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Abstract 

The conductivity of pure and mangarese doped single 

crystals has been measured from 6200K to ")20°K. The 

enthalpies of formation of bchottky defects and notion of 

cation vacancies, 2.361 0.0207 and 0.691 0.')2eV respectively, 

have been calcul-tcd. The unt ropy of form,..tion of 6chottky 
- defects is found to be 5.4: 0.10x 10-4eV°K L.  

The polarisation of pure and doped crystals in the 

temperature range 6200K to 920oK has been interpreted in 

terms of blocking of both anion and cation vacancies at the 

electrode-crystal interface. The failures of the models of 
(117)  and MocOnnrIld (116) Friauf 	 has been described in the 

light of the more recent model of Raleigh X114). 

The conductivity of polycrystalline sodium chloride 

has shown that there is a considerable enhancement of 

conduction compared with single crystals, in the extrinsic 

region. This is interpreted as being due to the diffusion 

of segregated impurities in the,;ruin boundaries. The 

absence of any enhanced conduction at high temperatures 

indicates that anion vacancies are not more aobile.  in grain 

boundaries. No polarisation appears to aric3 from the 

grain boundaries. Th- results indicate a. boundary structure 

containing a high vacancy density with continuity of the 

lattice butween each groin. The 'ial:_]ndt or coincident 

site models appear to be appropriate. 
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.licrohardncss technique has boon devolopod to 

Licasure grain boundary segreLztion in bicrystals of sodium 

chloride. The technique apperrs to be capablo of detecting 

small changes in hardness over 8aall distances. Preliminary 

tests on high angled bound,  rit-s show that hardening is 

apparent otrk.r v region rbout 75jen from the boundary. 
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CHAPTER 1.  

Introduction and Literature 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 techniques. 

It has long been recognised that ionic crystals generally 

behave in an intrinsic manner at high temperatures and 

in an extrinsic manner at lower temperatures. It has been 

established that transport in alkali halides is due to 

the motion 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. .Aectrons play a 

minor role in the conduction processes. 

tiuch attention has been paid to the ionic conductivity 

in pure and doped alkali halides. The enthalpies of 

foriation and motion of ;..chottky defects are well documented, 

although the values are somewhat uncertain, this being 

mainly due to differences in the experimental techniques 

employed. 

Until recently the transport of aatter in grain 

boundary regions has been neglected. Recent diffu3ion(1-3) 

- 
and ionic conductivity 

(4 6) 
studieshave 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 enhanced in grain boundary 

regions, as sugested by soe previous work.
(1'2'

5) 

9 

Conduction in surface regions has recently been 



investigated
(7,8) and in some ceramics, such as alumina, 

it was found to be significant. In al:kali halides however, 

surface conduction is not considered to be very important 

because the bulk conduction is relatively larger. 

The presence of i:ipurity ions in ionic crystals gives 

rise to several i-mportant effects. Thay 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 phenomenon of grain boundary segregation has been 

extensively studied in metals,(9-10)  such as lead, zinc and 

tin; and in some ceramics,(11) 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 

microhardness of the grain boundary region. Very little 

work has yet been done on segregation of impurities at 

grain boundaries in ionic crystals. 

The object of the work carried out by the author has 

firstly been to study the intrinsic and extrinsic conduction 

in pure and manganese doped single crystals of sodium 

chloride, so as 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 

10 



so that the diffusion processes at high te.aperatures in grain 

boundary regions may be studied. The interfacial blocking 

characteristics of grain boundaries'was also investigated. 

The segregation of impurities at grain boundaries 

4 
developed by 4estbrook. The design and development ofAhigh 

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 microhardness 

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. L3TRUCTURE OF :)0DIUN CLILCRIDE.  

1.2.1. Perfect 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.1.1. The bonds between the ions are almost entirely 

ionic, thus resulting in a string electrostatic attraction 

between anions and cations. There is a large hand gap 

between the valence and conduction band which results in a 

very low contribution to the charge transport by the 

movement of electrons. 

Illaw-been-studied using a microhardness technique 
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Fig.1.1. UNIT CELL OF NaCI  



13 

The transport of mass could occur if two adjacent ions 

exchange places but to do this would require a considerable 

dilation of the lattice, together with the moving 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. 

1.2.2. Point Defects.  

The subject of point defects in ionic crystals has been 

thoroughly dealt with by several authors; notably Van Bueren(12) 

has presented a general introduction, Lidiard(15), Supitz and 

Teltow(13), and more recently Barr and Lidiard(14) have 

given excellent reviews of experimental and theoretical 

work. 

Point defects can be divided into two classes. Frenkel 

defects which consist of a vacancy on a lattice site 

associated with an interstitial ion, and jchottky defects 

consisting of a separated pair of anion and cation vacancies. 

In sodium chloride the Schottky defect predominates due to 

its lower formation energy. 

The concentration of vacancies in an alkali halide 

crystal is given by the equation: 

_ x x = exp (-Gs/kT) x 2 a c 	
= 

 

wherex 
a 
 and x

c are the molar fractions of anion and cation 



14 
vacancies and Gs is the free energy of formation of a 

Schottky pair. T is the absolute temperature and k the 

Boltzmann constant. The derivation of this equation 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: 

Gs = 
	- TSs 
	 1.2. 

The product relationship of equation 1.1. 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 from long range 

Coulombic forces. Vie interactiOn'between7defebts will result 

lin anion,  and cation'AraCancies notbeingrandonly distribtitod' 
throughout 	 the i 	of this-.is- to lower ̀.the 

effsctive.:favtaatiOn energyat tighl.defect'concentrations' and 
telaperaturesis can'be,taken'dntbconSid6ration'using the 

Dblve.illickel theary;:oVelebtrolytes-aS'escribed by Lidiard(15)• 

Anion and cation vacancies 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 

pairs is given by: 

x 	= Z exp (-G /kT) 
	 1.5 

where 21 is the number of orientations of the pair and G p 

estimates of x N 5) 
as a function of temperature are shown in 

the.free_energy of formation of the pair. Two theoretical 

fig.l.2. 



[1+ 1+ 4 xo
2)1 xc = c 

2 
c- 

Much work has been done on crystals containing a 

molar fraction C of aliovalent ions; most work being on 

alkali halides doped with divalent cations. The divalent 

cations generally go into substitutional solid solution, 

the interstitial sites being too small to accomodate them. 

This will yield one impurity ion plus one cation vacancy to 

maintain charge neutrality, thus: 

X c 	c +Xa 
	 1-3. 

and the concentration of cation vacancies is given by 

when x 
o>17>c then x c  = X

o as for Schottky disorder and when 

xo4 c then the concentrations of defects are.. controlledby 

the amount of dopant added, that is X ec. The concentration 

of anion vacancies is similarly given by: 

x
a 
= c[ 	+ 4 xo2)1 

c2 

Fig.1.2.(14) shows the effect of divalent cation additions to 
the concentration of anion and cation vacancies. The cation 

vacancies are seen to change from the intrinsic thermal 

concentration to the conceiltretion controlled by the impurity 

content. The concentration of anion vacancies is seen to 

be correspondingly depressed. 

The preceding ,discussion has assumed that the concentration 

Og ,vacancies introduced,by theimpuritieswas constant ,and ,”ual 

to c. This is not necessarily so since 

1] 
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irnp,tcritcj  
pairs ofAcations 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 

exp (G
k
/kT) 
	

1.7. 

x
c 
(c-x

k) 

where G1  is the free energy of association of the pair. 

This equation ignores the long-range interaction. 

Aigher impurity-vacancy complexes will form at lower 
temperatures and at high impurity concentrations. At low 

temperatures it is possible that the solubility limit of 

the impurity is exceeded and this will result in the 

precipitation of a second phase. 

The impurity has been assumed to be evenly distributed 

throughout the crystal, and although this is the equilibrium 

situation it will not necessarily happen practically. Certain 

regions of tae crystal such as crystal surfaces, dislocations 

and internal bound.ries will act as sources and sinks for 

vacancies and require no charge neutrality. The distribution 

of LIpurities and vacancies will very with 	.position 

within these regions. I-3arr and Lidiard (14)state that the 

width of these regions will be abountici, where% is the 

Debye-diackel screening constant given by 

2 	8 -17 q 2 x c 
	 1 . 8 . 

VEkT 

7  

where q is the charge on a vacancy, V is the volume per 



molecule in the perfect crystal and 6 is the dielectric 
constant. 

1.2.3. Line  Defects.  

Dislocations are classed as line defects and in ionic 

crystals a dislocation will disturb tie re ular •attern of 

positive and negative ions. The dislocation line can be 

charged; or, if the line is not charged, then equal numbers of 

half-jogs of opposite sign within it will carry a charge. The 

dislocation line may also be surrounded by an atmosphere of -

charged defects. 

Motion of jogs with dislocations can 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 4hitworth and co-workers(16-241°) 

Caffyn and Goodfellow(21-24);  Davidge2 2d Eshelby et a1,(26)  

for detailed theory and experiments relating to the transport 

of charge and matter by dislocations. 

The transport of charge by dislocations has been seen 

as an enhancement of the conductivity after deformation (48)  

In many materials ions have been shown to move more readily 

in the dislotation tere, resulting in an apparent increase of  

the.bulltdiffusion. 
L 



1.2.4. Planar Defects,  

,,urfaces and grain boundaries can be considered as 

defects within the crystal lattice and they can either 

enhance or impede the transport of charge or matter. 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 

mutuallyrisorientated, whilst other properties are affected 

by the structure of the boundary itself. The mechanical 

properties fall into the first category, whilst charge and 

mass transfer are affected by the structure of the boundary. 

Similarly the surface of a crystal will affect the 

above mentioned properties. The surface condition will 

markedly affect the mechanical strength of the crystal. 

Charge and ..lass transport in the bulk could also be 

affected by the nature of the surface. 

1.3. GRAIN BOUNDARIEj IN I0lIC CZYSTALS.  

1.3.1. Grain Boundary Models.  

Grain boundaries in metals can be generally represented 

by a simple geometrical array of monosize spheres, such as a 

bubble raft model, This type of approximation is not 

applicable in ionic crystals since there are usually two 

19 



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. 

Many of the proposed models for grain boundaries; in 

general have been extensively reviewed by McGee(27). Low-

angle boundaries have been generally described in terms of 

arrays of edge and screw dislocations, giving rise to tilt 

and twist boundaries 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 

been given by Amelinckx and Dekeyser(28) 

The liAiting angle of mismatch between two grains 

resulting in a 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 TE the order of 15 to 20 degrees. 

Models for high-angle boundaries are also reviewed by 

McGe 27). Brandon(30)  has recently proposed a model based 

on the coincident site 7aodel of Kronberg and Alson (31) 

The basis of this model is that for certain specific axes 

and angles of misorientation, two grains separated by a 

boundary will contain a number of lattice sites in common; 

a twin boundary is an example of 	(30) Brandon 	has 

modified this model, combining it with a dense dislocation 

array model (32),  making it more compatible with observed 

results from field-ion microscope studies(33) 

20 
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1.3.2. structure of Grain  Boundaries in sodium Chloride.  

The structure of grain boundaries in ionic crystals has 

been studied by a number of workers, in particular work on 

the alkali halides has provided useful information about, 

the structure in cubic ionic systems. Fuschillo, Gimpl 

and McM 	(34, 35) McMaster 3k, 	studied both tilt and twist grain 

boundaries by pulling apart the bicrystals at the grain 

boundaries and then examining the surface of the boundary. 

They found that twist boundaries were apparently 'brill* held 

together by saall regions or spots of continuity, whereas 

they could detect no surface features for pure tilt 

boundaries. The lack of continuity in twist boundaries 

they attributed to lattice mismatch and to iapurity 

segregation. They sugcested that twist boundaries with 

such a structure would explain the laciz of ductility of 

many polycrystalline materials. 

Martini Fehr and McGee (36)  produced bicrystals and 

tricrystals using a hot-wire technique and they studied 

the interation of dislocationswith both tilt and twist 

boundaries. They found that propagation of slip was 

hindered by the presence of grain boundaries, and the degree 

of hindrance was higher for twist type boundaries and 
the 

generally increased withAangle of mismatch. Tilt boundaries 

of angle less than 12°  were shown to have a dislocation 

structure conforming to the low angle dislocation model. 

Gimpl, McMaster and Fuschillo (37)  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 
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and double-tilt boundaries in high-purity sodium chloride, 

but not in staple tilt boundaries. oeparate additions of 

100ppm of 
Si02' CaC12' 

FeCl
3 
 and iCl had no effect on the 

character of the grain boundary. nowever, 6000ppm of CaC12  

nearly doubled the strength of a 30°  twist boundary and 

considerably weakened a 45°  tilt boundary. They believe the 

strengthening effect may be ckke to sebrezction, but thuy 

offer no explanation for the weaaening effect in tilt boundaries. 

They also noted the presence of spots in the boundary plane 

in bicrystriis with ruisorientation greater than 15°. These 

have been observed in magnesium oxide and it is thought 

they are due to impurities sebregated at defects. This work 

does appear to suggest that iviott's islands of mismatch 

model (3a) hassome validity although the areas of mismatch 

appear to be on a macro rather than atomic scale. 

The study of diffusion processes in grain boundaries 

has yielded some information about the structure of grain 

boundaries in sodium chloride and other alkali halides. 

nc,Juhae (6)  has measured the electrical conductivity of tilt 

boundaries using a probe technique developed by uoment and 

Gordon (39), who did similar work on lithh.i.m fluoride. Their 

work, toether with diffusion work by Cabane (3)  and Laurent 
2) and benard (1, 	sugi3ests that grain boundaries are regions 

containing  a high vacancy density and tend to confirm the 

work on grain boundary structure. 

1.3.3. ,Jegregation of Impurities in Grain boundaries.  

The fact that grain boundaries contain local variations 

in composition has long been established. These variations 

*Double-tilt refers to'rboundaries tilted on two perpendicular-1 



arise from non-equilibrium conditions such as preferential 

transformations, freezing or diffusion. Other chemical 

variations arise from equilibrium or quasi-equilibrium 

conditions; this aspect has been extensively reviewed 

by Westbrook (4o).  Most of the work has been done on 

metal systems, only recently has some work been done on 

ceramic systems despite the importance of segregation in 

the sintering processes used in the manufacture of commercial 

ceramic materials. 

Prior to the early work of Westbrook and odood (41,42)  

the idea of equilibrium segregation at grain boundaries was 

a concept of long-standing, although unaabiguous experimental 

verifications were few in number; this being largely due to 

the difficulty in ueasuring 5-Ian local variations in 

compositions. eestbrook and Wood(41,42) found that 

microhardness measureAents could detect the presence-  of local 

concentrations of solutes at grain boundaries in a wide variety 

of materials. They found that when positive segregation of 

some solute species has occurred at a grain boundary, the 

microhardness of the boundary region 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 extended by veestbrook a 	(43) nd Aust 	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 

24 



boundaries such as coherent twin boundaries 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 disappearance of the boundary hardening effect at high 

temperatures was attributed to a decrease in impurity 

concentration at the boundary, but not due to an absence of 
impurity at the boundary. Their results suggest that the 

effect is not a simple solute concentration but more likely 

a complex mechanisim involving other types of defect in 

the boundary regions. 

The microhardness technique has been used by Aust, 

Peat and Nestbrook °CI)  for the study of the changes in 

defect concentration in quenched crystals of zone-refined 

lead. A marked softening of the boundary re,;ion was found 

over a distance of about 30 to 50 microns from the boundary. 

lust and Westbrook(44) proposed that the boundary hardening 

is due to the presence of solute clusters resulting from 

the decomposition of vacancy-solute complexes near the 

boundary sink. Recent work by Aust et al.(10) showed a 

linearirelationt 	between the distribution coefficient 

of the solute and the presence or absence of Grain boundary 

hardening as predicted by the solute-clustering model. The 

hardening was present when the distribution coefficient was 

greater than unity and grain boundary softening occurred 

when the distribution coefficient was less than unity. 

Segre:ation of impurities at grain boundaries in 

ceraaic systems has been reviewed by Nestbrook (40,11) 

The sane probleias of detection apply to ceramics that 

apply to metals. The segregation of Bi63  in high purity 
(45) alumina has been detected by Jorgensen and Nestbrook 

M a 



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 ceramic systems by iestbrook and Jor4„ansen 	;t6isitUdY 

the segregation of magnesium oxide in alumina. A typical 

hardness profile is shown in fig.l.5. many attempts by 

other workers to use the microhardnees technique satisfactorily 

have failed, this has been largely due to incorrect use of 

the technique. 

Evidence for the presence of grain boundary segregation 

in sodium chloride has been presented by Muller 
(47) 

 who 

concluded that the retarding of grain growth, as shown in 
in 

fig.1.6,strontium doped crystals was the result of grain 

boundary segregation of the impurity. This phenomenon is 

widely used in the sintering of ceramics to obtain a greater 
, (3) density. Cabane 	has shown that the grain boundary 

diffusivity of anion vacancies is markedly affected by the 

presence of water, which apears to be preferentially 

located at grain boundaries. The se,;regated solute may 

affect the effective width of the boundary itself and the 

diffusion coefficieat of the species moving within this 

region. The mechanisills for the segreg,:tion process which 

are applicable to .totals as far as it is known are present in 

ceramics, but it is possible that new -iechanisms are also 

involved. These additional nechanisms nay arise from the 

low solubility of many solutes and the variety of electrostatic 

anomalies possible at grain boundaries. 

The early models of steady-state segregation envisaged 

a simple absorption of solute by the boundary, the extent 

of which can be estimated from thermodynamic or strain energy 
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considerations. These ideas result in the segregated solutes 

occupying sites very close to the boundary, only two or thre 

atom spacings from the boundary, and this is not born out by 

experiment. 

More recent models proposed by destbrook(11) 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 atoms 

or ions as impurity-vacancy complexes. The boundary acts as 

a sink for the vacancies and the impurity-vacancy complexes 

will tend to move towards the boundary. The vacancies 

will be annihilated at the boundary and the impurities will 

remain at the boundary or near to it. . 

These models do not account for the increased hardening 

effect at the boundary, as 1lestbrookWO has pointed out 

that an asymmetric defect is required to explain the hardening. 

He has suggested that in metals the solute may go into 

interstitial sites near the boundary giving rise to an 

increased conca-ntration of asymmetric defects in these regions. 

An alternative model for the hardening suggests that 

the solute atoms are unable to redistribute themselves by 

diffusion and so cluster to form asymmetric defects. These 

two hardening mechanisms as yet cannot be distinguished 

between but experimental evidence cited by -estbrook(11) 
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does suggest that solute segregation occurs by the action 

of the vacancy-sink on solute-vacancy complexes. 

Recent work by Jorgensen (171) would suggest the 

assu:iption that segregation is an equilibrium effect is 

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

1.4. TaAhoPORT PRO?ERTIEj IR IONIC CRIVTALj.  

1.4.1. Ionic Conduction in Angle Crystals.  

ljThetleasUrebent: :of :ionic cOndUctivity is relatively easy 

experimentally for the study of transport phenomena in 

sodium chloride. iergies of :aotion of sodium vacancies 

can be determined fairly easily as can the energy of 

formation of Schottky defects. The association and 

precipitation of divalent impurities can also be studied. 

It is, of course, only possible to determine the motion of 

charged defects; neutral defects, such as vacancy pairs, will 

not contribute to the conduction processes. 

The features of the Arrhenius conductivity plot are 

shown in fig.1.7. The high temperature region is due to 

the conduction of intrinsic defects and is dependent only 

on the energy of formation of Schottky pairs and the energy 

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

vacancies are ,generally,c considered insignificant in this 

region. The lower telperoture region, region II, is strongly 

impurity dependent and is dependent on the uotion of cation 
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vacancies present as a result of aliovalent impurit:j additions. 

The conduction in this region increases with addition of 

divalent cation impurities and is decreased by the addition 

of 'di'valent - anion' impurities. 

Stage III is the result of the association of impurity 

ions and vacancies into coaplexus. This association region 

leads into the precipitation region, region IV, which 

results from the precipitation of the divalent impurities. 

Region I is often .:codified at high temperatures by a region 

of increased gradient, know as region I'. It is thought that 

this is due to the notion of anion vacancies becoming 

significant et 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 relatinL to ionic conduction in sodium 

chloride has been covered by many previous authors, 
(15)9k° 

notably :Lidiard 	/gives an excellent account of the 

basic theory whilst many other authors have supplied 

modifications to the theory. No attempt will be made to 

derive the equations in the text and only those equations 

of relevance will be quoted. Likewise no atteapt will be 

made to present a full account of previous experimental 

work since several previous reviews are available.
(13,14,48) 

The basic definitive equation concerning conduction in 

any material is given by: 

= 24. N. q. 
1 1 1, 1 

1.9. 

where i refers to the different charge carriers, N, is the 



density of carriers per unit volume and q, is the charge 

and, /A , the mobility of the carriers. In sodium chloride 

where $chottky disorder is predominant and the cation 

vacancy predominates over the anion vacancy in the charge 

transference, it is possible to calculate the temperature 

dependence of conductivity if the vacancy concentration and 

mobility as a function of temperature are known. 

The mobility of the cation vacancy, µc, is dependent 

on the jump frequency of the sodium ion. The temperature 

dependence of the mobility is as follows: 

pc = 
') 	A 4a` e vc0  exp As exp - A hc • c 
kT 	k 	kT 

where a is the lattice spacing, ,0c°  is the cation vacancy 

vibrational frequency, A8c  is the entropy of motion and 

Ahc is the enthalpy of motion of cation vacancies. 

Ilhen a cation vacancy is formed by the rodovG1 of a 

cation then there will be a change in the Gibbs, free energy 

of the system, described by the equation 1.2. To ensure 

charge neutrality when a cation vacancy is formed an anion 

vacancy must also be formed hence: 

Xa  = Xc  = Xo  

Considering the intrinsic region and the general 
and 

case when both anion cation vacancies contribute to the 

conduction then: 

O 
	 1.12. 

