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Abstract

The conductivity of purc and mongaresce doped single
crystols has been aeasured from 620°E to 920°K. The

enthdlpius of formaticn of Schottky defects ond wotion of

cation vocancics, 2.36: C.02eV ond O.69i 0.Mn2eV respectively,

huve been calculuted, The ent ropy of foruction of Schottky
defects is found to be 5.40f 0.10) x 10™*ev®x™t,

The polarisction of pure and doped crystacls in the
temperature ronge 620°K to 920°K hos been interproted in
terus of blocking of both anion and cotion viconcies at the
e¢lectrode~crystal interfuce. The fajilur: of the models of

(117) (116)

hes been duscribed in the
(11h)

Fricuf and MaocDonnld

light of the more recent model of Releigh

The conductivity of polycrystalline scdium chloride
hos shown that there is .o ceasidercble enhancement of
conduction comparcd with single crystals, in the extrinsic
regicn.  This is interpreted es being due to the diffusion
of segregoted impurities ic the prain boundorics. The
ubsence of any enhonced conduction at high touperatures
indicutes that enion voccncies are not more dobile in grain
boundaries. No polcrisution appears to arisa from the
grain boundurics. The results indicote = boundary structurce
containing 2 high vacancy density with continuity of the
lottice butween eoch groin. The 'isluond' or coincident

site 1odels appeor to be appropriate.

o2



& aicrohordness technigue hes been developed to
aeasure grain boundary scegrepction in bicrystols of sodiunm

The technigque cppecrs to be copoble of detceting

chloride,
Prelimincry

small chonges in herdacss eover saall distonces.
tests on high angled bound.rics shew thot hordening is
apparent over o repion obout 75/4W1from the boundcry.
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CHAPTER 1.

Introduction =znd Litercture Review,




1 = 1 General Introduction.

The movement of ions in ionic crystals has been
largely studied by the use of diffusion, electrical
conductivity and nuclear magnetic resonance technigues.

It has long been recognised that ionic crystals generally
behave in an intrinsic manner at high temperstures and

in an extrinsic wmanner at lower teumperatures. It has been
established that traunsport in alkali halides is due to

the nmotion of point defects, and it has been found that
generally cation vacancies contribute to the majority of
the current, whilst anion vacancies only become significant
at temperatures near the melting point. slectrons play a

minor role in the conduction processes.

tituch attention hass been paid to the ionic conductivity
in pure and doped alkali halides. The enthalpies of
fornation and motion of ischottky defects are well documented,
although the velues are soumewhat uncertain, this being
mainly due to differences in the experimental techniques

eaployed.

Until recently the transport of uatter in greain

(1-3)

boundary regions has been neglected. DRecent diffusion

and ionic conductivity (4-6) studies have shown that grain
boundary regions contain a high vacancy density and ‘that
impurity ions can move more easily in boundaries than in
the bulk. There are, however, doubts (3) whether the
motion of anion vacancies is enhsnced in grain boundary

(1,2,5)

regions, as su;pested by sone previous work.

Conduction in surface regions hss recently been



investigated 7,8) and in some ceramics, such as alumina,
it was found to be significent. In alikali halides however,
surface conduction is not considered to be very important

because thne bulk conduction is relatively larger.

The presence of iapurity ions in ionic crystols gives
rise to several importent effects., They result in a
modification of the conduction in the extrinsic region and
at low temperatures they will form vacancy-impurity
complexes and precipitates. If grain boundaries are present

the impurities will tend to segregate at the boundaries.

The phenowmenon of grain boundary segregsetion has been

(9-10)

extensively studied in metals, sucn as lead, zinc and

tin; and in some ceramics,(ll) notably alumina and magnesium
oxide., The studies have shown that only a very few impurity
atoms are required to produce a significant increase in the
microhaordness of the grain boundary region. Very little
work has yet been done on segregation of impurities at

grain boundories in ionic crystals.

The object of the work carried out by the suthor hes
firstly been to study the intrinsic and extrinsic conduction
in pure and manganese doped single crystals of sodium
chloride, so o#s to obtain reliable values of the enthalpies
of formation and motion of point defects. The results from
both a.c. and d.c. conductivity measurements have been
compared'and the discrepancy between them has been
interpreted in terms of electrode blocking effects. These

electrode blocking effects have been studied in some detail.

The second aim of the work has been to carry out

parallel studies on hot-pressed and extruded polycrystals



so that the diffusion précesses at high teaperatures in grain
boundary regions msy be studied. The interfacial blocking

characteristics of grain boundaries‘was also investigated.
&

The segregation of impurities at grain boundaries -
a;érbeen'“}studied using a microhardness technique
éEEEiSEEE”by Westbrook. The design and development of%nigh
teaperature microhardness tester will be described and a few
preliminary tests will be discussed. It is hoped that the
segregation processes can be studied by the wmicrohardness

and conductivity techniques.
The remainder of this chapter will discuss in some

detail the transport of matter and charge in the bulk and

interfacial regions.

1.2, STRUCTURE OF 50DIUM CHLCRIDE.

l.2.1. Ferfect Cystal Lattice.

The sodium chloride type lattice consists of two
interpenetrating face centred cubic lattices; on one are
situated the sodium ions and on the other the chloride
ions. The unit cell for the perfect lattice is shown in
fig.l.l, The bonds between the ions are almost entirely
ionic, thus resulting in & strung electrostatic attraction
between anions and cations. There is a large tand gap
between the valence and conduction band which results in a
very low contribution to the charge transport by the

Jlovement of electrons.

fresha
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The transport of wass could occur if two adjacent ions
exchange places but to do this would require a considerable
dilation of the lattice, together with the woving ions
having to pass through a position of very high electrostatic
repulsion., The transport of ions can only really be explained
in terms of ions moving in a defect structure, and the
movements of defects themselves. The different types of
defect present in the lattice will be briefly described in

the remainder of this chapter,

l.2.2, Point Defects.

The subject of point defects in ionic crystals has been
thoroughly dealt with by several authors; notably Van Bueren(la)

has presented a general introduction, Lidiard(ls); Supitz and
Teltoy 13) (14)

, and more recently barr and Lidiard have
given excellant reviews of experimental and theoretical
works.

Foint defects can be divided into two classes. Frenkel
defects which consist of a vacancy on a2 lattice site
assoclated with an interstitisl ion, and sSchottky defects
consisting of a sepdrated pair of anion and cation vacancies.

In sodium chloride the Schottky defect predominates due to

its lower forwmation energy.

The concentration of vacancies in an alksli halide
crystal is given by the equstion:

2

X x = exp (-Gs/kT) EX(D 1.1.

a c

wherexa and xc are the molar fractions of anion and cation



vacancies and Gs is the free energy of formation of a
Schottky pair. T is the absolute temperature and k the
Boltiazmann constant. The derivation of this équation can be
found in a text by Lidiard(15>. The free energy of formation
of a Schottky pair can be divided into an enthalpy, hs’ and

an entropy, SS, of the formation, thus:

G =h - TS ‘ .2,
S = s

The product relotionship of equation l.1l. is found
always to hold in thermal equilibrium since it is derived
from the need to maintain the crystal structure and charge
neutrality. This product relation does not consider the

interaction between defects which result frowm long range

| Coulonbic foreces, Tﬁéwigmeraétién#bétween7defetts will result
|in aniéni-and 'catidhivadancies not'being. randonly distribtited"

;%hrbhghoht thelerystélcand: thel efféct of thisiis. to. lower-the i
;éffectiveufommatibnhenergyiat?highldefectTCbhcentratibns~and ‘f
temperaturésioThis c¢ah:be.taken:uintoiconsideration’using the i

VAR (15) "

| Debye~Hiickel theory:of:elestrolytes:as described by Lidiard |

Anion and cation vocancies which are close to each
other can be considered as distinct defects, known as
vacancy pairs. The vacancy pair is strongly bound and
behaves as a dipole. The molar concentration of such

where %4 is the number of orientations of the pair and Gp

the .free.enérgy of formation of tne pair. Two theoretical
estimates ofxpgsas a function of temperature are shown in

fig.l.2.



Much work has been done on crystals containing a
molar fraction © of aliovalent ions; most work being on
alkali halides doped with divalent cotions. The divalent
cations generally go into substitutional solid solution,
the interstitial sites being too small to eccomodate them.
This will yield one impurity ion plus one cation vacancy to

maintein charge neutrality, thus:
= -+ -
X, =¢ +x_ 1-3.

and the concentration of cation vacsncies is given by

x =c 14+ (1 4+ 4% 2\ % 1.k,
c 3 0

>

c

when x o)$>c then x = % as for Schottky disorder and when
xo<§ c then the concentrations of defects ar controlled by
the amount of dopant added, that is % c=Ce The concentration

of anion vacancies is similarly given by:

1 +4x 2\ 2
0

c2

- l 1-60

(14)

Fig.l.2. shows the effect of divalent cation additions to
the concentration of anion and cation vacancies., The cation
vacancies are seen to change from the intrinsi¢ thernmal
concentration to the conceatrztion controlled by the impurity
content. The concentration of anion vacencies is seen to

be correspondingly depressed.

The- preceding.discussion has assuned that the, concentratioh
of . vacan01es 1ntroduced by the impurities. was constant and equal,

to ¢, ThHis is not necessarily so since
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umpterily
pairs oflcations and cation vacancies are stable just as

vacancy pairs are stable. The impurity cation-vacancy
pairs are electrically neutral but do act as dipoles. The

equation for the concentration of associated pairs Xk’ is

_ X = 4 exp (Gk/kT) 1.7,

X, (C'xk)

where G, 1is the free energy of association of the pair.
oo

This equation ignores the long-range interaction.

digher impurity-vacancy complexes will form at lower
teamperatures and at high impurity concentrations. At low
temperatures it i1s possible that the solubility limit of
the impurity is exceeded and this will result in the

precipitation of o second phase.

The impurity has been assumed to be evenly distributed
throughout the crystal, and elthough this is the equilibrium
situation it will not necessarily happen practically. Certain
regions of tne crystal such as crystol surfaces, dislocations
and internal bounderies will act as sources and sinks for
vacancies snd reqguire no cherge neutrality. The distribution
of ifapurities and vacencies will very with f0sition
within these regions. Berr and Lidiard (14) state that the
width of these regions will be abountﬂk-l, waere K is the
Debye-iilickel screening constant given by

K2 . 87 q%x 1.8.
—_—C
VEKT

where g is the charge on & vacanc V is the volume per
’ P



molecule in the perfect crystel znd € is the dielectric

constant,

l.2.3, Line Defects,

Dislocationsare classed as line defects and in ionic

crystals a dislocation will disturb tie regular pattern of

positive and negativé ions. The dislocation line can be

charged, or, if the line is not chatged, then e&ﬁél numbers of
half-jogs of opposite sign within it will’carry o charge. The i
dislocation line may also be surrounded by an atmosphere of

charged defects.,

Motion of jogs with dislocations cen lead to the transport

of charge, but only in the direction of the Burgers vector.

Vacancies can move in any direction within the slip plane. The

reader is referred to the work of Whitworth and co-workers(lb-ao)

Caffyn and Goodfellow 2 "2%)1 paviagd®2Ja Lshelby et al.(26)

for detailed theory and experiments relating to the transport

of charge and amatter by dislocations.

The trensport of charge by dislocations has been seen

(48)

as an enhancement of the conductivity after deformation

In many materizls ions have been shown to move more readily

lin the dislocation tore, resulting in an apparent increase ofﬁ
| the- balk diffusion. S

S

i
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1.2.4., Planar Defects,

<urfaces and grein boundaries can be considered as
defects within the crystal lattice and they can either
enhance or iupede the transport of charge or wmatter. Grain
boundaries can lay two important roles in polycrystalline
materials. Firstly, many properties are affected by the
presence of separate crystals within the bulk, which are
mutuallyrisoriengated, whilst other properties are affected
by the structure of the boundary itself. The mechanical
properties fall into the first category, whilst charge and

nass transfer are affected by the structure of the boundary.
Similarly the surfazce of a crystal will affect the

above nentioned properties., The surface condition will

markedly affect the aechaznical strength of the crystal.
Charpge and aass transport in the bulk could also be

affected by the neture of the surface.

1,3. GRAIN BOUNDARIES IN IOLIC CRYSTALS,

l.3.1l, Grain Boundary liodels,

Grain boundaries in metzls cen be generally represented
by a simple geometrical array of monosize sphere3, such as a
bubble raft aodel, This type of ocpproximation is not

applicable in ionic crystals since there are usually two



types of ion present in the lattice, and they are generally
of differing sizes., The charge neutrality of the crystal as

a whole must also be considered.

Meny of the proposed models for grain boundariesy in
general have been extensively reviewed by McGée(27)a Low-
angle boundaries have been generally described in terms of
arrays of edge and screw dislocations, giving rise to tilt
and twist boundsries respectively as shown in figs.l.3. and
1.4, Generally, low-angle boundaries will be a combination
of tilt and twist components., A summary of these models has

(28)

been given by Amelinckx and Dekeyser

The limiting angle of mismatch between two grains
resulting in a2 boundary which can be analysed in terms of
a dislocation model will depend to a large extent on the
crystalline structure and impurities present. Usually the

angle will be of the order of 15 to 20 deprees.

Models for high-zngle boundaries are also reviewed by
McGeéa7). Brandon(BO)

on the coincident site model of Kronberg and wilson

has recently proposed a nodel based

(31)

The basis of this nodel is that for certain specific axes
and angles of wmisorientation, two greins scparated by a

boundary will contain a number of lattice sites in common;

(30)

a twin boundary is an example of this. Brandon has

modified this model, combining it with a dense dislocetion

(32)

, making it more competible with observed

(33)'

array model

results from field-ion microscope studies
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l.3.2. Structure of Grain Boundaries in sodium Chloride.

The structure of grain boundaries in ionic crystels has
been studied by a number of workers, in particular work on
the alkali halides has provided useful information about .
the structure in cubiec ionic systems. Fuschillo, Giapl

(34,35)

and Mciiester hcve studied both tilt and twist grain
boundaries by pulling apart the bicrystals at the grain

boﬁndaries and then examining the surfzce of the boundary.

They found that twist boundaries were appareutly ‘only held

tosether by suaall regions or spots of continuity, ;hereasi
they could detect no surface features for pure tilt
boundaries. The lack of continuity in twist boundaries
they ettributed to lattice mismatch and to iapurity
segregation, They sug_ ested that twist boundzries with
such a structure would explain the lacik of ductility of
many polycrystalline materials,

(36)

tiartin, Fehr and ticGee produced bicrystals and
tricrystals using a hot-wire technigue and they studied

the interedion of dislocationswith both tilt and twist
boundaries. They found thet propagation of slip was
hindered by the prescace of grain boundaries, znd the degrec
of hindrence was hnigher égr twist type boundaries and
gencrally increased with)angle of aismatch. Tilt boundaries
of angle less than 12° were shown to have a dislocation
structure conforming to the low angle dislocation model.

(37)

Gimpl, McMaster and Fuschille have recently extended
their earlier work by studying the effects of various
impurities on the nature of the boundaries. They again

found 'pips' on the grain boundary surfaces of twist



and double—tilt*boundaries in high~-purity sodium chloride,

but not in siaple tilt boundaries. weparate additions of

100ppu of Sioa, CaClE, FeCl3 ¢nd #Cl had no effect on the
character of the grain boundery. uowever, 6000ppm of Ca012
nearly doubled the strength of & 300 twist boundary and
considerebly weokened a 450 tilt boundary. They bvelieve the
strengtheniug effect may be dwe to scgrege tion, but they

offer no explanation for the weassening effect in tilt boundaries.
They also noted the pnrescence of spots in the boundary plane

in bicrystals with misorientation greater than 15 These

have been obscrved in aagnesiuam oxide and it is thought

they sre duc to iapuritics se repated at defects. This work
does appear to supgrest that Mott's islznds of mismatch

model (38) hes some validity although the areas of aismzich

appear to be on a macro rether than atowmic scale.

The study of diffusion processes in grain boundaries
haus yielded some inforwation about the structure of pgrain

boundaries in sodium chloride and other alkali halides.

(6)

e uhae has aeasured the electrical conductivity of tilt

boundaries using a probe technique developed by uwowment and

(39)

Gordon , who did siwmilur work on lithium flueride. Their

(3)

work, togcther with diffusion work by Cabané and Laurent

1,2) . . .
(1, , sugpests thet grain boundarivs are regions

and bLeunard
containin, a high vacancy density aond tend to confirw the

work on grain boundary structure.

1.3%3.3. oegrecotion of Iapurities in Grein Boundsries.

The fact that grain boundaries contein local variations

in composition has long been established. These variutions

‘ |

: |
*Double-tllt refers to boundarles tllted on two Peroendlcular{
axes. ¢ . - . S ‘L
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arise from non-equilibrium conditions such as preferential
transformations, freezing or diffusion., Other cheaical
variations arise from equilibrium or gquasi-equilibrium
conditions; this aspect has been extensively reviewed
by westbrook (40). Most of the work has been done on
netal systems, only recently hes some work been done on
ceramic systems despite the importance of segregation in
the sintering processes used in the menufacture of conmercial
ceraamic materials.,

Prior to the early work of westbrook and wood (41,42)
the idea of equilibrium secgregation at grain boundaries was
a concept of long-standing, although unaabiguous experimental
verifications were few in nuuber, this being largely due to
the difficulty in ucasuring s+all local variations in

(41,42) found that

microhardness wmeasurcacnts could detect the presence of local

conpositions. Westbrook and wood

concentrations of solutes et graiu boundaries in a wide variety
of materisls., They found that when positive segregetion of
some solute species has occurred at @ grain boundary, the
microhardness of the boundary repion increased from 10 to

50 per cent above that of the interior of the grain. This
hardened region extends for several microns either side of

the boundary.

This work was extendid by westbrook and Aust (43) to
detect segregation in various lead plus solute systems. They
found that the type of the solute, concentration of solute,
structure of the boundary and temperature affect the
hardening of grain boundaries. The effects brought about
by different solutes were found to be related to their

relative solubility in the base metal. Very low-energy



boundaries such as coherent twin boundcries show no
hardening effect, and low-energy boundaries such as
incoherent twin boundaries and certain grain boundaries
display less hardening effect than high energy boundaries.
The disappearancc of the boundary hardening effect at high
tenperatures was attributed to a decrease in impurity
concentration at the boundary, but not due to zn absence of
impurity at the boundary. Their results suggest that the
effect is not a siuple solute concentration but more likely
a conplex mechanisim involving other types of defect in

the boundary regions,

The microhardness technique has been used by Aust,

Peat and wWestbrook (10) for the study of the changes in

defect concentration in quenched crystals of zone-refined
lead. 4 merked softening of the boundary rezion was found

over a distance of about 30 to 50 wmicrons froa the boundary.

(44)

Aust and Westbrook proposed that the boundary hardening

is due to the presence of solute clusters resulting from

the decoaposition of vacancy-solute complexes near the

boundary sink. DRecent worl by Aust et al.(lo) showed a

Llinéar’relationﬁir;ibetween the distribution coefficient

(.

of the solute and the presence or absence of grain boundary
hardening zs predicted by the solute-clustering wodel, The
hardening was present when the distribution coefficlent was
greater than unity and grain boundary softening occurred

when the distribution coefficient was less than unity.

Segrezation of impurities at grain boundaries in

ceraaic systeus hos been reviewed by uestbrook (40’11).

The saae probleas of detection spply to ceramics that

63 in high purity .

(45)

apply to metals. The segregation of i

alumina has been deteccted by Jorgensen and westbrook



3

using an avtoradiographic technique, Other techniques, such
as the electron beam microprobe, have been used with some
success, The microhardness technique has also been applied

(46) -

to cercoic systeas by westbrool and Jorgensen s téustudy

the segregotion of nagnesium oxide in alumina. A typical
hardness profile is shown in fig.l.5. Many attempts by

other workers to use the aicrohardness technique sztisfactorily
have failed, this has been lorgely due to incorrect use of

the technique.

Evidence for the presence of grain boundary segregation

L7)

in sodium chloride has been presented by Muller who
concluded that the retarding of grain growth, as shown in
fig.l.6:xstrontium dored crystels was the result of grain
boundary sefregation of the iwmpurity. This phenoaecnon is
widely used in the sintering of cerausics to obtain a grecter

(3)

density. Cabcné has shown that the grain boundary
diffusivity of conion veconcies is merkedly affected by the
presence of water, which apicars to be preforentially
located 2t grain boundaries. The sesregated solutc aay
affect the effective width of the boundary itself and the
diffusion coefficieust of the species moving within this
region. The acchanisms for the scgreg.tion process which

are applicable to i1ctals as for as it is known arc present in
ceramics; but it is possible that nciv acchanisms cre also
involved. These additionol mecheonisms npay erise from the
low solubility of many solutes and the veriety of electrostatic

ancualies possible et grain boundarices,.

The early wodels of steady-state segregation envisaged
a simple absorption of solute by the boundary, the extent

of which can be estimated from therwodynamic or strain energy

=0
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considerations. These ideas result in the segregated solutes
occupying sites very close to the boundary, only two or three
atonl spacings from the boundary, and this is not born out by

experinent.

(11)

More recent nodels proposed by wWestbrook suggest
that the concentration gradient arises from a gradient in the
vacancy concentration near grain boundaries. Some of the
vacancies present will be associated with impurity atons

or lons as inpurity-vacancy complexes. The boundary acts as
a sink for the vacancies and the impurity-vacancy conplexes
will tend to move towards the boundary. The vacancies

will be annihilated at the boundary'and the inpurities will

rerain at the boundary or near to it.

These nodels do not account for the increased hardening
effect at the boundary, as Westbrook(11) has pointed out
that an asymmetric defect is required to explain the hardening.
He has suggested thot in metals the solute may go into
interstitial sites near the boundary giving rise to an

incressed concentration of asyrmetric defects in these regions.

An alternative model for the hardening suggests that
the solute atouis are unable to redistribute themselves by
diffusion and so cluster to form asymuaetric defects., These
two hardening mechanisns as yet cannot be distinguished

(11)

between but experimental evidence cited by ..estbrook
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does suggest that solute segregation occurs by the action
of the vacancy-sink on solute-vacancy complexes,

(171) would suggest the

Recent work by Jorgensen
assunption that segregetion is an equilibrium effect is

not valid, and that non-equilibrium effects are observed.

1.4, TRAKRSPORT PROFERTILES IN ICNIC CRYSTaLs.

1.4,1. Tonic Conduction in single Crystals.

iThetmeasurenent of Honic conductivity is relatively easyi

exparlmeﬁially for the study of transport phenomena in
sodium chloride. Energies of .aotion of sodium vacancies

can be deterained fairly casily as can the encrgy of
formation of Schottky defects. The association and
precipitation of divalent iwmpurities can also be studied.

It is, of course, only possible to determine the motion of
charged defects; necutral defects, such as vacsncy pairs, will

not coantribute to the conduction processes.

The features of the arrhenius conductivity plot are
shown in fig.l.7. The high tenpercture region is due to
the conduction of intrinsic defects and is depeadent only
on the energy of formetion of Schottky pairs and the cnergy

of aotion of the sodium ion. The motion of chlorine ion

vacancics !are:generally . considered insignificant in this

J

rcgion, The lower teaperature region, region II, is strougly

impurity dcpendent and is dependent on tne :otion of cation
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vacancies present as a result of aliovalent iapurity additions,
The conduction in this region incresses with addition of

divolent cation dwmpuritics and is decreased by the addition
¥

1

of I'divalent anion inmpurities. !

