

4.1.,1. Genercl

Prst work to invegsitigerte the effect of deformotion on T

colouretion used strrin, not stress, =2nd deformed snecimens
with one cross scecivion dimension much lesgs then the other,
typically 1 to 6 or 8.

This deformn~tion must heve occurred by slestic buckling with
an snomrlously long Str.ge I of low work h-rdening snd debris

nroduction rete.



this shape of specimen this mechanism of deformation
remains unknown due to the formation and action of
stress concentrations, and the transition from Stage 1
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.

L,
N
(V]

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 I 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 sof
dislocation motion and F centre cnhancement.

4,1.2. ¥ 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
11960 and Geudeke and Burgers 1963 they observed
that the etch pits of dislocations failed to move after
heavy irradiation. Nowick 1958 suggested that



Rlastib deformation dispersed precipitated impurity: 1584
it is this redissélved 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 particulasr 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 eig. Chang 1865 F centres produced
near dislocation dipoles)s 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 colouration, curve,
F(t), as a series of three satuﬁlng experimental
processes which constitute Stage I of the curve '
(i.e. F centres formed by 3 different mechanisms)
plus a linear term corresponding to I centre productioh
during Stage II colouration

i.e. (P ) = a b, Al (l—e_a’t)
Vhere t is timc 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 wvalid,
‘not just fortuitous, and indicated that the variation

»



of the exponential with deformation was diue To I 16%
centres formed in the region of dislocation structure.

Their analysis could not explain the variation of

the saturation level with strain.

Davidge and Pratt (1963) found that the deformation
enhancement was no longer present after the crystal was
annealed at 45000: 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 4irradiated a crystal at room
temperature into Stage II coloration, then deformed the
erystal. 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 Sibldy
.1965 . He found the enhancement of the new Stage I
process was proportional to the plastic deformation
and this cecnhancement then saturated as the dose was
further increased. This sugpsts a finite number of
vacancies has been introduced as debris by the
dislocation interaction during dcformation. These extrd
vacancies are gradually used up. If the debris had
tot caused enhancemcnt, but was due to dislocations as
Bauer & Gordon had concluded, it would have been harder
to understand why such dislocations bccame used up and
caused saturation. "Thus Sibley proposed that deformatidn
enhancement is caused by such vacancy pairs and clusters
rather than isolated vacancies or dislocations. The
deformation enhanced colourability also depends in
magnitude on trace impurities. (This is not surprising,
$ince Stage IT colouration in undeformed crystals also -
depends on trace impurities).

If an F centre is close to a dislocation dipole
in deformed crystal, the stress ficld of the dipole will



influencé the energy levels of the ¥ centre clectron,
causing the characteristic wavelength of the I 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 djpole at the F centre site,
Chang determined the position of the dipole with respect
to the I 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 ¢f 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. cold&ation is well
related to dipole influence.

Sibley & Russcl 1964 have considered the possibility
af a purely clectronic process to account for the
deformation cnhanced F centrc concentration by the
dislocation Jjogs trapping holes. The radiation is
believed to produce halide vacancy-interstitial pairs;
trapping holes at jogs increases the density of free
electrons, incrcasing the number of vacancies vhat traps
clectrons and reducing recombination of wvacancy and
interstitial, Results from flow stress mcasurements to
detect the extra hardening of more interstitials

were inconclusive.,



Bauer and Gordon 11962, showed the deformatiofn
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 ¥d a suppression of late
stage colouration.

Sibley, Welson & Crawford ° 1965 showed that
deformation colouration is impurity dependant., Their
Stage I £ colourction of pure crystal was 4 x 1O6 per
e "3 which was half the 8 x 101° vacancies per
em® estimated to be introduced by 1% strain in the
crystals of Davidge & 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 ¢nhanced colouration
than lead doped crystal. An incrcase of deformation
might be expected from doped over pure crystals
since the impurities may form obstacles which
raisc the dipole formotion and flow stress. It was
found that for similar inpurity content and flow
stresses, the calcium doped crystal gave a much
greater deformation enhancement than lead. Thus,
there is probably an elcctronic influencc from
the inpurity on part of the colouration process.

Surmarising, 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 modificd by
electronic traps.

4,1.3. Experimental
(a) Experimental technique.

The specimen preparation and compression ! -
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Jjig have alrcady been described in Chapters 2 & 3.
Colouration at 295i 3 °C is obtained using ¥-rays
from a Co60 source (sce Fig. 4.1)J- rays have low
absorption coefficient in crystals giving a uniform
colouration and have almost monchromatic encrgy 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 0060 source is divided into six vertical
rods: spccimens are placed in holders giving reproducible
positions along the axis of these six rods. Here there
is maximum intensity from the source 1 x lO6 Rads/hr
(Siddiqut 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 spectrophotometer
specimen holders are designed so that the specimen can
slide from the glass tubes directly into place without
handling the optical surfaces.