99 



and: 

Cr-= (nc6'  fac) + Ana 	) (-a 1.13. 

Combining equations 1.1., 1.2., 1.10-13., then: 

CT= 1+Na2e2  exp S exp - hU 	Oc°  exp c exp-.•hc • 

kT 	2k 	2kT kT 

+Va
o exp fl o expilha 

k 	kT 1.14. 

  

when cation mobility is alone significant then: 

C-= 4Na2e2 V°  exp 	+ 
c  1 exp - V°  

kT 
	2 

[

h. 	4.06h ] 1 • s 	•--c• 
2 	kT 

1.15 

Thus in an Arrhenius plot of log trT against 11 1 -, cation 
motion is characterised by a straight line of slope 

 

1.16 

  

   

The expression inside the bracket is the activation energy,QI. 

Where both anion and c,:tion vacancies contribute significantly 

the slo-pe of region I will increase as it does in region I'. 

The gradient of this region will be dependent on the enthalpy 

of motion of both onion and cation vacancies as well as hs. 
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At high teAperatures, where the concentration of anion 

cad cation vacancies bec,:mes appreci_ble, attraction between 

the defects will produce vacancy pairs. These pairs will 

not contribute towards electrical conduction since they are 

electrically neutral. They will, however, contribute to 

the diffusion processes. 

Fig.1.7. shows that the high te:aperature intrinsic 

re[,-ion is transforiaed at lower teAperatures to a straight 

!line region of reduced slope; region II.' This region is 

controlled by the divalent impurity ion concentration, and 

the'ConCentration of vacancies is determined by the nsed to 

maintain charge neutrality. The concentration of'vacancies 

is given by equation 1.1. and the condition of eharge neutrality 

it the following equations: 

xc 	+ Xa 
	 1.3. 

with excess divalent cations present and 

xC = x - c a 

with excess divalent anions pru,ent. 

Thus from equations 1.1., 1.3. and 1.19. 

1.019. 

  

+ 
 47

2] for divalent cations.1.20. 
2 

x = c 
c — 

2 

1 + 

   

    

and x = c 

2 

1 - 11 + 4x o2 

c
2 

for divalent anions. 1.21. 

    

    



thus it is seen that divalent cations will enhance conduction 

and divalent anions will suppress it. At these temperatures 

it can be assumed that the anion conduction is negligible 

and then: 

2 	o Cr. 	n
c
a
2 
 e v. 	 p ISSc  exp - a ho 	1.22. 

1ff 
kT 

The slope of the Arrhenius plot will give a value of Q he  

r
ift-dAhe-intercept on the log. T axis will give 6Sc.1 

The change from region I to region II occurs graduA.ly. 

The temperature at which the straight lines of these two 

regions meet is called the 'knee temperature', Tk. At Tk  it 

can be assumed that the equilibrium concentration of ;.)chottky 

defects satisfies both intrinsic and extrinsic conduction. 

At the 'knee temperature': 

c exp
a 
 exp hs 	 1.23. 

	

2k 	2kTk  

1 hence a plot of c against 7 will give values of S and h . 
k 

The correlation of conductivity measureilents with diffusion 

measurements is an important aspect of this subject since the 

transport of matter is studied by both methods. The two 

methods may be compared using the Nernst - Einstein equation: 

Ti 
	Net 
	

1.24 
D. 
	KT 

aJ  



Where 0 and D. are the conductivity and diffusion 

coefficient respectively of the aovini;. species. For sodium 

chloride the equation can be written as: 

cr= 1Ve2  (D + ) a 	c 
kT 

1.25. 

True diffusion coefficients are derived from completely 

  

   

random Motion. A vacanCy'can exchange Placeb'With'anSr of its 

neighbours,' an ion which haS jumpedrinto'a vacancy has a finite 

probability of juMping back into the vacancy it leaves'behind. 

Thus' not all tracer ion jumps will necesSarill'contribUtetO 

{the general diffusion flow. This effect'is accounted' for - by 

l  using a' correlation factor, fl 'where: 

f = 

	

	 1.26 

D 

where Dt 
is the tracer diffusion coefficient and D is the 

true diffusion coefficient. The correlation factor is 

dependent on the lattice structure'ond the diffusion 

qe.chanisln. For the F. C. C. lattice of sodium chloride 

where diffusion proceeds via ju_i_ps into vacant lattice sites, 

f = 0.7815. The Nernst - Einstein equation now becomes: 

	

cs-= Ne2 	(D a  + D c) 	1 
	1.27. 

	

kT 
	

0.7815 

The present discussion relatinL to the intrinsic and 

extrinsic conduction has assumed that no association occurs 



between impurities and vacancies. At lower temperatures 

association does occur and gives rise to region III, the 
slope of this region is given by 

(11, c 	hk) I 
2.  k 

1.28 

where hk is the enthalpy of association of the impurity 

vacancy pairs. 

i-Ln important consideration, particularly when fitting 

conductivity plots to e- Apirical equations, is the Debye - 

HUckel interaction between vacancies. Vacancies in the 

lattice are surrounded by a E5yaetric etiosphere of oppositely 

charged vacancies. ahen a field is applied the vacancies 

are set in %lotion end the surrounding atmosphere changes, 

this results in a reduction of the, speed of the vacancies. 

The net.effect,Of.:Debye-Hiickel interactions is to lower ,the 

effective formation energy at high defect concentrations and 

temperatures, that is to increase the defect concentration to a 

value greater than would be expected by extrapolation from the 
behaviour at lower temperatures; equation 1.1.• is nodifiod to: 

1.29. x 	02 exp 	4;2.  It c a 
iEkT (114(R) 

where Xis the Debye-hilckel screening  constant given in 

equation 1.8. 



1.4.2. Mass transport in single crystals. Previous cork.  

Ionic conduction and diffusion studios have been reviewed 

extensively in the past (13,15,48), in addition these authors 

have reviewed work concerned with N.N.R., thermoelectric 

power, dielectric loss and ionic thermocurrent (I.T.C.) 

neasurecients. In this chapter it is intended only to discuss 

briefly the work already reviewed and to introduce more 

recent work which is of importance. The various parameters 

used to describe cation end onion motion have been listed 

in tables 1 to 4. 

The values of the parameters of motion and formation 

of defects show a considerable divergence, the reasons for 

this can generally be summarised as being due to differences 
the, 

in experimental technique andAanalysis of the results. The 

values obtained for cation enthalpies of motion and ochottky 

foraation enthalpies are reasonably consistent in most a.c. 

conductivity measurements, whilst there values differ 

considerably from values obtained by d.c. conductivity, 
diffusion and Y.M.2. techniques. The low values of 6chottky 

formation energy obtained by d.c. conductivity techniques 
can be attributed to the presence of interfacial polarisation 

effects at high telperatures resulting in a decreased slope 

of region I (57). The interfacial polarisation effects will 

be dealt, with at length later. Other errors in the 

determination of the slope of region I can arise from the 

curvature of tiis region t high temperatures. Differences 

in the material itself may also affect the results. nigh 

dislocation densities can result in a considerable increase 
81) in the curvature of region I (48, 	and the type and 

concentration of impurity coud alter the slope of region II. 
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TABLE 1:  

PARAMETERS OF CATION MOTION IN NaCl. A.  

SOURCE SYSTEM TECHNIQUE h s 

(eV) 

S s 
(eVoK-1) 

Mott and NaC1 Theory 1.96-2.12 

Littleton (49) 

Napo they NaC1 Diffusion 2.06 

et al.(50) D.C.cond 2.12 

Etzel and NaC1 D.C.cond. 2.02 

Maurer (51) 

Fund and NaC1 Theory 1.96-2.12 

Tosi (52) 

Taylor (53) NaC1 D.C. 2.04 

Bierman (54) - D.C. 2.19 

Dreyfus and - D.C. 2.12-+.07 5.34x10 4 

Nowick (55) 

Jain and NaC1+Ni2+ D.C. 2.341.01 

Dahake (56) 

Kirk and . NaCl+ein2+  A.C. 
+ 2.30-.02 

Pratt (57) 

Brown and NaC1+Sr2+ A.G. 2.28 

Hoodless (58) +Ba2+ A.C. 2.26 

Graham 

et al.(5) 

NaC1 A.C. 2.26 
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TABLE 1 CONT'D:  

SOURCE SYSTEM TECHNIQUE hs  
(eV) 

S  
(eV0K-1) 

Kirk (48) NaC1 A.C. 2.301.02 5.2x10 4  

Allnatt and NaC1 Diffusion 2.17 2.1x104  

Pantalis (59) 

Beniere 
et al. (60) 

FaCl+Sr2+ A.C. 2.50 9.6x10
4 

Laredo and NaC1+Sr2+ A.C. 2.30 6.78x10
4 

Dartyge (61) 



TABLE.2.  

PARAMETERS OF CATION MOTION IN NaCl. B.  

SOURCE SYSTEM TECHNIQUE talc  

(eV) 

Ase 
(evoel) 

(50)  NaC1 Diffusion 0.77 

D.C. 0.83 

(51)  NaC1 D.C. 0.85 

(62) NaC1 A.C. 0.781402 

(63) NaC1 Diffusion 0.86 

(64) NaC1 N.M.R. 0.66 

(2) NaC1 Diffusion 0.60 

(53) NaC1 D.C. 0.69 

(65) NaC1 Theory 0.87 

(54) NaC1 D.C. 0.74 

(66) NaC1 A.G. 0.74 

(55) NaC1 D.C. 0.79 2.84x104 

(67) NaC1 Diffusion 0.71 

(56) NaCl+Ni2+  D.C. 0.751-.01 

(68) &lel D.C. 0.69:1..03 

+Na2  S04  D.C. 0.72:1..03 

+Na202 D.C. 0.64.03 

(57)  NaCl+Mu2+ A.C. 0.67-0.73 

NaC1 A.C. 0.691.01 

(58)  NaCl+Sr2+ A.C. 0.72+.04 

+Ba2+ A.C. 0.741.04 



TABLE 2.  

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

SOURCE SYSTEM TECHNIQUE Ahc  

(eV) 

hsc 

(eV°K-1) 

h +itth 
la 	c 
2 
(eV) 

S +U 
5 	G 

2 
(eV ea) 

(5) NaC1 A.C. 0,74 

(48) NaC1 A.C. 0.671.01 1.8x104 

+Mn2+ A.C. o.69-.o3 Y 

(69) NaC1 D.C. 0.720-A-.010 
2 Mg +  0.734f.015 

Ca2+ 0.743+.025 

Sr2+ 0.7401.020 

Ba2+ 0.7801401C 

(70) NaC1 Diffusion 1.781.03 

(59) NaC1 Diffusion 0.66 2.75x10-4 

(71) NaC1 A.C. 2.06 7.44x10-4  

Diffusion 2.10 

(60)  NaC1+Sr2+  A.C. 0.72 1,78x104 

NaC1 A.Cs 0470 

(61)  NaCl+Sr2+ A.C. 0.75 2.61x10.4 

- 

/12 



TABLE 3.  

PARAMETERS OF ANION MOTION IN NaCl. A.  

SOURCE 

t_ 

SYSTEM TECHNIQUE 

(eV) 

Aha ASa  

(eV6e1) 

hs4.Aha 

2 (eV) 

Ss-FASa 
, 

(eV Irl) 

(72)  NaC1 Diffusion 2.70 free 

(2) NaC1 Diffusion 2.23 

(73)  Isotope 
exchange 

1.67 

(74)  NaC1 Diffusion 2.29 

(75)  K Cl D.C. 1.86 

(76)  NaC1 Diffusion 1.10 2.12 6.46x10-4 

NaCl+Ca2+ Diffusion 2.49 

(77)  NaC1 Diffusion 0.90 1.92(free) 3.86x10-4 

2.37(pair) 

(78)  NaC1 2.30-2.60 

(79)  NaC1 2.37 

(48) NaC1 A.C. 1.60 1.57x103  

2.00 

(59)  NaC1 Diffusion 1.15 8.15x10.4 

-1 
(71) NaC1 Diffusion 2.08 7.11x10 	' 

(60)  NaC1 Diffusion 0.86 1.96x104 2,14 

Activation enthalpy for motion of vacancy pairs. A 



TABLE.4.  

ENTHALPY OF MOTION OF VACANCY PAIRS.  

SOURCE SYSTEM TECHNIQUE 
hP0/ 

(76)  NaC1 Diffusion 1.07 

(80) NaC1 Dielectric Loss 1.25 

(77)  NaC1 Diffusion 1.30 



Kao et al.(69) have shown that the enthalpy of motion of 

the cation vacancy'is dependent on the cation impurity 

preaent and Redfern and Pratt (68) have seen a similar 

effect as a result of anion impurity additions. 

The choice and the method of application of electrode 

material is particularly important and care must be taken 

to ensure that the electrode material or the testing 

environment does not accidently add impurities to the 

crystal. :decent work by Laredo and Dartyge 
(61)  showed 

that anomalous effects were observed using graphite 'dag' 

electrodes when testing strontium doped sodium chloride. 

Recent measurements of hs  and Ahc  show reasonable 

consistency. Values of about 0.70 eV forAhc 
and 2.30eV 

for h
s 
in sodium chloride ore, acceptable to most of the 

data. A notable excerption to this is the value of 2.50eV 

for h obtained by Beniere et al.
(60). The values of the 

entropy of motion of the cation vacancy, AS , obtained by 
(48) 

Beniere et al.
(60)at. in close aLreement with Kirk 

(59) 

of the Schottky pair 	not so consistent and vary from 

9.6 x 10 4  eV °L-1  to 2.10x104Wri. The values obtained 

by Nelson and Friauf
(71) for the slope of the intrinsic 

region (2.06 and 2.10eV) appear to be rather high co.apared 

to other work, if a value of 0.70eV for Ahc is assumed there 

values ;ould dive values of hs  of 2.72eV and 2.80eV. Their 

experimental curves show a considerable curvature in the 
, 

region where measurements have been taken, 823°K to 973o  .6_ 

and it see..as that these values of activation energy are 

more appropriate to region I' than region I. 

and Allnatt and Pantalis The entropies of formation 



The study of the diffusion of chlorine ions in sodium 

chloride received little attention until Chumla (72)  

developed a technique for studying 0136  diffusion. This 

technique was later used by Laurent and Benerd(1'2), and 

Schamp and -f,atz 
(63).  Ewles and Tain (75)  measured the 

decay of conductivity with time in quenched potassium 

chloride. Thy deduced that the enthalpy of motion of the 

chlorine vacancy was 1.86eV, a value too high compared with 

recent measurements. 

A technique involving a radioactive gas exchange 

developed by Harrison et ol.
(74) greatly improved the study 

of anion diffusion. Their results showed a 'knee' at 670°K 

and they suggested that the anion vacancy concentration 

became fixed at this ted 	(82) perature. Lidiard 	later suggested 

that diffusion might be due to vacancy-pairs at te,aperatures 

above the 'knee'. 

Further evidence for the presence of vacancy pairs is 

provided by the high temperature dielectric loss measurements 

of Sastry and Srinivasan (83),  sack and S:aith 
(84),  and 

Economu and Sastry (80). The absorption peak is found in the 

temperature range 873°K to the melting point. They found a 

rotational energy of 1.26eV co.apared with Lidiard and 

Thar.2alingham's (85) theoretical values of 1.16eV; and a 

formation energy of 1.32eV against a theoretical value of 

1.28eV. The binding energy was found to be 0.78eV. The 

data did suggest an unreasonably lare number of pairs and 

the explanation of this is not clear. It has been suggested 

by Barr and Lidiard 
(14) that these peaks can be better 

accounted for in ter;As of interfacial polarisation at the 

electrodes. 

G 



Recently obtained values (see ')Jablu.3) of the enthalpy 

of motion of anion v,cancies are of the order of 0.9 to 

1.1eV. These values compare well with values obtained by 

Rolfe 
(86) 	(87) 

, Chandra and Rolfe 	and Fuller and Reilly (88)  

for anion diffusion in potassium chloride, that is 0.87eV, 

0.99eV and 0.92eV respectively. Thu values  of Ab obtained 
(48) by Lirk 	were calcul:ted from the enhanced conduction in 

re,.sion I' of plastically deformed crystals, and it was assumed 

that these values correspond to anion diffusion in sub-grain 

boundaries, not in the bulk. 

The presence of divalent impurity ions in sodium 

chloride, as it has already been stated, larkedly affects 

the level of conduction in region II of the conductivity 

plot. studies of aliovalent impurityions in sodium chloride 

has led to an understanding of impurity-vacancy interactions. 

,forors in this field are nuderous and readers ere again 
(69) 

referred to the reviews for details. The work of Lao et al. 

and Beniere et al,
(60) has recently provided values of 

enthalpies of motion of cation vacancies in the presence of 

divalent cations, in particular kg
2+

, Ca
2+

, or
2+  
 and ua . 

Their results indicate that the binding energy of the complex 

and the solubility of the ilpurity in the crystal lattice 

are dependant on t.,c, divalent ion radius but the entalpy of 

motion of the ca tion vacancy is not. These results 
(55r 

are in 

contrast to previous work by Dreyfus and Powick 	found 

a systematic dependence of the enthalpy of laotion of cation 

vacancies on impurity ion radius. 

The as_ociption of manbanese 	impurity has been studied 

by ildrk 	
(48) 

and iTatt(57), and Kirk 	using conductivity, 

dielectric absorption and I.T.C. techniques. The different 

7 7  



forces of the associcted status of the ilpurity ion, that is 

thu free ion, i7apurity-voconcy coapluxes and oggregeted 

phasu were investiatcd. They found values of 0.30-0.40eV 

for the enthalpy of osscciation of the monganuse ion ond the 

cc Lion vacancy, which :am in good agreement with values 

obteinod by Lure et a1_(67) 2,4d :gown and Hoodlcss (58)  , an 

overou value of 0.68ey for the enthalpy of reorientation 

of thu (Aanganose ion-vacancy coaplex and 0.88uV for the 

enthalpy of solution of thu Aam,.nuse ion into the sodium 

chloride lattice. 

The effects of aliovalent cud :)onovolont anion i2purities 

haatalso been studied by several worlcers. Divalent anions 

will depress the conduction since the nuaber of cation 

vacancies is efiectively reduced to aaintoin char;,e neutrality. 

Nonovelent anion impurities will also suppress the extrinsic 

conduction since they will tend to form divalent cation-onion 

icomplexeS and tie up a cation vacancy in the complex.' 

Redfern and 1-rutt (68) introduced sulphate and oxygen 

ions into t,:le lattice with the effect of reducing the level 

of conduction but riot significantly altering the slope of 

region II, thus cetion motion appears to rumcin predominant. 

Auger,Fritz and Luty (89),  after doping cryst:ls of I\.C1 with 

hydroxyl ions, found thet complexes with the divvilunt c<,tion 

ilapurities were formed. L;toebe end Pratt(90) attributed the 

reduction in conductivity of hydroxyl ion doped lithium 

fluoride to the foraction of magnesium-hydroxyl ion complexes. 

These results are in contrast to those of Poshkovskii, Tana: 
(91) and TL:achuk 	who found en enhance lentof conduction 

in hydroxyl-ion doisod KBr which they attributed to thu 

formation of nonsymmetrical ionic configurations (C1 - K - 

OH for example) 	Liokes the forma Lion of option vacancies 



more probable. 
(48) 

Kirk 	found (in manganese ion doped sodium 
chloride) that extrinsic isotherm's-did not 

extrapolate to the origin but to a point on the concentration 

axis. It was assume,' that this was due to the presence of 

anion impurity forming co: it 	with the manganese impurity. 

This would effectively reduce the manganese concentration 

within the crystal. The absence of hydroxyl or carbonate 

peaks in the infra-red sugLested that the inpurity was 

oxygen, the crystals being air grown. 

11,4.3. Diffusion in Dislocations.  

During the prior discussions of grain boundary models 

and structures it becale evident that dislocations can be 

arranw:ed to form low angle grain boundaries. Thus it is 

interesting-to investigate ion transport in dislocations 

with the hope that the infoc.action obtained will be relevant 

to the study of transport in grain boundary regions. 

Dislocations can affect the conductivity in two ways, by 

altering the distribution of vacancies 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 contains excess anion vacancies and the bulk of the 

crystal contains equal munbers of anion and cation vacancies. 

The positive charge on the surface is compensated by a space 

charge of opposite sign extending into the crystal. 



The presence of charge on dislocations was first 
proposed by Pratt X93)  whosulsgested that excess jogs of 
one sign lying on the dislocation core surrounded by a 
charge cloud of opposite sign could exist. 2shelby et al 26)  

atteapted to deteraine the potential associated with 	space- 

charge and anned for the existence of an 'isoelectric 
tA;c1, 

telaperotureukis iqipurity dependent and occurs when c,;tion 
and anion vacancy conc entrations at the bound,ries are equal. 

Below the isoelectric teperature the dislocation core has 
+ an excess of neative jogs Ga vacancies) and above this 

tenperature an excess of %,ositive jogs (C1-  vacncies). 

Lechler, Lan,reth and Von Tun 	
(94) 

zovich 	obtained an 

energy of oration 01 	cation vacancy of 0.53eV and 
05) Brown - 	12F.3 given a con;lete analysis of the spa ce 

charge potential about a disloccAion core. 

The diffusion of ions doc,1,- disloc-tion cores was first 
(96) studied by Tucker, 1,:,:sor and Thowson 	wino measured the 

transport of sodiuM ions in disloc,tions is litniva floride 

by conductivity techniques 	bc.r,e scale dLfiusien witL 
so lin.' dendrite foru:uion wos observed, and ti ,e diffusion was 
Ae5sured by radioactive tracer metheds 	.10,,,,u,-eent of 

'charge transport. Transient.conductivity experiments y#.91ded-an 

activatiOnenergy:of diffusion.pf.0.30eV,tor edge and screw, 

clislocatTaIsfrequency factor, Do of 0.01 cLa G  sec 1. 
Analysis of charge effects in the core of the disloc,tion 

lead to a proposition ofahigh vacancy density in the core. 
Geguzin and Dobrovinskya (97)  studied solium ion diUusion 
in dislocationsia sodium chloride by standard tracer techniques. 