Stage IITI is the result of the association of iupurity
ions and vacancies into complexes. This association roegilon
lecads into the precipitation region, region IV, which
rcsults from the precipitetion of the divalent impurities.
Region I is often aodified at high teuperatures by a region
of increased gredient, know as region I'. It is thought that
this is due to the motion of anion vacancies becoming

significant =t high teaperatures near the melting point,

, ‘ - - — : — ——
although the values found for the transport number of the'-
anion vacancies at high temperatures by previous workers

have not been 'consistent.

The theory relating to ionic conduction in sodiunm
chlorile has been covered by iaezny previous authors,

(15)Phe
Lgives en excecllent occount of the

notably . 13diard
basic theory whilst meny other suthors have supplied
modificcotions to the theory. No atteapt will be uade to
derive the equations in the text and only those equations
of relevaonce will be gquoted. Likewise no atteapt will be
made to present a full account of previous experimental

(13,14,48)

work since several previous reviews ore available.

The basic definitive equation concerning conduction in

any acterial is given by:

gy

=Z§ }'. » . ln L)
Ty Ny Yy ?

where i refers to the different charge cecrriers, N, is the
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density of carriers per unit volume and q, is the charge
and, g , the mobility of the carricers. In sodium cliloride
where Séhottky disorder is predominant and the cation
vacancy predouinates over the anion veacancy in the charge
trensference, it is possible to calculate the teuwperature
dependence of conductivity if the vacancy concentration and

mobility as a function of temperaturc are known.

The mobility of the cation vacency, Mc, is dependent
/
on the jump frequency of the sodium ion. The teaperature

dependence of the mobility is as follows:

o
Me = La® e ¥ exp ﬁjéic exp - Ahc o2 Qe
kT k kT

where a is the lattice spccing,‘ﬂco is the cation vacancy
vibrational frequencyg.&ﬁb is the entropy of wotion and

Ahc is the enthalpy of motion of cation vacancies.

when a cation vacency is formed by the reioval of a
cation then there will be a change in the Gibbs ., free energy
of the systea, described by the equation l.2. To ensure
charge neutrality when o cotion vocancy is formed an anion

vacancy #ust also be formed hence:
X = X = X 1.11,
Considering thiw}ntrinsic region and the general
case when both anionxcation vocancies contribute to the

conduction then:

0= ov + o l.12.
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and:
o= (ncé" /“C) + (nae /4&) 1.13.

Combining equations 1l.l., 1.2.,, 1.10-13., then:

o= bia®e® exp 3

o .
S exp = EE \)C CXp A:E Oxp—A'hc
kT 2k 2kT k kT
o} -
| +V_ exp .Ab& exp-Ah_
k kT 1.14,
when cation mobility is alone significent then:
[+
= 4Na2ez YV, exp 5 +4,‘_§c 1l exp -
kT 2 k
by +8b, | L 1.15

2 kT

Thus in an Arrhenius plot of log & T aseinst % cation

motion is characterised by o straight line of slope

- 1h, + b f1 1.16

2 k

The expression inside the bracket is the activation energy,QIJ

where both anion and cotion vacancies contribute significantly
the slove of region I will increase as it does in region If.
The gradient of this rcgion will be depcecndent on the enthalpy

of motion of both cnion and cation vacancies as well as hs'



Lt high te.aperctures, wherc the concentraztion of anion
znd cation vacanciles becemes appreci.ble, ottroaction between
the defeets will preduce vacancy poirs. These pairs will
not contribute towards clcctricel conduction since they are
electricelly neutral, 'hey will, however, contribute to

the diffusion proccsscs,

ig.l.7. shows thet the high tenperature intriansic

region is tronsforued at lower teaperatures bo a straight

line region of reduced siope; region II. This region is

controlled by the divalent impurity ion concentration, and
the “Concentration of vacancies is determined by the nsed to
faintain ‘charge neutrality. - The concentration of vacancies - |
i§ given by equation 1.1. and the condition of charge neutrality
in the following equations:

x = C + X 1030

¥ = X = C l'.19.

with e¢xcess divalent ognicons preeent.

Thus from equations l.l., 1.3. and 1.19.

lo

-
* = 1+ V/i + 4:{02 for divalent cotions.l.20.

n

ond %x = for divalent anions. 1.21.

lo
[
1
=
+
=
"
o)

AV
[e]
™




thus it is seen that divalent cations will e¢nhance conduction
and divalent anions will suppress it. At these teaperatures
it can be assumed that the anion conduction is negligible

and then:

22 o -
o= L4 n a"e \)é epriE exp ~Ah l.22,
kT
kT k

The slope of the Arrhenius plot will give & value ofAhc

o S |

1d %he-intercept on the log. T axis will give 88 .|

The change from region I to region II occurs graduczlly.

The teaperature at which the straight lines of these two
regions meet is called the 'kneo teaperature!, Tk' At Tk it
can be ossumed that the cquilibrium conccentration of Schottky
defects satisfies both intrinsic and extrinsic conduction.

At the 'knee tenperature':

¢ = exp Ss exp = hS 1.23.

2k 2kT,

hence a plot of ¢ against % will give values of 5_ and hs'
k o

Go

1
[

o

The correlation of conductivity measureacnts with diffusion

measureitents is azn important aspect of this subject since . the
transport of iatter is studied by both methods. The two

methods may be compared using the Nernst - cinstein equation:

o be’ 1.24

KT

D

i



where G; and Di are the conductivity and diffusion
coefficient respectively of the aoving species. For sodium
chloride thc¢ equation can be writtgn os:
o= Nez (b + D) | 1.25.
kT

True diffusion coefficients arc derived from completely

ral

" yandon motion. A vacancy' can eYchange places ‘with- any of §ts

;nelghbours, an ion which has Jjuaped into a vacancy has a flnlte

yprobablllty of Jumalng back into the vacancy 1t 1euves béhind.
Thus not all tracer ion jumps will necessarlly contribité” to

ithu meneral diffusion flow. This’ effect is accounted for by

! o

|

uBing a correlation factor, f, where:

e
(3]

where Dt ié the tracer diffuvsion cocfficient and D is the
true diffusion coefficient. The corrclation factor is
dependent on the lattice structure ond the diffusion
aechanism . For the F.C.C, laottice of sodium chloride

where diffusion proceeds vic juaps into vacant lattice sites,

f = 0.7815., The Nernst - Zinstein equation now becomes:
2
o-=- Ne (Da+ Dc) 1 1.27
kT 0.7815

The present discussion relating to the intrinsic and

extrinsic conduction has assumed that no associction occurs



G
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between impurities end vacancivs. At lower teuperatures
association does occur osnd gives rise to region III, the

slope of this region is given by

(?c + EE)~L~ 1.28
2/ k

where hk is the enthalpy of association of the iapurity

vacancy pairs.

An importsut counsideration, particularly whean fitting
conductivity plots to eapirical cquations, is the Debye -
Huckel intcraction butween voconcics. Vacancics in the
lattice are surrounded by a sytactric ctiosphere of oppositely
charged vaczcincies. when o field is applied the vacancies
are set in action end the surrounding atnosphere changes,

this results in 2 reduction of the specd of the vacancies.

effective formation energy at high defect concentrations and !

. tenperatures, that is to increase the defect concentration to a |

1

P value- greater than would be expected by extrapolation from the

1The net,effect(dquebye—Hﬁckel interactions is to lower«thqug‘}

| behaviour at lower temperatures; egquation 1.%1. is nodifiecd to:

2 2.
cha = XO pr q K 10290

e mma—

€XT (1+KR)

where X 1s the Debye-Hiickel screening counstant given in

equation 1.8.



1.4.2., Mass transport in sianglc crystals. Previous work.

Ionic conduction and diffusion studics have been reviewed
extensively in the past (13’15’48), in addition thesce authors
have reviewed work concerned with N.M.R., thernocluctric
power, diclectric loss ond icnic thermocurrent (I.T.C.)
neasurerents. In this chapter it is intended only to discuss
briefly the work already revicwed and to introduce more
recent work which is of importaonce. The variocus paramneters
used to describe cution ond snion wmotion have becn listed

in tables 1 to 4.

The values of the paraaeters of motion and foruation
of defects show ¢ considerablc divergence, thc reasons for
this can generally be sumdarﬁied &s belng due te differences
in experincntal technique andkgnalysis cof the results. The
values obtained for cation cnthalpics of wotion and oschottky
foraation entnalpies are reasonably coasistent in nost a.c.
conductivity mcasurcaents, whilst there velues differ
considerzbly froa volues obtoined by d.c. conductivity,
diffusion and N.M.R. tcchniques. The low values of schottky
formation c¢nergy obtaiucd by d.c. conductivity tochniques
can be attributed to the presence of interfacial polarisation
effects at high tuiperoturcs resulting in & decreased slope
of region I (57>. The interfaciel polorisaticn effects will
be dealt withect length leoter. Cthoer errors in the
determinotion of the slope of region I can arisce from the
curvature of this region ~t high temperaturcs. Differences
in the motericl itsclf wey also affect the results. HAigh
dislocation densities con result in o considerable increase

(43,81)

in the curvature of region I and the type and

concentration of impurity cou.d alter thc slope of region II.



TABLE 1:

PARAMETERS OF CATION MOTION IN NaCl, A,

et al.(5)

SOURCE S3YSTEM TECHNIQUE | h_ 5_
(eV) (ev°k~1)
Mott and NaCl Theory 1.96-2.12
Littleton (49)
Mapother NaCl Diffusion | 2,06
et al. (50) D.C.cond |2.12
Etzel and NaCl D.C.cond. { 2.02
Maurer (51)
Fumi and NaCl Theory 1,96-2.12
Tosi (52)
Taylor (53) NaCl D.C. 2.0k
BiOI'man (51"') - Ducn 2.19
Dreyfus and - D.C 2.122.07 5.34;:10"LF
Nowick (55)
Jain and Nac1+Wist| Dp.C. 2.34%.01
Dahake (56)
Kirk and NaCl+in2'| A.C. 2.30%.02
Pratt (57)
2+
Brown and NaCl+Sr .C. 2.28
Hoodless (53) +Ba2+ .C. 2.26
Graham NaCl A,C. 2.26




TABLE 1 CONT'D:

TECHNIQUE

Dartyge (61)

SOURCE SYSTEM h s
S 5 0. -1
(eV) (eV'K ™)
Kirk (48) NaCl A.C. 2,30%,02 5.‘2x10‘LL
Allnatt and NaCl Diffusion |2.17 2.1;:10'1+
Pantalis (59)
. 2+ -0
Beniere NaCl+Sr A.C, 2.50 9,6x%10
et al. (60)
2+ -4
Laredo and NaCl+Sr A.C. 2.30 6.78x10




TABLE.2.

PARAMETERS OF CATION MOTION IN NaCl. B.

SOURCE SYSTEM TEGHNIQUE |Ah_ 8S_
(eV) (ev°x™1)
(50) NaCl Diffusion [0.77
D.C. 0.83
(51) NaCl D.C. 0.85
(62) NaCl A.C, 0.782,02
(63) NaCl Diffusion {0.86
(64) NaCl N.M.R. 0,66
(2) NaCl Diffusion {060
(53) NaCl D.C, 0.69
(65) NaCl Theory 0.87
(54) NaCl D.C. 0. 74
(66) NaCl A.C, 0,74
(55) NaCl D.C. 0.79 2.84;:10‘LlL
(67) NaCl Diffusion |0.71
(56) Nac1+Ni®*  |p.c. 04 75,01
(68) NaCl D.C, 0.692,03
+Na,50, | D.C. 0.722,03
+Na0, |D.C. 0.69.03
(57) Naci+Mu®t |a.cC. 0.67-0473
NaCi A.C. 0,69 01
(58) NaC1+Sr2t |a.c. 0,72+, 04
+Ba® |a.c. 0. 742, 0k




TABLE 2,

PARAMETERS OF CATION MOTION IN NaCl. B (CONT'D, )

[
D2

SOURCE SYSTEM TECHNIQUE | Mh bS hyrdh E§+Asc
(eV) (evo&~1) 2(eV) (vox-Ts
(5) NaCl A.C, 0,74
(48) NaCl A.C. 0.67%,01 1.8x10"4
A=t |a.c. 0.695.03 7 | |
(69) ‘NaCl D.C, 0.720%.610 |,
Mg=* 0.734%,015
ca’t 0.743%,025
se2* 0. 7105, 020
BaZ* 0.780% ;010
(70) NaCl Diffusion 1.,78%,0%
(59) NaCl Diffusion | 0,66 2.?5x10“L+
(71) NaCl A.C. 2,06 7.44x10'“
Diffusion 2.10
(60) NaCl+8r°* | a.c. 0,72 1,78x10™"
NaCl A.Cy 0470
(61) Nacl+Sr°t | A.cC. 0.75 2.61x10‘4




TABLE 3.
PARAMETERS OF ANION MOTION IN NaCl. A,
SOURCE SYSTEM TECHNIQUE |Ah Asa 25+Aha E§+Asa
(eV) (e v"’ 1) * (eV) (f:'v“'x"l)
(72) NaCl Diffusion 2,70 free
(2) NaCl Diffusion 2,23
(73) Isotope 1,67
exchange

(74) NaCl Diffusion 2.29
(75) K C1 D.C, 1.86
(76) NaCl Diffusion |1.10 2.12 6, 46x10™

NaCl+Ca®* | Diffusion 2.49
(7?7) NaCl Diffusion | 0,90 1.92(free) 3;86x10‘4

2.37(Pair§
(78) NaCl 2.30-2,60
(79) NaCl 2.37
(48) NaCl A.C. 1.60 1.57x10™°
2,00

(59) NaCl Diffusion { 1.15 8.15x10‘“
(71) NaCl Diffusion 2,08 7.11#10"
(60) NaCl Diffusion { 0,86 1. 96::10"l‘L 2.1k

*Actlvatlon enthalpy for motlon of vacancy palrs.l

[,




TABLE, 4.

ENTHALPY OF MOTION OF VACANCY PAIRS,

SOURCE SYSTEM TECHNIQUE thy
(76) NaCl Diffusion 1.07
(80) NaCl Dielectric Loss|l.25
(77) NaCl Diffusion 1.30

[Ea

W
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Kao et al.(69) have shown thot the enthalpy of motion of
the cation veacancy is dependent on the cotion iwpurity
(68)

present and Redfern and Pratt have seen a similar

effect as a result of anion ispurity additions.

The choice and the method of application of clectrode
Materisl ig particulerly important and care must be talken
to ensure that the electrode meterial or the testing
environuent does not accidently add impurities to the
crystal. Recent work by Larede and Dartyge (61) showed
that anomalous effects werc observed using graphite 'dag!

electrodes when testing strontium doped sodium chloride.

Recent measureitents of hs and Ahc show reasonable
consistency. Values of about 0.70 eV ﬂN?ﬁhc and 2.30eV
for hS in sodium chloride @re acceptoble to most of the

dota. 4 notable exception to this is the value of 2.50eV

(60)

for h_ obtcoined by Benicre et al. « The values of the

entropy of notion of the cation vicency, HS , obtained by
(60) A (438)

afe in close agrecment with hirk

(59)

and Allnatt and Yantalis o« Thu entropies of foruation

Benicre et al.,

of the Schottky pair erc aot so consistent end vary froa

9.6 x ZI.O'J+ eV OK_l to 2.lOXIO~%WOKfl. The values obtained
by Nelson aend Friauf

(71) for the slope of the intriansic
region (2.06 and 2.10e¢V) appcar to be rether high coapored
to other work, if a velue of 0.70eV for Ahc is assumed therec
velues ould pive volues of hs of 2.72eV cnd 2.80eV, Their
. experimental curves show & considerable curveture in the
region where weasurcaents have becn taken, 8230K to 973°K
and it secus that thesc values of activation energy are

more appropriate to region I' thain rcegion I.
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The study of the diffusion of chlorinc ions in sodium

(72)

chloride received 1little attention until Cheala
developed a technique for studying 0136 diffusion. This

technique was later used by Laurent ocnd Benard(l’a), and

(63) (75)

Schanp and Latz . BEwlcs and Tain measured the
decay of conductivity with time in gquenched potassium
chléride. They deduced that the enthalpy of motion of the
chlorine vacancy was 1.86eV, a value too high coupared with

recent ncasurenents,

A technigque involving o radiocactive gas exchange

(74) greetly improved the study

developed by Horrison et ol.
of snion diffusion. Their results showed a 'knee' at 670°K

and they suggested that the anion vecancy concentration

became fixed at this teaperature., Lidiard (82) later suggested
that diffusion might be due to veocancy-pairs at teuaperatures

above the tknee!,

Further e¢vidence for the presence of vacancy pairs is

provided by the high tempcerature dielectric loss measureacnts

(83), (84), and

of Sastry and Srinivasan sack and Saith

Lconomu and Sastry (80). The absorption pecok is found in the
tempersature range 8730K to the melting point. They found a
rotational energy of 1l.26¢V co.apared with Lidierd end

(85)

Tharaalinghan's theoretical values of 1.16eV; end a
formation energy of 1.32¢V egcinst e theoretical velue of
1,28¢V. The binding cnergy was found to be 0.78¢V.  The
data did suggest an unreasonably lorge number of pairs and
the explonation of this is not clear. It has been sug.ested
by Barr and Lidisrd (14 thet these pecks can be better
accounted for in teruas of iaterfacial polarisation at the

electrodes.

G



Recently obtaincd values (sce Yoble.3) of the cnthelpy
of motion of anion v.cancics are of the order of 0.9 to
1.1le¢V., These volues conpore well with volues obtained by

Rore. (867 (87) (88)

Chandra and Qolfe and Fuller and Reilly
for anion diffusion in potassium chloride, that is 0.867¢V,

0.99¢V 2nd 0.92&V rcgpoctively. The values of Aha obtained

by sirk (48) were calculcted froam the enhanced conduction in
rezion I' of plcsticelly defor:ed crystals, and it was ossumed
that thuse velues correspond to anion diffusion in sub-grain

boundarics, not in the bullk.

The presence of divelent inpurity icns in sodium
ciloride, s it has clready been stoted, wrkedly affccets
the level of conduction iu region II of the conductivity
plot. Htudics of aliovelent impurityions in sodium chloride
has led to an usderstanding of impurity-vacancy interactions.
Joricors in this ficld are nuaserous cnd recders ore agaln

(69)

referred to the revicws for deteils. The work of Rao et al.

(60)

and Benierc <t al. hes recently provided values of

entholpics of action of cotion vecancies in the prescnce of

. . . . 2+ 2+ 2+ - o%
divelent cations, in perticuler Mg, Ce r and Ba .

y 2
Their results indicote thot the binding energy of thoe couplex
and the solubility of the dpurity in the crystel lettice

are dependent on t.c divaleat ion ridius but the cnthalpy of
dotion of the cetion veccney is not. These rosults aig in

(55){

o systeuwotic depuendence of the enthelpy of iaction of cotion

contrast to previocus woric by Dreyfus ond Fowick found

vacancies on impurity ion rsdius.

The as.ocietion of aenrancse iapurity has been studied
. (5 (48
by hirk cnd ircott )?>, and Hirk ) using conductivity,

diclectric c¢bsorption ond I.T.C. tcchniques. The difforent



foras ol the assoclected states of the iapurity dion, thet is
the free icon, iupurity-veocency couplexes aind agoregeted
phose were investigotcd. They found velues of 0.30-0440eV
for the enthoslpy of csscciation of the wongainesce ion ond the
caotion vacancy, which are in good agrecmcnt with volues

(67) (58)

obtained by TLurce ¢t al. zad Drown eand iloodlcss , an
averase value of 0.68eV for the centhalpy of reoriuntation
of the nanpgancse ion-vacancy coaplex and 0.88¢V for the
cnthalpy of solution of the sanencsc ion iunto the sodium

chloride lattice,.

The effucts of aliovalent ood vonovolent anion iapurities
heose also been studicd by severcl worters. Divalent anions
will depress the conduction since the nuaber of cation
vocancies is eflectively reduced to aaintein char e neutrality.
tionovelent anion impurities will also suppress the extrinsic

counduction since tney will tend to form divelent cation-cnion

1
couplexes and tie up o cation vacancy in the complex.-

Q
Redfern ond rott (68) introduccd sulphate and oxygen
ions into the lattice with the ¢ffect of reducing the level
of conduction but not significcuntly cltering the slope of
region II, thus cetion motion appears to redacin predoainont.
auger,Fritz ond Luty (89), cfter doping cryst ls of LCLl with
hydroxyl ions, found that couplexes with the divalent cotion
lupurities woere foruaed. Stoebe ond Pratt(go) attributed the
reduction in conductivity of hydroxyl ion dopcd 1ithiuwm
fluoride to the foraction of ncgnesiuwn-hydroxyl ion complexces.
These results are in contrast to those of Feshkovsicdi, Tsel
aud Thochuk (91) who found an enhanceicnt of conduction
in bydroxyl-ion doped KBr which they cttributed to the
formation of nonsymmetricol ionic configurctions (Cl - K -

OH for exaaple) which astes the forwation of cation vaconcics



ilore probable.

o (48)

chloride) that extrinsic isotherus. did not - S r

|

Kirk found (in manganese ion doped sodium f

éxtrdﬁgiéiéfto the origiﬁvfﬁiwig;a iaiht on the concentration
axis., It was assumed that this wos due to the presence of
anion impurity forming coaplexcs with the manganese iapurity,
This would effectively reduce the wangonese concentration
within the crystal. The obseace of hydroxyl or carbonate
pecks in the infro-red sug_csted that the iapurity wes

oxygen, the crystals being air grown.

1.4.3, Diffusion in Dislocotions.

During the prior discussions of grain bouundsory wocdels
gnd structures it becac evident that dislocations can be
arrcnsed to form low angle grain bounderies. Thus it is
interesting. to investigatc ion transport in dislocations
with the hope that the inforaction obtoined will be relevont

to the study of treusport in groin boundery regions.

Dislocations can affect the conductivity in two ways, by
altering the distribution of vacuucies and by providing paths
of enhanced conduction. Lehovec (92) pointed out that the
surface of an ionic crystal will be positively charged whilst
the bulk of the crystal will be electrically neutral. The
surface conteins cxcess anion vocencics ¢nd the bulk of the
crystal conteins equal nunbers of anion and cotion vzcancics.
The positive charge oa the surface is coupensated by a space

charge of opposite sign extending into the crystal.



The presence of charge on dislocations was first

(93)

proposed by Fratt who suggested thet excess jops of

.

one¢ sign lying on the dislocetion core surrounded by a

charge cloud of opposite sign could exist. JIshelby ¢t 11(26)
atteapted to deteraine the potentinl wvssociated with stace-
charge and ar ued for the existence of an "isoelcectric
tbnpcrature”kls iapurity dependent and occurs when cation

and onion vacancy councentrations et the bounderics are equal,
Below the isoelectric teupersturce the dislocotion ceore has

an excess of nesative jogs (i’ vacaucies) end above this

tenpsroture an excess of positive jogs (C17 vecencics).

h

Loehler, Len_reth cnd Von Turicovich (9%) obteined an

energy of iortuction ol the cation vaconcy of 0.53%¢V and
(23) ; .

Brown heg ziven o cor . lete oualysis of the space

caarge potentinl about - dislocertion corc.

The diffusion of ions dcvw disloc tion corcs was first

. » 96y
studied by uy Tucker, heskoar aud ‘thouson (96) wito measured the

?transport of sodium iocns in disloce tious ir Llitidua floride
by COuductiVity technigues. Jwrge scale diffusion with
8o Miwt dendrite forus llon wes oboerved, ond the diffusion was

Aessured by radicocective trecer moethods .4 acesureacnt of
N}

r;ﬁarge transport. Transient conductivity experiments yielded.an |

tactivation:eneérgy of diffusioh.of.0.30eV.for edge and screw

“dislocatiolns cnd o frequency factor,AD;’of 0.01 cu ﬁrsec-L.
Anelysis of charge effects in the core of the disloc. tion

lead to & proposition ofahigh voceney density in the core.