After deformation vhe surfaces of the specimen
.are no longer planar due to slip steps and the crystal
:beconsg. 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 measuremcnts at differcnt points
along the length of specimensy the use of a micrometer
does not give an accurate mecasurenent of thickness
after deformation and damages the specimen surface.
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Before irradiation the absorption cofficient of a
deformed crystal is the same as that of an undeformed
specimen, thus the large numbcr of slip steps on the
surface do not cause significont absorption and neced
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 1ight that passcs
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 photomultiplier tubes. This modification
isclibrated with a series of filters of high known
absorbances. Specimen absorbance rcadings are made Six
minutes after irradiations This is sufficient time vo
allow for any F'centre decay but still one quarter
of the timc period that elapses before thermal decay
of the F band can be noticeds Part of the M centre band,
from two bound T centres, lays pertly under the F bandg
although much smaller than the F bani, its height.
also varies with strain. A suitable correcction is
the subtraction of the height of the M centre at 825

- from the F band pecak height.  (c.g. Sibley et al
1965) .
(b) Results.

The effect of deformation for different strains on

the I band growth curve is shown in Fig. 4,2, Stage I
is enhanced by the dcformation but not Stage II which
has a linear dependance on dose similar to the
undeformed crystal.



The late stage colouration is extrapolated Ho zero
dose to dcterminc the magnitudc of Stage 1 colouration.
The increasc of these intercepts with strain is plotted
in Fig. 4.3 for specimcns with different dimensions.
None of these curves extrapolates exactly to zero
enhancement 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 d4:.bris 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 mmy; h/d = 6) have an F band enhancement
that increascs 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 I 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 enhencement is larger for the
same strain than for the thinner specimens. A%

small strains less than 2% the strain dcpendance 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
ebsorption is beyond the sensitivitywof the - -

spectrophotometer. Specimcns with the same cross
section as the h/d = 3 specimens, but longer length, h/§=t,

[N
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have &n T centre enh ncement consistently below th~t for
specimens of h/d = 3 and above th:t for the thinner specimens.
The strain dependence increases more rapidly then the thinner
specimens only rbove 4% strain.

"he enhrncement of Stege T F centre formation by comp-
ression in{111lxdircction for a similesr set of deformmtion
svecimens with h/d = 3 is given in Fig. 4.4. ~s a function of
strein. The enh: ncement incrergses repidly ot low stresins but
then hes o decrurging str in denendence. '

(c) Discusgion.

For compression swecimens with h/d = 3 there are three
steges of work h rdening with & tr-nsition between Stages I
and IT at 3% stroin (Cheapter 3). The second stege is of much
higher rrte than the first orobebly duc to the increasing
rate of debris production. If dislocetion debhris enhrnces P
centre formntion, then the incrersing r-te of debris nroduct -
ion vt 3% strrin accounts for the observed increasing r te
of P centre enhrncement at this strrin., The T enh-ncemnent
granh has © sgimiler str-in dependence to thet reonorted by
Drvidge 1964 for bulk density ch ngns (c.g. for 6% strein,

bulk density gives & v ¢ ney w-ir concentrntion of 5 x lOl'7

per ch3‘ where~s Strge I T enhencement is (5 Iy x 1016per oms).
Thus these resulits confirm th t the enhrncenent by deformetion
of P centre production ig csused by disloc tion dinole #nd
debris -nd there is a2n incressed rmite of dislocetion debris
during Stage II of The stress strein curve. Longer spec-
inens of the szme cross section i.e. h/d —~ 4 heve stross
strain curves with . lower rote of work hi:rdening ot =11
strrins then for h/d = 3 swecimens cnd -~ Strge I thet extends
to higher etreins (Chropter 3). A comoerison of the F centre
enhrncement as » function of str-in between the spccimens

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

betveen the stress stroin curves. For the longer specimen both
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the F centre density and the stress - strain curve remains

consistently lower than thet for the h/d=3specinens.

If ¥ enhancement is duc to dislocation dipoles, this

result suggests that the rate of dislocation debris

production is less for crystals with a higher ratio

of nW/d. The stress strain curves of thin specimens and

those with dimensions hd=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. Thin specinens also have lowest I centre

enhancenent as a function of strain without a4 more rapid

increasc of the I enhancement at higher strains

comparable to that observed for the specimen with h/d =3,

This indicates that this increase is enhancement for

the speeimen withh/d4 = 3 is the result of the

increase of dislocation dipole production in Stage II.
Thus the F centre enhoncement for <10C) 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 and (b) T centre enhancement

by deformation to the debris and dipoles produced in the

crystal.