9 8) I-L 	( Their results agreed well with 

	

rt's 	uodel of overlapping 
(99) 

	

diffusion channels and 3raoluchowski's 	model of diffusion 



"tubes". The results showed: 

r  DCi S: 	= 7 x 10-12 exp 	-0.6'1 

' kT 

and: 
	D 	

screw 
= 8 x 10-10 

 exp 

.kT 

where 	is the 'tube' area, end D
d 

is the coefficient of 

diffusion along disloc:;tions. These results show that edge 

dislocations allow a higher diffusion of ce.tions than the 
bulk but they are difficult to analys,l, without further 

information on the diffusion "peracabilitrc of dislocations 
to the notion of chlorine ions and velues of the 'itube" area, 

Prior to the work of Tucker et al,(9), Barr et c1.(78), 

using on isotope exchange technique, found that a decrease in 

dislocation density reduced the anion diffusion coefficient 
and increased the apparent activation energy, they also 

(98) found that iiart's 	uodel was applicable. Kanzaki, hid° 
and Ohzura (100), alsofound an increase in conductivity with 

increase in disloction density in zone refined potassium 

chloride. They noticed on anisotropy of conductivity in 

bent and .nneoled single crystals - witlq electric fields 

applied parallel and perpendicular to orien=,dge dislocations. 

The temperature dependence of tilt, anisotro-oykgave a formation 

energy of positive ion vacancies of 0.5 to 0.7eV. The results 
from the purest crystals showed agreement with charged 

dislocation theory, but the understanding of the less pure 

crystals was not complete. 



More recent work by Kirk 
(8) 

on deformed sodium 

chloride showed that deforlation results in a definite 

enhancement of conduction in the te.qperature range 870°K 

to 920°K. It was found that the enhancement decreased after 

prolonged annealing at 873°K.. These results were interpreted 
of 

as the onilL,nceaconductionnion vacanci,s down the) sub-grain 

boundaries forned by the 2nn,aling of the deformed dislocation 

structure. i'rolonged ,nnealing resulted in gn increase in 

the sub-L,rain size, and a decr,Jase in the total volume of 

grain boundaries and hence a decrease in the enhanced 

conduction. 

1.4.4. Diffusion in Grain Bo,..indaries.  

i,lany researchers hove been interested in the diffusion 

of uatter down grain boundaries although most of the early 

work was concerned with :detals. Laurent and Benard (1,2) 

studied the self-diffusion of oodiue and chlorine ions in 

polycrystalline sodiuu chloride. Their work indicated that 

no increase of the diffusion coefficient of sodium ions was 

apparent, but they did notice en increase in the diffusion 

coefficient of the chlorine ion. The diffusion coefficient 

increased with decreasing grain size, but the activation 

energy reaained constant. Their results are show- in fig.l.8. 
(2) Later results by the: sz_e• workers 	snowed a similar 

behavior for other alkali chlorides and pota,:,sium halogens. 

They also concluded th;-:t the self-diffusion coefficients 

showed a linear 	dependerilce on thee polarizability of the 

diffusing' speci-s. 
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Caban (3)  lz.-ter pointed out t;- at the analysis of 

Laurent and Renard was incorr,ct and that the analysis of 
(101) dhipple 	was ,;lore correct. Laurent and Benard used 

Fisher's (102)  analysis which Ls only applicable under 

certain conditions. 

Fisner's aathematical analysis of diffusion down a grain 

boundary applied the condition that the boundary is 

perpendicular to the diffusing surface and parallel to the 

diffusing direction. This is only uueful when ratios of 

D 
BOUND RY 	BULK 

F to D 	are large (S' is the effective width 

of the boundary). The Fisher analysis also leads to 

anomalously high activation energies for grain boundary 

diffusion, especially in low angle boundaries. Whipple's 

analysis is more precise and takes into account diffusion 

direct from the surface and sideways diffusion from the grain 

boundary. Thu different analyses of grain boundary diffusion 

have been discussed by ac Claire (103) 

f (3) Cabane 	studied the effect of different methods of 

preparation of polycrystals on the diffusion of ions. He 

found that polycrystals produced from carefully dried powder 

were completely transparent and were co- Iplutely dense. 

iblycrystals froa undried powder were opaque and the grain 

boundaries were easily etched in comparison with the dried 

polycrystals. He found that none of the specimens exhibited 

enhanced cation diffusion, but the undried opaque specimen 

did show an enhanced anion diffusion, These results are in 

agreement with w(104)Uensch and Vosilos 	who concluded that 

enhanced diffusion in polycrystalline magnesium oxide was 

due to segregation of impurities. Geschwind and Machlin(105) 

have also noticed an enhancement of grain boundary conduction 



which they attributed to the presence of water. This evidence 

would suggest that the enhanced conduction of chlorine ions 

in grain boundaries is the result of the association of 

hydroxyl ions with impurities or defects in the boundary 

region. 

, (3) Cabcne 	found that 71though the value of D BOUND::RY 
increased with decreasing grain size in the opaque specimens 

the activation ener6y remained constant. lie also noticed a 

second diffusion mechanism, which was apparent only in his 

transparent slDecimens, that had en octivetion energy of about 

one half of that found in single crystals. The parameter 

D BoimaJar was therefore less temperature dependent than 

D 
BULK 

 and hence only noticeable et low temperatures. This 

leads to the conclusion that the boundary width g is small, 

which is in agreement with models of grain boundary structure. 

Tilt boundaries in lithium fluoride have been studied 

by homent and Gordon (4) using a conductivity probe technique; 

this method was later used by Mcuhae (6)  to study diffusion 

in tilt boundaries in sodium chloride. i1oment and Gordon 

doped boundaries with sodium ions and found that the enhanced 

conduction had an activation energy of 0.32eV which was 

independent of grain misorientation. This activation energy 
as 

is the sam il efound by Tuci,:er et al.
(96) 

in sodium doped edge 

dislocationsin lithium fluoride. Noment 	Gordon interpreted 

their results in terms of a disordered boundary structure 

containin_ a high vacancy concentration. 

A 	(6) 
ccuhae 	"injected" sodium, potassium, end cesium ions 

into tilt buundaries in pure sodium chloride and found the 

energies of motion to be 0.32, 0.55 and 0.65eV res)ectively 
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in the boundary. Th:.. enhanced conduction indicates, a hi.,h 

vacancy density and t;le,  dependence of Lctivation energy 

on ion radius was suj,.gested to indicate n structure with 

discrete sites rather than the disordered structure suggested 

by uoment and Gordon. The lack of dcendeace on tilt angle 

was interpreted as arising fro a co-.! !onvacancy mechanism of 

notion. McQuhae also; noticed an anisotropic behaviour of the 

conductance for low-angle boundaries, indicating the.t a 

colunnar dislocation structure is applicable. The 'island' 

model is -,lore in line with results for high angle boundaries. 

Grahaa Tcllon and (2)  i Russellinvestigated the particle 

size dependence of the conductivity of polycrystalline 

sodium chloride. They postulated that the interfacial 

blocking found at high teperatures is due to the blocking 

of anions only, et the electrodes. The difference between 

the steady-state d.c. conductivity, dc , and the short time 

d.c. or a.c. conductivity,070, 	is the contribution of 

the anions to the conduction. Their data for polycrystals 

showed that the a.c. conductivity increased inversely 

with particle size and the d.c. st,ady-state conductivity 

increased only slightly. The increase in a.c. conductivity 

was associated with the increase in the motion of the 

chlorine ion in the boundary regions. Their results have 

been summarised in fig.1.9• and table 5 gives their values 

ofAh
a 

for different particle sizes. Tbe results indicate 

that the bulk diffusion is important until the grain size 

is reduced to below about 74-44 microns, that is when the 
grain boundary volume becomes appreciable compared to the 

bulk volume. The value of about 1.0eV for.Ah is in good 
a 

agreement with bulk diffusion measurements. Graham et al. 

found the thickness of the enhanced boundary layer to be 

SO 
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abount 0.1 microns at 623°K, this is in good agreement with 

the thickness of sp:ce-chargu layers calculated by Luhovtc (92) 



TABLE 5.  

GRAIN - SIZE 

(microns) 

iiih 

(eV) 

147 1.27 

147 - 74 1.14 

74 - 44 1.18 

44 - 38 0.97 

38 0.98 

1 - 2 0.99 

Results of Graho.a, Tallan, and Russell (5) for Ah in 
poljcrystalline sodium chloride. 



1.5. POD,1IJATI0N  PHENOtial, IN ioiic CWQTALS.  

1.5.1. Introduction.  

It is well known thet frequency dependent resistance 

and capacitance effects are observed in ionic crystals when 

an a. c. electric field is applied to the crystal via metallic 

or graphite electrodes. These effects are observed at most 

temperatures from the melting point down to room temperature. 

At very high temperabures near the .jolting point a high 

frequency dispersion, between 1 and 10 MHz, of the capacitance 
83; 3 4.) 

and conductance has boon observed (80, 
	

and is 

attributed to the reorientation of vacancy pairs. Interfacial 

polarisation phenomena, and electrode blocking effects, are 

present over a wide range of temperatures. The effects-Gag. 

manifested as a decay of current after the application of a 

d.c. field and es a frequency dispersion of conductance and 

ca1ecitance if c na.c. field is applied. 

Dielectric relJxutien of Lapurity-vacancy complexes 

below 420°K gives rise to a further polarisation, phenomenon 

occurring in sodium chloride doped with divalant cations. 

This again can be observed DS a transient decrease in current 

inqd.c. field or as an a. c, field relaxation in the 100-

10. Idolz range. 



1.5.2. Space  Charge.  

Frenkel (706) wasfirst to suggest that the concentration 

of vacancies may be different in surface regions than in the 

bulk. Later L 	02) 
ehovec 	analysed this space-charge layer and 

the distribution of lattice defects at the surface of ionic 

crystals. The space-charge in the surface region causes 

electrostatic potential between the bulk and the surface of 

the crystal. Lehovec aug,:,ested that there would be an excess 

of pos*tive ion vacancies, givint,  rise to a negative space-

charge. lie deduced that the width of the sIn.ce-chc.rge L.-y(1r 

at 600°K is 2.2 x 10-5cm and at 900°K is 1.3 x 10-6cm. The 

width of s layer of bulk! material, - with a conductivity,  

equal to the extra conduction introduced by a space-charge 

layer being 4.7 x 10 4cm at 600°K and 1.10 x 10-5cm at 900°K. 

Lehovec sugLested that there should be sorle effect of the 

space-charge conduction on the conduction of „licrocrystalline 

samples of grain sizes4;10
4cm. He also suggested thct only 

about 0.01 of the negative ions on the surface need be 
missing to give rise to the charge. 

Eshelby et al .(26) predicted tht the presence of 
divclent cations would give rise to 	negative surface 

cr;:,x[_:e et lower temperctures. An increase in temperature 

would see: this change to a positive charge. The temperature 
at which no charge existed being the ,'isoelectric te,nperature". 
Eshelby et al_confined their studies to dislocations but 

Schwensfeir and Elbaum X107) have observed a similar effect 

in grain boundaries. 
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LifAits and GegUzin , and Lifshits, Kosevich and 

i Geguzin 	proposed that the distribution of Vacancies shown 

in fig:1;10. shouldexist t the surf-ace. This 

distribution is dependent on the state of the surface, 

t‘:,Taperaturc, .;Ild impurity content. Kliewer (110) has extended 

the theory concerning the distribution of defects in ionic 

crystals containing divalent cations. For crystals in the 

teperaure range where defect concentrations are governed 

by the impurity content, the impurities tend to concentrate 

in the vicinity of the surface. Nadgorni and jtepanov (111) 

found evidenc, of impurity accumulation in calcium doped 

sodium chloride. Kliewer au,1),ests that the excess of divalent 

cations is compensated by the neg:tive surface charge, the 

result of excess anions in the surface. This fact being 

corroborated by the ease with which isotopic exchange occurs 

between sodium chloride and a gaseous halogen. 

1.5.3. InterfE, cial lolarisLtion. 

Interfacial polarisation crises from 

the presence of surface layers and is manifest in a 

frequency dependence of capacitance and conductance in a.c. 

measurements and s transient decay of current in d.c. 

mesurenunts. 

The frequency and temperature dependence of capacitance 

and conductance in a. c. measurements is often best depicted 

in curves of the dissipation factor, or loss tangent, tang' 

against temperature and frequency. The dissipation factor 
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1 ti:12 
E= Eb+ En 	b 1.31. 

is a function of both capacitance and conductance. A 

dielectric behaviour of the crystal will result in c.  peak in 
tan. S versus frequency plots. The loss tangent is given 

by the equation: 

tan s 
	 1.30. 

211 re 

where C is the copaciti:nce, G is the conductance and f is the 

frequency of the applied s. c. field. 

Volger 
(112) has presented a review of dielectric 

behaviour in materials contaLAng thin surface layers 

whose e1vctric,::1 properties differ from those of the bulk, 

and some of the experimental observations of these interfacial 

polarisation effects in polycrystalline laaterials. In the 

c:,.se of surface layer polarisction, 

G 3 

trb - °T.  
2 2 

1 + LA) to- 

1.32 

and tun g = 07-1 	1 	+ 01) Z5 	1.33. 

	

lEA,) 1 + 4.02 	2 	b 1 .442 rs.2 

where E:and Grare the permittivity and conductivity respectively 

at any angular frequency W, the subscripts a and b refer to 

low frequency and high frequency liaitinr v,;lues and 

represents effective rclaxetion time. Also 

= - _2 
 

	 ld2  E2d1 

ETD 	 cr d +47  d 
1 2 	2 1 

1.34 



the subscripts 1 and 2 refer to properties of the thin 

layer and the bulk respectively and d is the thickness of these. 

regions. Frolq equations 1.31 - 34 it is apparent that for 

given values of E ,tr and d for each region, the permittivity 
and, hence the capacitance of the specimen will fall from 

its low frequency value to its high frequency value in a 

r,:ngu of frequency centred about es} =1"e
71; the conductivity 

will increase from its stotic to high frequency value in 

the same frequency range; and the dissipation factor tan£, 

which varies as40
-1 at low frequencies, will pass through 

a maxima at W = V
-1
. Approximate expressions for various 

quantities in the two layer model have been listed by 

Volger(112) and by Tailor', Graham and Am,der
(113). 

 Typical 

results of Tallan et al.for interfacial pol,:risation in 

sodium chloride 'are. shown in fig.l.11. Their results were 

discussed and analysed in torus of Volger's two layer model. 

Roleigh
(114) has recently reviewed the theoretical and 

experimental data available in the study of a. c. polarisation 

effects arising froa corrier blocking at the electrodes. The 

basic situ- tionconsists of an a. c. potential applied to a 

crystalline ionic solid by means of a. set of identical metallic 

electrodes which are chemically in,rt with respect to the 

crystal. The theory generally involves complex lathe uatical 

exressions, even if simple and idealised boundary conditions 

ore involved. Exact solutions of the differential field and 

flux equations are not possible but Chang and Jaffe
(115) 

(117) 
MacDonald 	and and Friauf 	have all uncle approximations. 

Their solutions were derived assuming the crystal to be a 
complex circuit containing parallel capacitance and 
resistance networks. The individual solutions differ due to 

different assumptions and boundary conditions. The most 

interesting boundary condition is the complete blocking of 
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carriers at the electrodes, os one would expect with sodium 

chloride or potassium chloride with plotiuum or graphite, 

that is inert electrodes. 

Jacobs end 1:k:y 	(118)
cock 	simplified EiacDonald's expressions 

for the case of positive carriers fixed, negative carri,rs 

mobile and sqall(arrier concentrLtions to, 

C 	 (71.1  2 	20
-2 

GO2(2L)2 P 

1.35 

for potassium chloride between 873°K and 973°K where o-  is the 

specific conductance, 2L the cryst1 thickness, Cc  is the low 

frk,clut,ncy limiting c,:,.pacitance arad C is the., capncitance of 

the parallel network. They found that this modified expression 

appeared to be more general than was assumed by MacDonald and 

applies when there are equal mobilities, and inequal nobilities 

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

43reunt of cxperim.nts with equation 1.35. is erratic, 

Jacobs and M, 	(118)
ycock 	reported good L3reement for pure 

crystals of potassium chloride but doped crystals did not 

agree so well. arlier work by Allnatt and Jacobs (119)gave 

values of Cp  which were too s(1:.11 ;:nd were not in good 
aLreement with the predictedw72 dependence. i-forc recently 

Beaumont and Jacobs (120)  have developed a theory based on the 

partial blocking of carriers at the electrodes to explain 

the doped potassium chloride results. 1.1though better 
(114) ogr,u -Aent was found Raleigh 	his pointed out that there 

is no therelodynic justific tion far assu:dinL, :)artial 

bloclzing for doped crystals and complete blocking for pure 
(121) crystals. Antic? and ';Rolfe 	also noted approxi,late 



agreement with Jacobs and ilc.ycock's sidple theory in studies 

on doped KBr, but serious other discrupkcies arise, na:lely 

c,:pt:, citcnco variation by ,; factor of twenty between fold 

and ,raphite electrodes, also in other work u dependence on 

thermal history was noted, this being not dealt with by 

existing theories. 

Raleigh has pointed out that a clearer picture is obtained 

if the a.c. polarisation effects are considered in terms of a 

series repress,ntation of resistance and capacitance as 

opposed to the previously adopted parallel representation. 

The equation of Jacobs and ,(7.ycoc
lc (118) 

is identical with 

the following exr)ression of Frinuf (117) 

C
o 1.36. 

1 + (wRoc0)2  

 

where R
o 
is the intrinsic ionic resistance. For the case of 

complete blocking the change in conductance of the crystal 

due to polarisation effects is given by, 

-21 ? = 1 	- 1 

R 	R o R p  

 

1.37. 

The net parallel resistance in the circuit is, 

 

R
p 	

R 
o  [1 + 	1  

(tARC. o
)2  

o  

 

1.38. 

  

If the expressions of C.  and R.  are converted to equivalent 
sP 	sP 

series paruouters where, 

C: = 	+ 	1  
s P 2 

UrC.  R:2 
P 

1.39 
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and s = R I°  1.40 
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then substituting 1.36. and 1.37. in 1.39. and 1.40 

= C s 	o 

and 	R = R s 

Thus the previous parallel relationships are the parallel 

capacitance and resistance of a frequency-independent 

capacitor and resistance in series: 

The model of an ionic solid between blocking electrodes 

now becomes a resistor between two capacitors. Intrinsic 

resistive and cc.pacitive effects are now separated and a 

number of parameters previously thought to be significant 

are effects of the parallel representation. The dispersions 

of series capacitance and series resistance will occur if 

the frequency of the charging process at the electrode is 

comparable with the frequency of the a.c. test. 

Rale:;_gh also pointed out that the physical state of the 

electrodes and the state of the contact between the electrodes 

and the crystal are also very important and that experiments 

with carefully controlled electrode surfaces and contact would 

be of considerable value. 

vlork by Kessler and horiani (1z2-125)  hasshown the 

presence oftrelaxation maximumin pure and calcium doped 

sodium chloride, and these peaks were observed ap,'rt from 



the relaxation maxima of the calcium-vacancy complexes. The 

temperature of the maxima shifts to lower temperatures with 

increasing calcium content ( from 632°K to 415°K in sodium 

chloride containing 0.0001% to 1.0% calcium). Their early 
work (122) attributed these peaks to trio relaxation loss of 

the crystal lattice itself. Later work (123-124) suggested 

that the maxima may be due to interfacial polarisation and 

the recent work (125) noted a considerable dependence of the 

loss peaks on the state of the electrodes and thAy concluded 

that the maxima», was due to interfacial polarisation. 

Tallan et al.
(113) 

 have also observed a loss id:ximUmin 

the same temperature range which they interpreted as interfacial 

polarisation. They found that the relaxation time obeyed the 

following rulutionship:- 

= 2.3 x 10-13  exp [0.99 	sec. 

kT 

They also suggested that their work agreed with the two-layer 

model of Volger (112).  The insulating surface layer having a 

	

thickness of 10 - 20 microns. A(126)  '.,simmer and Tallan 	have 

found a large potenAal drop in a thin region adjacent to 
a 

the electrodes using probe technique. This they interpreted 

as being due to interfacial polcrisation (rising from the 

presence of a surface layer havinz a higher resistivity than 

the bulk and 

et al s(113)  

is in agreement with the results of Tallan 
(6) Reognt work by .1cQuhae 	using a sidilar 

probe technique did not detect any such potential drop at 

the electrodes. He concluded tint the effects seen by niAmer 

and Tallan (126) wore the result of the external circuity 

of the :pparatus. 
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The relaxation maxima were found by lederka (127)to 

be affected by the addition of 0H and CO --  ions. MacFarlane 
(128)  

	

and deaver 	hove investigated the low frequency dielectric 

losses in thin films of sodium chloride. They found two regions 

of dielectric dispersion, having loss maxima typically near 

1Hz and 0.003 Hz at room temperature. They found activation 

energies associated with these peaks of 0.9- 0.2eV and 

0.95! 0.1eV respectively. MecFarlane and Jecver sugcested 

that these results nay be interpreted in terms of two 

interfacial polarisation mechanisms, which involve blocking 

of cation vacancies, firstly at the intercrystalline boundaries 

and secondly at the electrodes, the latter predominating at 

sufficiently low frequencies. 

It has been previously mentioned that information 

concerning interfacial polarisation can be studied by 

measuring the current decay after the application of a d.c. 

field. The observation of a time dependence in the polarisation 

of dielectrics followed by a "dielectric aftereffect" has been 

observed for many years. These phenomena are shown dia- 

grammatically in fig.1.12. This shows that under an applied 

field, E, the current falls from en initial value io  to a 

finite constant value, ita . when the field is removed a 

negative current flows, as shown. This "eftereffect" is due 

to the discharge of the dielectric layers. The area under 

the two curves is the sauc,. 