Gepuzin and Dobrevinsk:ya (97) studied soldium ion diffusion

in dislocetions in sodiws chloride by stondard trecer technigues.
Q

Thelr results cyreed well with Hert's (98) wodel of overlapping
(99)

diffusion chonnels and 3noluchowski's nodel of diffusion



Ytubes'., The results showed:

- r
C“ S(—)LT’ =7 x 10 12 exp '- -0.61
4 L
[ e
and: Dy S =8 x 10-10 eXp ~ 1.10:

a screw
‘T

where o is the '"tube' area, cnd Qd is the coefficient of
diffusion along dislocsztions. These results show that edge
dislocetions allow & higher diffusion of cutions than the
bulk but they cre difficult to analyse¢ without further
inforaation on the diffusion ‘perdacability’ of dislocations
to the aotion of chlorinc ions cnd volues of the ‘tube! area,
S

(96)

I'rior to the work of Tucker et al, , verr et al.(78)’
using an isotope exchange technique, found that a decrease in
dislocation density reduced the cnion diffusion cowfficiunt
and incressed the apperent activetion cvnergy, they also

OO
found thot iart's (96)
(100)

10del was cpplicable., hanzelri, kido
and Ohzura » 2lso found on increasc in conductivity with
increase in dislocc tion density in zone roefined potassiun
chloride. They noticed sn anisotropy of coaductivity in

went and onnecled sinple crystals - with  clectric ficlds
cpplicd perellel and perpendicular to oribnﬁg?.cdgc dislocations.
The teaperature dependence of the euisotropyfgg;c a formation
encergy of positive ion vecancies of 0.5 to 0.7¢V. The results
from the purest crystals showed eprecuacnt with cherged
dislocation theory, but the understonding of the less pure

crystals wes not couplete.



(48)

HMore recunt work by Kirk on deformed sodiunm

chloride showed that deforiation results in o definite
enhancement of conduction in the teawperature range 87OOK

to 9200K. It was found that the enhanceament decreased after
prolonged anncaling at 8730h. These results were interpreted
o5 the enhonced conductiogifﬂfion voacancics down the sub-grain
boundarics formcd by the ¢nnceling of the deforaed dislocation
structure, wrrolonged «uncoling rusulted in an incrcose in
the sub-proin size, and a decreuasce in the totsl voluame of
grain bounderics ond hence o deercease in the enhanced

conducticn,

l.4.4, Diffusion in Groin Boundarics.

eny rescorchers have been intercsted in the diffusion
of matter down prsin boundorics although woust of the carly
work was concerned with actels., Leurcnt ond Beucrd (1,2)
studicd the sclf-diffusion of sodiua and chlorine ions in
polycrystolline sodiunr chloride. Their work indicated that
ne iuecrease of the diffusion cocfficicnt of sodium ions was
apparent, but they did notice sn increasc in the diffusion
coufficient of the chlorinc ion. The diffusion cocffieci.nt
incrcascd with decressing grain size, but the activation
enerpy reagcined coastent. Their rosults are show. in fig.l.8.
Loter results by the sooe workers (2) snowed o siamiler
behavior for other alkeii chlorides ¢nd potaosium halogens.
They olso concluded thot the sclf-diffusion coefficicnts
showed a 1inear depeadeilce on the polarizability of the

diffusin;: specics.
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(3)

Cabane lcter pointed out tiat the cnalysis of

Loureat ond Benard was incorrcecet and that the ocnalysis of

- (101 . “
Whipple ) was umore corrcct. Lourent and Benard used

(102)

Fisher's analysis which s only applicable under

certein conditions.

Fisncr's nothensticel analysis of diffusion down a grain
boundary applied tiw condition that the boundary is
perpendicular to the diffusing surface and parallel to the
diffusing dircction. This is ouly uwuseful when ratios of
D BOUHDARYS. to D puro are large ( § is the effective width
of the boundary). The Fisher anelysis also leads to
anomalously high activation energies for grain boundary
diffusion, especially in low angle boundcricvs. «hipple's
analysis is more prccise and takes into account diffusion
dircet from the surfsce and sideways diffusion from the grain
boundary. The different snalyscs of groin boundory diffusion

(103)

have been discussed byle Claire

Cabané (3) studied the effect of different methods of
preparation of polycrystals on the diffusion of ions. He
found thet polycrystals produced from carefully dricd powder
were coapletely tronsporent ond were coipletely dense.
Folycrystals froa undricd powder werc opaque and the grain
boundaries were easily etched in couparison with the dried
polycrystals. He found that none of the specimens exhibited
enhanced ccotion diffusion, but the undried opaque syecinen
did show an enhanced cnion diffusion. These results ore in
agreedent with wuensch ond Vasilos (10%) who concluded that
enhenced diffusion in polycrystalline magnesium oxide was
due to segregction of iupuritics. Geschwind and Machlin(lo5)

have olso noticed an enhancement of grain boundary conduction



which tihey attributed to the presence of water. This evidence
would suggest thot the cuhanced conduction of chlorine ions

in grain boundaries is the result of the cssociztion of
hydroxyl ions with iapurities or defects in the boundary

region.

o (3D Tt - " R
Cabene found thet -lthough the v.olue of‘D BOUNDARY

increased with decreasing grain size in the opaque specimens
the cctivetion envrgy remoeinced constent. o also noticed a
second diffusion wcchonism , which was cpparent only in his
transporent spécimens, that hed on ectivetion encrgy of obout
oneg helf of thot found in single crystals. The paroneter

D § was therefore less temperature dopendent than

BCUNDLRY

D BULK and hence only noticcable ot low teuperatures. This

leads to the conclusion that the boundery width § is smell,

which is in agreement with models of grzin boundary structurec,

Tilt boundarics in lithium fluoride have been studied

(&)

by Howment and Gordon using 2 conductivity probe technique;

(6)

this wcethod was loter used by Mciuhad to study diffusion
in tilt boundaries in sodium chloride. liowent and Gordon
doped boundories with sodium ions ond found that the enhcnced
conduction had an sctivotion cncerpgy of 0,326V which was
indepcndengsof groin misorientation. This activotion cucrgy

(96)

is the saue)found by Tuclker et al. in sodium dopned edge

dislocations in lithium fluoride., HMouent ond Gordon interpreted

their results in terms of a disordered boundary structure
contoinin, ¢ high vecancy concentrotion.

6)

Metuhae “injected" sodiun, potassium, cond cesium ions
into tilt bouundaries in purc sodium chloride cnd found the

cnergies of motion to be 0.32, 0.55 arnd 0.65¢V resouctively

53



in the boundary. Thoe enhcnced conduction indicates a hich
vacancy density and the dependence of ccetivation encrgy
on ion radius wos sugzested to indicate & structure with
discrute sites rather thon the disordercd siructure suggested
by ioment cnd Gordon. The lack of depuendence on tilt aangle
wes interpreted as arising fro: @ colilon vacencey awechunism of
uwotion. McQuhac¢ ols: noticed an cnisotropic beheviour of the
conductance for low-ongle boundarics, indicoting thet =z
colurnar dislocption structure is zpplicable. The 'islsond!
wodel is worc inm linc with results for high ongle bounderies.
Gmhaa, Tellon and Ru55e11(5) investipgated the particle
size dependence of the couductivity of polycrystalline
sodium chloride. They postuloted thot the interfacial
blocking found ot high teuperatures is due to the blocking
of anions only, at thc <lectrodes. The differcuce between
the steady-stote d.c. conductivity, & , and the short time
dec. Or o.c. conductivity, o;, is the contribution of
the anions to the conduction. Their data for polycrystals
showed theat the o.c¢. conductivity increesed inversely

with particle size ond the d.c. stoady-stote conductivity
increased only slightly. The incrcase in c.c. conductivity
was associcted with the incrceasc in the motion of the
chlorine ion in the boundcry regions. Their remults heve
been summoarised in fig.le.9. and tcble 5 gives their valucs
of.Ahh for different porticle sizes. The results indicate
that the bulk diffusion is iuportant until the grain sizc
is reduced to below about 74-4k microns, thet is when the
grein boundary volume becories appreciable compered to the
bulk volume., The value of about 1.0eV for.Ah.a is in good
agrecnent with bulk diffusion wmcesurencnts. Grzcham ot al.,

found the thichness of the cnhanced boundory layer to be



) o7

. 0 s e .
abount 0.1 microns ¢ 623°K, this is in good agrecment with

the thickness of spoce-charge layers calculated by Lehovie (92)



TABLE 5,

| Results of Grohoa, Tellan, and Russell

pol crystalline sodium chloridec.

GRAIN - 3IZE Ah.ﬁ
(aicrons) (eV)

147 1.27
147 - 74 1.14
/I 1.18
Liy o 38 0.97
28 0.98
1 -2 0.99
(5)

for Ah, in

[



ul

&
@

1.5. POLARISATION PHENOMENA I TOUIC CRYSTALS,

1.5.1. Introduction.

It is well known thoet frequency dependent resistance
and capcocitance effects are observed in ionic crystals when
an a.c. electric field is applicd to the crystal via metallic
or graphite electrodes. These effects are obscrved at wost

teaperctures from the melting point down to room temperature.

At very high tomperatures near the iclting point a high
frequency dispersion, between 1 a2nd 10 MHz, of thc capacitance
and conductance hos becen obsorved (80,83734) and is
attributed to the reorientation of vacancy pairs. Interfacial
poloarisation phenoncna, cnd electrode blocking c¢ffects, are
prusent over o wide range of teaperaturcs. The cffects am
nonifested as a decay of current cfter the application of a
d.c. field and ¢s a frequency dispersion of conductance and

copoeitunce if on c.c. ficld is applied.

Dicleetric relexation of iuapurity-vacancy complexes
below 4200K givey risc to a further polarisction, phenomenon
occurring in sodium chloride doped with divalant cations,
This again can be obscerved os a transicnt decrcose in current
inad.c. field or s an az.c. field rclaxation in the 100-

10, XHz renge.



1.5.2., 5poce Charge.

(106)

Frenkel wos first to sugpest that the concentration

of vocancics may be differcnt in surfoce regions than in the

o)
bulk. Later Lehovee (92)

cnalysed this space-charge layer and
the distribution of latvice defects ot the surface of ionic
crystals. The spoce-charge in the surfoce repgion couses an
clectrostatic potential between the bulk and the surface of
the crystal. Lehovee supg csted thot thore would be on oxcess
of pos.itive ion veocoincics, gilviag risc to o ncegative space-
chorge. ke deduced that the width of the spocec-cherge loyer
at 600°K is 2.2 x lO—scm and 2t 900%K is 1.3 x 10-6cm. The
width of & leyer of bulk rﬁgzg;ial,'with a conductivity:

egual to the cxtra condudfion introdﬁéga'by a spuce-charge
loyer being 4.7 x 107 em ot 600°K cnd 1.10 x 10 7ca at 900°K.
Lehovee sug;ested that there should be sone c¢ffecet of the
space~-cherge conduction on the conducticn of .icrocrystclline
sanples of groin sizesgs;lo-qcm. He elso suggested thot only
about 0,01% of the ncgeotive ions om the surfoce need be
missing to pgive rise to the charge.

1-(26) nredicted thoet the prescnce of

Eshelby ot o
divelent cations would give risce to ¢ acpative surface
crorse at lower temperctures. An increasce in teaperature
would sec this change to a positive chorge. The teapcrature
at which no charge cxisted being the "isoclectric temporeture',

Eshelby et al.confiucd their studics to dislocations but
(107)

. .

Schwensfeir and Elbaum have obscrved o similar e¢ffcct

in grain boundaries.



(108", o ' L

' and Llfshlto, hosev1ch and

TifTs hlts_and Geguzin®
(169)"

[
féegu21n proposed that the distribution of Vacanc1es ‘showm ’

'in fig.1 10, chould'exist at the surface, This 1 |

Gl . O A A R SR D LA

v R i

distribution is dcpcndcat on the state of the surface,
(110) Wt
has extended

temperature ond iapurity content. Kliewer
the theory concerning the distribution of dcefucts in ionic
crystuls containing divalent cotions. For crystals in the
terperature ronge where defect concontrations are governcd

by the impurity conmtent, the impurities tend to concentrate

in the vicinity of the surfoce. Radgorni ond stepanov (111)
found evidence of impurity accunulation in celcium doped
sodium chloride¢. Kliewer su,,ests that the e¢xcess of divalent
catlions is compensated by the negsotive surfoce charge, the
result of excess anions in the surface, This fact being
corroboroted by the casce with which isotopic e¢xchange occurs

between sodium chloride ond a gascous halogen.

1.5.%3. Interfocial rolurisction,.

Interfocicl polarisction criscs from
the prescnce of surfoce loyers and is nenifest in a
frequency dependence of capacitance cnd conductonce in a.c.
ricasuretients and o transicnt decay of currcent in d.c.

messurenents.

The frequency cnd teapercture dependence of coepecitance
and conductance 1a c.c. rcasureaents is often best depicted
in curves of the dissipotion factor, or loss tangent, ten & ’

cgainst teaperature wnd frequency. The dissipation factor
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is o function of boih cepacitonce and conductance, A
dielcctric behaviour of the crystal will result in g peak in
tan S versus frequency plots. The loss toangent is given

by thce equation:

tan & = G 1.30.
2 EC

where €C 1s the capacitonce, G is the conductence and f is the
frequency of the applied a.c. ficld.

(112) hos presented o review of dielectric

Volger
behaviour in materiols contaiidng thin surface loyers
whose e¢lectrical properties differ from those of the bulk,
cnd some of the experimental obscrvations of these interfacial
polirisation ¢ffects in polycrystalline ucterials. In the

case of surface layer polarisction,

E= & + €o "€b 1.31.
pt SRl
1 +w t%
- o - o0p ~ 04 ' 1.32
b > .3
1 +w” Ty
and ten § = Oa 1 + b T wis 1.33,
€0 1 W ’l‘sa E, 1 e T

where € and ¢ are the permittivity and conductivity respoectively
at any angular frequency W, the subscripts a and b refer to

low frequency end high frequency liaiting velues and

repruscnts ¢ffcctive recloxetion time. Also

| (gﬁ‘)%?'s = =% = 19, &% o L3k

£ o o
b 195 94




the subscripts 1 ond 2 refor to propurties of the thin
loyer and the bulk respectively cnd d iz the thickness of thew
regions. Frow equaticns 1.3k - 34 it is oppoarent that for
given values of € , & end d for eoch region, the peraittivity
and, hence the cepreiteonce of the specisaen  will foll from
its Llou frequency volue te its high frequency value in a
ronge of fregquency centred about &y =’té—l; the conductivity
will increasc frow its stotic to high frequency vzlue in
the same frcequency range:; ond the dissipation factor i:ang,
which varies asCO—l at low frequencies, will pass through
a moxima at W= 2%71. Approxiuctc vxpressions for various
quantitics in the two layer model have been listed by

(112) (113). Typical

Volger end by Tellon, Grohom ond wimior
results of Tellan ¢t al.for interfocinl polorissation in
sodiun chloride am shown in fig.l.1l. Their rcesulis were
discussed and cnalysed in turus of Volger's two luyer model,
7 1
Releigh ) 4

experiment-l dato cvailoble in the study of a.c. polurisation

cs rcecently reviewed the theoreticcl and

effects arising froa carricr blocking at the electrodes. The
bosic situ.tion consists of an 2.c. potential zpplied to o
crystolline ionic solid by accns of o set of identicol wmetallic
¢lectrodes which are choumicolly incrt with respect to the
crystal. The theory generielly involves coaplex aathe wmotical
ex ressions, ¢ven if single ond idesliscd boundery conditions

cre involved. dxcct solutions of the differenticl field and

flux equctions are not possible but Chang and chfc(lls),
MacDonald(ll6) and Friouf (117) heve 211 uade approxinotionse.

Their solutions woere derived ossusing the crystal to be a
complex circuit containing parallcel cepocitance and
resistonce networks. The individuul solutions differ due to
differcnt cssumptions -nd boundary conditions. The most

interesting boundary condition is the counplete blocking of



) 635

carriers ot the clectrodes, os onv would expect with sodiuam
chloride or potassium chloride with plotinum  or graphite,
that is incrt clectrodes.

Jucobs ond icycock (218) sinplificd MechDoncld's expressions
for the case of positive corriers fixed, negoetive coarricrs

sobile and swwllerricr concentre tioas to,

A
¢ =fomwkT\2 202 1.35
p 2 2
Cp w2 (21

for potossium chloride between 8730K and 9730K where ¢ is the
specific conductance, 2L the crystol thickness, C, 1s the low

b

frequency limiting copacitance ond Qp is the copnceitance of

the parallel network. They found that this modified expression

appeared to be more general than was assuned by MacDonald and ;
applies when there are equal mobilities, and inequal mobilities

of the different carriers, and where one carrier is immobile.

Lgrevuent of cxperiments with cguotion 1.35. is ¢rratic,

8)

Jacobs «nd M. ycock (11 reported good cgrecuent for purc

crystels of potoessium chloride but doped crystols did not
agree 50 wWell. £ rlier work by Allnott and Jocobs (llg)gave
valuces of CP witich were too sm:ll nnd were not in good

aoroeient with the predictedzxfa dependence.  tlore recently
Becuncnt ond Jucobs (120) hove developed o theory boescd on the
purtial blocking of corricrs ot the clectrodes to explain

the doped potassiwa chloride results., 4Althougn better
(114)

ogreciaent wos found Releigh hcs pointed out thot there

is no theruoodync e justifice tion for sssuaing morticl

blociing for doped crystcls and complete blocking for purc
(121)

crystcls, Wintle and Rolfe olso noted cpproxiaute



agrecmaent with Jocobs ond licycock's siiuple theory in studies
on doped KBr, but serious other discrepuicies orisc, noncly
o eupacitonce variction by < foctor of twenty boetween jold
and _rophite elcctrodes, ¢lso in other worx u depend&nce on
thermal history wos noted, this boing not dealt with by

existing theorics,

Releigh hos pointed out that & clearer picture is obtuined
if the z.c. polerisction effccts ore considered in terms of a
series rcpres.ntution of resistence cnd copecitance as

opposcd to the previously ecdopted perallel representetion.

[
The eque tion of Jacebs ond .oycock (118) is idcntical with
the following c¢xpression of Friouf (117),
Cp = co 1.36,

2
1+ QJROCO)
where RO is the intrinsic ionic resistcnce., For the case of
complcte blocking the change in conductonce of the crystol

due to polarisation «ffects is given by,

Al =1 - 1 1.37.
R

The net porallel resistonce in the circuit is,

R = R- l + 1 l . 38 -
P o >
(WR oC'o)

If the¢ expressions of C&)and Rﬁ)are converted to equivalent

series parowcters where,

G = C + 1 1.39



67

and RS = Rp l.l+O

2

then substituting 1.36. and 1.37. in 1.39. cnd 1.40

C.=2¢C
s o

and R =R

Thus the previous parcllel relctionships are the parallel
capacitance cnd resistonce of o frequency-independent

capacitor ond resistance in serices.

The model of cn ionic solid betwecen blocking elcectrodes
now becomies a resistor b.tween two copacitors. Intrinsic
resistive and copocitive effects vurc now separcated cnd a
nunber of perametirs previously thought to be significant
ore effects of the parallel representotion. The dispersions
of scries copocitonce and series resistance will occur if
the frequency of the chorging process at the elcctrode is

coumperable with the frequency of the c.c. test.

Roleigh also pointed out thot the physical state of the
electrodes and the stute of the contoet between the clectrodes
cnd the crystal cre olso very inportant and that cxperiments
with corefully controlled clectrode surfuoces and contoccet would
be of considersble volue.

Work by Kessler and Moricni (122-125) has shown the
pres.nce ofirelaxation noxinemin pure and calcium doped

sodium chloride, cund these peaks were observed cpert fron



the reloxation maxime of the cslcium-vacency conplexes.  The
tenpere ture of the maxima shifts to lower temperctures with
. . . ' O, O . .
increusing calcium content ( frowm 632 K to 415 K in sodium

chloride coutauining 0.0001% to 1.0% calecium), Their early

work (122) attributed these pecks to tiie reloaxation loss of
) . (123-124) B
the crystel lottice itself. Loter work suggested

thut the aoxime mey be due to interfocial polurisction ond

(125)

the recent work rnoted ¢ considerable dependence of the
loss peaks on the stote of the clectrodes and thiy concluded
that the moximom wos due to intcerfacicl polerisation.

113) . .
(113 have oclso observed o loss noXindmin

Tollan et al.
the scme tenperature ringe which they interpreted os interfaocial
polorisation. They found that the reloxction time obeyed the

following reclationship: -

kT

They olso suggested that their work agreed with the two-layer
model of Volger (112). The insuloating surfuce layer having a

(126) have

T= 2.3 x 10_13 exXp {6.99 J SCC.

thickness of 10 - 20 microns, wimiler «nd Tellcn
found « large potencicl drop in ¢ thin region adjacunt to
the electrodes usinéiprobu technique. This they interpreted
as being due to interfocial polerispticn crisiug from the
presence of o surfecoe loyer hoving o bigher rosistivity than
the bulk and ie  in ugreenent with the rosults of Tellan
et a1 (113)
probe technique did not detcet any such potcatial drop at

the electrodes. He concluded that the ffects seen by wiamer
1oy (126)

(6 . o
Recént work by McQuhoe ) using a siuiler

and Tal were the result of the cxternal ecircuityy

of the¢ -pperatus,.
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The relaxation moxima were found by Laderka (127) to

be wfficted by the addition of ©H” wnd €O, ions. MacFarlenc

(128) o 2 _ . .
r hove investigated the low fregquency diclectric

and Wecve
losse¢s in thin films of sodium chloride., They found two regions
of dielectric dispersion, having loss maxina typicolly near

1Hz ond 0.003 Hg at room teapercturc. They found activation
cnergies sosocliated with these puaks of O.9i O.2¢V and

0.95: 0.1eV respectively., MacFurlane and lccver sugrested

thot these results may be interpreted in terms of two
interfaciol poloriscation mechanisms, which involve blocking

of cation voconeies, firstly at the intercrystalline boundaries
and sceondly ot the clectrodes, the latter predomincting at

sufficiently low frequencics.

It has been previcusly mcentioned that information
concerning interfocial polerisation can be studied by
messuring the current decay after the application of o dece
field. The observation of a time dependence in the polurisation
of dielectrics followed by a “diclectric aftercffect! has been
cbserved for nany yeors. These phenomena ore shown dio-
grommatically in fig.l.12. This shows that under an zpplied
ficld, E, the current fulls from con initial value iO to a
finite comstont value, %b o« when the field is reunoved a
negative current flows, os shown. This Ycftercffect is due
to the dischoarge of the dielectric loyers. The orea under

the two curves is the szuae,

(129) (130) ,

Pourker cnd Sutter ond Mowick wve studied
the time-dependent polarisction in pure and deped crystols
of sodium chloride ot foirly low telperuturcs (ZZOOK to
470°K). The lutter cuthors also studicd the effects of air

gaps ot the ¢lectrodes, deforaation, irradiction and cnncaling,
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They concluded thot the results ere not consistent with space~
charge polorisation theory, but were consistent with o dielectric
reloxation phenomenon. Sceveral possible ncchonisms were
discussed including defect clusters cad charged-jogs on
dizlocations. The prescnce of a diclectric absorption maximom

(131)

in c.c. aeasureacnts hos been detected by Dryden end

(132)

other workers in this teapercture ronge. It hos been

attributed to the rcorientation of iampurity-vacancy dipoles.