The steep increase of the F centre cnhancement for

specimens strained in the €111} direction Fig. 4.4

suggests the rapid production of dislocation debris at

low strains, if a similnr process is responsible for

F centre enhanccnment. The deformation tests in Chapter

% show that therc 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 uncquivocal

o
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¢orrelation of F centré enhincement %o dislocation
debris and athermal work hardening cannot be made for
the secondary slip syster until thce work hardening
nechanisms have been nmore conclusively deternined.
4.2. I centre colouration enhanced by boundaries in NaCl
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 speciwmen releases
the electron or holesgs from their traps and recombination
can btake 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 iwpurities. However, recently the Harshaw
Chemical Company has marketed as TLD material, very
pure LiF powder hot pressed in billets:s This has been
found to give much more reproducible results for
desimetry since it does not depend sensitively on
impurity concentration. The pclycrystalline structure
must provide sufficient trapping centres to stabilise
electrons, holes or interstitials, since single crystals
thenselves give no traps.
The type of trapping centre and the structure of grain
boundaries arc not well known. This section will use
bicrystals of NaCl to investigate the effect of T

colouration of these interfaces.
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4o2.,2. Bxperimental

(2) Experimental Technigque
The growth and preparation of bicrystal NaCl specimens
with the boundory at right angles to the direction of

absorption measurcenents 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. HNo twist of the cleavage plane is
observable when a bicrystal is cleavad through a vnlane
at right angles to the boundary. BSuch boundaries are
characterised solely by thc anglc of tilt.

The F centre colouration curves for irradiated
bicrystals are given in Tig. 4.5. The curves are
plotted for different angles of tilt. ©Stage I
colouration is increasingly cnhznced as tilt wngle
increases while Stage II remains similar to the single
crystal rate. If the lincar colouration of Stage II is
extrapolated to zero dose for cach crystal, the
enhancenent of Stage I from the tilt boundarycom be
obtaincd by subtracting the single crystal intercepte.
The boundary region uscd is taken from the top of the
boule near the sead for each angle of tilt so that
impurity concentration should be idcntical. To
deternine this enhancement due to the grain boundary
regilon two single crystal spocimens, of the same
thickness as those containing the boundary, arc taken
from the adjacent single crystal on beth sides of the
boundary. This enhancement due to the boundary is
plotted in ig. 4.6 as a function of the engle of tilt
of the boundary. ibsorbance is used instead of
absorption coefficient duc to the problems associcted
with determining an effective thickness of the grain
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bound-ry regicn consecuently specimens ~re polished to the s-me
thickness (Cheoter 2). Tig. 4.6. shows thet the F enhrncement
is not so sengitive to tilt ~ngle below 20° as above this ‘ngle.

At low doses the tilt bound:ry ¢ n be seen #s ¢ derker
rcgion of the crysts1l vhen vieved cnd on, so the increese of
colouration is due to the boundsry rether th-n some chenge in
bulk coloursation.

(c) Discus=ion.

The TP colouration cnhencenent of bicrystal boundrnries mey
be due to the structur~ of the tilt boundery or an imvdpurity
effect.

During the prepar-tion of polycrystalline swnecimens from
powder, w:ter vroour nay contzaminete the surfrce of the grains.
It h~s been suggested by Gibbon 1966 that F centre enh ncement
of volycrystals is due to these hydroxyl ions rt the greoin
bound-ries. By growing bicrystzls from the melt this voss-—
ibility con no longer arisc. Segregation of criion impurity
to grein boundaries is unlikely to c. use the observed F centre
enh"ncenment gince Sibley 1967 hos shown thot levels above 50 ppn
~re necessrry to give impurity enh ncenent, Thus F enhrncenent

by inpurities is wost unlikely,

)]

The incrersgce of F enh ncemcnt vith the angle of the tilt

o

bound-ry is ~iven in TFig. 4.06. There is 2 slow incrcas. of

' enh ncement at low . agles of tilt. This 1s consistent with
electron micrnscope obscrvebions which show low angle boundrrics
congist of 2 dirloc tion "rray only (Momcnt & Gordon 1964).