(129) (130) 

	

parker 	and Sutter end Nowick 	have studied 

the time-dependent polarisation in pure and doped crystals 

of sodium chloride at fairly low te:iperutures (220°K to 

470°K). The latter authors also studied the effects of air 

gaps at the electrodes, deforeation, irradiation and annealing. 
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They concluded that the results were not consistent with space-

charge pol:risation theory, but were consistent with a dielectric 

relaxation phenomenon. several possible mechanisms were 

discussed including defect clusters cnd charged-jogs on 

dislocations. Thu presence of a dielectric absorption maximum 

in a.c. measurements has been detected by Dryden (131)  and 

other workers (132)  in this temperature range. It has been 

attributed to thu reorientation of impurity-vacancy dipoles. 

(133) Later work by Bucci and Riva 	on pure and doped 

potassium chloride in the saiie te:Ipuraturu range has shown 

similar effects. however,,a careful study of Ohm's Law 

and of ionic theruoconductivity revealed the presence of a po. 

larisation phenomenon which could not be explained us a 

dielectric relaxation alone and the results did show that an 

interpretation in terms of ionic space charge formation was 

realistic. 

Parker (129)  concluded that the polarisation effects 

were due to the blocking of vacancies at losaic boundaries 

about 20 microns apart. 2ecent work by .Kao, vvhitham and 

Colderweed(134) A.ea.suring the polarisation in the te.aperature  

range 370°K to 620°K in pure and doped sodium chloride has again. 

suggested that the polarisation is due to the presence of 

dislocations and internal surfaces. Their observations did 

not support an interpretation based on space ch:!rges at blocking 

electrodes or the reorientation of divalent cation-vacancy 

complexes. 

, 
PLycock (135) has reported a polarisation phenom.enonat 

hirh temperatures (670°K to 930°K) in zone-refined potassium 

chloride. He found that the current decay curves can be 



plotted in the fora log i.  against t, where i = 	- 
the 	 p  (36-139) 

it  iskcurrent cfter time t. The theory of Jaffe 

considered the :a,ve,ient of charged spacies under an applied 

field, and the idea that at the boundaries of the :Medium 
certain ions can dischc.rge whereas others cannot, thereby 

producing a sp: cc charge. The theory sub; gists that 	can 

be represented by D sum of exponential terms, 

= ale
-at• t + $e-fig 

t 
	

1.41. 
p 

Haycock found thet the charging curves did obey such a 

relation and thus concluded that the polarisation was due 
to electrode blocking effects. lie also proposed that the 

steady-state conduction was due to the electrons produced 

at the electrodes by the discharge of the potassiwa ions 

at the cathode, which produces an F-centre which is thermally 

ionized to form an electron and en anion v,•.cancy. he also 

found thot Ohm's Law was not obeyed with applied fields 

greater than 100mV and that the current-voltage curve is 

shown in fig.1.13. He relates this curve to 

the unblocking of the electrode c.s the applied field is 

increased. Kirk and Pratt and GrcLhala et al.(5) have also 
reported a polarisation phenomenanin region I of the 

conductivity curve. Both works have attributed this to 

be the result of electrode blocking, but neither have 

confiriaed that 03;)  is the conduction due to electrons. 

Grahau et a1.(5) suggested that the blocked conductivity 

(tro - as.) was due to anions only, that is only the anions 

are blocked at the electrodes. 
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1.5.4. Other polaristion p'hunomena. 

It 11;:.,s already be iientioned that at low tedtpuraturus, 
below about 400°K, 	dielectric absorption is obtAned, 
which has been attributed to the reorientation of vacancy-
inlpurity dipoles. The rusonc.nt absorption can be obtained 
by a suitable choice of tcliper,Aure and applied 	c. field 

lkll at 303°K) as ;' pe ck in the plot of tan b` ai;oinst 
log f. This absorption can be described in terAs of the  

classical bebye equation. DrY2den031)[ Cdok-and iirYden (1 9 '141-1 

several systems. The .seing of the Debye peak was found to 
give importL,nt infortion concerning; the kinetics of 
association of the dipoles into hither coapluxes. 

The presence of a furtnur dielectric rolax,..tion(80,83,84) 

at todperu.tures near thy; lelting point hcs already been 
discussed and is attributed to the reorientation of vacancy 

73  
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2.1. CRYSTAL GROWTH AND PURIFICATION.  

2.1.1. Purification of Sodium Chloride.  

For an effective study of grain boundery segregation it 

is desirable that only one solute species should be present 

in the crystal, sine.. different impurities may modify the 

grain boundary hardness differently. 

As a first step sodium chloride was produced which 

contained as little divalent cation impurity as possible. 
material 

From thisXcrytals could be grown with a single species 

of impurity ion added during the growincv process. Very 

pure single and polycrystals for conductivity measurement 

were also produced. 

Divalent cation irapurities were removed from Analar 

grade sodium chloride using a solvent extraction and ion 

exchange technique previouslyebt3cribed by Mc Quhae 
(6)  

This ,Jethod is more effective than zone-refining which 

cannot be used to reA)ve calcium ions, as the partition 

coefficient is approximately unity. vicQuhae has shown that 

the ion exchange technique will effectively reduce the 

concentration of each divalent cation to less than 5ppm. 

The presence of anion impurities is :(nown to affect the 

bulk conductivity of ionic crystals, but their effect on 

grain boundary segregation is not known. Considerable 

enhancement of grain boundary diffusion in polycrystals has 
(3) been observed, due to the presence of hydroxyl ions 

r;  rx 
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The removal of hydroxyl ions fro,d polycrystalline sodium 

chloride will be discussed later. 

Various methods have been described for the reJoval of 

hydroxyl ions froA the melt. To reverse the hydrolisation 

process chlorine, hydrogen chloride or phosgene gas have 

bon bubbled through the ,aelt. However, tho presence of one 

of these very corrosive gases combined with molten salt requires 

the use of elabora te safety precutions and complex apparatus. 

A description of the use of chlorine and hydrogen chloride in 

the purification f sodium chloride has been given by '.autler 

et al.(142). Otterson 
(143), 

 Barr et al  (
144) 

and AgarA,ral 

et al.(145 ) have found that the hydroxyl ion concentration 

con be effectively reduced by treatments of ,th.(era6e)lt withdry 

nitrogen gas. Further, Etzel and P 	

ik 

atterson 	have found 

that crystals grown from the melt contained in silica or 

quartz beakers contained less hydroxyl ions than those grown 

in platinum containers. The crystals used in this work were 

grown from silica beakers in an inert atmosphere or in air. 

No further attempts were made to remove hydroxyl ions. 

3.1.2. Growth  of Crystals.  

The crystals were grown using the Kyropoulos method. 

This method has been described by many previous authors 
(6) 

1 

and so no further details will be given. 

Two different growing rigs were used. The first was a 

simple rig which consisted of a motor driven seed withdrawal 

mechanism placed above a. resistance furnace. The silica 
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Fig. 2.1. 

GENERAL VIEW OF  

THE CRYSTAL GROWER  

WITH FURNACE REMOVED.  

 

Fig.2.2.  SEED CHUCK AND SEEDS.  



beaker which contained the sodium chloride woo placed in the 

centre of the furnace. The crystal was drawn from the melt 

in air, no otteapt being mode to provide on inert growing 

atmosphere. The crystals grown in the rig were about 2.5cm, 

in diameter and up to lOca long. The grown crystals were 

annealed in a separate furnace for 24 hours at about 970°K 

and then olo cooled to room te.Aper.:ture over a period of 

48 hours. 

This growing rig was used for growing crystals from 

Analar grade sodium chloride, and for growing the manganese 

doped crystals. The manganese ion was added to the Ault in 

the form of manganese chloride, which wan of Analar grade 

and was carefully predried ct 600°K. 

The second rowing rig, shown in fig.2.1., has been 

previously described by FicQuhae (6),  Thesilica growing 

beaker was enclosed with the seed and chuck in a transparent 

quartz tube. The beaker support shaft and seed-chuck drive 

shaft pass through the water-cooled end-caps of the quartz 

tube. Vacuum tight seals were provided using 'W-rings and 

dilson-type seals. The growing enclosure woo attached to a 

vacuum syeten. Inert gas could :.loo be fed into the enclosure; 

high purity argon was used. The resistance furnace, not shown 

in fig.2.1., was situated outside the quartz tube. The seed 

rotation, withdrswal and beaker rotation were all independently 

driven by small synchronous electric motors, and the speed of 

each could be varied independently. 

The growing chamber was evacuated and the sodium chloride 

was then heated to about 900°K and left overnight. The 

chaaiber was filled with argon which was allowed to flow 
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through the chamber at a steady rate. Thu salt was then 

neltd ntd the,; orytil 	grown. After the growing wo.s 

completed the beaker woo lowered to 10t the remaining 

salt solidify whilst the crystal was kept at  9700K  for  

24 hours-and then slowly cooled for 48 hours to room 

'temperaturel - the'inert'atmosphere being maintained during the. 

procedure; 	Thu crystras meJsured ,bout 2.0ca 

diameter by about 6 to 8cm long. 

Crystals grown in the inert atAosphere were generally 

from purified sodium chlokido. Bicrystals were also grown 

in this rig. They were grown using specially l..de seed 

chucks, fig.2.2., which could hold two single crystal seeds 

held at an tangle to each other. By carefully controlling 

the rowing condition it woo found that bi-crystals could be 

produced with perfectly planar. boundaries. Using seed 

chucks of different anles symoetrical tilt boundaries of 

10
o 

to 80
o 
could be gruwn. 

2.1.3. Analysis of Jingle Crystals. 

Thr.c Idethods of anaaysis of impurities were employed. 

The general level of cation izapurities woo obtained using 

an emission spectrographic technique. (Emission spectroscopy 

by americcn spectrographic Lobo. 557 Minna street, ;.3an 

Francisco, California. U.,1;:A.) The exact concentrations of 

manganese and calcium were found using atNtic absorption, 

7,nd anion impurities were detected using infra-red 

spectroscopy. The results of the annlysis ore summr_rised 

in table 6. 

F? 9- 
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TABLE 6: 

ANALYSIS OF CATION IMPURITIES  

[ IMPURITY 
MATERIAL TREATMENT Mn Ca Cu Fe Mg Al 

}PURE A 
I(Analar) 

Air grown
2 

 single crystal 2
b 10a 5a 

- 

!PURE B 
;(Purified) 

Single crystal 
grown in argon 

b  
2 

10b 
2 

15a 

i .411TALAR 	As rec6ived 
i(Specification)powder 
i 

30 0.5 5 10 2 

Concentrations are shown in mppm (molar parts per million) 

a Analysed by emission spectroscopy. 

b Analysed by atomic absorption. 

Concentration of elements not stated was below the 

detection limit of emission spectroscopy. 

Manganese ion doped crystals same as PURE A + stated 

manganese concentration determined by atonic absorption. 
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For the zmclysis of anganese and calciuu a Perkin-Elmer 

iqodel 290 ctomic absorption spectroeter was used. The 

analysis of u7.nganese was straightforward, the uiniuuo detection 

linit was found to be about 0.1mppm of mani;cnece ion in 

solution. The only problea arose if the concentration of 

sodiun chloride in solution exceeded 100gu,/litre when the 

peak height woo considerably reduced presuuably due to 

interference from sodium ions. dowovor, the low detection 

limit enabled solutions of much less than 100gm /litre to be 

used. 

The interference caused by sodium to thL calcium o.vectra 

was reduced by the addition of lanthanIn oxide to th,. solution. 

The Taininu.1 detection limit was about 0.2iippm of colciun ion 

in solution. For both elements the re-croduceability of the 

analyses was better than ± 5%. It wJ:s.  concluded thct atomic 

absorption woo p:7-rticulorly effective for analysing metal 

radicals in sodiu chloride. 

The onion 	were detected usini,; a Perkin-

inner -edel 237 infra-red spectrometer. The pure and 

low ,langanese doped crystals did not show i:ny absorption 

peak for hydroxyl ions 	3600cm
-1 oven for cry.:,tols up to 

5cm thick. Thu crystal con.t2ining 300mppm of cAanganese did 
-1 . . 

show a puck at 3650cn 	indicating that a consider.-bleler: 

of hydroxyl ions wore present in the crystal. The '-.bsence 

of 2 peak in tS.:_e re2.1cinin,E; crystals does not -2.ecn th: t hydroxyl 

ions are not present, but rcther the concentration is below 

the detection limit of the sJectromuter. 

The purified crystals cis() have o pair of pecks at 1997 

cm-1 and 2067cm
-1 

 , which it would appear correspond to the; 

absorption peaks of rietaborote ions. It is thought that 



the borate ions nre introduced into the salt during the 
purification procedure, probably fro the glassware, which 

is all of borosilicte glass. The e,lission spectroscopy also 

indicates thc:t the purified crystal contains o considerable 
amount of copper, it is not clerly understood where this 

has colas from, but it is possible that it is introduced into 

the melt during the growing procedure, since it is only 

found in those crystJas grown in th inert ntAosphere 
growing rig. 

The analyses also clearly indicate that the crystal 

grown froLl Anol:f grade iaterial was 35 pure as the crystal 
grown from purified mterial. Indeed the purity of the pure 
A crystal is very much greater than previously quoted for 

cryst.71s grown from Ann1L1r 	
(48) 

. Although the 
zone-refining effect of the growing procedure would reduce 

the i,..ipurity content, it is thought that the Analer 
used for growing these crystols was of particulsrly good 

quality. 
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2.2. PREP,i1ATION OF POLYCRYSTALLINE 00DIMI CHLORIDE.  

2.2.1. Introduction.  

6evers1 methods have been previously used to produce 

polycrystallinu sodium chloride from single crystals or from 

powder. ,stokes and Li (147)  produced polycrystcls of sodium 

chloride by extrusion of 	single crystal. Although sodium 

chloride is brittle it will extrude very easily at 570°K or 

above. Thu advantage of this aethod is that it can produce 

very "clean" grain boundcries, containing none of the impurities 

that are likely to arise fro sintering. It is, however, 

difficult to control the graii, size, and the ;rain size \Tories 

across the cross-section of the extruded rod, and it is also 

difficult to obtain s'A.711 grain sizes. This method has been 

used in this work and found successful for pure crystals. 

Alterntivu methods' of producing polycryst:as involve 

the sinterinc; of ia powder compact. There arc two basic 

techniques ths)t can be used, sintering and hot-pressing. 

Zintering 11,-s been used widely for the production of poly-

crystalline ceramics and ionic crystA.c. Thu method involves 

the pressin;; of powdered tateriLl at room teperature in air, 

a vacuum or inert atmos,;here. Thu compact is than annealed 

at a suitable temperature to obtain a dense solid. ,uveral 

lodels exist to explain the densification process during the 

annealing. The r-,7der is zeferred to a review by ,,hito (148) 

for further detoils 
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The ninturin of clodiu,A chloride h7o been duscribed by 

A,._11/. and Budwurth 
(149), 

 who investigc.ted the effects of 

temperature, tile., cjiosphere, pnrticle size .,nd 

density on tle sii-;terin3 process. Thus-  found an increase 

in density of up to 202.E in cert:-in ceAditions. Eingery 
(150) and Lurg 	ana prt:viously rul'ortod th:J: tho ovu.:poration-

cundentiGn r echanism is ,redoninant, clad hence it is not 

exected that duncificction would result fiom sintering. 

Aiiiner and Dudworth's results cppeur to puLgest that ev,L.poration-

condensc'tion in nut so important end other processes must be 

at work to explcin the densificz. tion. 

The second. pressing technique is known as hot pressing 

or pressure cinterin8. Thin technique differs from the 

previous one in th,2,t the pressing is done at elevnted 

te.dperotures, generally in vacuum to exclude air from betwee n 

the pe.rticles. The ::dv,7,nt,:_ge of thin method is that generally 

maximuu theorutic::1 density con be ,Lchieved by choosing the 

correct pressing conditions. tumor clad Ludworth (151) found 

that the m.:jor contribution tc densification of sodium 

chloride by cold end hot pressinL; in fro-: pl:-stic flow, 

clthough it is not suggested that diffusi.n processes are 

unkaportant in other :Iterials of different structure. IhIsilos 
(122) 

end Spriggs 	have reviewed hot-pressing in cerenics in 

general 	ficClelland .:lad Zehms (153) hove discussed 

:lumina in p2rticular. P;cClellind and Zehms found that an 

end-point density, that is c density less then the poximum 

theoreticl density, won cllways reached cud hence plcstic-

flow could explcin the results. However, work of Coble and 

Ellis (154)suggests thnt diffusion may be an important 

process. 



2.2.2. Preparation of :Powdered :Jodium Chloride.  

The powder used to produce polycrystalo was obtained 

by crushing single crystals, in this way single crystal 

specimens could be obtained froq the sate material. The 

single; cryct:,ls were first cleaved into nAall cubs nbsut 

0.5cu x 0.5co x 0.5cu. These were then crushed and ground 

in an agate sortar. The powder was sieved in screens of 

100, 200, 325 and 400 !esh size. The corresponding particle 

size of the five powder fractions obtcined is hewn in table.7. 

The sieves were shaken by a vibratory shaker for at lez- ot 

one h6ur, to ensure co,aplete partitioning of the powder. 

The powder was then stored in pyrex tubes which were kept 

free frofa 7loisture in a dessic7tor. Throughout the powdering 

procedure great crre was taken to ensure that the powder did 

not bcceue conta:ilinted with 	foreign particles. 

2.2.3. Wicuum Hot Pressin;:, of Sodiu:i Chloride. 

The previous discussion of the relative merits of the 

different :.ethods of production of polycrystalline sudiura 
Ehat 

chloride showedktbe het pressing or pressure sintering 

produced theoretict,_lly dense polycrystals, and this aethod 

was chosen for th, pr,duction of :asst of the polycrystals 

used in this work. 

2, vacuum hot-press has been designed to be operated 

sidply, with easy re-loyal of the pressed pellet. This 

factor being particularly important since any difficulty 



TABLE.7:  

PARTICLE SIZES OF POdDER FRACTIONS.  

MESH SIZE MIN . PARTICLE 

SIZE 	(A 12) 

MAX . PARTICLE 

SIZE 	("All) 

MEAN . PARTICLE 

SIZE 	(/D) 

> 100 150 150 

100-200 75 15o 113 

200-325 44 75 6o 

325-400 37 44 41 

4: 400 - 37 37 

8C) 



in removinif, the pellet could result in daaage to it. The 

press is shown in detail in fig.2.3. :..nd photographs of the 

component parts in figs.2.4. and 2.5. 

The press consists of a stainless steel body mounted 

on a coranic support, the bore of the press is lcm in dic:.auter 

and is highly polished. The ra= wore (d ado froll a high tensile 

steel, E.N.24. The graphite scers shown in fig.2.3. and 2.4. 

prevented the "chilling" of the pellet by the ra.lo and also 

helped to lubricate the bore of the pros_, to facilitte reuacval 

of the pellet. The operating temperature of the press was 

designed to be less than 700°K and so it wf's felt that the 

corrosion of the steel press would not be a seriousproblem. 

In fact it was found that pressing could not be done above 

6000K since at 6500K the compact flowed freely under load 

and could force its way past the rams. 

Thu press was heated by a nichrone resistance furnace 

which was vertically wound on an alumina tube. electrical 

connections were '.jade via a ceramic lead-through in the 

base of the press enclosure. The Chromal-i-.1uncl thenlocomple 

was also connected to the furn•_co to_lporature controller via 

a si.athr le,A-throuL,h. The press arid furnace were unclosed 

in a water-cooled vacuum tight cylinder. The press 

attached to the vacuum pumping system by a 5cm diameter 

stainless steel flexible tube. A prossure of luso than 

10-2 NA12 (10
-4mm: of Hg) could be attained using an oil 

diffusion pump and a rotary backing pump. 

The load was applied to the press by a standard 

10,000kg Instron testing machine. The press was mounted 

on the cross-head whilst the ran was pushed using a 

8"1 
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Fig.2.3. VACUUM HOT PRESS  



Fig.2.4. COMPONENTS OF PRESS  

Flg.2.5. PRESS AND FURNACE ASSEMBLED  
ON BASE PLATE OF VACUUM CHAMBER.  



compression load cell mounted in the top frame. The -maximum 

load that could be used was about 4,000kg, above this the 

cernmic support of th, press body fr.c,,ctured. Thu maximum 

pressure that could be applied to the pellet wa.s of the order 

of 500 ti m
-2 (5,000kg cm

-2
). 

Caban (3)  hos shown th.7.t the moisture content of the 

powder before pressing mcrkedly affects the grain boundary 

diffusion coefficients of anions. 1.-owder which hnd not been 

dried prior to hot-preasinc; produced opaque specimens, whilst 

dried powder produced completely transparent specimens. For 

this work the powder was dried in r vacuum at 770°K for 18 

hours. The powder wsa then cooled to room temperature and 

put into the press, which was then evacuated immediately. 

It was hoped that this procedure would re-ve most of the 

absorbed water in the powder. The powder was pressed rt 

520°K. 

Preliminary tests showed that a pressure of 350M1 . ni 

was sufficient to obt,An a cupoct of almost theureticaa 

density. Fiz.2.6. shows tnc: increase in density with applied 

pressure, The density is expressed no n. percentage of the 

density of a simiL.r silvle crystal. The pressure was 

generall, applied for one hour to ensure that maximum 

densification woo achieved. The  pellet woo re lovedfrom 

the press after it had cooled to room t,,4erature. The 

specimens obtained in this way were usually completely 

trrnsporent. Opaque or sliL,htly cloudy pellets were discarded. 

The pellet produced .leasured ion in die-leter and about 1, to 

2cm long. 

0 

The density was Fleas-laved by usin the method of hydrostatic 
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buoyancy in 	high density liquid, 1-2 dibre'aoLlethane, this 

liquid beinL used sincu it wets the surfo,ce of ionic crystals 

very well. Errors due tu the wetting of surface pores was 

not considered to b, very lsrge due to the high density of 

the co,lp.:.:cts. 