(133)

Loter work by Bucci and Rive. on pure and doped
potassiun chloride in the sane teaperature range has shown
similar ¢ffects, However, o corcful study of Chm's low

and of ionic therioconductivity revealed the prescace of a PO~
larisation ﬁhenomenonwhich could not be¢ cxploined as a
diclectric relaxation clone «nd the results did show thot an
interpretation in terms of ionic spoce cherge formution wos
reclistic,.

(129) concluded that the polorisotion effects

Porker
were duc to the blocking of vacancics at iosaic boundcerics
cbout 20 microns aport. Recent work by Keo, whitham cnd
Ccldurw0ud(134)
irange 3720°K to 620°K in pure and doped sodium chloride has agai§J

suzgested that the polirisction is due to the presence of

wensuring the polerisction in the teapercture

dislocotions and internal surfeces. Their observations did

not support cn interpretotion basced on spuce charges ot blocking
clectrodes or the reoricntation of divelent cotion-vacancy
complexes.,

1

Mo ycock (135)

hich temperatures (670°K to 930°K) in zone-refined potassiun

has reported a polurisction phenomenonat

chloride. He found that the currcnt decay curves can be



Iy

plotted in th. fora log i apainst t, where i = i, -~ ,
., the N P (Fz6-1%0)
i 1skcurrcnt cfter time t.  The theory of Joffc

considured the a.vedent of charged spacies uader an cpplicd
field, and the idea thot ot the boundarics of the wedium
certoin ions eon dischrrge whercas others connot, thereby
producing - sp-ce charge. The theory sug_wsts thot ib can

bu represcnted by o sum of exponvntinl terms,
i, = bt 4 B Ft 1.4 1.

Maycock found thot the charging curves did obey such a
relation and thus concludcd thot the polarisation was due
to ¢luctrode blocking «ffeects. He 2lso proposed that the
steody-state conduction wes duc to the electrons producced
ot the vluetrodes by the dischorge of the potussiun ions
ot the cathode, which produces an F-centre which is thermally
ionized to fora an electron cnd cn anion veccncy. He olso
found thot Ohm's Law was not obeyed with cpplicd fields
srecter thon 100mV and thot the current-voltoge curve is
conplex, cs sbown in fipg.l.13. L. relotes this curve to
the unblocking of the cleectrode s the appli%g)field is

increvsged, Kirk ond Prett and Grohom ot al. have also
reported o polcrisction phenonchonin rezion I of the
conductivity curve. Doth works have attributed this to

be the result of cleetrode blocking, but ncithor hove
confiraed that ¢, is the conduction duc to ¢lectrons.
Grahoaa et al.(5) sugpoested thot the blocked conductivity
(0o - &5, ) was duc to anions only, thet is only the anions

arc blocked ot the vlectrodes.
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1.5.4, Other polorisction phenomena.

It hus alreoedy be nientioned that ot low teapoerotures,
below about %00°K, : diclectric cbsorption is obtcincd,
which hos becn cttridbuted to the reoricntotion of vecancy-
impurity dipoles. The rosoncant cbsorption cen be obtained
by o suiteble choice of teupereture and opplicd s.c. field
(& 1xlI at 303°K) os + peok in the plot of tend  spoinst

log £, ' This abaorption con be described in tcrqu of the

139,141) |

{cla551cal Debye equatlon. Dryden(73 ), Cook - and Dryde ( 39 3 f

7 i {

*Haven(q- ), and Ou:l.n(13 2) ‘hnve studied . ’ R i
“severcl systems. The -geing of the Debyc peck was found to

glve inportont inforaction councerning the kinctics of
assuclintion of the dipoles into higher coaploexes.

. . . .. (80,83,8k
The presciice of « furticr diclectric reloxction 183,8%)
at teaperotures neor the 1cltiong point heos already been
discussed cnd is attributcd to the reoricntotion of vocancy

pairs.



CHAPTER 2.

LXPERIMENTAL METHODS,




2.1. CRYSTAL GROWTH AND FURIFICATION,

2el,1. Purificotion of Sodium Chloride.

For cn effective study of groin boundury scegregation it
is desirable that only one solute specics should be present
in the crystal, sinc. different inpurities nay wmodify the

grain boundary hardness diffcerently.

As a first step sodiwi chloride was produced which
cantainedrﬁg %ittle divalent cotion iapurity ns possible.
Fron thggaz;;utals could be grown with 2 single specices
of jopurity ion added during the growing process. Very
purc single and polycrystcols for conductivity aeasurement

wers also produced.

Divelent cetion inpurities were renoved from Anclce
trade scdium chloride using a solvent extraction and ion
exchonge technigque previously described by He Quhae (6).
This acthod is more effective than zonc¢-refining which
ccnnot he used to redove calcium ions, as the partition
cocfficivant is approximotely unity, mcQuhze has shown that
the ion oxchonge technique will e¢ffectively roduce the

concentrotion of each divalent coction to less than 5ppu.

The pruscnce of anion iapuritivs is wnown to affect the
bulk conductivity of ionic crystals, but their cffeet on
grain boundary segregotion is not known. Consideroble
enhancenent of grain bound-ory diffusion in pelycrystcls has

(3),

been observed, due to the presence of hydroxyl ions



The removol of hydrouxyl ions frow polycrystellince sodium

chloride will be discusscd later.

Verious nethods bave been described for the reaoval of
hydroxyl iong froa the nelt. %o reversce the hydrolisction
Procuess chlorine, hydrogen cihloride or phusgene gos have
been budbbled through the wmelt. Howevery the prescnce of onc
of thuse very corrosive gaccs contbined with aolten salt roquires
the use of laboriote safcety precoutions cond complex cpporotus.

A description of the usce of chlorine ond hydrogen chloride in

the purificotion T sodium chloride hes been given by Butler

et alu(lua). Ottcrson (143), Borr et al 5144) and Agorwal
¢t al.(lq5) hove found thot the hydroxyl ion concentration

can be effectively reduced by treotment. of (the nelt withdry
(146) b

nitropgen goas. TFurther, £tzel snd Fotterson we found
thet crystals grown from the aclt contoined in silica or
gquartz beokers contained less hydroxyl ions thon those grown
in plotimun  conteiners. The crystals used in this work were
grown froi silicn beckers in on incrt ctuosphere or in cir.

No further cttoupts were made to rcmove hydroxyl ions.

3.1.2. Growth of Crystols.

The ecrystals were grown using the Kyropoulos nethod.
(6)
3

This wnethod hoo been described by mony previcus authors

and s¢ no further deteils will be given.

Two differcent growing rigs were usced. The first wes o
simple rig which consicted of ¢ motor driven ceed withdrawal

wechoniom placed above o resistonce furnoce. The silica






bealter which contained the sodiunm chloride was ploced in the
centre of the furnacc. The crystal wes drowan from the nelt
in air, no atteapt being mode to provide an incrt growing
atuacsphere. The crystols grown in the rig were about 2.5em
in dicmeter and up to 10cu. long. The grown crystals were
annecled in o scperote furnace for 24 hours et about 97OOK
and then sloubcooled to room teuaper.-turce over o period of

48 hours.

This growiag rig was uscd for growing crystals from
Analor grade sodiunm chloride, cnd for growing the mangencse
doped crystols, The acnganese ion wes added to the welt in
the forn of mungonese chloride, which was of Analeor grade

and was carefully predriecd ot 600°K.

The sceond growing rig, shown in fis.2.l., has been
previously described by pvicQuhoe (6). The silictt growing
buaoker wos enclosed with the seed -nd chuck in a tronsperent
quertz tube, The beaker support shoft ond sued-chuck drive
shaft pass through the woter-cooled cindwcaps of the quartz
tubes Vacuun tight scols were provided using 'O'-rings and
dilson-type scols. The growing cnclosure wos cttached to a
vecuul syoten. Incrt gas could clso be fed into the enclosures
high purity crgon was usced, The resistonce furncce, not shown
in fig.2.1,, wos situoted cutside the quortz tube. The sced
rototion, withdrowal ond becker rotation were 0ll independently
driven by siall synchronous electric motors, and the specd of

¢ach could be vericd independently.

The growing chomber wos evacucted ond the sodium chloride
wos then heoted to obout 900°K znd left overnight. The

chaaber was filled with crgon which wos allowed to flow
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through the cheonber at o steady rote.  The salt woes then
Helted ond the erystol wae prown. After the growing wes
coripleted the becker was lowered to let the renaining

;Eifu§9}i§EEYNWhilSt the crystol wes kept at 9709K for

[54 hours -and then slowly cooled for 48 hours to room
?temperature,»the'ihert'atmosphere being maintained during the .
ThACAIing procedure, —The crystils nielsured obout 2,0¢m

diometer by cbout 6 to 8cm  long.

Crystols grown in the incrt ctacsphere were generally
frow purificd sodiun chlorides, Bicrystals were clso srown
in this rig. They woere grown using speciclly ncde seed
chucks, fig.2.2., which could hold twc single crystal sceds
held ot cn cngle to ench other. By carefully controlling
the :rowing ccudition it wes found theot bi-crystils could be
produced with perfectly plonar. boundaries. Usiap seoed
chucks of diffcecrent cungles symactrical tilt bounderics of

lOO to 80° could be¢ grown.

2.1.3., Analysis of Singly Crystols,

Threco acthods of cnolysis of inmpuritics were employed.
The genercl level of cotion iapurities wes obtecined using
an emisgion spectrographic technique. (Emission spectroscopy
by smerican Spectrographic Lobs. 557 Minne OStrect, Jon
Francisco, Cclifornic, U.0.A.) The exoct concuntretions of
aongeanesce ond coleium were found using atsmic absorption,
cnd anion inmpuritics were detected using infra-red
spectroscopy. The results of the ocnolysis cre swnnrisced

in table 6.



TABLE 6:

ANALYSIS OF CATION IMPURITIES

{
[ IMPURITY
; MATERIAL TREATMENT [Mn | Ca | Cu |Fe | Mg | Al
YDURE 4 Air grown b 10% 5%
(Analar) single crystal,2 2" | -
{PURE B Single crystal| . 10; 152
i (Purified) grown in argon!?2 27 | -
ATMATAR As recéived |- |30 10.5({5 | 10| 2
N S - . .
i ( pe01flcatlon)powder
i

Concentrations are shown in mppu (molar parts per million)

a Analysed by emission spectroscopy.

b Analysed by atonic absorption.

Concentration of elements not stated was below the

detection limit of emission spectroscopy.

Manganese ion doped crystals same as PURE 4 + stated

nanganese concentration determined by atonic absorption.




For the enclysis of 1ongonese cnd caleciun a Perkin-udlmer
Hodel 290 ctunic absorption spectruaster was used. The
anclysis of wragonese was stroightforward, the uininun detection
linit was found to be cheut O.1lmppa of nmangenese ioa in
solution. The only problen crosc if the concentrotion of
sodiwi chloride in solution uxcueded 100gu ./litre when the
peak heipht wos considerably reduced precuacbly due to
interference from sodium ions. dowever, the low dutection
1init onobled solutions of much less than 100ga /litre to be

used.

The interference couscd by sodiuva to the colcecium spectra
wos reduced by the codditioan of lanthanun oxide to the solution.
The mininua detection linit was cbout O.2uppn of ccleiua lon
in sulutiocn. IFor botia cluments the reproduceability of the
cualyses was better thon z 5%. It wos coreluded thot otoaic
cbsurption woes porticulorly ¢ficetive for anclysing actal

roedicals in codiwe chloride.

The enicn i ouritics were detected using a Perkin-
Eluncr ..odel 237 infra-red spectroacter. The pure and
low .onganece doped crystols did not show cny cbsorption
peak for hydroxyl ionc zt 36OOcm"1 even for cry-otels up to
Senm thick. The cerystal countuining 300mppn of anngoncese did

x|

show o peok ot 3650cn“l indiczting thot a consider-ble

of hydroxyl ions were present in the crystel.  The cbsence
of » peak in the reanining crystcls dees not uweon thit hydroxyl
ions are nct present, but rother the concentrotion is below

the deteetion linit of the szectroncter.

The purified crystals cloo have ¢ peir of pecks at 1997
cm—l and 206?cm-1, which it would appecr correspond to the

absorption pucks of netoborate ions. It is thought that



the borate iovns ore introduced intc the selt during the
purification procedure, probably fron the glasswares, which

is -11 of borcsilicote glass. The eiission spectroscopy clso
indicates thot the purified crystsl contoins o considerable
aimount of copper, it is not cleorly understood where this

has coue froil, but it is possible that it is introducced into
the melt during the growing procedure, since it is only

found in those crystols grown in the incert -~tiosphere

growing rig.

The anolyses also clenrly indicate that the crystel
grown froa Anclry grode iotericl wos os pure s the éryst&l
grown fron purified nctericl. Indoeced the purity of the pure
A crystal is very auch grcoter then previously gquoted for
1 (48). Although the

zone~refining «ffect of the growing procedure would reduce

crystrls grown from Anclor usteric

the iupurity content, it is thought that the Analer acferiel
used for growing thesce crystols was of particulerly good

quality.



2.2, PREPSGIATION OF POLYCRYSTALLINE SODIU CHLORIDE.

2e2.1. Introduction.

several nethods hove becn previously used to produce
polycrystolline sodium chloride frow single crystals or from

(147) produced polycrystcls of sodium

powder. oStokes ond Li
chloride by extrusion of & single crystnl. slthough sodiun
chloride is brittle it will extrud. very ecosily ot 57OOK or
chove, The odventoge of this acthod is thoat it can produce

very ‘felean™ grain boundcries, countoining none of the impuritics
thot are likely to o2rise fro. sintering., It is, however,
difficult to control the groin size, end the grecin size voeries
ocross the cross-sccetion of the extruded rod, znd it is also
difficult to obtain sa:1ll grain sizes. This wethod hos been

uscd in this work cnd found successful for pure crystols.

Alternctive nethods of producing polycrysteols involve
the sintering of @ powder coupact. There ocre two basic
techniques thot con be used, sintering ond hot-pressing.
Sintering h~s been used widcely for the production of poly-
crystelline cernaics ond ionic crystels. The uacthod involves
the pressin: of powdered fintericl ot room teuwperoture in cir,
a vacuwi or inert atmos . herc. The coriproet is then ocnoncaled
ot a suitable tenpercture to obtoin o dense solid.  oeveral
wdels exist te explein the densification process during the
annealing, The recder ioc coferred to a review by w~hite (148)

for further detoils.



The sintering of sodiun chloride hrs been described by

14 . . .
A izr ond Budworth ( 9), who investigoted the eficets of
toeiperature, titie, ot wspherc, porticle size --nd green

density on the sivtering process., They found an incrurse

in density of up to 205 in certriu cosditicns. Kingery

(150)

condensaticn vcchenisn is redondinent, cnd hence it is not

and Derg had previously reported thet the cvagoration-
ex:ccted thot densificeotion would result fioun sintering.

Anarr cand Budworth's results cppear to suggest thit eveoporstion-
condensction ic nut so iaportont ~nd other processes nust be

\

at work to explcin the denzificction.

The second pressing tuechnique is known as hot pressiag
or pressurce sintering. This tcechnique differs from the
previous one in thet the prcssingfis done ot elevoted
teaperotures, gencrally in vacuun to exclude air from betwee n
the prrticles. The zdveatoge of this method is thot gencerally
wexinul theoreticsl density can be gchiuVQd by choosing the
correct pressing cunditions. amaor ocnd Budworth (151) found
that the wmojor contribution tec densificaticn of sodiun
chloride by culd cnd hot pressing is from plestic flow,
clthough it is not suggested thoat diffusi.n processes nrce
uninportent in other actericls of diffcerent structure. Vasilos

(152) . . . . .
- hove roviewed hot-pressing in ceranics in

(153)

ond Spriggs
general aud licClelland and Zehns

clunine in prorticular.  eClellcond nnd Jdehns found thet an

heve discussed

end-point density, thot is ¢ deusity leso thon the nexinunm

theoreticrl density, wos always reoached ound hence plestic-

flow could cvxploin the results. However, work of Ccble and
Ellis (154)suggusts thot diffusion uay be an important

Process.

SN



2.2.2. Preparation of Vowdercd SHodium Chloride.

The powder used toe produce polycrystals wes obtoined
by crushing single crystels, in this way sinsle crystel
speclnmens cuuld be obtoined frow the sare metericl. The
single ecrvzt-ls were first clecved into 1211 cubes ~bout
O.5cii x 0.5ci1 x 0.5cul, Tlhivge were then crushed cud ground
in an cgoate aortar. The powder was sieved in screcns of
100, 200, 325 cnd 400 ‘'esh size. The corresponding porticle
size of the five powder fractivns obtoined is hown in toble.7.
The sieves werce shoXen by @ vibrotory shoker for ot lecot
one hour, to ensure coaplete portitioning of the powder.
The powder wos thes stored in pyrex tubes which were kept
free from noisture in o dessic-tur. Throughout the powdering
proecedure grect crre weo token to ensure thot the powder did

not becoue coutonincted with cny foreign particles.

2,243, Vocuun Hot Pressin: of Sodiws Chloride,

The previcus discussion of the relcotive merits of the
different ““th0%3¢0f production of polycrystelline sodiun
chloride shQWudkthu hot pressiug or pressure sintering
produced theorcticslly dunse polycrystels, ond this acthod
was chosen Tor th. prouduction of wost of the polycrystols

used in this woerk.

4 voecuun hot-presc hos been designed to be opereted
5iaply, with ecsy reiovol of the pressed pellet. This

foetor being porticulerly importent since cny difficulty



TABLE,7:

PARTICLE SIZES OF POWDER FRACTIONS.

MESH SIZE | MIN.PARTICLE | MAX.PARTICLE | MEAN.PARTICLE
SIZE (pmm) SIZE  (pm) SIZE (pm)

> 100 150 - 150
100-200 75 150 113
200-325 Ly 75 60
325-400 37 Ly L3

< 400 - 37 37




in reumoving the pellet could result in deuacge to it.  the
press is shown in detoil in fig.2.3. ond photographs of the

corponent portsc in figse2.4. cnd 2.5,

The press consists of o stoinless steel body aovunted
on ¢ ceraaic support, the bore of the press ic lem in dicneter
and is highly polisned, The roas wore acde froa o high tensile
steel, E, .24, The greophite sprcers shown in fig.2.3. ond 2.4,
prevented the ehilling® of the pellet by the reaas -nd clso
helped to Jubriccote thoe bore of the pres. to focilitcote removal
of the pellcet. The operoting tewperature of the press was
designed to be less than 700°K ond so it wos felt that the
corrosion of the steel press would not be o serious problei.
In faoet it was found thet pressing could not be done cbove
600°K since ot 6500K the coapact flowed freely under locod

and could force its wey past the raas.

The press wes heated by o nichrome resistance furncce
which wrs vertically wound on arn alunina tubc. uLlectrical
conncetions were "icde visc o ceromic lead-through in the
base of the press cnclosure. The chromal-cluwiicl therioccouple
wos olso connected to the furni.ce toiperature controller vieo
o oiuilcr leod-through. The press ond furncce were ¢nclosed

in o wotcr-cooled veocuun tight cylinder. The pross wes

o

sttoched to the vocuum pumping systen by Scn diancter
stoinless steel flexible tube. A pressure of luss than
1072 N/'m2 (lonqmm: of Hg) could be attained using on oil

diffusion puiap and o rotery backing puap.

The lood wes applied to the press by o stendard
10,000kg Instron testing mochine., The press was aounted

on the cross-hend whilst the raun wos pushed using a



88

LOAD CELL ‘

STAINLESS STEEL RAM:

A
A
]
7

/
/
7
)

/U._J 4 E ’(u_p/ ,
CERAMIC SPACER -1 et / -1 THERMOCOUPLE
A ; 1 e
] 2 [l /
s |} — | | L : . %
FURNACE TUBE - HN N
) M :
EN 24 RAM |-l —{-H S | 1IN - ST STEEL PRESS
A i \ N L —
! oy Wi
GRAPHITE SPACERS IS ——t,
i ' \“‘!‘ N Y 70 VAC. PUMP
. : nid : " - -
: P | e — NaCl PELLET
1 :—r\( : : : =
] N M
1/ : ' . : m-—-—
WATER COOLED ' ' (B}
WCUUM CHAMBER ————— |||~ | [ ! b - VERTICAL FURNACE
CERAMIC FURNACE N5 WINDINGS
SUPPORT :
4

CERAMIC PRESS f.i’UPPOI?Tl -}

JNSTRON CROSSHEAD-=

Fig.2.3. VACUUM HOT PRESS







conpression load cell nounted in the top frome. The an imnum
load thct could be used wos about %,000kg, above this the
ceranic support of the procs bedy fracturcd. he Lexinum
pressure that could be cpplied tc the pellet wes of the ordcr
of 500 MN n=? (5,000%g e ).

Caboné (3) has chown that the moisture contunt of the
powder before pressing nerkedly offects the groin boundory
diffusion coefficivnts of aniouns. Fowder which hod not buen
dried prior to hot-pressing produced opaque speciaens, whilst
dried powder produced conpletely tronsparcnt specimens.  For
this work the powder was dricd in ¢ voceuun ot 770°K for 18
hours. The powder wes then cooled to rocn teuperature and
put into the press, which was then cvacunted imacdictelye.

It wes hoped thet this procedurs would reuiove wost of the .
obsorted water in the powder. The powder was precsed ot
520°K.

Prelimincry tests showed thot a pressure of 35OMN.nT.1
wes sufficient to obtoin o coapeoct of alwost theoreticel
density. Fig.2.6. shows tie increose in density with opplied
pressurv, The density is cxprossed os o purcentoage of the
denoity of a sinilor single crystel. The pressurc wos
generall, cpplicd for onc heur to ensure thot unxinun
densificntion wos achieved. The pellet was roiwoved frowm
the press after it hod cooled to roon teapercture.  The
specimens obtained in this wey were ususlly coupletely
tronsperent.  Opague or slijhtly cloudy pcllets were discarded.
The pellet produced ersurcd lea in dicneter cnd about 1o to

2ci loug.

Tie density was nessured by using the itcthod of hydrostatic
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buoyaicy in s high density liquid, 1-2 dibroroacthene, this
liquid being used since it wets the surface of icnic crystals
very well., Errors dus to the wetting of surfoce pores wes
not coasidercvd to be very lorge dus to the high density of

the conpacts.

The eobovlute deucity of the cuapocets was not mecsured,
the densities beling expresced 0o a fraction or percentapge of
the density of o osiailor siangle crystol., Consccutive weighi\pgc,
in oir and ligquid, of bota ¢ polycrystal sonple 2nd o single
crystal soaple eunbled the reotio of the densitivs to be
decgured without o knowledge of the dcugity of the liquid,
Botls gingle cnd polyerystolline specivuns were propored in the
soue Wy ond were of similar diuencions. The speciilens were
cut using . Copco dicuond slitting scw ond then polished in

o 5% grmonla solution in distilled weter.

During tuc weighings the toeuperature of the liquid weos
o R
found to zltur by less then 0.1 K. The weighings were ucde
+ . .
to an cccurccy of - O.lng. LA sceries of density cecosurenents

. .o . . s +
on one spucimen indicoted o stoadrrd devioation of - 0.5%.

2.2.4, Extrusicn of scdiwa Chloride.