At l-rger ©ilt nngles diffusion experinents (TeMuh e 1269)
indicste rn incrersing v-coney concentretion, suggesting ~°n
island model of groin boundrry structure i.c. islends of good
stonic m~ tching ﬁurrounded by ~re s of mism tch prnposed by
Mott 1948 =nd modified by Gifkins 1967.
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- These vacrncies mry lead to T centre cnhroncement in : mrnner

5inil- r to the influencc of the v cncy shects of disloc. tion

The uncxnected featurc of the F enhencement is the

o]
s

. 0
tinuing incrense of cenh-ncement for tilt =ngles =sbove 45,
ce

. 60° +ilt bound-ry, for instcnce, should be equivelent

.‘:",:: SN ] i
“CF*‘UJ"'"O“"-"“ 2 L
'.J-
5

0 30 boundrry, the I enhrncement should be the s ne ot
both these angles. Thus, bicryst:l growth by this technioue
No

fﬁipolo production during the - therm:-1l work h-rdening st -ges

'ébserved in Ch~»ter 3 to corresponding incresses in F centre
ﬁénhrncement of deformed crysitrls s a function of stroin.

,i@his gives susport Lo the models thet (=) relate work heord.-

1-tion is due to the debris -nd dipolces. This
Jrevious observs tions mersuring cryst-l density s &

(Dzvidge & Prott 1964) which is a2 nore

is shown %o be o useful

It is suggested

aconey

“t, concenbrrtlon within the bound?ry The F centre cnhancement
P SIS art
LR

Np»n then be related to the existing models of grein bounderies,

fdl locrtion errsys at low sngles #nd ~n isl nd model =t high
*



angles. The results indicate th-t further invesiigetion

T

is needed to understend the znomalous structure of

1
i
-
rt

high =ngle bound ries grown by the twin secd method.
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Chaptor 5

General Conclusions 2nd suggestions for Fubture VWork.

5.1. Conclusions

This study introduces some information about
dislocation motion in potassium chloride single
crystals and the cffeet 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 tcmperaturc range for both primary'{1103<llQ>
and secondary{iOQ}(llQ}slip systems. The btemperature
dependance of the dislocation motion on each system
is separated into two distinct temperature ranges:
yield at low temperabures is sensitively temperature
depcndant but nearly tempcrature indepondant at
higher tempcratures.

The strain retc sensitivity of the flow stress
is independant of strain under all conditions tested.
Thus, the observations are consistent with the
predominantly athermal work hardening interactions
recently proposcd by Lvans & Pratt 1970.

For the primary {119}<11Q>slip system in the
high temperature region, the dislocation velocity
is found %o be proportional to thc m* power of the
applied shear stress obtaincd from mcasuremcnts of
the velocity of edge and scrcew dislocations observed
using ctch pits e.g. m* = 14.3 ¥ 2.1 at 2950K and ..*

m*= 18.2 + 2.9 at 1960K. Idge dislocations move
faster than the screw components but both have the
same value of m* within experimcntal crror.
Determinotion of values ofm* by strain rate cycling,
€., m* = 36%3 at 2959K, assuncs that the dislocation

density docs not change during the cycle. Since thesc
values of m* by the different

[P
e



experimental techniques are not the same, the assuipoivs.
made cannot be considered as valid and the values of m* 435
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 <111>> direction slip is obtained on the
{iOQ}‘<11Q> system: for low strains slip step traces
are consistent with deformation occuring predominantly on a
a single slip system. 7Yield-stress temperature graphs
satisfy the dependance predicted for a Peierls mechanism
controlling dislocation mobion: Strain rate and
temperature cycling tests give activation paramcters
which are consistent with this type of thermally
activated dislocation interaction, although all the other
dislocation interactions cannot be unequivocally
etiminated. 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 independant 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 rotaticn
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as deformation proceeds so that the resolved shear
stresses on these planes is no longer zero.

A comparison betwecen the temperature dependance of
the yield stress for the secondary %}OQ}(ilQ} systems
and similar deformation tests that have been reported
for XC1l 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 independant
slip systems -~ Von Mises criterion - does not in itself
completely control the plasticity of polycrystals: grain
boundaries or dislocation interactions must also be
responsivle to a large cxtent.

Increased rates of F centre enhancement by dcformation
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
surve 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 cenhanced by the presence of pure tilt boundaries
in the test specimens. The enhancement increases with
the angle of misoricntation between the single crystal
regions. Conductivity experiments previously reported
for 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



cihanced by isolated dislocations, thus litbtle enhaneement
may be expected from the dislocation array. The higher
vacancy concentrations at larger tilt angles may behave

i1 a similar manner to dislocation dipoles in the method
by which the F colouration is cnhanced since the structure
of dislocation dipoles may be considered also as vacancy

187
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5.2. Suggestions for further work.

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 MgO 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 btransmission
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 Mgl
which is considerably stronger than the alkali halide
crystals.,

Experiments are currently being undertaken on the
creep of irradiated KCl and NaCl single crystals to
-measure the hardening of the crystals by the colour
centres produced by the radiation,thus 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.
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An examination of grain bound cries 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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