The obL;olute density of ne co.lp,7:cts was not .1e.7.sured, 

the densities being; expressed as a fraction or percentage of 

t'Je density of 	si,A1Jr sin ;le crystal. Consecutive weighi ngc, 
in air :Dad liquid, of both 	polycrystL-.1 	and o sinGle 

crystal saple enabled the ratio of the densities to be 

aeasured without a knowledge of the density of the liquid. 

Both sinj_e cnd polycrystalline specimens were prQpred in the 

some wvy dnd were of similaf dimensions. The specimens wore 
cut using :-. Cnpco diamond slitting saw ::nd then polished in 

a 5.. ammonia solution in distilled wrAer. 

Marine; 	weighings the tepersture of the liquid was 

found to alter by less then 0.1°K. The weiEhinEs wore made 

to an accura-cy of - 0.1mg. A series of density leasuremmts 

on one specimen indiceted s sti]nd,7rd deviLltion of - 0.5%. 

2.2.4. Extrusion of L;cdiull Chloride.  

The extrusion technique used was similar to that used 

by 3tokes and Li (1k?)  . The extrusion press is shown in 

fia.2.7. The press body was made of stainless steel and was 

bored to take 	2cm diameter single; crystal of sodium chloride. 

The die was machined from a nimonic alloy, the bore of the die 

was highly polished. The rams were also made from nitionic. 
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The extrusion press wns supported on a. stainless steel block 

which was bored to take the extruded rod. The entire press 

was riounted on a sindanyo block cud then attached to the 

crosshead of an Instron testing teachine. Thu lord was 

applied to the press using a 10,000kg compression load oval. 

Thu press was hestod with 7 resistance furnace which was 

placed aruund the press as shown in fig.2.7. The extrusion 

rate could be w'ried from 0.005 to 5 cm ,in-1 using the 

variable crosshead speeds of the Instron mcchine. 

The single c:.7yst..ls used for the extrusion were prepared 

by wter 	single crystal boule to c. 2cm diametur 

cylinder about 4cE3 long. The sins le crystc:1 wr.s cleaved at 

both ends and two bress discs 2cm in di; inter were glued to 

each end. The boule could then be put in 7 lethe end 

aechined to n cylinder using e felt pad so-ked in water, by 

rubbing it aginst the crystal. The bress discs were re:Aoved 
end the crystel was then extruded. The extrusion te;.,Iporature 

used was usually 520°K or above. The extruded rod was 0.8cm 

diameter -:yid about lOcTa long. 

2.3. CUDUCTIVITY Ain) POL.1RI.),TIOIN  

2.3.1. specimen 	 

Anglo cryst-1 conductivity specimens were cleaved from 

the boule using; single edged razor blz-.des. Careful cleaving 

produced no visible damage to the crystnl. The speciuuns 

'leasured about 0.5cn x 0.5cm x 0.2cm . The polycrystalline 
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specimens wort cut from the hot-pressed pellet or extruded 

rod usin 	Ccpco di.Aond slitting wheel. This saw could be 

set to cut very slowly with Lslinimuu d-mge to the crystals. 

Conductivity Qe:'sure-;-aents Oil both cleaved and sawn single 

cryot7ls were identical and so it 1,/,7.2 thouL,,nt not to be 

necessary to pcaish the surface of s.,-wn cpeciflens before 

testing. Th d- J- 6.o cn the sown surf r'_cil boin no ,re-tr. 

than t'ie clenvLrl 

6evr:',.1 electrode co- tin 	were used. A 

graphite dispersion is alcohol, supplied by Acheson Pr-ducts 

Ltd., proved to be thu e.'siest to apply and to give the 

lest reliable results. 1E-pour deposited carbon was also 

just s reliable but sore difficult to apply to the surface. 

ether electrode 1.:,.teriA.s ouch as silver dispersion, and 

vapour deposited silver and several platinion compounds 

were tried but for one or ether reason proved to be unsatis-

factory. The effect: of these electrode :lateria.lc will be 

described in Chapter 3. 

2.3.2. Conductivity ,cpp?ratus. 

The conductivity rig used for high tenperature measureents.  

is shown in fig.2.8. The two stainless steel electrodes were 

covered with platinun foil. which were brazed in place. The 

electrodes were supported on two stainless steel rods, these 

rods being held in place by a 12.T.F.. insulator at the top 

of the furnace. The electrodes were shielded fron the furnace 

windings by stainless steel tube, which caso formed part of 

the vacuum tight envelope in which the electrode assembly was 

5 
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enclosed. high purity 	was pr:ssed thruush the chamber 

to prevent oxidation of the 1.1raphite electrodes and 

contamination of the specimen. The -tepe.or.ture of the specimen 

was meosured using a chromul-aluiaul ther.locouple placed 

adjacent to the opecinun. 'Electrical connections to the 

electrodes were ;lode 	screened connectors attc'ched to the 

rig by P.T.F.E. insul7tors. Connuctionz:, to the therocouple 
were also mode throu4,h P.T.F.E. insultors. Th,:, use of P.T.F.E. 

insulation ensurud an insultion ruoistoncu of 10
16 

ohms or 

grertGr. A light spring ,pPlied e. very .s-;a11 lend 	to the 

high electrode, which woo able to slide up rnd down, to keep 

it in iutimvte contJ'ct with the speck:len. 

The rig wos heated by o nichrome wound resistance furnace. 
The teilperJtUru 	controlled by an Ether TrLhicistrul 

controller to hbout ± 2°K over a long period. The power 
to the furnace woo supplied by 	smoothed d.c. 220 volt 

power supply. D.C. woo used to t.linimize a.c. pick up in 

the conductivity circuit. Thu furnace windins were inouloted 

by 25c:1. of alumina brick 7nd the fUrnace wrs 50cm long. 

Thu furn:ce woo wound un 	silica tube in three suctions, the 

outer ones being; closer spc-ced than the centre. 

The tulperpture of this furnace w-o found to rapidly 

co,ae to equilibrium, which is important so tht fairly rapid 

tests con be nado, especirlly 	high te:lperaturon where the 

cryst:1 could become contsminated by its unviron:lent. The 

stability after re,7chin equilibrium w•-.c better than 	2°K 

per hour. Thu teAperrIture grE-di_nt across the dialleter of 

the furnace tube was less than 1°K at 870°Kand the vertical 

tc,Aper,,turu gradient vino less than. 1°K at 870°K over a distance 

of kern above and below the sl:ucii.len. position. Thu ,iesurin6 
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ther,locouple was calibrted using as platinuu , plrtinuu.,  
rhodiuu therciocouple calibrated by Johns,n .:ad Motthey Ltd. 

The colibr;:tion of the 'Aerouring thermocouple was checked 

ot regular interv:ls. 

The mersuring ap-varatus is COVT/i in figs .2.11-13. A.C. 

c,nauctivity mcaourenento Wei 	uoin 	Wyne-Kerr 

Bridge Type 221 usii,g an external o‘urce 	null-raeter, a. 

Jayne-Kerr Waveform ,11:‘lyser Type A231. Frequencies between 

70 Hz and 20 k Hz could be used. 

D.C. conductivity.leasure'aento we.-e lade by rpplying a 

known potenA_al, supplied by a 11D7n1 of h:llory cells; across 

the crystals in series with nr rid resistor of suitable value. 
The potential drop across the resistor woo measured with a 

Vibron Electro-Aeter type 33C. The electro.leter output was 

fed into the Y-axis of r Bryans X-Y plotter, The X-axis 

being connected to the internal ti,le-bole of the plotter. 

The d.c. current could 'Aso be uunitored using,  'firs oscilloscope. 

The voltage applied -cross the crystal was ieasured on a 

Solartron Digital Voltideter. This volt.leter was rase used to 

r,.ive a continu,us dislJlay of the thorneceuple output. 

The :,rid resit for rrned fro, 1kv1 to 100M4L . The 
low value resistors were Welwyn 1();. tolerance resistors whilst 

the high values, 114J1. to 100 M.11 , wore glass encapsulated 
resistors. The grid resistor selector switch was of very 

high quality; having a leakage resistance to earth of better 

than 1016 ohms and a negligible contact resistance. The 

resistors and selector switches were placed inside a letal 

box which :cted .ris c screen. All leads wore ilode from non-

microphonic screened cable. All the.: screens were maintained 
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at the sn:o.e rotential 'c the screen on the Vibron electrometer 

head. This effectively prevented c- ny stray pick-tip by the 

electrocieter .7nd very steady re:Aings of very awal potentials, 

less than 10mV could easily be obt-ined. 

Thu entire ap-o-r-tus h:d an insulrtion rosist:-nce of 

grec'.ter than 10
14 

oh;:is, and br.ckground noise was negligible. 

The a. c. conductivity could be ueasured to f 0.5 usinb the 

bridge with exturnnl source and detector. D.C. :le:-:surements 

were considered r•.ccurote to within f 1-2%. Greater accurccy 

could not be attained due to the suc'll variation in resistance 

of the grid resistors with ch::nges in ambient temperatures, 

although the resistors were c:'libroted before each run 

using the a.c. bridge. 

2.3.3. Experimental  iruceedure.  

The opecinen wrs co:ted with the grrphite dispersion 

using a so-;11 caael hair "brush, Care 	t:'Llen net to let 

any grrphitu get onto the sides of the specimen. 	hen r 

sufficiently thickf Goe 	 f grrphito h. ..d been ..-pplied the 
4 

specimen wan heated 	:13.ut 370oK fur several hours to 

dry out the electrJdes. The speci3iien wrs then plrced in the 

rig and : ste.-.dy flew uf argon 	t, 	tVuz 

Conductivity le,- surements were -.lade when the temperature 

of the speci:a,n was constont. This was best done by 

observing the ,c. conductivity, readings beinL taken when 

this was observed to be cunstc.nt over ,:. period of at least 

10 minutes. 

].dyer 

was passed through the rig. 



A. c.meccurenents were 	by selecting the required 
frequency on the oscill:-tor and balancing the bridc,e using 

the waveform :.Inalyser w c null-neter. LiensureLionts were 

:to.de over n range of frequencies between 70Hz and 20kHz. 

D.c.mensureAunts were 1,-.0.0 by '.13plying 	potenti.nls 

thee cryot::1, 50nerlly 	potenti-1 c,f 5 volts was used. 

A grid resistor was selected to give : te..7:surer.blo potential 

drop across it. Potenti:as cst coveniontly iesured were 

between 100nV :•.nd 500mV. The transient response of the 

crystz-.1 current was rec.,rded on the X-Y plotter. The speed 

of the response of the electro-neter 	t!,) plotter faeont 

that only tines of 2 sect and longer 'could be recorded with 

any relirbility on tile recorder. 

The opp-rrtus could be used to lensure 
tr,-nsionts (0 - 2 sec .) by applying the potential to the 
crystal usinc_, 	low-frequency squ7re-wave generator with a 

fast-rise tine and recording the crystc-1 current on c fast-
rise oscilloscope, fitted with a ca'aera cttachmunt. Per this 

work such an ,-xrnn ement wa.s n,t used. 

2.4. A HIGH  TEYIPERATURE NIC20/11112DI 	Ti. 6TER.  

2.4.1. Introduction. 

The conductivity of polycryst:alinu so(liuil chloride, as.  
it will be shown later, c'pper.rud to be influenced by the 

segretion of impurities at groin boundries. It was 
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considered necessary to develop a further technique to 

study the effects of grain boundary segregation. 

The moot common, and well documented, technique oMe4sure, 

microhordness, which has been developed by 	stbrook (11-0) 

and co-workers (9,10,41-46). This technique could provide 

useful infortion of (' cuantitive n-ture, particularly if 
the value of microh.-.rdnyss could be relrted to a more 
funds,_lental mech-nical property of the crystal. Johnson and 

(155) 
have tentatively suggested that microhardnesc 

on a i100i face could be related to the yield stress, or 

proof stress of crystals when the second:-:ry slip system 
was operative. 

Alterntive techniques have been developed for studying 

segrevtion, in particulor ,-..utorcldiography and electron probe 

microanalysis hove been used. The, recent advent of high 
voltage electron microscopy as a powerful tool for studying 

ceramdc materials mr:y prove useful for investigating 

precipitation in ionic cryct. ls ,•nd could give inform -.tion 

about se,regation processes. 

The 113_, of the microh,-rdness technique has many problems 

associated with it a.nd 4estbrook has summarised these problems 
and sn,?,gestod methods by which the best results c:-.n by obtain&d. 

The indenting Lad  is particul:rly critical, if too 1,rge the 

indent will be 1::rge coupred with the width of the segregated 

region end so swmp the effect, 	if too small instrumental 

errors, p-Irticul:rly vibrtion, will also sack the effect. 

The surface must be carefully prepared either by electro 

or chemical polishing, any cold work in the surface will 

raise the bulk hardness. Ionic crystals are subject to 
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further modifications of bulk hardness duu to the absorption 

of 142.ter from the c:tmosphero, this effect 
(156,158) 	

being known as the 

Rebinder Effect. ,vestwood 	 :nd other workers (157,159) 

have studied these effects. 

Thu specim.ens should cont:in only one signific:-nt 

solute species, since there ;ppc...7rs to be a marked 

interrction between coexisting solute opocioo. The effects 

of sr in boundry structure on the hrdness of the boundary 

was :'.1se of interest cnd thus the preliminry work was carried 

out on bicryot,:ls with 1;rc-.in bound -ries of low Ind high tilt 

rJ-1;jus. It 	rlse considered desir'able tr ntudy the 

sesretion Jt hi„h teperatures, up to 900°K. 
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2.4.2. Design of Microhardnoss Tester.  

The basic design of the microhardness tester is shown 

in fig.2.14. The indenter was designed to be capable of 

operating .tL)r,..d.s of 5gm or less ,Ind preferably down to 
lam. The flicrehc.rdnns of puro sodium chloride 	room 

temper turn being in the region of 20 to 30gm r 
-2, a 

load of lgm still produces an indent about 5 to l0 pit 

across. To operftte at these very small loads a dead loading 

system employed in most coaiercially built testers was not 

suitable, a counterbalanced indenter assembly wos, therefore, 

designed. The indenter wo.s mounted on 	stainless steel arm 

which was supported on two point pivots. The centre of 

gravity of the indenter assembly could be adjusted in both 

the vertical and horizontal planes, so tha.t the centre of 

gravity could be adjusted to coincide with the line joining 

the two pivots. The indenter was then perfectly bal:Inced 

and very sensitive to the applic-tion of small weights to 

the indenter arm. The indenter was 	136°  pyramidal diamond 

set in a nimonic holder and was suplaied by Nikon Ltd. 	The 

dimond holder was held firmly in the indenter Arm by the 

use of a tapered split collet, which aloe enabled the 

diamond to be rot,Ited to -ny desired orientation with respect 

to the specimen. The lo: d was applied to the indenter by 

means of brass chemical bal:lice weights placed on a small 

pan on the indenter arm. 

The reduction of vibration to 711 absolute minimum was 

of utmost Lmportnce. The operation of the indenter was 

therefore made completely automatic. The indenter was 

lowered onto the specimen by -means of a cam which was 
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rotated by a suall electric notor situated outside the indenter 

chombor. The indenter .lech:nism is shown in fig.2.15. The 

can. operated 	P.T.F.E. follower which nlised and lowered 

the indenter by rcking it on its pivots. The cam and 

follower were both highly polished to reduce friction and 

vibration. The driving motor was situ7ted well away from 

the tester nd operated the cnI_IsIft via a long rod and two 
ernks, the purpose of this was to reduce the vibration 
from the motor. 

Th specimen was mounted on _ nLlonic support which 

also formed a heat oink. The ninonic support was heated by 

resist7-nco, wire-wound furnace. The furnace w:-;s insulated 

by a es:at alumina form which nls,, acted 	spacer and 

support for the furnace wiL.dings. The furnace wa enclosed 

in 7, mater cooled jacket. 

Thu furnace and speciAen holder :'ssumbly were mounted on 

a t:-ble which could be rotated from outside the chamber. This 

enabled the specimen to be located under the indenter or the 

water cooled viewing window. Th,: specimen could be observed 

through the quartz window (see fig.2.16) with a standard 

binocular reflected-light licroscope; a maximum magnification 

of x 200 was possible usiii: str-n1.-rd objectives. This 

magnific..tion w-s not sufficient for accurate measurecaunt of 

the indents but it did en a ble the operator to locate and 

position the indents with considerable accuracy. The rotating 

table 1,,Ts le.crted in position by :.. springloceed ball which 

was located in a recess on the edge of the table. The table 

was mounted on a stage which could be moved in two horizontal 

perpendicular directions by the use of Aerometer screws 

mounted outside the chamber. 



Fig.2.15.VIEW OF INDENTER ASSEMBLY.  

Fig.2.15SPECIMEN HOLDER AND FURNACE ASSEMBLY.  
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The tester [.lou incorporated 	cleaving device which 

could cleve off the top of the crystl whilst in the indenter 

mad r33 reveal a clean, uncontauinted surface. The clenver 

is 	shown in fig.2.17. 

The indenter 5.se,ably, furnc.ce r'nd rototing 

con-L'in,:d within a lucuum chalber, shown in fig.2.18. The 

chber can be evacuated by muans of :n oil diffusion pump 

and a rutnry bnckinL pump or filled with high purity argon. 

The argon was carefully purified before beih pr,ssed through 

the ch7.-.1ber. The purificTtion system consisted of two 

drying towers contnining silica gel and crlcium crxbon;Jte. 

One further tower cont„:'ining sofnolite reaoved crbon'dioxide. 

The gs then passed through e furr:cc cu.Ltnining titanium 

chips 	970
o
K which re.loved oxygen. 

The motor wes controlled by r series of relays, micro-

switches and a tinter, which operated the indenting cycle 

completely autem:tically cfter the sequence had been initiated. 

The automatic operntion of the indenter ensured th:,t etch 

indent was i de under identic:1 

such ss vibrcAion, speed of the 

specimen surface, and tictu 

with the surf:-tee, were all Izept 

indent:-tion sequences.  

conditions. Important factors, 

indenter as it touched the 

the indenter was in contect 

const-nt throughout the 

The furn:•ce 	cc,ntrolled by :n Ether Tr:noistrol 

controller end the power supplied by a 20 emperu 

The tuipcaturL: w..s raer4cured by a fine thermocouple pieced 

against the side of the crystal in the specimen holder. The 

tw.aperz:;ture gradient across the surface of the opciwten was 

me:7sured by placing a very fins. thermocouple in Ganda holes 
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Fig.2.17 

CLEAVING DEVICE SHOWN 

ATTACHED TO THE TOP 

PLATE OF INDENTER  

CHAMBER.  

Fig.2.18. GENERAL VIEW OF MICROHARDNESS TESTER. 
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bored into the tup of the s.oecisen. The telperJture 

wos found to be less than 5°K at 670°K across a crystal, 

0.7cu wide. The vertical terAperatureoldienbein the 

spuci2len was found by n 	r iethod nnd wcs about 10°K at 

670°K fron top to button of the specimen. The furn-ce control 

ther-tocouple was situ-tcd ne:r the furace wirdings. 

leurther nodifib-fiuns ore beina considered, in prrticulsr 

the car:lob - ft in to be rut:.ted by a hydrrulionlly cper.-ted 

piston, this will reduce the vibn-tion fro i the electric 

uotor. The indunt2.tion operation, will be Icontrolled by a 

thyristor cuntrulle.1 circuit, th:, ru:AGv7:l of relays will 

agz.:in reduce vibration. Auteci- tion of the trble feed 

could enable the indenter to be used in c'll?lete isolatien 

frurol tee operator. 

2.4.3. C7libration on,q Micrehardness Traverse  Technique.  

The in '.enter urns b7librated by conrrdhg the micro-

hardness -t :liffereat loads with oi:iilsr lunsurcAents 

t the sane l 	on tbe sa 	usin 	i-?eichart 

,Aicrolirdness tester_ Ahe values of h,-.rdness found on 

both instruments were in aareenent, withinAbe:2SMitS.'Of 

deternined as the st=d,:rd deviation. Thu nicruhardness 

was deterined from the ae.'m v lue of 30 to 50 indents. The 

st.7.ndc:rd deviation of the -licrohcrdness was found to be less 

than 39:, with lo-ds froJ lOgu to 2.5gm , and about 5% to 6% 

from 2.5gn to 0.5gm . These errors would appecr to be very 

reasonable end the tester should be capable of dutectinG 

hordening at a grsin boundary. The increase in the standard 
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devi. tien could be due to vibrrtion effects -nd errors in the 

ne:::sureent of the indents. fig.2.19. shows thrlt the 

licrolirdness decreases as the locd decreases. The effect 

of vibrotion will be more significsnt at low lords and so 

increrse the size of the indent relrtively more th n the 

l'rger indents. 

The specimens used were cut from bicryotnis grown from 

the m.elt. Thu specimens were cut from the crystal using a 

Capco dimond slitting wheel. The orientation of the specimen 

with respect to the groin beundrry is shown in fig.2.20. 

4ecinuns cut in this 1,my were cleoved in the indenter, in 
an 

vacuum or inertAtmosphere. Tra-ercus were mode -t on 

angle of about 15
o to the bound.-ry so thot 	large number 

of indents un any one traverse were close to the boundrry. 

The specimen was plrced in the holder after reuoving 

the viewing window for easy -ccess. The specimen was held 

firmly in plcce by two screws which clamped two L-shaped 

pads oi. -!inst the specimen. The top of the crystrl was 

cleeved off, after evacuating the chamber and filling it 

with argon, by applying a slight pressure to one corner of 

the crystrl with the rrzor-blade. The specimen woo cleaved 

off about lni from the top of the specimen holder, tL!is left 

the indenter dir7d.ond .bout 0.5mm rbove the surf-ce of the 

specimen. 