The extrusion tochuique used wos sluilar to thot used

(147).

by Stokes and Li The extrusion press ic shown in
fis.2.7. The press body was nade of strinless steel and was
bored to toke o 2cnm dicumetor single crystal of sodiua chlorido.
The die wos scochined froﬁ ¢ ninonic o2lloy, the bore of the die

was highly polished. The rons were clso ande fror nitonic.
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The extrusion pross wos supperted cn ¢ stoinless steel block
which wcs bored to take the extruded rod. The entire press
wos nounted on o sindonyo block ond then attached to the
crosshecad of an Ianstron testing acchine. The locd was
applied to the press using o 10,000kg compression load cell,
The press woos heoted with - resistaonce furntce vhich wac
pl-oced around the press ns chown in fige2.7. The extrusion
rate could be veried frem 0,005 to 5 o1 wdin using the

vorinble crocshead specds of the Instron mochine,

The single coyst.ls used for the uxbrusion were prepared
by water urehining a single crystol boule to o 2en dicrneter
cylinder cbout beus long. The sincle crystol wns cleaved ot
both ¢nds ond two bress disces 2cu in dicneter were glucd to
cach end, e boule could then be put in o lothe cnd
acchined to o cylinder using ¢ folt pad so-ked in water, by
rubbing it cgrinst the eryctol. The breoss discs were reucved
and the erystcl wos then extruded. The oxtruciocn teapersture
uced wes usunlly BZOOK or abuve. The extruded rod was 0.8cn

dicgacter ~ad cbout 10ca long.

2.3, CONDUCTIVITY AMD POLARL..TIOKN i ASURLZMENTS,

2.3%3.1. Specimen Preporation.

~ingle cryst-l conductivity specincus were clecved from

the boule using single cdged rozor blides. Coreful clenving

peciacns

4]

produced no visible doucge to the crystal. The

ueasured nbout 0.5¢n x 0.5¢a x 0.2cim . The polycrystalline



speciniens were cut fron the hot-pressed plllet or extruded
rod using ¢ Cepcc dicaond slitting wheel, This seow could be
set to cut very slowly with ainiwmun d-arge to the crystals.
Conductivity nersurcacnts on both cleoved and cawn single
cryotrls were identical ~nd so it wes thoupht not to be
neevssary to polish the surface of sown specinens befure
teoting. Tho d- 1~ge cn the sown surfoece beiny no groenter

then the clenved specinens.

S5uvernl clectrode co- tin . arteritls were used. A
grophite dispersion in clcuhol, supplied by achuson Products
Ltd., proved tu be the eroiest to 2pply ond to give the
108t rolicble results. Vepour deposited carbon was olso
Just ¢s roelicble but nore difficult to cpply to the surfoce.
LUther clectrode wtericls such os oilver dispersion, ond
vopour deposited cilver cond scvercl platinﬁm‘ compounds
were tried but for one or other recoson proved to be unsatis-
fretory. The ¢ffects of these electrode ucterinls will be

duscribed in Chopter 3.

2.%.2., Conductivity ..pprrotus.

~

The conductivity riz uscd for high tunperature nleosurencnts
is shown in fig.2.8. The twe stninless steel electrodes were
covered with platinua  foil. which were brozed in places  The
clectrodes were supported on two steinless steel rods, these
rods being held in ploee by o FOTUEVE, insuletor ot the top
of the furnrece. The clectrodes were shiclded fron the furnoce
windings by : stoinless steel tube, which 2lso formed poart of

the vocuun tight cnvelope in which the electrode rssembly was
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encloseds. [Lizgh purity .rgoa wes @mosed through the chanmber

to prevent oxidation of the graphite <lectrodes and

contznine tion of the speciuen. The teuspeszture of the specinen

woe dicosurcd using o chronel-clwael therdaoccouple placed
adjacent to  the sopecimen. Llcctric~l conncctions to the
electrodes were mode vir screencd conncctors atteched to the

rig by P.T.F'.8. insulrtorc. Conncetions to the thernocouple

were ¢lso nade throunh FLOT.FLVE, dinsuloters.  The use of FL,T.FL.E,

. . . . . 16

insulation vnsured ~n insulr-tion roesistonce of 10 ohms or

grerter, A light spring .nplicd o very oinll load to the

high e¢lectrode, which woso oble to slide up ~nd down, to kee
k] k]

it in dntinmecte contoct with the speciuen.

The rig wos beoted by o nichroue wound resistonce furnace.
The teupercoture wes controlled by an Sther Trensistrel
controller to nbout 2 2°K over o lonp period. The power
to the furncce wes supplicd by o stoothed dece 220 volt
puwer supply. D.C. wos used to ninimize a.c. pick up in
the conductivity circuit. The furncce windiangs were insulcted
by 25¢in of clumina brick ~nd the fUrnecce wos 50cn long.
The furncce woos wound on o silicna tube in threc sccticns, the

outer ones being clouser sprced then the centre.

The teapercturce of this furansce w-s found to ropidly

cuie to equilibrium, waich is inportent so thet foirly rapid
tects con be wmnde, especisrlly ot high teaperotures where the
crystsl couvld becede contaainnted by its cnvironzent., The

tobility ~fter recching equilibriuwm wno betier thon 2%
per hour. The teiperoture grediont ccross the dicuacter of

the furncce tube wes less then 1%k ot 87OOK ~nd the vertical
teaperoture grodient wos less thon 1°K ot 870°K cver o distonce

of 4enr cbove ~nd below the sieeiuen . position. The .icosuring

98
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theraocouple was calibroted using ¢ pla timu , plotinui-
rhodiunl therdccouple calibrated by Johns.n cand lMiotthey Ltd.
e colibrotion of the merouring thermocouple wrs checked

ot regular intervols.

The mecosuring cpvearctus is chown in fiss.2.11-13.  ALC,
cunductivity meosurcnents weev acde using o Woyne-Korr
Bridge Typce 221 usiig an externcl 5ource ~ud null-nster, o
wayne~Kerr Woveforn anrlyser Tyoo A231. Froguencics between

70 Iz ond 20 k Hz could be used.

D.C. conductivity. wosureacnts weee wide by opplying

known poten.izl, supplied by o benl of k-llory culls, ccrusc

he crysteals in serics with o grid resistor of suitnble velue,
The potential drop across the rosistor wos mecsurced with a
Vibron Electrouneter type 33C. The clectroacter output wes

fed into the Y-oxis of o Bryons X-Y plotter, The X-rxis

being counected to the interncl tiue-~bose of the plotter,

Tle d.c. currceat could alse be uonitored using dn ccoceilloscope.
The voltage cpplied -cross the crystol woas “icasured on o
Sclertron Digitel Voltucter., Thio voltieter was also used to

cive o coatinu.ous disuvley of the thermocouple output.

The rid resisntor renged fro o lk- to 100Myw . The
low value rosistoers were Welwyn 19 tolerance resistors whilst

the high volues, 14 to 100 Hwl , were gloss cnccpsulated
ruesistors. The grid ruulutbr uLlpCtur switch woo of _very

high quallty, having a leckwge resistance to earth of better
thon 1016 ohns ond = negligible contoct roesistonce. The
resictors ocnd sclectur switches were placed inside o netel
box which »cted ne ¢ screen. A1l lends were acde frod non-

microphonic screencd coble. A1l the Screens were ncintoined

o
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ot the sone yotentinl rs the screen on the Vibron celectrometer
head. This effectively prevented cuy stray »ick-wp by the
¢lectroncter ond very stundy recdings of very sl potentinls,

less thon 10mV could casily be obtoined.

The entire cpp-rotus hod an insulation resistonce of
grecter then 1014 ohns, ~nd brckground nsisc wes neglipgible,
The cece conductivity could be cacosurcd to - *o. 5% using, the
bridge with oxternzl source and detector. D.C. acnsurencnts
were cunsidered rccurante to within = 1-2%. Grecoter occcurcey
could not be attained duc to the sucll veriction in resistance
of the grid reeistors with chonges in cnbient tenperoturcs,
although the resistors were colibreoted before ench run

using the c.c. bridge.

2e3¢3. Exporinentol Proucecdure,

The specinen wes cocted with the grophite digpersion
using =z sacll canel hoir brush, Crre wos token net to let
ony greophite get onte the sides of the specimen.  when o
sufficiuvntly thick{§eX¥€%of gro phltu h-.d been cpplied the

_au.!n.

specilien was bursted ot cbout 370 K fur severzl hours to

dry out the electrodess The speciiien wes then pl"Ccd in the
rig and -~ stendy flow of Hrgon.&ﬁﬁaé?ﬁ%‘? ' %:““T“”“N

RS Lo L el
M T LB ;»_.fy_..k iy i Y

Cunductivity ncrsurcaents were ande when the teaperature
of the speciann was constont. This wos best done by
observing the L.c. conductivity, readings being token when
this wos observed to be constoat over ¢ puricd of ot least
10 wminutes,. . |

layer

was passed througn tEE‘EEET



A.C.mecgurenents were ficde by sclecting the required
froquency on the oscilletor and baloncing the bridye using
he woveforu anslyser as o null-neter. Measurcacnts were

Aande over o ronge of frequencics between 70Hz cond 20kHz.

D.emcnsureaents were iode by ~pplying siicll potentiols
ceruss the crystol, gener-lly o potenti~l of 5 volts wos used.
A grid resistor wossclected to give o waosurenble putenticl
drop reross it. Potenti-ls cwst covenicntly wosured were
between 100mV ond 500mV. ne tronsient response of the
crystsl current wrs recurded on the X-Y plotter. The speed
¢f the response of the e¢lectrometer ond the plotter ncont
thet only tiacs of 2 seec and longer coull be recorded with

~ny reliebility on the recorder.

The opp-rotus could be used to acasure short-tine
trousicats (0 - 2 sue o) by cpplying the potenticl tu the
cryotnl using - low-frequency squrre-wove generator with a
frst-rise time and rocording the crystrl current on ¢ foste-
rise oscilloscope, fitted with o couera cttachment., For this

work such cn crrongeient wos noet used.

2.4, A HIGH TEHFrERATURE KICROHARDKESL TUSTER,

2.4.1, Introduction.

The conductivity of polycrystolline sodiwr chloride, os
it will be shown later, cppenrcd to be influenced by the

segregativn of impurities at groin bounderies. It wos
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considered nccessary to develep ¢ further technique to

study the cffcects of groin boundory sogregation.

The o5t coinlon, ond well documented, tcchniquefﬁﬁfméésgrei

microhordness, which hns been developed by westbrook )
10,41-46 s . .
cnd co-workers (9,10, ). This technique could provide

useful iaforastion of » cuontitive n-ture, porticulurly if
the velue of micrchordness could be relrted to 2 more
fundouentel nech nicnl property of the crystcl. Johnson ond

(155)

Todeny hove tentotively suggested thot nicrohordness
on a {100} frece could be related to the yield strescs, or
proof sitress of crystols when the secondrry slip systen

was oper~tive,

Alternctive toechniques have been developed for studying
sepreg-tion, in particulor ~utcrcodiogrephy snd ¢lectron probe
wicrooncrlysic hove been used. The recent ~dvent of high
voltoge electron micruscopy as o powerful tool for studying
cercilic meoterinls mny prove useful for investigeting
precipitotion in ionic cryst ls ond could give inforantion

cbout se regotion procenses,

The use of the nicrchrrdnvss techaique hos anny problens
cscocicted with it ~nd Jestbrook has sunncrised these problens
and supgested aethods by whicin the best results cnn be obtained.
The indentingl oag is prrticul rly criticsl, if too 1. rge the
indent will be lorge coupored with the width of the segregoted
region cnd so swonp the effect, nnd if too snell instrunentsl
errors, prrticul-orly vibration, will olso awesk the offcect.

The surface wmust be carefully prepored either by eluctro -
or chemicnl polishing, r~ny culd work in the surfoce will

reise the bulk heordness. Ionic crystels cre subject to
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further modificntions ul bulk hadaess due to the cboorption
of water from the ctavspnerc, this effect beinsg known as the
a (156,158) (157,159)

Rebinder Effect. aectwoo ~nd other workers

have studied these e¢ffects.

The spoecimens should ceuntein only one significent
solute opueics, sincc there oppecors to be o ouorked
intercction between coexisting solute opucics. The effects
of griin bound ry structure on the hordaess of the boundary
was ~lso of iutercot end thus the prelisdincry work wos crrried
out on bicryst.ols with proin bound ries of low r~ad high tilt
cnples, It wro clse considered depiroble to study the

. . . (e
segres,ntion ot high toiperatures, up to 900K,



2.4,2, Desipgn of Microhordness Tester.,

The broic design of the nicrchordness tester is shown
in fig.2.14, he indenter was designed to be copable of
opercting ctloads of 5gnn or less ond preferably down to
lagn. The nicrohrrdness of pure sodium chloride 0t room
teaper-ture being in the rugion of 20 to 30ga I _2, a
lord of 1gn otill produces on indent sbout 5 to lO}Jm
ccrosse. To operate a2t these very sanll locds o dead londing
systea eapluyed in nost cumiercinlly built tusters wos not
suit-ble, o counterbrlonced indenter rssenbly wos, therefore,
designed. The indenter wos mnounted on o stoinless steel crn
which wos supported on twe peint pivots. The centre of
srovity of the indenter nssenbly cuuld be sdjusted in both
the verticcl ond horizont:l plones, co thaot the centre of
grovity could be adjusted to coineide with the line joining
the two pivets. The indenter wos then perfecetly bolonced
and very sensitive to the npplic-ticn of s5ua2l1ll weights to
the indenter orit. The indenter was - 136O pyrcoidal disnond
set in o nimonic holder -nd wos supp:lied by Nikon Ltd. The
diomond holder wes held firnly in the indenter wrm by the
use of a topered split collet, which clge vnobled the
dicmond to be rototed to ~ny desired oricntotion with respect
to the specivnen. The lo-d wes cpplied to the indenter by
neans of brass chenderl brlonce weights ploced on ¢ suall

pon on the indenter ora.

The reduction of vibroticn to ~n cbsolute uininun wos
of utacot iaportonce. The operction of the indenter woas
therefore niode coupletely sutomaotic, The indenter was

lowered cutc the specimen by neong of o can which wos

7
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rotated by a snall electric notor situated cutcide the indenter
chamber. e indenter iechronion is shown in fig.2.15. The
carn- opurated » R T.F.E. follower which raiscd ond lowered

the induenter by rocking it on its plvots. The ¢al  and
follower werce buth highly polischced to reduce friction cnd
vibrotion. The driving aotor wos siturted well ~woy from

the tuester -nd operoted the crusinft via o long rod cnd two
cronks, the purposce of thic wos tu reduce the vibreotion

freu the notor.

The specinen wes nounted on o niaonic support which
~loo formed o lheot sink. The aninonic support wes heoted by
@ resistonce, wirs-wound furncce. The furnoce was insulceted
by = cost 2luaina fora which olsce acted ns ¢ spreer and
cupport for the furnrce windings. The furnnce woo wnclosed

in = water covled jrckoet.

The furmace anl speciien holder rosdaibly were acunted on
o trble which could be roteted frea cutside the clhicuboer. This
encbled the specimen tu be locoted under the iundenter or the
weter cuoled viewing window. The smocimen could be cbserved
through the quertz window  (see fig.2.16) with ¢ stondord
bincecular reflected-light slcroescope; o naxinum nagnificotion
of x 200 wrs poossible using strutlerd objectives. This
gapgnific. tion wes not sufficient for accurcte neasurcaent of
the indents but it did vnoble the cperctor to locote cnd
pusition the indents with considerable cccuracy. The rotating
toble wos leoer ted in poziticn by o spring leaded ball which
was loented in o recess on the edpe of the toible. The toble
wes sounted cn o stoge which could be aeved in two horizontal
perpendiculer dircctions by the use of aicremcter scrows

stounted cutside the chouber.






The tescter olso incorporsted o elcaving device which
could clurve off the top of the crystrl whilct in the indenter
and so reveol & clern, uncontauincted surfoce.  The clenver

is shown in fig.2.17.

The indenter rsseably, furncce ~nd roteting toble was
contoined within a v-cuum chaiber, shown in fig.2.18. The
chonber can be cvacucted by mecns of on oil diffusion punp
aznd a rotary bocking punp or filled with high purity orgon.
The argon wes carefully purified before being prssed through
the chouaber. The purific-tion systen cunsicted of two
drying towers contrining silica gel and crlcium carbonote,

Cne further t.wer contoining sofnolite reioved carbon "dioxide.
The gxo then pasced throuph o furncce cusntaining titenium

chips =t 970°K which renoved OXY L&l

The motor wra contrulled by ¢ series of relays, micro—
switches ond a tiuner, which operczted the indenting cycle
coitpletely cutonsticolly ofter tho sequence had been initicted.
The cutcuntic operction of the indenter cansurcd thot ench
indent wes i1ode under identicrl cenditicns. Impertant foctors,
such og vibroticn, speed of the indenter as it touched the
specinen surfoce, and tine that the indenter wes in centoct
with the surfoce, were oll kept censt-nt throughout the

indentrtion sevquences,

Theé furncce wos controlled by n Sther Tronsistrol
controller -nd the power supplied by a 20 capere varicc.
The tepercture wos messured by o fine theracscouple ploced
agcinst the side of the erystal in the specinen hglder. The

teuperosture gradient acrocs the surface of the cpecimen wos

aensured by plocing a very fine thermocouple in cmall boles
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bored into the top of the speciacn.  The tulpur;turgialffefénc

wes found tou be less than FO at 670K =

O.7c¢t1 wides The verticol thpcnaturcudifférenéeln the

specimen wos found by o siail-r rethod and was cbout 10°K ot

i

670 X from top to betton of the cpeciten, The fuwn-oce control

thersiocouple wos situnted nezr the furnsce wirdings.

rurther nodific-tions cre being coensidered, in prrticulor

the conush £t is to be rut-ted by 2 hyldrrulic-lly cperoted

piston, this will reduce the vibrotion from the cloectric

ioturs The indentation onercticn will byjcontrolled by a{

thyrictor coutrolled circuit, the renovel of relays will
goin reduce vibration., suton-ticn of the toble feed
could enrble the indenter to be used in ¢ v plete disclatien

from the operctor.

2.4,3, Crlibretion ond Mierohardness Troverse Techuique,
! ) q

The dindenter wos colibr-ted by cuoagpreiang the micro-
herduess ~t Aiffercent londo with sinilor ccourcients inde
ot the sane leads on the oo @ sgecimen uging o Qeichert

Qdicroherdacss tester.  he valuces of hordness found on

\’

4

e

both inctruucnts were in ogrecuent, w1t11ulthe 1in1ﬁs of tbe’érror

deterained as the stondord devioaticn. The Jicrohordnes

was deterained frow the caceon v lue of 30 to 50 iandentoc. The
stondord deviction of the aicroheordness wos found to be less
thon 3% with lo~ds froa 10gn to 2.5ga , and about 5% to 6%
from 2.5g01 to 0.5gm o These errors would apperr to be very
rezsoncble ind the teoter should be capeble of detecting

herdening at o groin bouadery. The inereesce in the stondard

i



devi. tiocn could be dus to vibrotion effects .nd ¢rrors in the
nengurcrent of the indents. 1'ig.2.19., shows that the
1ierohrrdness decrcoses s the lord decrecsese. The vffect
of vibrertion will be aore significont ot low loods ond so
increase the zize of the indent relstively more thon the

lorger indents,

The specimens used were cut from bicrystols grown fron
the nelt., The spucinmens were cut froa the crystol using o
Copeco diocwmond slitting wheel., The orientation of the specimen
with respect to the grein boundery is shown in fig.2.20,.
Speciriens cut %ﬁ this wey were clerved in the indenter, in
vacuurl or inert)ntuuspkcrc. Tra—erces were made -t an
ongle of cbout 15O te the bound-ry sc¢ thet o lorge nuaber

of indents on ony one traverse were close to the boundery.

The specinen was plrced in the holler after rcuaoving
the viewing window for ecsy -ccess. The specimen was held
firmly in plcce by two screws which clamped twe L-shoped
pads aprinst the opecinen.  The top of the crystol was
cleaved off, sfter evacuating the chamber and filling it
with ergon, by cpplying a slighf pressure to one corner of
the eryst~l with the rrzor-blede. The spucimen wos cleaved
off gbout 1m1 frea the top of the specimen holder, tuis left
the indenter dicuond ~bout 0.5mia cbove the wsurfoce of the

Speciaen.,

The indents were e-surcd ~fter the specien hed been

reitoved from the indenter. A strudeord bench aicroscope

with o crlibr:ted fwerguring eyepicce wrs used.

bt

(]
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PRESENTATION AND DISCUSSION OF RusULTS I
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34le INTRODUCTION

The results from conductivity iecsureiients on pure and
nanganese doped scdium chloride will be discussced in this
section. The poraneters relating to the fornction ond
motion of defects will be derived ~und compared with previous

work.

The 2.c. 2nd dece. conductivity hewe been nmeasured, of
both pure ond doped crystols, in the teuaperoture range 570°K
to 9200K. he differences between the o.c. cnd dece
conduction hns been discussed in teras of dinterfacial
polrrisotion at the vlectrode-crystnl interfoces. The
polerrisction phenomenon woo studied in greater detail from
the devicticns fronm Gha's Low nnd the frequency dicpersion
of ecopecitance ~nd resistonce. The object of this work was
to tdst the velidity of ascuaptions made by previous workers,
cnd to e¢stcblish the noture of blocking in single crystals
so thot blocking effects of grein boundeories in polycrystols
could be detected using siiilrr a.c. ond dece conductivity

techniques.

342 A,C.,CONDUCTIVITY pila3UREMENTS,

3e241. Behaviour of Electrode Moteriol.

It wes found thnat the choice of electrode coating
mMoterinls wos of very greot importonce. Fig.3.l. shows
thot different electrode metericls con affect both the
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intrinsic znd extrinsic conduction. Coaotings which contein
resinc gnd cercaic bases, the silver dispersion (icheson
Dispersion No.962) and the plotingm poste (Johnson

Motthey T177), cppecr to dope the crystal and give completely
erroneous vAlues of the slope of the extrinsic and intrinsic
regions. Thic *doping! e¢ffect is clearly scen from the
results when the silver dispersicn electrodes have been

us¢d. The heating curve isc coincident with the results

from grophite cocted crystals, whilst the cooling curve is
conpletely different. The cctivation encrgy of the extrincic
region increases fron» 0.69e¢V to 0,90¢V, indicating that =
different diffusion ncchanisnm is operative. BSinmilor effects
are noticed with plcotinum paste electrodes. The effect is
possibly the result of the diffusion of impuriticc into the
crystal at elevated temperatures, the impurities probably
originating from the recins or bosce materials used in these

preparations.

Gimilar effects were also observed when using Johuson
Matthey Liquid Matt Platinum 121235G and Heonovia
Pletinum Paste 8972, the latter containing resins only, apart

from platinune..

Graphite electrodes preparcd by painting on an alcohol
dispersion werce found to be very satisfactory. The crystals
could be thermally cycled without any.deleterious effects to
the conductivity plot; these electrodes were olso found to
adhere to the crystsl very well. Graphite clectrodes
produced by vocuua deposition were found to be 0z goud as
the grophite dispersion electrodes but the results obtained

were not foupd to be any nmorc consistent.
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Vacuuw deposited silver, gold and platinuay  clecetrodes
were zlco tried. Silver and gold clectrudes tended to floke
off cbove 7200K. Vopour deposited platinua elcctrodes
were oo relinble ac the graphite electrodes but were oxtrenely
difficult to produce. 4l1ll the following results were nade
using grophite dispersion electrodes, these previding both
reliable and congsistent results, and being very casy to apply

to the crystal.