The indents were me-sured .-fter the specimen hod been 

removed from the indenter. A strndrrd bench microscope 

with s calibrrted mersuring eyepiece wro used. 
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CHAPTER 3. 

PRESENTATION AUD DII.JCUJSION OF RIULTS I: 

SINGLE CRYSTALS 
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3.1. INTRODUCTION 

The results from conductivity measurements on pure and 

manganese doped sodium chloride will be discussed in this 

section. The parameters relating to the formation and 

motion of defects will be derived and compared with previous 

work. 

The a.c. and d.c. conductivity houtbeen measured, of 

both pure and doped crystals, in the teipercture range 570°K 
to 920°K. The differences between the o.c. and d.c. 

conduction has been discussed in ter,ls of interfacial 

polarisation at the electrode-cryotrl interfoces. The 

polarisotion phenomenon woo, studied in greater detail from 

the deviations from Ohm's Lew and the frequency dispersion 

of capacitance -nd resistance. The object of this work was 

to tcst the validity of nocthaptionsmcde by previous workers, 

cud to establish the nature of blocking in oinrae crystals 

so that blocking effects of grain boundaries in polycrystsls 

could be detected using sililrr a.c. and d.c. conductivity 

techniques. 

3.2. A.C.CONDUCTIVITY AEASUREMENTS.  

3.2.1. Behaviour of Electrode i,,icteriol.  

It was found that the choice of electrode costing 

materials was of very gret importance. Fig.3.1. shows 

that different electrode moterialo can affect both the 
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intrinsic and extrinsic conduction. Coatings which contain 

resins &nd ceramic bases, the silver dispersion (Acheson 

Dispersion No.962) and the platinum paste (Johnson 

Mrtthey T177), appear to dope the crystal and give completely 

erroneous values of the slope of the extrinsic and intrinsic 

regions. This 'doping' effect is clearly seen from the 

results when the silver dispersion electrodes have been 

used. The heating curve is coincident with the results 

from graphite coated crystals, whilst the cooling curve is 

coapletely different. The activation energy of the extrinsic 

region increases fro: 0.69eV to 0.90eV, indicating that a 

different diffusion mechanism is operative. Similar effects 

are noticed with platinum paste electrodes. The effect is 

possibly the, result of the diffusion of impurities into the 

crystal at elevated temperatures, the impurities probably 

originating from the resins or bace materials used in these 

preparations. 

Similar effects were also observed when using Johnson 

Matthey Liquid Matt Platinum 121235G and Hnnovia 

Platinum Paste 8972, the latter containing resins only, apart 

from platinum.. 

Graphite electrodes prepared by painting on an alcohol 

dispersion were found to be very satisfactory. The crystals 

could be thermally cycled without any deleterious effects to 

the conductivity plot; these electrodes were also found to 

adhere to the crystal very well. Graphite electrodes 

produced by vacuum deposition were found to be as good as 

the graphite dispersion electrodes but the results ebtninod 

were not found to be any more consistent. 



Vacuum deposited silver, gold and platinum electrodes 

were also tried. :Silver and gold electrodes tended to flake 

off above 720°K. Vapour deposited platinum electrodes 

were ss reliable as the -,;raphite electrodes but were extremely 

difficult to produce. All the following results were made 

using graphite dispersion electrodes, these providin both 

reliable and consistent results, and being very easy to apply 

to the crystal. 

3.2.2. A.C.Conductivity of Pure Sodiuci Chloride.  

The a.c. c,,nductivity plot for n pure, single crystal 

of sodiu-.1 chloride, bereafter known as pure 'AI, is depicted 

in fig.3.2. These mensureento were made at a frequency of 

1592Hz, all subsequent leacure-Aents were mode at this 

frequency unless otherwise Stated. The - pietis drawn-'from,  an 

average, of'POintS obtained-from.severaldeterminatiens using 
,;- different specimens CIeaVed from the Same plateleti,  The- 

results from different speCimens were reProdUcibIe'(Without the 

u
. 	 , (81Y use Of'he6.t treatheue.d'escribed'by d  Beaumeut'arid Jacebs-'- 

hwhich resulted ina:10%'cOMpresSion Of the 1 oryStalThe'straight 
lines Corresponding to regiond t,Ii and 'Il:were-'separatelY' 

determined by the method of ieaSt squares;,  The lid5:is-&f the 

Strai'ght'lifies , are shoWn by the dashed lines in-fig';36,2b%The 
1 gradients and their errors were also found by the least squares fit. 

The intrinsic region shows a definite curvature at 

tempen-tures above about T 1 
= 1.2 x 10

-3 o
K-1. Below 

this temperature the slope of region I wzo found to be 

1.87 2 0.02eV, which is in good agreement with other a.c. 
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measurements of intrinsic conduction, in prticulor Kirk and 

Pratt (57)  and Laredo and Dartyge
(61). The values obtained 

by Beniere et al.(60) cnd Nelson and Fria 	(71) uf 	appear to 

be somewhat larger, this would suggest that they were 

measuring the slope of region I' and not region I. Fig.3.2. 

chows that region I' hns a slope of 2.02 ± 0.02eV which is 

in good ngreement with the activation energies obtained by 
Beniere et al, and Nelson and Friauf for region I. 

The magnitude of the intrinsic conduction should in 

principle be identical for n11 determinations on all crystals. 

Fig.3.3. shows that this o not necessarily true. The 

present work is in good agreement with the majority of 
previous determinations, particularly that of Jain and 

Dahake (56), Beniere et 01.(60) and Laredo and Dartyge  (61) 

(not shown in fig.3.3.) The.magnitude of the conduction foUndHbyT 
' 

Kirk' 
8) 

and Bean
(62) appears to be larger than the bulk of the work 

this is not easily explained. The good cgreement with this 

work and tht of Kirk, with respect to activation energies, 

would indicate that the discrepancy is not very serious and 

may be due to experimental inaccuracies. The anomalously 

low conduction obtained by Rothman et al,
(16n) 

is also not 

readily explained. 

The method of determining the slope of region' II; has been 

de,soribed,previously. Care was taken when makinga least squares 

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

points where the slope was increasing into region I or region. 
III, were not used to define the slope of region II. The 

activation energy was found to be 0.69 ± 0.02eV. This 

activation energy is the enthalpy of notion of the cation 

vacancy. This value is in good agreement with the work 
(48) 	 (68) of Kirk 	Redfern cnd 	and Beniere et al,(60) 
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for pure sodium chloride. Values-ranging from 0.60eV to 

0,85eV have been quoted in the literature. The values of.the 

enthalpy of motion pf cation vacancies obtained-by different 

methods are not,the same; 	.conductivity and diffusion 

measurements give larger values whilst.N.M.R. gives lower 
(69,6o 56) 

values. several workers 	'have, 

also noted that the enthalpy of motion of the cation vacancy 

increases in i-apure crystals, although there is no apparent 

simple relation between the enthalpy and the physical 

ch-racteristics of the icipurity ion (69) 

The enthalpy of fur,tion of a Schottky pair can be 

calculated from the activation energy of the intrinsic 

region, since qi  = hs t ilhe, using the above mentioned 

values of Q
I 

and Ah2. The Schottky formation energy was 

found to be 2.36 f 0.04eV, which is in good agreellent with 

previous work 
(48,61)  

The intrinsic conductivity of pure 'A' sodium chloride 

has been compared with diffusion data for anion motion 

(Laurance 
(76) recently re-calculated by Fuller and Reilly

(88)) 

(55) and cation motion (Dreyfus and Nowick 	shown in 

fig.3.4. where: 

a-T = 4.7 x 108 exp (-1.86 /kT) ohm 1 -1 () cm 	h 

(55) for cation notion 	and 

a- T = 1.2 x 109 exp (-2.07 /kT) ohm-1cm-1 K 

for anion motion 
(88). The anion contribution wss calculated 

from the diffusion data using the Nernst-Einstein equation 
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incorporating the appropriate correlation factor. Laurance(76) 

found that: 

Da = 22 exp (-2.07 /kT) cm
2 
sec

-1 

and for sudiun chloride 

0- T = 5.25 x 107 D
a, from the Nernst-Einstein a 

equ7tion. 

The slope of the intrinsic region is in good a3reeiaent 

with the diffusion data although there is a s:Aall discrepancy 
in the pre-exponential factor; from the intrinsic region 

of crystal pure A, 

= 	2.0x 108 exp (-1.87 ± 0.02 /kT) 
ohm

-1 
 cm

-1 o
K. 

The slope of region I' is considerably greater that that 

calculated from the previous data, that is 2.02eV compared 

with about 1.91eV. In fig.3.4. the enhanced conduction in 
region 	that is the difference between the conduction in 
'region I Lid I',is also,plotted.,If thisontributj,on is 

attributed only to the motion of anion vacfncies a value of 
Ah
a of 1.20eV is found, compared with 0.89eV found by 

Laurance and Beniere et al. Thus it would appear that the 

slope of region I' cannot only be attributed to anion 

vacancy diffusion in the lattice. 

Kirk (48) found that the enhancement in region I' 

increased in crystals doped with hydroxyl ions, but his 

results did not clearly show whether this was due to the 
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diffusion of hydroxyl ions or duo to nechanical damage put 
into the crystal during its preparation. 1h cent work by 
Allen and Fredericks X162) onthe diffusion of hydroxyl 
ions in potassium chloride hso shown that the activation 
energy of diffusion of hydroxyl ions was 1.95eV, giving an 
enthalpy of potion of the hydroxyl ion of 0.79eV. The value 
of the pre-exponential tern was in some doubt, but this work 
did show that the hydroxyl ion, is very •lobile indeed. This 
Elobility,andkef'co with which it forms relatively stable 
cc,11,..i.exes with aliovalent impurities -lso explains the ease 
with which it can compensate ctionic impurities. There is, 
therefore, a possibility that the enh_nced conduction of 
region I' could also be due to the moveuent of hydroxyl 
ions in disloctions 	sub-"rain boundaries, since they 
are obviously very •:,lobile. This would not necessarily 
explain the high activation energy unless the hydroxyl ion 
is co:mplexed with other defects, although this possibility 
does not really .73":i likely at such high tetpertures. 

Kirk (48), in order to try.  to explain the existence of 
region 1', has presented results of conductivity m.easurements 
o. deforued single cryst,'12. 	tests ham been carried 
out, using the technique e'iployed by Kirk, and it was hoped 
that these tests would provide an explanation of the enhanced 
conduction in region I'. In heavily deformed and annealed 
crystals a sub-grain structure is present so it was thought 
that these results could be correlated with subsequent 
work on polycrystalline sodium chloride. The conductivity 

plots of deforned single crystals are shown in fig.5.5.; it 
can be seen that the conduction in region I' is enhanced 

further by the defermAion, although it is interesting tc 

note that this enhanceraent decreases in cryst:as defamed 

Specimen6 were cut perpendicular to the (1003 compression axis.  
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more than 4%. 	ith reference, to work by D:..vidge and Pratt(161) 

it would opper that the conduction is enhanced [.lore in crystals 

defurnied in at.7ge I rr ther than in stage II of the stress-strain 

curve. The enhanced conduction is shown :core clearly in 

fig.3.6; and it is apparent that these results agree very 

well with those of Kirk 
(48). Davidge slid Pratt showed 

th;!t the dislocation density rapidly increrlsed in stage II, 

the distribution of disloc,-.tions buinL randoa in stage I 

(e:::sy glide) but at higher deformation disloca tion walls forme. 

In these tests, of course, the dislocation structure at high 

tellperctureo is inpurtant. Davide() and Pratt showed that in 

a crystal compressed by,10% little change .wts seen in the 

structure of pernllel dicloc:Aion walls below 670°K, the 

nu,Aber of walls was reduced in speci lens c'.nne.:-led at 770°K 

and of higher te..iperatures a sub- _;rain structure forraed. 

They also noted that the work-h.7,rdening in stage II is 

connected with dislocation debris rather than dislocations 

theuselves, this debris they found annealed out at about 

520°K to 620°K. 

Kirk showed that the enhance--lent of the conduction was 

reduced by proloned anne,:ling act 970
o
K L-,nd he ass,)ciated 

this with thu decrese in surfa.ce area of :3ub-grain boundaries, 

and th,:t there waz1 no enhclicoAunt in well anne;:ad, undo formed 

crystclo, where the cub-grain structure 	absent. The 

present series of tests showed a silil7r decrease in the 

enhanced conduction after prolonged annealing of deforAed 

specinens, but 	enhanced conduction in undeformed 

crysts]s could not be reduced, oven :'fter an annual of 

60 hours at 970°K and then slowScooled over 48 hours. Thus 
it wuu1,1 appear tha t the enhanced c(incluction in region II , 

in the undo forced crystals is not due to the datage 
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cz-used by cleavage. Thu diffusion of either anion vacancies 

or impurities, such so hydroxyl ions, or both, down paths of 

easy conduction, would appear to be a tentg.tive explanation 

of the enhanced conduction. The paths of conduction are the 
grown in dislocation structure in nondefor:led crystals and 

the sub-grain structure in deforl',:d crystrls. It nust be 

pointed out th,,t although this cr-,istl w:--s not deliberntely 

doped with hydroxyl ions none wire very likely present, as 
will be shown later. 

The production of a well-defined sub-grain structure in 

heavily doforaed and subsequently cnnualed crystals resulted 

in no change in the conduction in region II of the conductivity 
curve. Results presented in Chapter 4 show thst in poly-
crystalline oodiu'i chloride the diffusion processes in region 

II are affected by the presence of grain beunderien. The lack 
of change in deforlcd crystals would :ppear to suggest that 

sub-grain boundaries do not affect the extrinsic conduction 

processes. 

3.2.3. A.C.Cunduction of iaanganese-deped ;jingle Crystals.  

The effect of divalent ction r.dditions on the extrinsic 
conduction of sodium chloride is shown in fig.3.7. The 

curves correspond to crystLas containing varying cuounts of 

manganese ions, except pure li, which w:io grown from purified 

sodium chloride and grown in = n inert atmosphere. 	The 

cheAiccl analysis of this crystal revealed the presence of 

about l5mppla of copper ions which would account for its 
higher conduction in the extrinsic region. The curves shown 
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in fig.3.7. ..;re 2g in the result of sever:,.1 tests on separate 

specimens cle:,ved from the or.- e slice of the crystcl. The 

points shown on the curves do not represent the total 
autber of lau,':;3uru:aunts used to cciculste the slopes, many 
points ho 	been LiAtted. 

Previous work
(48) 

has shown, from a consir'3ration of 
conductivity isotherms, that in manganese ion doped sodium 

chlbride a certain proportion of the impurity ions are 

co;Iplexed with anion Lipurities, this ..:aount was found to be 
about 50uppm. Thus the effective divalent czltion concentr:7tion 

which is :ffectin the extrinsic conduction is: 

C
E 

= C - C 
	

3.1. 

where C is the total div,-lent c-tion concentration :•.nd C
o 
is 

the concentration of divslont cations complexed with anion 

inpurities. 

Equntien 3.2. shows that isotherms in the extrinsic 

region should be linear Ind pass through the origin, if the 

total divclent c7tion concentration equals the effective 
cuncentration, thct is: 

0-  = 	C  
co 	x0(1 + 0) 	3.2. 

where Cr" is the conductivity of a pure crystal 	x
o 
is 

the concentration of anion or c::tion v,'c:ncios in :7: pure 

crystal. For tru extrinsic conduction c plot of cr versus 
G should be linear with a slope of 

xo 
tro 	+ 0] -1 
	

3.3. 



Kirk hcs shown th:t this 1; true for heavily doped 

crystals except thct the line did not pass through the origin 

but cuts the cuncuntration axis st C = 50 mppm. Thu isotherms 

shown in fig.3.8. show that the slopes of the isothers 

decrees() at low concentrntions snd do pass through the origin. 

This indicates that the v:lue of C
o 
in not fixed at low 

i 'purity concuntrc-tiuns. Thus it in not possible; to uotiuc.to 

the effective divalent cati,n concentration fro extrinsic 

icotherIas, since C
o 
is nct coastantfor all values of C. 

Anther esttiatu of C
E 

could be obtained fror_i the 

intrinsic-extrinsic 'knee' te.Apurcture. This tuiperature 

can be deter,lined by extrapol-Aing the extrinsic :-.nd 

intrinsic regions to the point where they :jest, asowaing that 

:7 -t this tuipe.cature the extrinsic cr..ti,n vacancy concentration 

is equal to the intrinsic c tien vacancy concentration. Then 
- plot of log, no or log 0E against Tk
1  for,different*PPPU ens 

Should'be'a Straight line'hodesCribed.by equation 1.23., that 

     

C
E 

= exp S
s 
 oxp - h

s 
2k 	2kTk  

1.23. 

This alTroach ,aunt use s value of S which cannot be 
calculated frou the extrinsic dat:.. since the effective 

concunt=tion of divalent Lipurity in nut known. A 

calculation usint, the totcl concentration of ispuritiec gave 

erroneous values of 61S and hence S . However, the value of 
C 

 

S
s
/2 +bS

c 
csn be cslculated from the intrinsic conductivity 

plot since C is not required in this calculation. The 

entropy term, 

S +6S
c 

= 4.5 .11-  0.5 x 10-40 °K-1  
2 

is 
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using a walue of Vo  equal 	the Debye frequency, 

where, 

0 = 4.81 x 1012  
0 

In order to coacul,-,te S a value of6S
c 

Ylust be :-ssumed. 

Previously published values ofAS
c 

7:re :_toot probably suspect 

due to the difficulty of evaluJItinc; C., however, a value 
- 	-1 of 1.8 x 10 	eV°K as found by Beniere et 2. (60)is in 

good agreeaent with the value found by lirk
(48)

, who had 

considered the effect of anion Lipuritiec on the extrinsic 

conduction. If the above wlue ofiiS
e 
is considered to be 

I+ 	- 	- 1 
rersonnbly good then, S 	

4 	0 
 = 5.41- 0.5)x 10 eV K . This 

value is in fairly good aL:,,reeuent with vraues colculcted 

by previous workers (48,60,71)  

Uninv, the ccicula.ted values of S and h in equation 
ti 	0are 

1.2.3. the values of C2  were calculated, anl(shown in table 

8. The very slrll values of CE 
	• 
rppenr to indicate that the 

crystals contain a relrtively high concentration of anion 

inpurities, which ore coplexinL; with the divalent c.-ti-on 

iopurity. The vclues of C woUld indeed appear to be 

unreasonably low coQpared with preview.detorninations 
(48) 

The re.,son for this lies in the form of oqu2tien 1.23. 

ch,..,n!7es in S will Icrkedly alter the w'lue of CE' for 

example c t 1/T = 0.9 x 10
-3 o

K
-1, n 10% increase in S 

increccec C., by bout 50%. Thus it is apparent that the 

knee temerature cannot be used to provide a reliable 

estill::te of C unless the entropy term con be calculated 

accurately. It 7...any be posible to deterAine the free cation 

inpurity from 	careful analysis of the ultraviolet and infra-

red absorption peaks of hydroxyl and ether anion impurities. 
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TABLE 8:  

COMPARISON OF TOTAL DIVALENT CATION CONCENTRATION 

AND EFFECTIVE DIVALENT CATION CONCENTRATION AS  

CALCULATED FROM ,KNEE,  TEMPERATURES.  

CRYSTAL MAX VALUE 

OF C 
luppra. 

CE 
mPlm 

PURE A 

PURE. B 

lOmppm Mn
2+ 

30mppm Mn2+ 

150mppm Mn
2+ 

300mppm Mn
2+ 

10 

20 

20 

4o 

160 

310 

0.1 

1 

4 

10 

30 

75 
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The presence of an c.boorption peak at 3600cm 1 in the 
infra-red spectrmnof the 300rappu mcdiganese doped crystal 
indicates that 	considerable quantity of hydroxyl ions 
are present. Although peAts at 3600cm-1 were nut detected 
in the other crystals the pure cryst,-.1s did chow a sAall 
band at 190m/4., the absorptin bond of free hydroxyl ions(163) 

Rot' 
In the ultrz- vicict recic.n. The dored cry:,trac did nhciw an 
cbcorptien at 190.1/A, this is presum ably because the hydroxyl 
ions ore complexed with the div7.1eat impurity (164).  Crystal 
pure B showed further pe,:lcs in the infra-red which have been 
interpreted 	being due to metaborte ions, introduced 
during the purific:-tion  pr-cess. 	Thu3  the evidcnGt  

'suggest that some,  of the crystals do contain a considerable concen- 

tr::tion of hydroxyl ions ::.nd other onion impurities which 
can coopencate for the div.:lent 

To suum:rise, it is ;31iested that accurc:te values of 
entr.Jpies of forviation of ochottky defect,3 and lotion of 
cation w;cancies crnnot be found unless the precise n; lyric 

of both anion and cctien i zpuritiecs arc: known, :nd the form 
in which onion i murities tore inc,rporrted in the 1:- ttice, 
that is as free ions or co:Iplexe,3. 

3.3. IETERFACIAL POLI3JITIONIlu dODIUM CHLORIDE. 

3.3.1. D.C.Conductivity of ..,odium Chloride.  

Several previous workers h-!ve observed a high temperature 
polarisation phenorlonolloccurrin2; in _,odium chloride 
potassium chloride. It han nlre,7,dy been suggested that this 



uay Give rice to anomalously  low value.. of ,--ctivation energy 

in region 	if:the.pciorisation..is.a.-function.ofteuperturC. Ini 

order 	entoblich the n:ture of this pol!'ricf.7tion phenomenon 

exporiruents 11.;:ve been carried out •.tocCurin5  the d.c. 

conductivity and devition fro,n Ohu's Law in pure and manganese 

duped codiuh chloride. In c later section the a.c. conductance 

Ind capacit:lice 	function of frequency will be described. 

Thif; series of experiments was carried out to deteruine 
Were_ 

which carrier or carrier: Xbeing blocked and whether they were 

blocked at the electrodes' or c t other interfaces:. Previous 

workers (5) bc.ve maintained thL-t the polsriontion is the 

result of the blocking of one ch,7rge ccrrier, the anion 

vac:.ncy, at the electrode interface; the cc tiun v.:•csncy being 

able to di ;charge and co contribute to the conduction 

process. 

Fig.3.9. shows the steady-state d.c. con.luctivity,a; 

compared with the 7.c.conductivity, or for crystals pure 

A and B. The field otrength used wog  5 volts cu-1  ; unless 

otherwise cL-ted 711 the results in this section were 

obt::ined usinz; this, field strength. It is 1..Aedi,,7‘tely 

obvious th:t the slope of region I is _luch less for the 0-

curves due to the pol,.rioLtion occurring in this region. 

The pslrication in the extrinsic region rice incresee with 

incrucce in divalent 	concentrc.tion. This effect is 

shown pure clecrly in fig.3.10. which shown the OZ curves 

for the tA.,..-nese doped cryc-L110. The activ. tien energies 

for region II are shown to beiinconsistentrying from 

0.69 ± 0.03eV in the purest ;Jpecimon to 0.60. O.OkeV in 

the 300uppu nangsnose doped sped:Jen. The activation 

energy of region I is reduced to 1.75 ± 0.03eV. Thus the 
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v2lues of 611c 
.nd h derived fromhigh teuper:ture d.c. 

conductivity or pulsed d. c. :le:sureD.ents 1_2y indeed be 

suspect. 

The blocked conductivity, lrB=Cr -6; , as a function of 

temperature is shown in fig.3.11. The curves show a marked 

reoeiablance to a.c.cnductivity curves except that the slopes 

of the intrinsic 	extrinsic regions are incrorsed, 

although the latter only slightly. The ctiv::_tion energy of 

region II is cloeut 0.73 - 0.04oV comp. red with 0.69 - 0.02eV 

fur cro  curves. It would cppear th',t al is the result of 

blocking of cation vacancies in the extrinsic rtiLion. 

The difference in slopes between the Band 0-  curves could 

be due to a decrease in the percentage of blocked carriers 

the temperature decreases. 

The activation energy of the intrinsic region of the 

0B  curves is increased to 2.34 f 0.04cV. This would 

suggest 	either a carrier with an enthalpy of motion of 

1.16eV is blocked or that the nu,Aber of blocked carriers 

incre-ses with increcsing to c'iurature. It is proboble 

th:t both mien c nd co ti, vcancies az.c. blocked at high 

te -lpertures. -ince th, magnitude of the blocked current 

is comp,arntively large and the degree of blocking varies 

with carrier concentration and temperature it is suggested 

that only partial blocking is occurring. 

These results have been discussed assuming that the 

polerisetion effect observed at these high temperfltures is 

due to the blocking of charge carriers at interfaces or 

at the electrodes, thc- t is spcce-chr'rgo polario:'tion. It 

is, however, possible that polarisation say be the result 

of a dielectric relaxation due to the tille-dopendent 
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form tion of dipoles or the time-dependent reorientation of 

perm.71nent dipoles existing in the ;:latericl. Sutter and 

Nowick (130)  have summorised the theories relating to both 

pularia7tion phenoElena. If dielectric polarisation is 

occurring then Chills :Low will be obeyed, on the other hind 

if interfciL-a pul[ris -Aion is occuring then Ohm's Law will 

not be obeyed. Figs.3.12 :nd 3.13. show typical voltage-

current plots for pure and doped crystals. It can be seen 

that for the pure crystal Ohm's law is obeyed at te;iper::.tures 

where little or no pularisr, tion is occurring. At higher 

teaperatures there is a considerable curvature of the plot, 

especially at low voltages. Above an applied veltrge of 

about 10 volts Ohm's law is apparently obeyed. The voltage-

current curves for the .Aangcmese doped crystal show sinilar 

characteristics except that Ohu's 1:--14 is not obeyed 	all 

te7Aperatures between 570°K and 970°K, for 	voltsges. 

The fact thct Ohm's lcw is not obeyed suggests that the 

polarisation phenenenion is duets the build up of space-

ch::•.rge lyers at interfaces or electrodes. These results 

nlso corrobor;:te the conclusions fru.1 the O plots, that 

is, that partial blockin of charge carriers occurs, since it 

is obvious that the a-lount of blocizing is dependent oii the 

magnitude of the applied field. 

The current-velt.:- ge plots show. 	soall chflic region 

at applied voltages less than 0.1 volts. The reason for 

this is not clear but it is possibly due to the fact that 

at low velt.-ges the space-charge layer is slow to build up 

and possibly the current was .iecaured too soon .:.f ter the 

application of the field. The volt:se applied was increased 

fron zero to 20 volts in as short a ti'le as possible to 

nake sure that te,Aper;:ture fluctuations were not too great 

during the re.7...surcients, the temperature was found not to 

Steady .state current.; 
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very by more than 0.5')h. It is also possible thc, t at low 

field. strengths the rate of discharge of the carriers is 

greater than the diffusi,n rate and hence no polarisation 

will occur. 

(135) Haycock 	f-und si2ilar deviations from °ha's law 

at hir,h teperatures in pot:Issium chloride. de found that 

the curves could b, divided into a series of straight lines, 

shown in fic,.1.13. His explanation of the form of these 

curves would not 701)G,- r to be rpplicable in pure and doped 

nodiu:i chloride. He ,-.sserted th3t the steady state current 

fur low applied fields  was duo to  the  conduction  bu electrons 	 

only. Since the conduction in'eodium chloride is due to ,the motion 

of anion and cation vacancies,, and even when maximum blocking 

is 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 

suggest that the electronic conduction is very small. 

Opticl scanning electr:.n microscopy of electrode- 

crystal interfaces after fields of varying strength had 

been applied was tried to see if there were any obvious 

indications that anions or o-tions were being discharged 

or blocked at the electrodes. However, the results obtained 

were not conclusive and any fe:tures observed were not consistent. 

(165) 
-1.•.:rker 	and ice, seer and jchneider 

(166) hove suggested 

that the interfacial polarisation occurs at internal mosaic 

boundaries. The results described earlier would suggest, 

however, tht the c-.rriers are blocked at the electrodes, 

since it is difficult to envisage an internal interface 

which could block su oany carriers. lion,: recent work by 

Allnott et al..(167) has shown t]-. t tie high teuperoture d.c. 
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polariortion of potassiuu chloride w..s tha result of 
119,120) 

electrode blocking. Other workers (118, 
	

have shown 

thct electrode polorisctien 2.so results in 	frequency 

dependence of the .7.c. c:7p:7:citam:e. These results were not 

conclusive in establishing the blocked 
(117) 	

crrrier.n7m:ound 

that the theory of Fri ouf 	and i,lacDonald (11  

generally c..pplicable for pure potssium chloride, th.:-t is 

one c-rrier only blocked. However, the results for strontium 

doped potassitua chloride did not fit this theory .-.lid Lecumont 

nnd Jacobs (120) extended the theory for partial ionic 

discharge of the electrodes. lieaever, 	(114) 
. Raleigh 	has 

pointed out there does nut appear to be .::ny thexmiedynaiic 

justific7tion for assuming -prtirl dischrre;e blocking for 

duped crystA.s rnd complete bloclan,L,  for one c rrier in 

pure crystals. The results presented in this work, as it 

has alrerdy been stated, sup'cst that the blocking is due to 

portirl dischrrge of ono of both crrriers st the electrode-

crystal interface, in both pure .-- nd doped crystals. 

3.3.2. Frequency-deendence of a. c. C:.p city  

The frequency dependence of capacitance and conductance 

between 70 Hz and 20 kHz has been measured on pure and manganese 

doped sodium chloride. Fig.3.14. shows typical'dispersionsof 

log. capacitance, conductivity and log tang a5 a function of 

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

for .:1rngcneso doped cryst: ls. These dispersions are typic,a1 

of interfacial pol.-ris:tion and coprre closely to those 
obtained by Tallrn et al.

(113). 
 Aowever, it -lust be pointed 

out that t e increase in conductivity with increasing 

frequency is very small; it increases from 8.48 x 10-6 ohm-1 
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at 70 Hz to 8.57 x 10 6 ohL1
-1 r't 20 kHz. Such s..l Ali changes 

of conduct--once ore difficult tu neasure at high temperatures 

since small fluctu,7tions in tu'iper:,ture during the test will 

alter the couctivity considerr,bly. Gun._.r:aly no consistent 

change in conductivity was noted and it was considered to 

b, 	frequency independent, within the liylits of 

accuracy of the ,Ae7.;sure -lents. The conductivity curve shown 

in fig.3.lt-. was considered to be fortuitous and could be 

the effect cf suall temperature fluctuations in the rig. 

Fig.3.15. shows the frequency dispersion of the total 

capacitance of the crystc1 for both pure ;And =ngcnese doped 

crystals at 570, 770 and 870°K; the excess capacitance Cp, 

which is the total capacitance less the reo,:letrical 

capacitance (the hish frequency capacitance) is plotted against 

frequency ih fig.3.16. It can be seen that Cp voried(on log. acales) 

linearly with frequency and the gradient of the lines are 

about - 2, if the frequency f is converted to angular frequency 

co, by f = 217tA)and Cp is expressed in 	F on
-2
. This 

relationship between Cp and kJ is in .agreement with MacDonald's 

theory, which is fur blockin of both carriers. However, this 

theory predicts that Op is proportional to (2L)
2 

where. 2L is 

the speciuen thickness, but no dependence of Cp on specinen 

thickness was observed. Likewise the dependence of A(1/R),  

whore 11(1/-1) 	1/Rf  - 1/Rtle , where Rf 
is the resistance at 

frequency f and R is the Baiting resistance at high 

frequencies, on frequency, L(1/R)0C1,52  was not found. The 

results do hot a_ rep; 	
(117) 

with the theory of Friauf 	for 

blocking of one carrier only, which predicts that Cp is 

proportional to 1.0 

The electrode charging.  pheno:denanhas been studied in 

(116) 
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greater detail. The temperature dependence of the loss factor 

tanc, and the capacitance have been investigated. The results 

are -summarised in fig.3.17., which shows that a maximum occurs 

in the tang curves, and that this maximum moves to higher 

temperatures as the impurity concentration decreases. Fig.3.18. 

shows that the effective concentration of divalent impurity, CE  

(values of CE from Table 8) can be plotted against the reciprocal 
of Trams, the temperature at which tang is a maximum. This plot 

is a straight line and obeys the equation: 

CE = 10 ( ! 5) x 10 9  exp-(0.97 I0.05)/kT 

The kinetics of the charging processes may be more easily 

understood by measuring the change in tanI as a function of 

frequency, at different temperatures. Fig.3.19. shows the 

change in tans 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 tangmax. The results of the 

tang against frequency measurements can best be summarised by 
plotting the log. of the relaxation time,'", at tangmax  against 
1/T, as shown in fig.3.20. The relaxation time is related to 
frequency,f 

	, by the equation: max  

T= 2Tr 	secs, where fmax  is in hertz. 

max 

It can be seen that for pure and doped crystals the relaxation 

time can be expressed in the form: 

"co  exp Q/kT secs, 
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where
o 
is 	constant and 	is an activation energy. The 

values of lf and Q should give an indic:tien of the relax:!tion 
0 

processes which re occuTinL, at the electrode, and it was 

hoped that this would indic-to the rate-controlling process 

in the charge build-up. 

The values of, 	and 	Ci-Q ollon in t;7b1Q.9. with the 
° values found by Tallnn et a1,(113)  and Kao et al ,

(134)
. The 

values of Q and PC0 for the 300 app" Ilangenuse doped specimen 

co:Ipare fairly well with those .obtained by T:-11an et L-11,nd 

the values of Q found by 	et al. also show a close 

resenblance. 

If the electrode blocking is cuntrPlled by the rate of 

charge build-up, then the value of Q should be related to 

the activation energy of the defects, as determined froze the 

conductivity plots. Reference to the conductivity curves 

shows that the activation energy in the sale temperature 

region is about 0.90 - 0.95eV, that is the associ..tion region 

of conduction, which is in a,z,ree.lont with the value of 0.95eV 

found from the a. c. dat_.. The lower activation energies of 

the purest crystals would suggest th-t this energy is more 

appropri-Ite to the extrinsic region of conduction, that is 

about 0.70eV. The varia-tion of qfro1.1 0.57eV to 0.85eV in 

the 10 and 30 nppu doped specimens could be due to experimental 

error in determining 	since the tang peaks are broad and 

tan max is difficult to define. The pure crystals do not 

exhibit 	relaxation tide nt low te..Aporatures in this range 

of frequencies but they do show a peak at high teuperatures. 

The activation energy is very ::such increased and can be 

attributed to the blocking of anion vacancies. If the energy 

can be written as Q = hs/2 +Ah then a value of dh = 
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0.96 f 0.1eV is found. This is in good agreo:lent with previous 

work for the enthalpy of motion of anion vacancies. Thus it 

would appear that the r.-  to controllin process at high 

temper - tures is the diffusion of anion vL- cancies, although, 

of course, this does not 	that cation vacancies are not 

also blocked. This is in agreeuent with the d.c. results. 

Although it appears that the values of Q can be 

interpreted in terus of the diffusion processes occuring in 

the bulk of the crystal the processes occuring at the crystal-

electrode interface are likely to be complex .:.nd affected by 

the nature of the interface. The variation between t for 

pure A and pure B uay be expinined in these terns and the 

variation of 	for the low doped crystals nay be related to 
25) electrode condition. Kessler and M.7riahi (1 	and ,;cno 

and Toniki 
(169) 

have noticed that the loss peaks due to 

interfacial polarisation :.re very much dependent on the 

state of the electrode-.crystal interface. 

This discussion has assuned that the relaxation peaks 

are due to interfacial pol',risation. however, at the lower 

taLlperatures the peaks could be due to i:Ipurity-vacancy 

dipoles and at high te- Iperatures the peaks could be the 

reorientation of vacancy pairs. However, dielectric loss 

and e.s.r. (170) deterintion on thy: tetper:Iture dependence 

of inpurity-vacancy dipole loss peaks indicate a pre-

exponential factor in the order of 10
-14 

secs. Thus the 

value of 	presented hero is inconsistent with a dipolar 

relax:,tion uechanisu at the lower te:.1peratures. Likewise 
(180) 

the high telperture rel-xatien 	;:' vccncy 32.7.1  rs 	is 

characterised by a value of 1:: of about 10
-14 

 sec. which 
0 

is :such smaller than that obtained in this work. Thus it 

would ,7'13-ptl:r that it is justifiable to relate the relaxation 
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processes to the presence of electrode polorisotion and not 

dipolar relaxations. 

(114 
Voler has presented a review of the dielectric 

behaviour of materiol containing thin surface layers whose 

electrical properties differ from the bulk. He has proposed 

a two-layer model which could predict the thickness of the 
surfAce layer froze the value of tan 6 	He considered 

several different cases, but the one appropriate to this work 

was for a large capacitance dispersion but essentially no 

conductivity dispersion. In this cose the surface layer 

would hove o 	resistance than. the bulk but its 

resistivity would be greoter. Volger's theory states that 

in the coso -2.entioned the -ioximum value of the dissipation 

foctor, tan s is related to the thickness of the surface 

layer and the bulk, d1  end d2  respectively; 

tans 	d 	2  

The value of tan b- 	is approximately constant for all 

ikapurity concentrations at about 3 x 102, at 670oK and 

4 x 102  of 970°K; the bulk thickness d2 	m. = 0.25c . This 

wives values of about 10-6  enat 670
oK and 5 x 10-7cla at 

970oK. These values are opporently 	compored with those 

found by Tollan et al,,thot is 10-20/4m; and obout en order 

of magnitude smaller then the volue predicted for the space- 
(92). 

charge layer found by Lehovue 
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3.3.3. aeries Representation of a.c. Cepncitnnce  
end Conductance.  

Raleigh (114) has discussed the failure of both 

MacDunald's end Friauf's uodels, and the uodificction of these 

uodels by BeauzIont en-:!_ Ja 	(lao)cobs 	to account fully fur the 

interfacial pol-risJtion phenouena in terns of :n ideal 

polarised electrode concept, first introduced by Grahau 
(168) 

 

The ia,,,71 polarised electr-de is on electroche.liccl concept, 

cqad is described as an electrode which has no cheulcal 

couponent in co'l'on with thu adjacent electrolyte, and at 

which ionic discharge processes are prohibited for straight 

forward ther2odyna:lic re:-sons. It lies been suggested that 

such an electrode lacy be ref,::rded as a siIple calx7citance in 

series with the resistance of the electrolyte. In such a 

systeu no dispersion of the series capacitance or conductance 

should be present. This concept differs froLl previous theories 

of electrode polarisation which consider the parallel 

cc.pecit:mce end resistance, in which n dispersion will be 

present. A dispersion will be present in the series 

capscitance anq resistance, however, if the ch.-rcing of 

the electrodes is tide 2upendent and if the tile required 

for such a ch-rL;e relaxtien process is cop'.rablo to the 

frequency of the .c. potential used. R:luitT,h
(114) 

has 

shown th,,t the equations f.,r the 	c:p.7citahce and 
, resistance Cp nil 2p, fro-1 Fri-:.uf's 

(117) 
 taeory are just 

the parallel ca-pacit:rnce e-nd resistnce of a frequency-

independent capacitor „7nd resistor in series. fro-1 this 
2 -2 tre - t-.1ent,the depen.3ence of Cp or (2L) 	c‘nd L.3 and the 

frequency dependence of 1Rp is only o property of the 

parallel represent,:tion. Thus the lack of dependence 

observed of Cp on (2L) and $p oncj,in the results are 
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not inconsistent with electrode polcrisc.tion theories. Since 

Cp is approxiurtely dependent ont, ;-.2 it does indicate that 
Cs should be :pproximately independent of frequency, in 
:N-Lreeient with the ideal 	RaleiL;h has—Dointed out 
tht the series representJ.tion c^n only be a first-order 
theory ;.:nd th-: devi -Aion from the theory may provide 
useful inforcicItion realtinG tc, the types of rolclxrtion 

processes occurincj in the Debye-layer charginE;. It is felt 
thflt if such inforpatin is to be obt:lned c.rranLements 
oust be used where bloc-Icily is c, chie_ved in a thernodynamically 
well-defined canner. 2aleic;h has A.so pointed out that the 
uicroscopic nature of the electrode-electrolyte interface 
is very iiaport=.nt. 2ccent wi:rk by ]Iessler and Mariani (125) 
and S. 	L,nd Tomiki (16g) haveillustrc,ted the importance 
of electrode-electrolyte contacts. 
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4.1. DIFFUSION Ii GRAIN BOUI4D,-.1I2S IN YOLYC-RYSTALLINE 

SODIU14 CHLORIDE.  

4.1.1. Introduction.  

1-revious workers have studied the diffusion of monovalent 

cations in sodium chloride 
(6) 

 and lithium chloride (39)grain 

boundaries, using a conductivity probe technique. The effect 

of divalent cations on the grain boundary conductivity has not 

been studied, mainly because of their high diffusivity in the 

bulk which would make analysis of the results difficult. In 

this work the effect of grain boundaries on the bulk 
conduction, and the effect of divalent impurities in groin 

boundaries, has been investigated. Grahc!: et al,(5) have 
studied the a.c. and d.c. bulk conductivity of pure 

polycrystalline sodium chloride as a function of grain size, 

but their results, which showed an enhanced anion diffusion, 

. were not compatible with the diffusion studies of Cabane (3) 7 
he found no enhanced diffusion of anions in carefully 

prepared polycryntals. 

Cabala; has shown that the preparation of the polycrystal 

is extremely important and o hot-pressing technique siAilar 

to that used by Ccbane has been developed. The cunductivity 

of pure polycrystals 1,repnred by an extrusion technique  

developed by btokes (147) and Li
(147

')  has also been measured. 

Nicrostructural studies of the polycrjstals, both 

before and after annealing, hove been :lath; in order to 

establish the presence of pores, which might affect the 
conduction processes, and to evaluate the effects of grain 
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growth on the conduction. 

The interfacicl pol:.risation phenomena hove been 

studied usinL,; both d.c. and a.c. conductivity techniques. 

The results 11,-..ve been compared with the results fron single 

crystals so that the polarisation effects, if any, of the 
brain boundaries 41cy be established. 

4.1.2. Microstructure of Polycrystalline in >>edium Chloride.  

The conductivity :acesure,lents were r,enerelly Idade on 
annealed polycrysttls. The specimens wore .nnealed at 

870°K for one hour, followed by furnace  cooling. The effect 

on the Acrostructure of such en annera is shown in fig.4.1. 

-nd fig.4.2. Fig.4.1. shows the _licrostructure of an as 
pressed pure pelycrystal, which hod apparently t very such 
,.rein size. After annoalin,:, at 870°K t!,e,  ,:rain size 
cpprently incre::sed c,nsiderably nd the c,rain boundaries 

became more distinct, fig.4.2. The lAructure of the 

unannealed poly crystal probtbly resulted Iron the heavy 

deformttion undersone by the pellet during the hut-pressing; 

the apprently ver, 	 grain size resulting from the 

presence of sub--groins or possibly slip-bands within each 

brain. This heavily Jeforued structure could also result 

from the pressure exerted on the co:I-poet by the press body 

when it cooled after the pressinz. This possibility was 

supported by the fact thct the extruded polycrystols did 

not show this substructure in the unannetled state; the 

extrusion, of course, was not confined during the cooling 

period. 
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Throughout the r.iicrostructual examination of the 
polycrystls there was no detectable evidence of porosity. 

This is not re.711y surprising since the polycrystals used 
fur the tests were nearly os dense as sini).e.crystals of the 

sane -A7terial. 

The annealing of the pure pelycrystals resulted in the 
appearance of a white culourJ, tiun, the specimens being 

completely clear prior to annealing, as shown in fi8.4.3. 
This whitish :-Iipecrance of the pulycrystals could be due to 

, (3) the formJtion of very sA.:11 voids within the crystal. Cabane 

noticed that the density of the compacts decreased significantly 

after annealing if the powder was not carefully predried. 