3.2.2. A.C.Conductivity of lFure Sodiua Chloride.

The a.c. cunductivity plot for o purc, single crystal
of godiuu chloride, bereaftor kuown as pure 'A', is depicted
in fig.3.2., Thesc meopurcuents were uade at o frequency of

1592Hz, nll subscquent leasurciucnts were nusde at this

frequendy tnless otherwise stateds The plotiis drawn-'from- an
average 6f points obtained fron.several:determindtions using
different speciiiens cleaved from the same pldtelets THe -
fesults from different speéimens were reproduciblé~(Withoﬁt‘the

Use bf heat tréatiients describéd’by Beaumont: and Jacdbs

which resulted in- a 10% coripréssion of the crystally Thé straight

lifies corresponding to regions I,I' and Il -weré separately-
deteruified by the method of least squares., The limfis 4€ the

Straight lifies dre shown by the dashed Yines in-£igi3,2,-The

gradients and their errors were also found by the least squares fit.

s e e e e

The intrinsic region shows a definite curvature ot

-1 -3 o,~1
tenperstures above zbout T = lL.2 x 10 3 YK*7. Below
this teupersture the slope of region I was found to be

1.87 z 0.02¢V, which is in good agreement with other z.ce
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rieasurciients of intrinsice conduction, in particuleor Kirk and

(57) (61)

Pratt and Leredo ond Dortyge e The volues obtoined
by Beniere et a1~(6o) ond Nelson and Friouf (71) appear to

be sonewhat lorger, this would scuggest thot they were
mneasuring the slope of region I' cnd not region I. Fige3.2.
shows that region I' hos o slope of 2.02 % 0.02¢V which is
in pood sgreentent with the activation energies obtained by

Beniere et ol,.and Nelson and Friauf for region I.

The mognitude of the intrinsic conduction should in
principle be identicrl for 1l deterninstions on all crystals.
Fig.3%.3%. shows thot this 72 not necessarily true. The
present work is in pood rgreement with the acjority of

previous deterninations, particularly thet of Jain and

6
Doheoke (56), Beniere et al.(GO) and Loredo and Dartyge ( l?
(not shown in fig.3.3.) The magnitude of the conduction found by - -
(
kirk‘48)and Bean(62) appears to be:larger than the bulk of the work.

[ o

this is not”éasily explcined. Theﬂéood cgreencent with this

work ond thot of Kirk, with reopect to nectivotion energies,
would indiccte thot the discrepancy is not very serious and
ey be due to experimentcl inoccuracies. The anomualoucly

(16n)

low counduction obtained by Rothnan et al. iz also not

readily exploined.

The. method of determining the slope of region- II, has been
‘described previously. Care was taken when making.a lenst squares|it

Sthat,the points at either end of the straight line,: that is the
| j

‘points where tie slcpe wos increasing into region I or region.
III, were not uzed to define the slope of region II. The
activation energy wes found to be 0.69 I 0,02¢V. This
activation c¢nergy is the enthalpy of motion of the cation
vacency. This volue is in good cgreement with the work

(48) (68) (60)

of Kirk y, Redfern cnd Fraott cnd Beniere et al,
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for pure sodium chloride. Values -ranging fron O.60eVrtq‘
0,85¢V have been quoted in the literature. The values of .the
enthalpy of rmotion of cation vacuncies obtlained:by different
nethods are not the same; d.c. .conductivity and diffusion

neasurenents give larger values whilst N.M.R. glVeo lower

(69 60 56)

values. Several workers “have.

‘2lso ncted thot the entholpy of notion of the cation Qdcancy
increnges in inpure crystels, although there is no apparent

giuple relzation between tihe cuthalpy ond the physical
(69)

chi-racteristice of the ivpurity ion

The entholpy of fora . tion of o uchottky poir con be
ccleulated fron the cctivotion encrgy of the intriacic
region, since QI ho + Ah o using the cbove aentiloned
velues of QI ond Al c* The ochottky furmntion cnergy wos

found to be 2.36 2 0.0#eV, which is in good cgreenent with
(48,61)

previcus work

The intrinsic conductivity of pure 'AY sodiun chloride

hes been coaprred with diffusion data for anion notion

(76) (88))

(Lourance y recently re-cnlculoted by Fuller and Reilly

(55))’

ond cntion notion (Dreyfus 2nd Nowick ~c shown in

fig.3.4. where:

U;T = 4.7 x 1O8 exp (-1.86 /kT) ohm-lcm-l °x

for cotion nction (55) and

oT = 1.2 x 107 exp (-2.07 /kT) ohn Feat Ok

o

(88)

for onion notion The enion cuntribution was calculoted

from the diffusion deoto using the Nernst-Einstein cquotion
o
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(76)

incorporating the cppropricte correlation foctor. Lgursnce
found thnt:
-1

Da = 22 exp (-2.07 /kT) cmz sec

cnd for sudiun chloride

o = 5.25 x 107 D, frov the Nernst-Binstein

equction,.

The slope of the intrinsic region is in good careedent
with the diffusion dote clthough there is a sacll discrepancy
in the pre-exponential foctor; fro: the intrinsic region

of crystal pure A,

0T = 4.6(2 2.0)x 10° exp (-1.87 % 0.02 /kT)

ohn™t cmnl °k,

The slope of region I' is considercbly greater thot that
ccleulated from the previous dota, thot is 2.02eV compared
with about 1.91eV. In fig.3.4. the enhonced conduction in
‘Eggigg I', that ic the difference between the conduction ?n
‘region I ;~d I',is also plptted. If this. contribution is

Sttributed only to the motion of ~niom vao-neics a volue of
Aha of 1.20eV is found, conpared with 0.89¢V found by
Lourance ~nd Beniere et al. Thus it would appesr that the
slope of region I' connot only be attributed to anion

voeancy diffusion in the lattice.

Kipk (*8)

increased in crystals doped with hydroxyl ions, but his

found that the enhancenent in region It

results did not clecrly show whether this was due to the
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diffusion of hydroxyl ions or due to aechanical denoge put
into the crystel during its preporation. Recent work by

(162)

Allen and Fredericks on the diffusion of hydroxyl

ions in potosciun chloride hos shown thot the activation
¢nergy of diffusion of hydroxyl ions was 1.95¢V, giving an
entholpy of notion of the hydroxyl ion of 0.79eV. The value
of the pre-exponentisl tery wns in some doubt, but this werk
did show tha&lthe hydroxyl ion. ic very "iobile indeed, This
mobility,andKSESe with which it foras relotively stable
conglexes with aliovalentimpurities lso ¢xploins the ecce
with which it can compensnte cotionic iapurities. There is,
therefore,a possibility thot the enh.nced conducticn of
region I' could also be due to the movenent of hydroxyl

icns in digloce~tions or sub-grain boundcories, csince they

are obviously very mobile. iz would not necessarily
explein the hish cectivrtion energy unlecs the hydroxyl ion
iz coiplexed with other defects, ~lthough this possibility
does not reclly seca likely at such high te iperctures.

(48)

Kirk y in order to try to explcin the exisctence of
region I', hos precented recults of conductivity neasurcnents
o. deforued single crystols. Biniler tects heove been corried
out, using the¢ technique eriployed by Kirk, cnd it was hoped
that these tests would provide cn explanation of the enhanced
cunduction in region I'. In heovily deforned and cnnerled
crystals o sub-grein structure is present so it was thought
thet these results could be correlated with subsequent

work on polyerystelline sodiwa c¢hloride. The conductivity
plots of deformed cingle crystals*are shown in fig.3.5.; it
can be seen that the cunduction in region I' is enhcnced
further by the defornction, clthough it is intercesting to
note thot this enhrnecenent decrecces in crystrls deforned

{* Specinens were cut perpeﬁdicular fo‘the 1001 compression axis.
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(161)

nore thon W%. 4ith refercnce to work by Davidge and Prott
it would cppecr that the conduction is enhenced :awre in crystals
deforned in stage I reother thon in octoge I1 of the stress-strain
curve. The ephrnced conduction i shown nlors clearly in
fig.3.6; ond it is appcrent that thesc results agree very

well with thooe of Kirk (48). Dovidge ocud Fratt showed

that the dislocotion density ropidly inerersed in otage 11,

the distribution of dicloe~tions being roandost in stoge 1

(ecsy glide) but at highcer deformation dislocstion walls forme-

In these tests, of course, the dislucation structure ot high

tenperc tures ic iaportont, Dovidge ond Prett showed that in

‘a crystal coupressed by. 10% 11ttle chunge was scen in the

structure of ‘prrallel dislocstion walls below 670 K, the
nuidber of wolls wag reduced in speciiiens cnnesled ot 770 K
aund ot higher teuaperctures o cub-grain structure forued,

hey cloc noted thet the work-hrrdening in stoge IT is
connected with dislocoticn debris rather thon dislocations
thenselves, this debris they found annecnled out at obout
520°K to 620°K.

Kirk showed thot the cenhonceqient of the conduction was
reduced by prvlonsged annccoling ot 970 ¥ 2nd he ocooocianted
this with the decroerse in surfccee crea of sub-groin boundories,
and thot there woz no enhencedent in well ocnnecled, undeforned
cryztels, where the sub-grrin structure wos cbseat.  The
vrecent series of tesctc showed ¢ gidil-e decrease in the
cnhunced conduction a2fter prelonged annceeling of deforaed
specinens, but the c¢nbaoneed conduction in unleforned
crystals could not be reduced, cven ~fter on cnneal of
60 hours ot 970K ~nd then slowhcooled over 48 hours., Thus
it would nppeor theot the enhonced conduction in region 17,

in the undeforued crystols is not due to the danage
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crused by cleavage. The diffucion of either anion vocecnncics
or inpuritics, such os hydroxyl ious, or both, down paths of
easy conduction, would ~ppecr to be a tuntgtive explonction
of the enhonced conduction. The patbos of conduction are the
grown in disloeccotion structure in nondeforiied ecrystols and
the sub-groin structurce in deforncd erystrls, It must be
pointed cut thet clthough this eryotsl wes not deliperately
doped with hydroxyl dions sofe were Very likely present, as

will be shown l-oter.

he producticn of o well-defincd cub-grain otructure in
heevily deforied ond subsequently cnnecled cryctals resulted
in no ciange in the conduction in region II of the cenductivity
eurve. Resulto presented in Chopter 4 show thet in poly-
crystalline coldiws ehloride the diffusion processes in reglon
IT cre affected by the presence of grain boundories. The lagk .
of chattge in deforncd crystols would -ppenr to suggest thot
sub~groin bounderice do not offeect the cextrinsic conduction

PWroceoBes.

3e2¢3e A.C.Conduection of ucngoncse~doped oinglce Crystals,

The c¢ffect of diveolent ertion cdditions on the extrinsice
conduction of sodiwn chloride s gshowa in fig.3.7. The
curves correspond to erystels counteining voarying cuounts of
siangancese ions, except pure B, which wos grown fron purified
sodima chloride ond grown in -n inert atmospherce The
cheuilerl cnalysis of thic erystol reveonled the presence of
cbout 15mppur of copper ilons which weuld ceeount for itso

higher conduction in the extrinsic region. The curves chown
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in fig.3.7. ure opgeoin the result of severnl tests on seporate
specinens clerved frow the seme slice of the crystel.  The
puints shown on the curves de not represent the total

o ther

O

f wersureacnts used to colculate the slopes, nony

points heve been cmitted.

(48)

Previous work has shown, from a congicdzraticn of ,

conductivity isotherms, that in manganese ion doped sodium

chloride a certain proportion of the impurity ions are

coitplexed with nnicn ianpurities, thic caount was found to be
cbout 50uappm. Thus the c¢ffective divolent cotion concentrotion

which is ~ffecting

e

the c¢xtrinsic conduction is:
C =C—C 301-

where C is the total divelent c-tionm concentration -~nd Co is
the cuncentration of divalent cations complexed with anion

inpurities.

Hguntion 3,2. shows thot isotherns in the extriansic
region should be lineor -nd poss through the origin, if the
totel divalent coticn concentrotion equals the effective

cuncentration, thet is:

302.

13
N
j

wherc og is the conductivity of o pure c¢rystal ond xo is
tiie concentration of anion or cotion veconeies in o pure
erystol.  TFor truwe extrinsic cenduction o plot of ¢ versus

G chould Ve linear with o slope of

E 1 + ¢ -1 3-3.
Xo



Kirk hes shown thot this is true for heavily Jdoped
crystals except thet the line 4dild uot poos through the origin
but cuts the councentrotion cxis ot ¢ = 50 mppite The iscotheris
shown in fig.3.8. show thet the olopes of the isotherns
decrecose at low econcentrntions and do pese through the origin,
This indicntez thot the volue of Co iz not fixed ot low
i purity concentrotions. Thus it ds not poscible to estincte

the effective divelent cativn concentrotion froi extringic

—

sotheras, since CO is not constontifor all values of €.

an.ther estinate of CE could be obteined fronm the
intrincsic-extrinsic 'knee! teapercture. Thic teipercture
cail be deternined by extreopol-ting the extrinsic ~nd
intrincic repicus to the point where they icet, cscuaing thet
~t thic teipescturce the cxtrinsic crtivn veenney cuncentrotion
ic equal to the dintriusic c tiom vacancy concentrations Then
‘8 plot of 1oy n o or log C against T for. different‘specimené

; i
1should be a stralght 11ne ass descrlbed by equatlon 1. 23., that is: i

CE = CXPp ié CXP - hs 1.23,
2k aka

Thizs approach aust use o value of 5 which cannot be

]

colculated fron the extrinsic doto since the effective
concentrotion of divalent ispurity is nut known., A
colculation wsing, the toteol conecentration of iapurities geve
gerroneous volues cftSSc ond hence 5_o However, the volue of
5

SS/E +15$c con be coleulcoted from the intrinsic conductivity
plot since C ic not required in this calculoation. The
entropy teru,

s_+AS_=4.520.5x 107y %L
z
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ucing g veuwue of \)O equrl to the Debye fregquency,
Wierc,

ﬂb = 4,81 x 1O12 socnl

In order tu coleculcte S_ a vclucszASc nust be rsouned.
rrevicvucly published vaiges of.ASc ~re uwost probably suspect
duc to the difficulty of e¢v-oluating C.. luwever, o value

of 1.8 x ZLO"'LlL eVt o5 found by Beni:re et ol.(éo)is in
good agrecaent with the volue found by Kirk(&g), who hod
considered the effoet of cnion iwpurities on the extrinsic
conduction. If the cbove vilue ofaﬂsS(3 iz cunsidered to be
recsencbly good then, 8 = 5.4(2 0.5)x 10—4eV °¢~1,  his
velue ic in foirly 5ooduagreouent with v~lues colculated

(48,60,71)

by previouc workers

Uoing, the ccleculated voluen of 8 end h o in equation
= Sare

l.2. 3, the valueo of CE were calculsoted, anl(shown in toble

8. The very oacll voluces of C. rppecr to indicote thot the

E

..

cryatols cunttain o releotively hich concentrotion of anion
inpurities, which rre cuaplexing with the divalent cotion
inpurity. The volues of CE would indeed appecr to be
unrensoncbly low couapored with previocus determinctions (AS)-
The re-cson Tour this lies in the form of c¢quotion l.23. Sucll
chonmes in SS will erkedly nlter the velue of CE’ for

cxample ¢t 1/T = 0.9 x 10772 OK—l, a 10% incrense in 5
increrces CE by cbout 50%. Thucs it ioc rpporent thot the

tmee te wperature crnnot be uced to provide o reliable

estinste of CE unless the entrepy tern con be ceoleulgted
ceceurately. It noy be postible to deteraine the free cotion
inpurity frou o cereful analysis of the ultroviclet and infra-

red abnorption peclks of hydroxyl ond other andicen ivpurities,



TABLE 8:

COMPARISON OF TOTAL DIVALENT CATION CONCENTRATION
AND EFFZCTIVE DIVALENT CATION CONCENTRATION AS
CALCULATED FROM 'KNEE' TEMPERATURES.

CRYSTAL HAX VALUE Cp
oF C nppm
nppn
FPURE A 10 0.1
PURE. B 20 1
10npon Mn2+ 20 . 4L
30uppm Mn* 4o 10
150mppn Moot | 160 30
300mppn Ma2t 310 75




The presence of cn cbsorpticn penk at 3600cm-l in the
infra-red spectrumof the 300nppa nonsanese doped crystoel
indicates thet o coasiderable quantity of hydreuxyl ions
are present. Although pesks ot 3600cm -1 were not detected
in the cther crystols the pure crystals did zhow o sacll

end ot l90m/~, the aboorptien bend of free hydruxy%ﬁions(lej)
in the ultrs viclet regicn. The doped cryntals did|show an
abzorption ot lgOJfA, thiz is proesum ably because the hydroxyl
ions rre counlexed with thoe divalent inmpurity (164). Crystal
purc‘B’showed further pucks in the ianfro-red which heove been
interpreted oo being due to metaborste iong, introduced
during the purific-ti.n yr.cess. Thus the evidence dees
suggest that some of the cryotals do contain a consldethle concen-

trotion of bydxoyyl lons ‘nd uthur ~nion iapurities walch

can coupensate for the divolent ertion ioapuritiec,

To swancrice, it ic sugsested that ccecurate velues of
entrupiec of forpation of wchottky defects cad 1ction of
cativn voaconeies eranot be found unleoss the precise onclysis
of buth anion and eoticn inpurities cre known, -nd the forn
in which enicn i ipuritics ore incorporcted in the L-ttice,

thot is oo free ions or conplexcus,.

3+3. INTERFACIAL POLARTZATION IN 3UDIUM CHLORIDE.

3.3.1. D,C.Conductivity of ~odiun Chloride.

Several previous werkers hove obaserved o high tenperature
polarisation phenonenen cccuriny in scdiun chloride =nd

potasociun chleride, It hos nlrecdy been cugpested thet this
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pech

nay give rise to anomaloucly low valucs of rctivetion enerpy

in region I if the polnrlsatlon is a-function, of tenperature. Ini

;fncr t CHtublluﬂ the nrture of this polrricction phenotenen
cxperinents have been corried out accouring the doc.

cenductivity cnd devioation froa Ohu's Low in pure ond nangancese

duped sodiwi chloride. In ¢ loter secticn the ne.ce cunductance

2nd cupacitsnce oo o function of frequency will be described.

This nseriec of experinents won corried out to deteruine

were
which carrier or carrier: )oelng blocked mnd whether they were
blocked ot the elcctrudes or ¢t other interfoces. Freviouo

(5

workers hove ucintoinced thet the polarisotion is the
recult of the blocking of one chorge corrier, the nnion
voaconey, ot the sleectrode interfoce; the crtion voconcy bedng
cble to dizcherse and co contribute to the conduction
Processo,

Fim.3.%s shows the stexdy-stote docy conluctivity,o
conprred with the r.c.conductivity, 6“ for cryzstals pure
A ond B, The field ctrenpgth used wes 5 volio cu_l; unless
vthervice steoted 11 the results in this scection were
obtrined using thic field strength. It ds iuiediotely
cbvious thot the sclape of region I is siuch less for the &
curves due to the pol.riccotion occurring in this regicn.
The peleriscation in the extringic region olzoe increcses with
increcse in divolent coticn cencentrotion., This effect is

shown :ore clu:rly in fig.5.10. whicii shows the Of  curves

for the uvngnese doped cryctuls. The activ. tivn enerpgices
. ; " ! .
for region IT are shown to beuncon51stentw~ry1ng fronm ;

0.69 I o. 03¢V in the purest ~9L01ﬁuh to O. 6O - 0.,04eV din
300uppn rlongonese doped specisen.  The cctiv@tion

¢nergy of region I is reduced to 1.75 I 0.03eV. Thus the
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volues of Ah.C ‘nd h_ derived fron high teuper-ture d.c.
(%)

conductivity cr pulsed d.c. iecsurencnts ucy indeed be

suspect.

o0
tenperature ic showm in fig.3.11l. The curves shew o marked

The blocked conductivity, UEf:OB -6~ 4, s a function of

resenblance to a.c.conduetivity curves cexcept thot the slopes
of the intrinsic ~ud extrinsic regions arce increcsed,
slthough the 1latter only olightly. The activation energy of
region II i cbout 0.73 & 0.0keV conp. red with 0.69 I 0.02¢V
for OL curves. It would ~ppesr th-t ch iz the reoult of
blocwing of cation vacancies in the cxtrinsic region,
The difference in slopes between the &B and O: curve:s could
be duce to a decrence in the percentopge of blocked c-rriers

=6 the teamperature decrenses,

i ~etivetion euergy of the intrinsic region of the
Ub curves is increased to 2.34 5 0.0keV. This would
suggest thot cither a corrivr with an enthalpy of motion of
1.16eV is blocked or thot the nuaber of blocked corricrs
inere-ses with increcsing te puraturc. It is probable
thi-t both oniovn (ad cotin vaconcies ore blocked ~t high
tewper:tures. .ince the wagnitude of the blocked current
ig conparntively larpge ond the degree of blocking veories
with carricr concentration cnd temperature it is suggested

thet only partial blocking is occurring.

These results hov

e

been discussed assuming thot the
polerisotion effect cbserved ~t these high tewperctures is
due to the blocking of chsarge carriers at interfaces or

at the clectrodes, thet is spoce-clirrge polariscotion. It

g, however, possible th-ot pclarisation may be the result

P

of a dielectric relaxation due to the tiie-dependent
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foruntion of dipoles or the tine-dependent reorientrotion of
perninnent dipoles existing in the nmateriocl. Sutter and

(130)

Nowick have guancrised the theorics relating te both
polaris-tion phenomena. If dielectric polarisation is
vecurring then Ohn's low will be cbeyed, on the other hend
if interfreicl pol-ris-tion is cecuring then Ohn's Low will
not be gbeyed. Figs.3.12 -ud 3.13. schow typiccl voltoge-
current plots for pure ~nd doeped crystals. It can be seen
thet for the purc crystel Ohm's law is obeyed ot teuperatures
where little or no polorisction is oceurring., At higher
teaperatures there is a considersble curvature of the plot,
especially ot low voltoges. Above an applied veltrge of
about 10 velts Ohn's law is apporently obeyed. The voltape-
current curves for the irngonese doped crystol show sindilar
characteristics except thot Chi's lrw is not ubeyed ot all
teuperatures between 57OOK ond 97OOK, fuor sucll veltoges,.
The fact thet Chn's 1ow is uot obeyed suggests that the
polorisation phencneton is due to the build up of space-
chorge loyers ot interfroces or electrcdes. Theoe resulis
~lse curroberote the conclusicus froa the 0% plots, thot
is, that partial blockine of charge carriers occurs, since it
is obvivus that the arount of blocking is dependent on the

negnitude of the cpplicd field.

The current-voltr-ge nlots shov o oorll ohadic region

at applied voltoges less thon 0.1 velts. The recscn for

PN

0

t+

his is not clesr but it is possibly due to the foct that

at low volt-ges the space-chorge lnyer is slow toc build up
and possibly the current wos wesured too soon ofter the
cpplication of the field., The vultoge cpplied wos increcsed
fron zero to 20 volts in as sbort o tize os possible to

noke sure that teupersture fluctuations were not too great

during the niersurencnts, the teaperature wos found not to

T !
Steady state current.

Sa

A

,
¥
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very by more than O.EUK. it is also poussible thet at low
field strenpgths the rote of dischorge of the coarriers is
greanter thon the diffusion rote and hence nc polnrisction
will occur.

(1.35) P

Meycock Lund sioileor deviations from Cha's low
~t hirh teaperrtures in potossiug chloride. e found thnt
the curves could be divided into o scries of stroight lines,
a8 shown in fi;.1.13. His explonntion of the form of these
curves would nct oppceor to be rpplicable in pure ond doped
sodiut chlouride. He =sserted that the stexdy state current

for low applied fields wes due to the counduction bu electrons

%only. Since the-conduction in“sodium chloride is due to the motion
lof anion and cation vacancies,. and even whén maximunm blocking _ .
iiS‘occurring,the current: flowing is still about 50% of the ..
initial current, the residual .current must be due to the

discharge of a number of anion and cation vacancies. The results

jsuggest that the electronic conduction is very small,

Ortic:l scenning electrun ndceruscopy of olcectrode-
crystal interfeocees ofter fields of verying strength hod
been opplied wros tried to see 1f there were any obvicus
indicotions thet onicns or c-tions were being discharged
wr blocked ot the elcctrudes. However, the rosults cbtoained

were not conclusive .nd any feotures observed were not consistent.

(165) (166)

Forker y o Forker cnd Schineider hove suggested
that the interfreinl polarisation occurs at internal nmosailc
boundaries. The results described corlier would sugsest,
however, thot the o-rriers cre blucked ot the electrodes,

since it is difficult to enviscye on interncl interface

which could block su mony carriers. licre recent work by

Allnatt et al.(167) has shewvm ti'2t the high teupersture d.c.



156

polorisstion of potrssiwi chloride wos the result of

electrode blocking. Cther workers (118,119,120) hove shown

that clectrode polorisction lse results in m frequency
dependence of the o.c. copacitane, These results were not
cuonclusive in estoblishing the blocked crrrier, They found

11 . 6
that the theory of Friouf (117) and wvircDoncld (116) was
gencercolly cpplicoble for purce potassiwn chloride, thot is

one c-rrier only blocked, However, the results for strontiun

doped potessiug chloride ¢id not fit this theory cnd Secumont

120 . R
a211d Jacoubs ( ) extended the theory for portial ionic

. . ‘ . 114
discharge 2t the electrodes. However, o5 . Raleigh ( ) hos

pointed out ther¢ dees not cppecr to be cny themmodynamic
Justificrtion four assuming psrticl discherge blocking for
doped crystols ~nd conplete blocidng for one crrrier in

pure crystals. The results preseanted in this work, aos it
hrs clrerdy been stated, suspest thet the blocking is due to
pertiol discherge of one or both crrriers ot the c¢lectrude-—

crystcl interfaoce, in beth pure ~nd doped crystals.

3.3.2. Frequency--dependeice of c.c. Crpocity

1 The frequency dependence of capacitance and conductance
' between 70 Hz and 20 kHz has been measured on pure and ranganese
doped sodium chloride. Fig.3.14. shows,typical:dispersions‘of

log. capacitonce, conductivity and log tand as a function of

log. frequency,.at constant’ temperature., Similar curves were found

for ncngonese doped crystcls.  Thesce dispersicus acre typicol
of interfocial pol-orisstion and conpore clusely to those
vbtrined by Talleon et al.(lls). However, it uust be pointed
out thot t e increcse in conductivity with increasing

frequency is very smll; it increases from 3.48 x 107 ohm™
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ot 70 Hz to 8,57 x 10 chu Yot 20 xHz. Such saall chenges

of couductince arc Aifficult tu acasure a high temperotures
since small flucturtions in tepercture during the test will
alter the couoductivity considerrbly. Genorelly no consistent
chonge in conductivity wos noted and 1t was considered to

be essenti-lly froquency indepceandent, within the linits of
accursey of the aessuretents,  The conductivity curve shown
in fig.3.,14, was couunsidered to be fortuitous ond could be

the effect of sunll tenperature fluctuations in the rig.

'is.3.15. shows the frcqueﬁcy dispersion of the total
capocitonce of the erystel for both pure ond urngenese doped
crystals ot 570, 770 and 87OOK; the excess ccopoacitonce Cp,
which is the tot2l cnpoeitonce less the geoactricnl

coprcitance (the high frequency capacitonce) is plotted -goinst

frequency in fig.3.16. It con be geen theot Cp varieéﬁon log. 7calesj

lincarly with frequency and the grodient of the lines are

about - 2, if the frequency f is converted toe nmpulor frequency

), by f = 29w ond Cp is expressed in F cmua. This

relationship between Cp ond &) is in agreeucnt with MacDoncld‘s(116)
theory, which is fur blocking of both corricrs. Houwever, this
theury predicts thnat Cp is preportionsl to (2L)-2, wherce 2L is

the speciuien tuickness, but ne depeadence of Cp on specinen
thickness wes observed. Likewise the dependence of O(L/R),

where O(1L/R) = l/Rf - 1/120, where Rp is the resistance ot
frequency f ond Roo is the limdting resistance ot high

frequencics, on frequency, A&l/R)d:hga was not found. The

results do uot zorec with the theory of Friouf (117 for
blocking of cne corrier only, which predicts that Cp is

properticanl to hYB/g' .

The electrode chorging vphenodacuonias been studied in

*)
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;?if?i greater detail. The temperature’dependence of the loss facter
o tan% , and the capacitance have been investigated. The results
'flg:) are sumiarised in fig.3.17., which shows that a maximum occurs

in the tan® curves, and that this maxinum noves to higher

temperatures as the impurity concentration decreases. Fig.3.18.
‘f? shows that the effective concentration of divalent impurity, CE
(values of Cp fron Table 8) can be plotted agaoinst the reciprocal
of Tmax’ the temperature at which tan® is a mexinum. This plot

is a straight line and obeys the equation:

9

C. =10 ( £5)x 1077 exp-(0.97 $0,05)/kT

E

The kinetics of the charging processes may be more easily
understood by measufing the change in tan§ as a function of
frequency, at different temperatures. Fig.3.19., shows the
change in tan® for pure and doped specimens at 670°K and 870°K.
Again the effect of divalent cation concentration can be
observed on the frequency of tangﬁax' The results of the
tan® against frequency neasurenents can best be swmarised by
plotting the log. of the relaxation time,T, at tanSﬁax against
1/T, as shown in fig.3.20. The relaxation time is related to

frequency, f by the equation:

nax?

RO T= 2% secs, where T is in hertz.
U r mnax
nax
It can be seen that for pure and doped crystals the relaxation

tine can be expressed in the form:

'i’:'z:o exp Q/kT secs,
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whore 'ro is 7 constant ond w is an cctivation euerpy. The
vialues of ?; ond @ sheuld give zn indics ticn of the reloaxnticn
processes which re cccuring ot the electrode, cnd it was
hoped that this would indic~te the rote-contrulling process

in the charpe build-up.

The valucs ofs @ cud T cie shouwn in toble.2e with the

(o]} Z
12113) and Xeo et al~(l)4)- The

vedlues found by Tollan et o
volues of Q ond 750 for the 300 uppn wongoncese doped specinen
conpare foirly well with those Jbtoined by Trllcon et ol ond
the values of ¢ found by XKoo et =l,clse show o clusc

rescrniblance,

If the electrode blucking is cuntr@lled by the r-te of
chrrize build-up, then the volue of @ should be reloted to
the activatiem encrgy of the defects, s deterained frou the
conductivity plots. Qeference to tuac corductivity curves
shows thot the cetivation energy in the swie tomperoture
region is cbout 0.90 - 0,95¢V, thot is the associction region
of cenduction, which is in a.recaent with the volue of 0.95eV
found from the a.ce. dote.  The lower cctivation energies of
the purest cryst:ls woull sugpest tht this ¢nerpy is nore
cpproprivte to the extrinsic replon of conduction, that is
cbout 0,70eV. The veristion of Q froa 0.57¢V to 0.85¢V in
the 10 and 30 uppn doped specinens could be due to experinental
error in deteruiining ¥, since the ton 5 pecks cre brozd and
ton gxlax is difficult to Jdefine. The pure crystcols do not
exhibit @ reloxcotion tide at low texperptures in this ronge
of frequencies but they do show o peck ot high teuperatures,.
The cctivotion energy is very nuch increased ond con be
attributed to the blecking of anion vocancies. If the energy

cen be written os Q = hs/2 +Ah  then o volue of Ah =



TALIE 9

VALUES OF Q AND T FROM TEMPERATURE DEPENDENCE OF tan § PEAKS
FOR PURE AND DOPED SODIUM CHLORIDE

Crystal ‘Q(eV) T (secs) . . ATempo;ange Source- Method

Pure A 2.14 + 0.1 5.6(_-!;_ 1.0)x 10“5 870 - 950 This work [ A.C. tan §

Qure i 2.14 + 0.1 2.0(+ 1.0)x 10 | 815-93 | " " "

1¢ mppm n”’ 0.57 + 0.1 7.0(+ 1.0)x 10°° | 645 - g30 | " "
oo 2.14+0.1 | 2.0+ 1.0)x10° | 830 ~910 | " " "

30 mppm Mn?* 0.85 + 0.1 3.5(+ 1.0)x 101%] 670 -870 | " " !

230 wppm 1" 0.95 + 0.1 10(+ 1.0)x 10%) 590770 | " " "

NaCl 0.99 2.3 x 1071 » 616 (113) "

MaCl (pure) 1.09 373 - 623 | (134) | D.C. trans-

1acl ca?t 0.97 W o ow " ients

NaC1 Ba2+ 1.00 now o " 1

=
<

,‘



162

0.96 2 0.1e¢V is found. This is in geoud ogrecacnt with previcus
work for the entholpy of motion of n~nion vacancies. Thus it
would cppecr thet the rote controlling process ot high

tenper ~tures is the diffusion of cuiocn vecancies, olithough,

of cuurse, this dces not .iecn that cotion vacancies are not

also blocked. This is in ogrceuent with the d.co. results.

Although it cppecrs thet the velues of Q can be
interpreted in teriis of the diffusion processes occuring in
the bulk of the cryst:l the prucesses cccuring ot the crystal-
electrode interface are likely to be complex ond affected by
the nrnture of the interface. The variation betwecen tc for
pure A and pure B mry be explrined in these terms ond the
veriotion of ¢ for the low doped crystols ?ay ?e relcted to
125

elecctrode cundition. Xessler nnd limrioni ~nd sScno

(169)

cnd Toudikd heve noticed thot the loss pecks due to
-
interfoceinl polarisaticn cre very uuch dependent on the

state of the clectrode~crystrl interface.

This discussion hos cgswied thot the relaxction pecks
cre due to interfreicl polorisation. liowever, ot the lower
teuperatures the pecks could be due to iapurity-vocancy
dipoles cnd ot high teperctures the pecks could be the
reorientotion of veoceney poirs. However, diclectric loss

(170)

and C.Se.Tre. deterainstion on the te percture dependence

of inpurity-vac-ncy dipole loss peoks indicote o pre-

: : -1k
exponential frcector in the corder of 10 secs. Thus the
vedlue of 2& prescnted here Js inconsistent with o dipeler

reloxntion nechronism ot the lower teaperatures. ILikewise

. . . 180) |

the high te wpernture rel-xoticn of vecerney poirs ( ) is
. ~1h v

charrcterised by a velue of ’EB of -~bout 10 sec. which

is auch smaller than thot obteined in thise work. Thus it

woulll opperr thot it is justificble to relate the relaxation
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processes to the prisence of electrode polerisction cnd not

dipolar reloxctions.
(112) .

Voulier hes presented a peview of the dielectric
behoviour of naterirsl contoining thin suyrfoce layers whose
¢lectricol properties differ from the bulk. He hos proposed
8 two-loyer wodel waich could predict the thickness of the
surfécc leoyer frow the volue of tan & . He considcered
severnl different cnses, but the one appropricte tu this work
was for o lorge capocitence dispersion but essenticlly no
conductivity dispersicn. In this crse the surfoce loyer
would hove o sanller resistanee thon the bulk but its
resistivity would be grecter., Volger's theory stotes thet
in the cnsc aentioned the inxinun value of the dissipation
frctor, ton § is rcloted to the thickness of the surfoce

layer ond the bulk, ql ond d2 respectivelys

- 4
2

£

tan g =
|7,

'he volue of hﬂlg‘Jax is approximately constent for all
inpurity concentrotions at about 3 x 102, ot 670°K cnd

b x lO2 ot 97OUK; the bulk thickness d2 = 0.,25cu . This
zives values of ohout lo_6cm ot 67OOK ond 5 x 10-7cm. ot
97003. These values are apporently surll coupored with those
found by Trllon et ol., thet is 10-20 pny ond cbout an order

of womitude sinnller then the volue predicted for the spce~
=) . -

(92).

chorge loyer found by Lehovee
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3,3%43. Jeries Represent-tion of a.c, Copncitance

-nd Conductnonce,

Roleigh (11%) has discussed the frilure of both
MecbDunold's and Fricuf's :odels, cnd the aedificotion of these
wnodels by Beaunent ~n? Joeobs (120)! to account fully for the

interfocicl pol..risction phenowens in teras of on idenl
polorised electrude councept, first intrcduced by Grahamgl68).
The idecl poulaorised electr.de is an clectrocheaiccl concept,
ond is deseribed o8 on clectrode which hos no  cheaiccl
couponent in cortuon with the cdjocent electrolyte, cnd ot
which ivnic dischrrge processes arce prohibited for stroight
forword theriodynonic recsons. It Lies been suggested that
such an electrode 1ioy be regorded o5 o siiple copocitonce in
series with tlic resistonce of the elcctrolyte. 1In such o
syster no disgersicn of the series copocitence cr conductconce
shovuld be present. his concept differs fron previvus theories
of electrode polorisction which eousider the prorollel
ccpceitonce ond resistance, in which » dispersion will be
present, A dispersion will be present in the series
capoacitance cnd resistonce, however, if the ch-rging of

e c¢lectrodes is tine lepeudent nnd 1f the tiae required

for such o chorpge relrox: tion process is coup-roble to the
frequency of the -~.c. potenticl used. R;luighcllu} hos
shownn thet the equetions for the porcllel crprceitonce ond

(117)

resistrnce Cp ond 2p, fron Frizmuf's theury ore just
the pernrllel copocitonce ond resistrnce of o frequency-
independent copecitor -nd resistor in series. {roa this
tre-tuent, the depenlence of Cp or (2L)-2 cad 052 cnd the
frequency dependence of Rp is only o proverty of the
porellel representation. Thus the 1rnck of dependence
observed of Cp wn (2L),and Rg on (Jyin the risults ore
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not inconsistent with c¢lectrode polrrisation theories. Since
Cp is cppruxinctely depencdent unLJ—a it doves indicote that

CS should be cpprexinotely independent of frequency, in
agreeient with the idenl nodel. Raleigh hos pointed out

thit the series representotion enn only be o first-order
theory ond th-t devi-ticn from the theory nay provide

useful inforaction relating to the types of relaxstion
prucesses uccuring in the Debye-loyer chorging. It is felt
that if such infuructicn is to be obtoined crrangeaents

aust be used where blocking is cchieved in o thermodynanically
well-defined uanner. RJcoleigh hos olso peinted out thet the
wlcroscopic noture of the e¢lectrode-clectrolyte interface

(125)

is very iapurtrnt. Rccent work by Kessler cnd Morioni

(169)

and 3zno ond Tomiki have illustroted the iaportonce

of clectrode~clectrolyte contucts,
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L,1, DIFFUSION Il GRAIN BOUND.,.RI:Z5 IN VOLYCRYSTALLINE
SODIUNM CHLORIDE,

L,1.,1. Introcduction.

Irevious workers have studied the diffusion of wuonovalent

6) (39) o

caticns in sodium chloride ( and lithiun chloride n
boundaries, using o conductivity probe technigue. The effect
of @ivclent cotions on the orcin boundory conductivity has not
been studied, woinly becnuse of their high diffusivity in the
bulk which would mcke cnolysis of the results difficult. 1In
this work the effect of groin boundzries un the bulk
conltuction, nnd the e¢ffect of divalent impurities in greoin
boundgries, las been investigated, Grahor et al.(E) have
studied the ac.c. and d.c. bulk conductivity of pure
polycrystalline sodiuia chloride as o function of grain size,
but their results, which showed an enhonced onicen diffusion,
were not conpntible with the diffusion studies of Coboné (3);
he found no enhonced diffusiovn of cnions in corefully

prepored polycrysteols.,

- .
Cobone hrs shown thet the preparation of the polycrystal
is extreunely inporteat nnd o hot-pressing technique siailar
- . .
to thet used by Cobone hos been develeoped. The conluctivity

of pure polycrystols repared by on extrusion technigue

(147) (147)

‘

]
has alsc been measured.;

and Li

developed by LHtokes

Microstructural studies of the polycrystals, both
befure ond ofter onneoling, hove been node in orler to
estcblish the presence of poeres, which aight affect the

conducticn processes, ond to evoluate the effects of grain



srowth on the cenduction.

Me interfacicl polirisation phencieno hove been
studied usins both d.ce. and a.c. conductivity technigues.
The results hove been conpored with the results fron single
crystzls sc that the polarisaticn effects, 1f -ny, of the

crain boundories ncy be estoablished.

4.1.2. Microstructure of Folycryst-lline in sodium Chlcride,

Tae conductivity iecsurcaents were pecerclly wuade on
cnnealed pulyerystrls. The specinens were . nueoled at
870°K for cne hour, fullowed by furncce couling. The cffect
on the uicrostructure of such on nnuernl is shown in fig.4.1,
~nd fig.h.2. Fig.bk.1l. shows the .aicrustructure of cn as
prussed purce polycrystal, wiich hed apporently o very suoll
Lroin size, After cnnealing at 87OOK the roin size
opp rently incressed ¢ nsiderably nd the proin bounderies
becciie nore distinct, fig.4.2. The structure of the
unannealed polycrystal probebly resulted from the heavy
deforiction undersene by the pellet during the hot-pressings
the cpp-rently ver, siinll groin size resulting fron the
presence of sub-greins or possibly slip-bonds withia each
prain,  This heavily Jleforued structure could clso result
fron the pressure exerted on the coipact by the press bvody
when it cooled ofter the pressing. This possibility was
supported by the fact thot the extruded polycrystsels -did
not show this substructurce in the unonnerled state; the
extrusion, of course, woes not confined during the cooling

period.
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Throughout the nicrostructucl excaination of the
polycrystils there wos no detecteble evidence of porosity,
This is not rerlly surprising since the polycrystals used
for the tosts were uneerly cs Jlense cs single . .crystals of the

scaae o tericol.

The annealing of fthe pure poulycrystols resulted in the
appecrance of o white colour-otion, the specinens being
coupletely clenr pricr to nnnecling, ns shown in fig.h.3.

This whitish rupecrance of the polycrysteols could be due to

the foraction of very s.acll veids within the crystal. Cabané(B)
noticed that the density of the cuupacts decreased significontly
after sanesling if the powder wos not corefully predried,
Howevepynv such decrecse in density wos observed even after

cunsiderable perivds of ounealing ot hipch teaperctures.

The apperrence of the white colouratipn ccecurred ot
feirly low teupercatures, below cbout BOOOK, and at the sane
teupercture ot which the sub-grain structure hind largely
disoppeared, he extruded polycryotal clwoys rennined
coapletely clerr, even ofter canecling ot hish tenpercotures
for long pericds. Thus it would ~ppenr thot the sub-structure
within coch grain ond the white »pperrance of the polyerystol
are cuniected. It is poussible thot the sub-structure was
the result of stresses introduced during the couling of the
pellet in the press, and thot the annecling cf the pellet
relieves the stresses within the pellet by the fornction
of very sizoll peres on the groin boundaries. These pores
are too smell to be detected by opticecl micruscopy and

the density chaonges,

The whitish cppeorance could alse be due to the

precipitrtion of inpurities ~t the grain boundories. The



i7i

jupurities, although present in surll concentrotions in the
pure crystols, will tend to sepregoteat the boundories ond
uon couvling to roon tenperoture could precipitote cs chlorides.
Hnowever, the low teupercture ot which the colouuwration oppeors,
and the rbsence of colourcticn in the extruded polycrystals
would tend to invalidcte this process. 1t is possible thot

o sufficlently large acmcunt of obsorbed woter wos prescnt in

the pressed polycrystals to result in the foraation of suell

(3)

ipores,'without noticeably decreasing the density; this\effept]
J

. V4
Ihas been obsérved by Cabane.

The 87OOK cnnenl fur vne heur wos oppurently sufficient
to rewve the sub-structure without cousing too nuch grain
crowth, Figs.h.b4 -ad 4.5 shev the effects of prolonged
annecling, on the structure. The poclycrystcl shown in
fig. .. hod been snnecled ot 870°K for cume hour and then
furnace covledy the groins were recsoncbly uniforn in size.
In fig.4.5 tic polycrystal hed been camnerled at 870K for 1
hour and then the conductivity hod been wecsurcd up to 920K
and so had been cunecled fer o considerably lounper period,
The presence of considerebly enlerged proins indicotes that
prain growth hed cccurred, the cvercge grein dioneter

increosed considerably.

This growth was nct cbserved in ony of the nongonese
doped pulycrystsls., Fig.h.6. shows the structure of an
cnnealed arngonese doped polycrystzl, contrining about
1Cuppn nicngonese, The grodin size hos apparently not
increcsed frou the crigincl particle size of the powder,
The brown cevlourativn of the ncngonese deped pulycrystals
after anunecling suggests thot the nenganese ions seprepated

at  the grain bounderies where precipitetion of acnganese

chloride ouccurred. The segregotion inhibited the groin
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growth, This effect of segrepgotion hos been obscerved in

nany cerotlic systens.

4,1.3, Conductivity of lFcolyerystalline Sodiuwn Chloride.

The 2.c. conductivity plot of an cnnerleld polycrystal
produced from pure 'A' moterinl is shown in fig.h4.7. The
conductivity in the extrinsic resion has increased by about
one corder of nognitude and the cctivotion energy had
incressed from 0.69eV in the single crystel to 0.79 = 0.02¢V
in the peclycrystal. This region, ot high tenperatures joins
the intrinsic region of the single crystel in = long shallow

reurve. A'straight-line region with an activation energy of 1. 60eV‘

Ecan be drawn through -the points in the transition region between

!the intrinsic and:extrinsic regions'in fig.4.8., it nuat be . |

pulnted out th-t tiis line could be a shnllow curve .nd not
a stroight line as suggested. Fig.h4.8. alsc shows thet
there was no grain sizge dependence of conduction over the
renge of lEO/Am to BOO/JM - grain di-neters. Attespts
were mode fo test polycrystals with r» wider ronge of groin
sizes, froun 40/um to over 300 i, but it wos found thot
grain growth during annecling ond testing tended to even
out the srain sizes of the different conpocts. Fig.h.8.
also shows that cnnealing in ¢ wet nitrogen ctiosphere had
ne proncunced effect on the conductivn, the significonce of

this will be discussed later.

The conductivity of the less pure 'B!' polycerystals is
shown in fig.4%.9. z2nd fig.4.10. The a.c. conduction was

n.t enhonced os wuch os in the purer polycrystals and
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indeed ot teuper-tures below 59OUK a stroight line region with
cn activotion energy of 0,80 ¥ 0,05eV was ubserved and it is
interesting to nuote that this region excctly corresponds with
sidilar region in the pure 'A' polycerystrls. The line is
described by the equaticn:

T = 2,75 x 10° cxp (-0.80 ¥ 0.02 )/kT

-1 -1 o,
ohn cr K,

Fig.4.10. shows thot there was smcll groin size dependence

of conductivity in the pure 'B' pelycrysteols. Apparently

the 'knee' of the ossoci-tion region, thot is the teuperature
ot which the extrinsic region trrusforns inte the cssociction
repion, was shifted to higher te :peraturcs as the grain size

decrecsed,

The unonganese doped polycrystols appeared to exhibit
a siniler bencviour to the pure 3’ sl grained polycrystols,

os it can be seen in fip.4.11

Region III of the single crystel conductivity curve
wrs extended to nugh higher teuperctures in the polycrystal.
The occtivaticon encrpy of this repion wos 0.91 I 0.03eV which
is in pood orreenent with the ccetivotion encrpgies of region
ITII in siuzle crystnls found in this work. The cctivation

cenergy of region III con be written os:

Qppp = B0y + Ny

2

where h, is the enthalpy of assccintion of o divelent cation-

k
vaconcey cuitplex. Thus the centhalpy of cssociction is
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calculated to be O.44 X 0,03eV which is in good agreement
with values cobt-ined by Kirk (48) and Watkins (170).

Further work on =uore heovily doped pelycrystals hes not been
presented here beccuse of the considercble scatier of results.
This was thought to be due to the precipitotion of nanganese
chloride on the surfnce of the perticles during the predrying
precedure, ~nd the subscquent loss of nuch of the monigonese
from the crystaols by evopouration. This precipit-tion of the
nongenese con the surfoce nlsc prevented the good adhesion
between the particles during pressing cnd consequently the
cuupocts tended to disintegrote luring annecling, Atteapts

tu extrude nong-nese doped single crystals also proved
unsuccessful. It was not possiblc to produce o flaw free

extrusiocn,

The effects described so far on the cunductivity of
polycrystolline sodiuva chloride could crise froa the
inclusion of ipurities during the Arying ond hot-pressing
procedure, [for this recsen the results of the conductivity
of extruded pure polycrystals will be described. The
conductivity plot is shown in fig.%#.12 ond it is evident
thet the conductiun wes very siniioar to the pure A poly=~
crystals. Rersicn IT shows o considercrble enhracement of
conduction, clthough not nenrly so great as the pressed
pulycrystals, ond the activetion energy wos agein 0.79 b
0.03eV. The transition int. region I of the single crystal
curve was nore shorply defined, and the lines for the
polycrystal ond single crystcl were coincident in regions
I =nd I', The reduced enhancenent of the conduction aay
be due to the very lorge groin size, thot is cbout SOOf»w,
present in this crystal. It wos found that extruded

polycrystals with sucller grain sizes could not be obtained.
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The unonnealed polycrystal also exhibited gmfonsiderably

greater enhanced conduction at low teaperaturcs,jat cbout

7§50LK7the ccnduction u£4$he unanncaled crystel ropidly

| npproaches the curve ~- . of the cnnecled erystol.Theactivation

energy of the lawrteuperature region of the unannenled
crystel is 0,70 ¥ 0.04eV, which is the szre os the activation
energy of repion II in single crystals. This tronsiticn
frun the unrnnecled t- the annenled stote was clso
apparent in hot-pressced polycrystols, The tronsiticn
usurlly tock the furnl of the curve shown in fig.4.13 where
he unannerled conductivity curve graduclly joined the
annecled conductivity curve. In fig.4.1%. the transition
wes ropld, s in the extruded polycrystal. The cotitun
entures of the cunductivity ¢f wnanncaoled polycrystals
‘re thot the conducticn is pgreater at low teaperctures tha
the onnecled crystoils ond the cctivetioun energy of this

enhanced re;ion is cbout 0.70eV,

The enhrnced cunductiun in region 11 of the pure
pulyerystols can be octtributed to on incresse in the nuwber
of clzrre corriers contributing to the cunductivn process,
cr toe on increcse in the avbility of the ch-rge carriers,
(present in the single crystql) in the grein boundary regions,
The increased activation energy in region IT would suggest
that either the cation veernecies ore no longer the predominant
chorge carriers or thot the enthalpy of wotion of the cation
voeoncies is increcsed in grain bounlory regionse.

MeQuiioe (6) found thot the entnalpy of meticn of sodiun
ions wos sipgnificrntly reduced in the buundory region, from
about 0,70eV in the bulk to 0.35eV in the groin boundary,

Cobané (3) ~lsc noticed o diffusiun process in pulycrystals
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at low tenperatures which had a sacll activation encrgy. At

(1,2) (3

. ' -, &
hisher teuperatures both Laurent ond Benord ond Cabane
neticed no chrape in the bulk diffusicn of scdiun iins in

polycrystslline olkoli holides.  Thus it would seew unlikely

h

lthat the increased activation energy could be attributed

'to an-incrcase in the sodium vacancy enthalpy of notion.

|

(5)

cenduction in pressed s.odiusm chloride which they ottributed

Grchaen. et al. hove seen o sinilor enhancenient of

tc the increased wmobility of onion veconcies in grain boundarices.
They clso noticed thot the enbence sent was inversely proport-
icnel to grain size. In the pure crystals ne prain size
dependence wos observed in the present work and only a very
s:aall dependence wes noted in the less pure polycerystals.
Cobcne found thet the enhanced chlorine cceney diffusiun

as cnly present in undried polycrystrls which were opaque.

Grohem et 21.4id not predry their powder before pressing.

If the explanction of the results presented in this
work were in teris of enhonced diffusivn of cnicn voesncies
in the greoin boundrries, it would be expected thot two
features in the conductivity plots would be opporent. Firstly
it would be expected that the enhsnced conduction is dependent
on grain boundeory voluue, or groin size, os cbserved by
Grohar et al.ond Leurent and Bennrl. GCbvicusly the lorger
the grain boundery volune the pgrecter the nuaber of onicn
voeancies present in the groin beunlery repions ond hence
inecrensed conducticn. However, it is cpparent thot the
conductiovn is independent of groin size. Secondly if the
action of cndicn voaconcies were dncrecscd then it would be
expected thot scae enhauncenent of coenduction would be

cpperent ot high teuperatures, in the intrinsic repgion.



This is cpporently not prescnt in eony of the pelycrystols,.
The clouse resenblonce of the intrinsic conduction of both
‘sinpgle ond polycrystols is best observed in the extruded
pulycrystal. The polyerystalline ond single crystal
diffusion drta of Lrurent and Jenard for anicn diffusicn
hos been coapored with the hipgh teupercture cunduction of
pure pulycrystols using, the Nernst-linstein equaticn. Pig.lh.
15, shows this conprrisen, ond it is interesting to note
thot the high teuaperature conducticn of the polycrystals is
cuincident with the sinple crystcl data not with the puly-
crystal daots of Lourent and Benard., This suppurts the
suggestivu thet the anion vecancy diffusicn is not enhconced
in groin-bcundory regicvns. This conclusion is supported by
Cobont's work, since the polycrystils used for the present

7~
woerk are sinilcor to thuse used by Ccbeone.,

Since the enhanced aoticn of intrinsic charge corriers

ihns been excluded from the explanation of the . - §

conductivity curves, the possible extrinsic cerricrs .aust

be considered. The rcesults frewd the wcnpganese doped poly-
crystols suggest thet tue ossccivtion repgion of the single
crystol curve is ceontinued to high teaperatures in the
pulycrystalss; up to 9OOOK in the 1O0.ppn ooangonese duped_
15 pm groin size crystol and upt: 690°K in the 40/4m pure

'BY crystol. Fur this to occur the nuaiber of c~tion vacancies

uust increocse, ond this increcse could arisc froa the
presence of veoconcies in the groin boundorics.  The ndcero-
structural studies suggested that groin bound ry segregation
¢f ivpurities had cccurred, o~nd thus it would be expected
thot there will be o relrtively hirh concentreotion of
immurities close to the bounderies, It is ols. possible

thet the presence of rclatively large nuabers f divolent
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inpurities ond the v-cencies present within the pgroine
boundery structure enoble divalent cntivn-vac-ney cuiplexes
to reucin stoble ot iwch hicher teperstures thoun they

would in a single crystal.

; The above discussion of the conduction in'doped polycrystals ‘
= not applicable to the conduction in pure polycrystals since the
1
{

tactivation energy of region II is too. sma all., It is possible that’ thev

enhenceilent is the result of the diffusicn of souc other
iapurity. Allen ond Fredericks (162) have found that the
.enthalpy of nution of hydroxyl ivneg ic Q.79¢V in the bulk
of potassiua chleride ond thoat this ion 1s extremely uobile.
Thus it would eppear thet o possible explonotion could be
the diffusion of hydrexyl ions in the grain bounderies. The
high wmobility of the hydroxyl ivns can explain why no grain
size dependence of enhanced conduction is cbserved. Only

a relotively sncll nuaber of carriers will be required to
produce the enheonced conducticn ond these will be oble to
nove equelly ropidly in o saell volune of proin boundoary

o8 in o lcrpger voluae. The argnitude of the enhnnced
cenductivn will then only depend on the councentraticn of the

hydroxyl ions.

The <rigin of these hydroxyl icns is not clecr since
there cre severcl nechonisits by which they con set into the
crystal. lYrevious discussicns hove shown that the single
crystols contoin o su0ll grovwn-in hydroxyl ion c.ntent.

It is nlse felt thot sciie ocdsorbed whter aust hove been
introduced during the hot-pressing, olthiugh it rust be
renenbered thot the extruded polycrystsl exhibits a sinillar
beheovicur. It would alsc be possidble fur the crystcls tu’

plck up water vopour Jduring the cunductivity test, clthough

o
o

It is felt that the wet-machining of the crystal prior to.
extrusion would not introduce significant amounts of hydroxyl ions
into the bulk of the crystal.
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the tests were done in hiprh purity orgen, ond 2lso a crysteal
. . 0

annenled in wet nitruven gos ot 870°K for 6 lLours showed No

further enhanceuent of ccanducticn.

The hydroxyl ions that originated from those present in

the single crystal are probably compiexed‘with divalent cation
impurities and their associ&tgd‘vacancies. It is possible that
the complex is “‘draggedi along to the boundary during the
segregation prbéess s0 thﬁt the vacancy ossociéted with the
eomplex can be annihilated., It nay be‘possiblé that the
conduction in the doped polycrystals is due to Fhe ﬁopiqn of

{divalént gdation-hydroxyl ion complexes.

The effects of segregation on the diffusion processes
(104),
in

hawe been previously observed by wuensch and Vasilos

nopgnesiwn oxide polycrystcls. Geschwind rad Mochlin (1057

hive ubserved on enhoneeient f conduction in potassiun
chliride bicrystols which they ottributed to water, present
in the prophite dispersion uscd as electrode ucterial, being
drawn into the grain boundories os either hydrogen or

hydroxyl ions by the cpplicd electric ficeld.

e fora of the conductivity curves of the unnnﬁenled
polycerystals ot low teapercturcs is not understoud. It is
tentotively supgested thot at low tewperatures the pressed
cnd extruded polgerystcols cout-in o very hirh dislocation
density and thot the e~sy diffusion of sodiuna ions aloHag the
disloceticn ceuld cccount for the enbionced ecnduction ond the

tt (161) showed

reduced cctivotion energy. Dovidge ~nd Fro
Oy . .

that ot ebout 670°K the dislocention structure of o deforned

single erystol cousisted of foirly well defined sub-pgreoin

boundnries. The work on the conductivity of defourined single



crystals showed that the subngrcin boundrrics 2id not alter
thie conduction in the extrinsic repion. Thus the onnecling
characteristics of the conductivity curves of the polycrystcls
could be due to the snne.ling of the dislcenticn structure
intu sub-grain buundnrics which cre not cosy poaths of
cenduction to s .diun ions. It is alsc possible that the

forn of the unonnecled cunductivity curves c.ould be conunected

with segrep-ticn process.

The results presented in this discussion would appear
to dndicote thot grein boundery conducticn is ueorkedly
affected by the prescnce of inpurities. The cose with which
these iupurities con nove in the sroin boundories suggests
thnt they cuntrin o high vaconcy density oand thus o ceincident
site or cucrphous groin boundory structure would sceir cpplicable
rxther than ¢ dislocrticn nedel such s sugpested for low

cngle boundories.,

4,2, High Teupercture Jolerisstion in Polycrystalline

vcdiun Chloride,

The results of the d,c. conductivity tests cre shown in
figs.h.7, 9, 11 =2nd 12. The blocked conductivity, o = O3
-cga' s curves ~re siniler in fora to the c.c. conductivity
curves, os observed in sinple crystals. The slepe of region

1T is, however, cpp rently increcsed to cbout 1.02eV,

Fig.4.16. shows the percentage of blocked d.c. conductivity |
(Ub/cbx~100%) plotted against_logogT at 1/T = '1.5:{'10_3 ox-1 |
The percentage of blocked conduction in single crystals is {
proportional to logoBT, and the blocked conduction in the ;

|

polycrystals
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is almust the scie as in single crystrls., This supggests
thet the grodin boundeories cre not contributing to the
blucking cnd that 211 the blocking is occurring at the

electr.des,

The grain bounderries iy give risc to interfocial

puloriscotion since they could behave like surfoces,

perticularly as the conductivity resultsicould explain that the’
I

boundories contein o high voconcy density. The d.c.

c.nductivity is nct an idenl nethod of discriwincting between
interfreicl polorisction processes. The blocking of the

corriers weving in the grain buunderies will wesk ony sacll
blucking, effects of the boundrries. The measureaent of the
dispersion uf copacitence, resisteince snd luss foctor zos

a function of frequency should discriuinate between the

blucking processes present in single zud polycrystcls. NacFarlene

(128)

and weaver noticed o loss peck possibly curresponding

to polerisation ot buundories with o different tinie constant

to the elcectrode pelarisction peck.

e results of the -.c. densureacnts cre swmerised in

fig.4.17. where the rolaxation tine, T, ot tan Snax’ is

T f

lon a log. scale against 1/T. Fhe res‘sults~of;;‘thez:_,_1_32};ycrys§illsi

? TESTLYS o8 ot

correspond clusely with the results f the single crystals.

o further loss pecks were found, with diffcrent tine constonts,
thot could be ottributed te interfocicl poloriss tiun at groain
boundaries.

The foct that the greoin boundories do not cwpecr to
block the ch rp. crrricrs suggests that there is cunsidercble
continuity betweon two o 1jrcent grcins. This w uld sugpgest

thrt the 'islond' or coincident site 1odels of prain b.undary
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structure would seen applicoble. lBoth models would also ’ f

acceunt for the righ voconcey den51ty reqgquire? for the cu n-uctlun

processes,

L3, Micrehnrdness of Groin Boundaries in Sodiuna Chloride.

4,%.1, Introduction.

The conductivity rcsults on pulycrystolline sodiun
chloride suggest thot the effuets of impurities in groin
boundary regions arce considerable. The use of an alternctive
technique would provide useful corrcvborative cvidence and
for this reascn the aicroherdness techunique has becen developed
for studying sezregation of impurities ot proin boundcories,

It is olse felt thut this technique copplied o the testing
of bicrystals centoining groin bounderies of different tilt
angles could also provide useful infornstion concerning tae

structure of the gr-in boundories.

Freliunincry tests haove been corricd out on mouinally
pure bicryst-ls couut-oining 15 ~nd 40° tilt beundcries. The
results frou .iicrok-rdness troverses ot rocn teuaperature

will be cited in the fullowing section.

4,3,2, Micrihordness of 'Uure! udiuva Chloride Bicrystals.

. A 4 > >
The bicrystels were _rown fron pure sodiun chloride

Y

containing

Py

cbout 5Snppn of aivalent catiins. The crystcols



G .
were onnegled ot 620°K fur two hours and then oir quenched.
The crystels were clenved in the indeunter chaoasber, in o pure

crgen -tuosphere.

The presults shown in f£i..4-18. indiccte that the 15°
bicrystel shiows no hordening in the greoin bouadary region,
whereas the 407 bicrystel exhibits considers ble hordening
fur about 80/Am either side of the boundrry. These results
cre by no iecns conclusive ~nd no otteapt will be nade to
explein them, except to soay th-t it is possible thet the
herdeuing effect is duc to groin boundory scpregation of

jlupurities.

Further prelininory tests will be neceded to ucke sure
thet the hrrdening effect is not dues to other frcetors,
such zg the interactivns ¢f the groin bouadory on the
moverient of the dislucrtions introduccd by the indentation.
It is pussible to szy tiot the technique is apporontly
¢ffective in deternining snzll chenges of bhardness over saoll

QeSS

3
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5.1. CONCLUSIQNS

5.1el, Single Crystals,

The enthelpy of motion of cotion vocencics wes found
to be 0.69: 0.02eV and thc entholpy of fornmetion of schottky
defects wos found to be 2.36 2 0.02¢V. 4an ustimete of the
entropy of forustion of Schottky defects was umode,

s_ = 5.40(% 0.10)x 107 *ev®k™ . The intrinsic conductivily was
found to fit the cquation:

1 OK'

oT = 4.7 % 108 exp (-1.8720.02 /kT) ohm™t ow”
The veolucs obteined for th. cbuove porcn. ters were compored
end discussed with rcference to previous work. It was
concluded that the volues woere in gencrzlly good agrevment

with other work.

The e¢nhonced conduction in region I' was discusced
and wus found to be seasitive to saechanical deformotion, in
agrecient with provious work. The work suggest that the
e¢nhonced conduction ceould be the results of diffusion of
anions or impurities in dislocction cores or sub-grain
bounderics., No cvahancenent ol conduction was obscrved in
anncaled deforaed sveciacns at lower teapepaturces. This
indicoted thot sub-grain, or low ongle boundcrics do not
significently alter the bulk diffusion procusses. The
enhanced cation diffusion in dislocctions observed by other
workers was not detected, probobly becouse it was masked by

the bulk conduction.



Hﬁ
o
(%)

The conductivity of doped single crystals containing
less theon 300appm manéanese was neasured., The extrinsic
isotherms were found not to be lincar at low manganese
concentrations. This wos thought to be due to the presence
of hydroxyl or other inpurity anions forming stoble complexes
with the nanganese ions. Th. cffective, or free, divalent
cction iapurity concuntration wes estimated from the 'knee!
temperature and a ﬁaluu of the entropy of wmotion of cation

ki 1

. - O = .
vacancies of 1.8 x 10”7 ¢V K wos token from previous work,

This approach did not appear to produce o very reliable

estimate of CE’ probably duc to the unccrtainty of the

true value of the entropy term.

The d.c. .conductivity results show that a temperature .-

dependent polarisation phenomenon is present at high temperatures

]in;pure-crystals which results in a decrease in the slope of

| extrinsic region of-the-doped crystals giving risc to erratic
i

| values of the slope of region II, This explains the discrepancies in

region L. The polarisation phenomenon is-also present in the

the literature b¢tﬁcun values of hs and ASC obtained by z.c.

end d.c. techniques.

The d.c. conductivity rusults together,with voltage -
current plots dindiccting that Ohm's low is not obeyed, lead
to the conclusions that the polarisstion is the result of
poartiol elcctrode blocking of both anion ond cation vacancies.
The frequency dependence of copocitonce, resistance and loss
fuctor tend toa:rroborate this. The interfacial blocking
theories of Fricuf and MocDoncld failed to fit all the dota,
although the results did show the sane ufa dependence of the
parallel ecapacitance Cf‘ Releigh has suggested that the

feilure of theories is duc to the parallel representation




(IR
(T3]
(o]

of the resistsnce and cepacitince of the electrode-crystal
interface. Rzleigh sugpested that the polarisation might
butter be represcnted in teris of ¢ series ncetwork, in which
casv ¢ frequency dispersions of crpacitance or resistance
would be expucted. The results would scuimd toe fit this wmodel
but it is felt that eclectrode-elcctrolyte systums which can
be stabiliscd thoermodynomically would heve to bu used to
test the theory,

The results hove foirly well established that the
nature of the clectrode-crystal intoerfoce is cxtremely
inportant und can result in veristions of the blocking
behaviour., The tive constonts of the teapercture shift
of the loss peak indicate thrt the polarisation pheno iena
observed srce not duce to the rotatioﬁ of inpurity-vecancy

dipoles or vacaacy-pairs.

5.1.2, Folycrystals.

e conduction ia pure c~nd doped polycrystols prepored
by hot-prussing or cxtrusicn iz thought to be influenced
strongly by the swotivn of anilon cr cation iapuritics
segrognted at the greoin beundories The cxtrinsic conduction
of purv polycrystols is possibly dus to the reopid diffusion
of ¢ snall coccentrgtion of hydroxyl ions, their cnthalpy
of motion being about 0.80¢V. This value is in good
agrecuent with thot found by 4llen ond Fredericks for bulk

diffusion of hydroxyl ions in potassium chloride.

,kThe high temperature extrinsic region in doped polycrystals.is




_2U0

' thought to be .due to the motion of divalent‘éatipn—hydroxyl
' ion- conplexes. The form of the conductivity plots also suggests

that the ossociation region is extended up to the intrinsic

region;;Thus it.would .appear that the complexes

qu very much morc stablc in groin boundery ruglons than in

the bulk,

The absense of vnhenced conductiocn at high tenperctures
and thu lock of grain sizge dependence of the cnhonecd
conduction at lower tedperotures suggest thot anion veocaney
@otion is not cabonced in grain boundorics. This is in
c2ureeaent with the work of Cabene on well driecd and coroefully
prepored polycrystals. The results of Laurcent and Benard
cnd Graham. et 2l, who did not use corefully proepared and
dricd polycrystcls, show thot cenhenced anion diffusion is

present in 'dirty' groin boundcorics,

e interfoceicl vpolarisation studivs on polycrystels
indiceote thot the blocking acchonisms are esseaticlly tho
soie ©8 in single crystolss Lo diclectric loss pelk was
found within the frequency range used that would indicate

blocking ot grein boundsvics,

‘e conductivity results indicote thet the grein boundarics

Must contodin o high veociney density for the conduction to be

‘enhonced to such an extent. This suggests that an. amorphous -
i

’gruin boundary uodel would be opplicable,but such.a boundary

i

‘awy cause .blocking. of: the charge carriers. Since no blocking by

'the. grain boundariesnwhsiobserved-.the coincident site models

WHETFe considurable lottice continuity, and o high vacancy

cunccentration is present, night secm morc applicable,



Prelininory wicrchorduess troversces ccross tilt

boundorics in

purv scdiw: chloride bicrystoels indicote thet

there is ¢ hordened region at the boundory oxtending for

75/ﬁ? in 2 40°

tilt bound.ry. A troverse onm o sinilcor

15O tilt boundory showed no hordening. These results can

possibly be oxpleined in toerns of grzin boundary segrepgation

in high-ongle

5.2. SUGGESTI

bounderies ond anoct low-congle boundoarics.

ONs FCR FUTURE WORK,

Considerable work nas beoen dence oun both pure end doped

sodiun chloride but most of the work hes not cousidercd in

detoil the offcets of anicn 5 vell - s cotion inpuritics.

The study of the diffusion of hydroxyl cnd uthur cnicns

such o8 oxygzen ions in scdiua chleride would be of considerable

valve, Tho

roscoci: tion of thesce inpuritics with e tion

impuritics would olso be of interest.

A clecsor

region I' any

study of the diffusics precosses cceurring in

lecd to a greater undepstanding of dAiffusion

in dizslocotions "nd dislecotion structurcs sucih g sub-

grain boundaries. Possibly further work using the conductivit
i/ Ly =)

probe technigue would be of voluc,

Thp conduc£1v1ty neasureents on polyorystalline sodiun

;chlorlde have

~indicated that inpurity segregation is 1mportant in

1k li ﬂlllduu. The study of this phenomenen using othcr

techniques, in porticular the Microhordness toechnigue,

will provide

Aauch useful inforaction, porticularly if

Measurements can be made over the same range of teaperaturcs



202

used in the conductivity tests. The oxtension of the
conductivity results to lower teuperctures to coupare

the op, regetion ond precipitotion of iuapuritics in single
and polycrystels would also be of dntercest. Siunilgrly the
conductivity of polycrystrls containing other iupuritics
which ight not be oxpected to segregate to the boundarics,
colcium for exoaple, aveds to be evasurcd. The acasurenent

of diffusion, using tracer techniques, on polycrystcls

' combined with the measurement of conductivity would provide the

|

¢
i
¢
f

tiost useful information.

There is still much work to be donce on interfacicl
polarisation. The offccts of <lectrode contact, material
and thericdynanic stote nmust be investigated before the
processes involved core clearly uaderstood. The scrics
representotion of Raleigh moy provide the bust starting

place for such work.
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