Howeveroo such decrease in density was observed even after 

considerabL: periods of annealing at hibh te.aperatures. 

The apperance of the white colouration occurred at 

fairly low tenporatures, below about 5000K, and at the sane 

temperature at which the sub-grain structure had largely 

disappeared. The extruded polycrystal always remained 

coapletely cler, even aftex annealing at 	temperatures 

fur long periods. Thus it would pper that the sub-structure 

within each grain and the white appearance of the polycrystel 

are connected. It is possible that the sub-structure was 

the result of stresses introduced during, the cooling of the 

pellet in the press, and that the annealing  of the pellet 
relieves the stresses within the pellet by the formation 

of very small pores on the grain boundaries. These pores 
art, 	too small to be detected by optic`l microscopy and 

the density changes. 

The whitishappearance could also be due to the 
precipitation of impurities at the grain boundaries. The 
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impurities, although present in suall concentrations in the 

pure crystals, will tend to segreaateat the boundaries end 

on cooling to room tenperature-  could precipitate as chlorides. 

however, the low temperature at which the colouration appears, 

end the absence of c,)louration in the extruded polycrystals 

would tend to invalidate this process. It is possible that 

a sufficiently large a;oeunt of absorbed wc,ter w-s prvoulit in 

the pressed polycrystals to result in the forJatien of suall 

pores, without noticeably decreasing the density.; this, effect! 
/ Ihas been observed by Cabane.(3)  

The 870°K anneal for one hour w's apparently sufficient 

to re love the sub-structure without causing too .:such grain 

i,rowth. Figa.4.4 ,Ind 4.5 shot the effects of prolonged 

annealin3  on the structure. The polycrystal shown in 

fig.4.4. had been annealed at 870°K for one hour and then 

furnace cooled; the grains were reasonably uniforn in size. 

In fig.4.5 the polycrystal had been annealed at 870°K for 1 

hour and then the conductivity had been Ileasured up to 920°K 

and so had been annealed for a c,,nsiderably longer period. 

The presence of considerably enlarged grains indicates that 

,;rain growth had occurred, the average grain diameter 

increased considerably. 

This growth was net observed in z.:ny of the uanganese 

doped polycrystals. Fig.4.6, shows the structure of an 

annealed 71:-nganese doped polycrystal, containing about 

10uppm lang:nese. The grain size has apparently not 

increased from the original particle size of the powder. 

The brown colouration of the umumese doped polycrystals 

after annealing suggests that the manganese ions segregated 

at the grain boundaries where precipitation of manganese 

chloride occurred. The segregation inhibited the groin 
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growth. This effect of segregation has been observed in 

T any cora:Ale systems. 

4.1.3. 	Conductivity of 'Polycrystalline Sodium Chloride.  

The a.c. conductivity plot of an annealed polycrystal 

produced from pure 'A' material is shown in fig.4.7. The 

conductivity in the extrinsic region has increased by about 
one order of magnitude and the activation energy had 
increased from 0.69eV in the single crystal to 0.79 : 0.02eV 
in the polycrystal. This region, at high temperatures joins 

the intrinsic region of the single crystal  in a long shallow 

curve. A straight-line region with an activation energy of,1.60eV 

tan be drawn through the points in the transition region between 

I
the intrinsic ancLextrinsic_regionsin 	it=st be 
pointed out th:-.t this line could be a shallow curve and not 
a straight line as suggested. Fig.4.8. also shows that 

there was no grain size dependence of conduction over the 

range of 120/Am to 300pm - grain diameters. Attempts 

were made to test polycrystals with a wider range of grain 

sizes, from 40 pia to over 300pm, but it was found that 
grain growth during annealing and testing tended to even 
out the grain sizes of the different compacts. Fig.4.8. 
also shows that annealing in c wet nitrogen at= sphere hod 

no pronounced effect on the conduction, the significance of 

this will be discussed later. 

The conductivity of the less pure 'B' polycrystals is 

shown in fig.4.9. and fig.4.10. The a.c. conduction was 
n,t enhanced as nuch 25 in the purer polycrystals and 
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indeed at teperrtures below 590`'K o straight line region with 

on octiw:tien enery of 0.&0 ± 0.05eV wos observed and it is 

interesting to note th,-A this region exctly corresponds with 

region, in the pure 'A' polycryst:ls. The line is 

described by the equation: 

2.75 x 102  exp (-0.80 -± 0.02 )/icT 

-1 -1 o ohm cm K. 

Fig.4.10. shows thot there was small grain size dependence 

of conductivity in the pure 'B' polycrystols. Apparently 

the 'knee' of the ,2ssoci.- tion region, that is the temperature 

ot which the extrinsic region tr2nsfors into the associotion 

region, -vv;s shifted to higher telperntures as the grain size 

decreased. 

The uang-tnese doped polycryst:ls appeared to exhibit 

a silailor behaviour to the pure Isucll grained polycrystals, 

s it can be seen in fig.4.11 

Region III of the sinje crystal conductivity curve 

ws extended to rough higher tempercAures in the polycrystal. 

The activation energy of this region was 0.91 2: 0.03eV which 

is in good agreefient with the activation energies of region 

III in single cryls found in this work. The activction 

energy of region III con be written as: 

QIII = "c hk 
2 

where hk  is the enthalpy of association of r: divf,lent cation-

vocancy complex. Thus the enthalpy of association is 
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calculated to be 0.44 f 0.03eV which is in good agreement 

with values obtained by Kirk 
(48) 

and 14.2tkins 
(170) 

Further work on mere heavily doped polycrystals has not been 

presented here because of the considerable scatter of results. 

This was thought to be due to the precipitation of manganese 

chloride on the surface cf the particles during the predrying 

procedure, and the subsequent loss of much of the manganese 

from the crystals by evaporation. This precipitation of the 

manganese on the surface also prevented the good adhesion 

between the particles during pressing and consequently the 

cempacts tended to disintegrate during annealing. AtteLipts 

to extrude mengnese doped einle crystals also proved 

unsuccessful. It was net possible to produce a flaw free 

extrusion: 

The effects described se far on the conductivity of 

polycrystalline sodiva chloride could arise from the 

inclusion of i -Jpurities during the drying.  and hot-pressing 

procedure. For this reasen the results ef the conductivity 

of extruded pure polycrystals will be described. The 

conductivity plot is shown in fig.4.12 and it is evident 

that the cenductien was very sief.lar to the pure A poly-

crystals. Re;eion II shows a. considerable enhancement of 

conduction, although not nearly so great as the pressed 

polycrystals, and the activation energy was again 0.79 -

0.03eV. The transition int.- region I of the single crystal 

curve was more sharply defined, and the lines for the 

polycrystal and single crystal were coincident in regions 

I and I'. The reduced enhance lent of the conduction amy 

be due to the very large grain size, that is about 800/4n, 

present in this crystal. It was found that extruded 

polycrystals with smaller grain sizes could not be obtained. 
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The unannealed polycrystal also exhibited 
e  
71 considerably 
ncl 

greater enhanced conduction at low te,aperatures,Aat about 

650LK the conduction of the unannealed crystal rapidly 

!approaches the curve -. iof the annealed rrysta1011eactivation 

energy of the low tei.aperature region of the unannealed 

crystal is 0.70 ± 0.04eV, which is the sane as the activation 

energy of reEjun II in single crystals. This transition 

frun the unannealed 	the annealed state was also 

apparent in hot-pressed pulycrystals. The transition 

usually took the furl of the curve shown in fig.4.13 where 

the unannealed conductivity curve gradually joined the 

annealed conductivity curve. In fig.4.14. the transition 

wos rapid, as in the extruded pulycrystal. The comilun 

features of the cunductivity of .unannealed pelycrystols 

:re that the conduction is greater at low te:apertures than 

the annealed crystals and the activ:--tiun energy of this 

enhanced ret,ion is about 0.70eV. 

The enhanced conduction in region II of the pure 

pulycrystals can be attributed to r.n incre,-.se in the number 

of charLe carriers contributing to the conduction process, 

or to an increase in the ziobility of the chi- re carriers, 

(present in the single crystal) in the grain boundary regions. 

The increased activation energy in region II w,uld suggest 

that either the cation vacancies are no longer the predominant 

charge carriers or thi:t the enthalpy of motiun of the cati,n 

vacancies is increased in grain boundary regions. 

McQuhae (6) found that the enthalpy of raution of sodium 

ions was significantly reduced in the buundry region, from 

about 0.70eV in the bulk to 0.35eV in the groin boundary. 

Cuban (3)  also noticed a diffusion process in pulycrystals 
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at low temperatures which had a s.:u 	activation energy. At 

e higher temperatures both Laurent cnd Beno 	(1,2) rd 	and Cabane(3)  

noticed no chc,nge in Cie bulk diffusion of sodiva ins in 

polycrystolline alka li halides. Thus it would see unlikely 

that the increased activation energy could be attributed 

to an-increase in the sodium vacancy enthalpy.of motion. 

Grahn:a, et al.(5)  have seen a similar enhanceent of 

conduction in pressed sodium chloride which they attributed 

to the increased mobility of anion vacancies in grain boundaries. 

They also noticed thot the enhance sent was inversely proport-

ional to grain size. In the pure crystals no grain size 

dependence was observed in the present work and only a very 

small dependence woo noted in the less pure pulycrystals. 

Cabane found that the enhanced chlorine vacancy diffusion 

was only present in undried polycryst:-ls which were opaque. 

Graham et al. did not predry their powder before pressing. 

If the explanation of the results presented in this 

work were in torus of enhanced diffusion of onion vacancies 

in the grain boundaries, it would be expected that two 

features in the conductivity plots would be apparent. Firstly 

it would be expected that the enhanced conduction is dependent 

on grain boundary volume, or grain size, :T.s observed by 

Grohar: et a1, cnd Laurent and Benard. Obviously the forger 

the grain boundary volume the greater the number of anion 

vacancies present in the groin boundary regions and hence 

increased conductic,n. iLwever, it is apparent that the 

conduction is independent of grain size. Secondly if the 

motion of anion vacancies were increased then it would be 

expected that some enhancement of conduction would be 

apparent at high temperatures, in the intrinsic region. 
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This is apparently not present in any of the pulycrystals. 

The close rese:Iblance of the intrinsic conduction of both 

single and p.,lycrystals is best observed in the extruded 

polycrystca. The polycrystalline and sincLle crystal 

diffusion data of L':urent and Den,:rd for anion diffusion 

has been co:apared with the high temperature c,nduction of 

pure pulycrystulo uoia6 the Nernst-Linstc,.ln equc.tiL,n. FiG.4. 

15. shows this cc,cip:'rison, and it is interesting to note 

that the high toAperature conduction of the polycrystals is 

coincident with the sinlu crystal data nut with the poly-

cryst[11 data of Laurent and Be/lard. This supports the 

suggestion that the anion vacancy diffusion is not enhanced 

in grain-boundary reL,ions. This e,nclusion is supported by 

Cabone's work, since the polycryst;16 used fur the present 

work are similar to those used by Ccbr-snL 

since the enhanced uuti,n of intrinsic charge carriers 

1 11^- been excluded from the explanation of the _r 

conductivity curves, the possible extrinsic carriers :dust 

be cunsidered. The results fx- 	the mancanese doped poly- 

cryst:as suggest ttia 	the :Issc:.ciLrtiun region of the single 

crystal curve is continued tc high te.iperatures in the 

polycrystals; up to 900°K in the 104pn mangnese 

15 pm grain size crystal and upt'; 690°K in the 40 /Am pure 

'B' crystal. For this to occur the nulber of cation vacancies 

must increase, and this increse could arise froth the 

presence of vacancies in the grain boundaries. The micro-

structural studies suggested that Drain bAand:-:ry segregation 

of ilpurities had occurred, and thus it would be expected 

that there will be a relatively high concentration of 

i:1-,urities close to the boundaries. It is cls, possible 

t:-ht the presence c,f relatively large numbers 	divalent 
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Lipurities nn,1 the v- cancies present within the grain-

boundary structure enable divalent cation-vac-ncy co;aplexes 

to re-Aain stable at Loch hic,her te'ipertures than they 

would in a single crystal. 

The above discussion of the conduction in.doped polycrystals 

is not applicable to the conduction in pure polycrystals since the 

!activation energy of region II istoosmall. It is possible that'thei 
	] 

enhancement is the result of the diffusion of seuu other 

iupurity. Allen and F 	(162)redericks 	have found that the 

enthalpy of notion of hydroxyl ions is 0.79cV in the bulk 

of potassium chloride and that this ion is extremely mobile. 

Thus it would cvpear ths-t a possible explanation could be 

the diffusion of hydroxyl ions in the grain boundaries. The 

high mobility of the hydroxyl ions can explain why no grain 

size dependence of enhanced conduction is observed. Only 

a relatively snail nuilber of carriers will be required to 

produce the enhanced conduction and these will be able to 

move equally rapidly in sall volume of grain boundary 

as in a larger volume. The - L,nitude of the enhanced 

conduction will then only depend on the concentration of the 

hydroxyl ions. 

The 	of these hydr,sAcyl ions is not clear since 

there ore several uechanisms by which they can get into the 

crystal. 1-reviouo discussicns have shown that the single 

crystals cont -L—h 	11 grown-in hydroxyl ion c.ntent. 

It is als.(, felt that sole adsorbed ester ..lust have been 

introduced during the hot-pressing, although it must be 

reroenbered that the extruded polycrystal exhibits a similar 

behaviour. It would also be possible fur the crystals to,  

pick up water vapour during the conductivity test, although 

* 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 high purity argon, and also a crystal 
annealed in wet nitre :;en gt:s at 870K for 6 hours showud 10 

further enhanceK.Ient of conduction. 

The hydroxyl ions that originated from those, present, in 
the single crystal are probably complexed with divalent cation 
impurities and their associated.vacancies. It is possible that 
thu complex is "dragged" along to the boundary during the 
segregation process so that the vacancy associated with the 
complex can be annihilated. It may be possible that the 
conduction in the doped polycrystels is due to the motion of 
divalOnt action-hydroxyl ion complexes. 

The effects of segregation on thu diffusion processes 
have been previously observed by 'vkiensch . and VapilobOWin 

": 5:  magnesiun 	pulycrystals. Geschwind 	Mochlin 6  

observed an enhncelent c,f conduction in potassium 
chlvricle bicrystals which they attributud to water, present 

in the graphite dispersion used as electrode ulterial, being 
drawn into the groin bounec:ries Ls either hydrogen or 

hydroxyl iJns by the applied electric field. 

The 	of the conductivity curves of the un:-,nne,71ed 

pc,lycrystals at low teJperatures is not understood. It is 
tent2tively subcested teat at low telopuratures the pressed 

and extruded polcryst:-.1s c,.nt- in a very high dislocation 

density and th:'t the esy diffusion of sodiuu ions al)ng the 

dialoctic,n could ace_unt for the enhanced ciT3z1non and the 

reduced activation energy. Davidgc flnd ra'satt 	showed 
that at ab:ut 670°K the dislcntion structure of a defor,led 

single crystal c,nsisted of f.7irly well defined sub-groin 
boundaries. The work on the conductivity of deformed single 
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crystols sThowed that the sub-uxrin b:Jund:ries did not alter 
the cunduction in the extrinsic rul!,ion. Thus the annealing 

characteristics of the c,nductivity curves of the polycrystcls 

could be due t, the :Innelin!..; of the dislocotion structure 

into sub-[:,rain boundaries which ore not easy pc,ths of 
conducti,n to s,,dium ions. It is also possible that the 

foru of the unanne,7,1e'd conductivity curves cJuld be connected 

with segreff- tion process. 

The results presented in this discussion would appear 

to indicote that srain b,undcry c:,nduction is norkedly 

affected by the presence o.f Lipuritios. The ease with which 

those iupurities con move in the LTrain boundaries suggests 

that they cuntoin c high vocuncy density ond thus ' coincident 
site or onorphous gr-in boundory structure wuld seei.1 applicable 

rother than o disloctien pc:del such as suggested for low 

onLae bounl,•ries. 

4.2. RiGh Tepero.ture 3:olcrisation in Polycrystalline 

Liodium Chloride.  

The results of the d.c. conductivity tests ore shown in 

fius.4.7, 9, 11 ond 12. The blocked c,nductivity, al = 07 

-cr 	, curves 	siriilor in for tc; the o.c. conductivity 
61)0. 

curves, .7:8 observed in single crystals. The slope of region 

II is, however, cpp - rently increased to abLut 1.02eV. 

Fig..4.16., shows the percentage of blocked d.c. conductivity 
- 1 0/0-J190%)plottedagainstiorat 1/T 1.5x10-3 °K . 

The percentage of blocked conduction in single crystals is 

proportional to logo-0T, and the blocked conduction in the 

polycrystals 
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is almost the same os in single crystls. This sunests 

thct the .;rain boundaries are not contributing to the 
bluckiav nnd that all the blocking is occurring of the 
electrodes. 

The grain boundr- ries oy give rise to interfacial 
pularis::tin since they could behove like surfaces, 
pL,rticularly as the conductivity results could explain that the! 
boundries contain a high vacancy density. The d.c. 
conductivity is not an idel uethod of discrLAm'ting between 
interfacial p.)1:-:ristion processes. The blocking of the 
carriers laoving in the grain boundrries will mask 	sw11 
blocking effects of the boundc'ries. The measure,:dent of the 
dispersion of copacitnce, resistcnce and loss factor as 
a function of frequency should discrieiinate between the 
blocking processes present in single and polycrystals. LacFarlene 

(128) and ieaver 	noticed a loss pc.'Ic possibly corresponding 
to pularisatin at boundaries with o different tie. constant 
tL. the electrode pc1:,risation peak. 

The results of the a.c. ,leasure-:lents ore suonorised in 
fig.4.17. where the relaxation 	, at tan EMAX  , is 

ion a lbg..Scale:a'gains't VT-The results -of.\the!:polyerystals! 
c,rrespond closely with the results of the single crystals. 
No further loss perks were found, with different tine constants, 
thnt could be attributed to interfacir:1 -pLaz.riorti:,n at grain 
boundaries. 

The fact that the -,;rnin lound.-cies do not aTipear to 
block the ch rg, corners suggests that there is considercble 
continuity between two nljccent groins. This w uld suggest 

thr-t t;:e 'island' or coincident site 1,:dels f grain b_undary 
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structure would &lee.:1 applicable. !Both models would als'o_ 

acc,unt fc,r the 	vacancy density required f.,r the c,nduction 

processes. 

4.3. nicrohnrdness of Grain Boundaries in Sodium Chloride.  

4.31. Introduction.  

The conductivity results ,n polycrystalline sodiuu 

chloride sug.Lest that the effects of impurities in grain 

boundary regions are cnsiderable. The use of an alternative 

technique would provide useful corroborative evidence and 

for this reason the aicr,:hardness technique hoc been developed 

for studying segregation of iT]ipurities at Lrain boundcries. 

It is also felt that this technique 	to the testing 

of bicrystals containing groin boundries of different tilt 

angles could also provide useful inf,rtiztion concerninc, the 

structure of the grin boundaries. 

Y'relinincry tests hove been carried out on n.y2inally 

pure bicryst:ls eo t,.inin 15u  :-nd 40°  tilt boundries. The 

results froze ,Aicruhrdness traverses of r...;o7A tenpero.ture 

will be cited in the 	section. 

4.3.2. Hicrohrdness of 'l'ure' L,odiu.2. Chloride Dicrystols.  

The bicrystcls were grown froii pure s:Aiun chloride 

containing about 5rippm of divalent 	The crystals 
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were anne_aleJ at 620')K fur two hours anal then air quenched. 

The crystals were cleaved in the indenter chaaber, in a pure 

crgun c'tdosphere. 

The results shown in fii:„4-rg.indiccte that the 15°  

bicrystcl shows no h:,rdenin in the L;r:7in b_;undary re ion, 

whereas the 40')  bicrystol exhibits c,)noider7ble hordening 

for c, bout 80 
em 

 either,  side of the bound ry. Those results 

cre by no .Aeans c,nclusive :-nd no ,-Ate:Ipt will be nade to 
explain thou, except to say th-t it is possible tact the 
hc,rdeniniL effect is due to (;rein boundary surxezation of 
iupurities. 

Further preli:linry tests will be needed to 'lake sure 

tliat the hcrdening effect is not due to ,:ther f: ctors, 

such no the internctiens of the ,;rein bound:lry on the 

moverient of the dislecL- tians introduced by the indentation. 
It is 	t, say thnt the technique is apv:rently 

effecti,,:, in deterining snail chrnges of h:Irdness ,ver 

areas. 
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CHAPTER 5 

CONCLUSIOn AND ;A:GGESTIONS 

FOR FUTURE dORK. 



5.1. CONCLUSIONS  

5.1.1. Single Crystals.  

The enthalpy of motion of cation vacancies was found 

to be 0.691  0.02eV and the enthalpy of formation of Schottky 

defects was found to be 2.36 1.  0.02eV. An estimrlte of the 

entropy of formation of Schottky defects was mLde; 

s = 5.4o(1 o.lo)x 10 4eV°K-1. The intrinsic conductivillrwas 

found to fit the equation: 

C-T = 4.7 x 10
8 exp (-1.872'0.02 /kT) ohm

-1 
cm
-1 oK, 

The values obteined for the above porgy 	were compered 

end discussed with reference to previous work. It was 

concluded that the Nrlues were in generally good agreement 

with other work. 

The enhanced conduction in region I' was discussed 

and was found to be sensitive to ,rtechanical deformation, in 

agreement with previous work. The work suggest that the 

enhanced conduction could be the results of diffusion of 

anions or i,npurities in dislocation cores or sub-grain 

boundaries. No enhancement of conduction was observed in 

annealed defor;:led speci,lens at lower to:apeft. tures. This 

indicated that sub-grain, or low angle boundaries do not 

significantly alter the bulk diffusion processes. The 

enhanced cation diffusion in dislocations observed by other 

workers was not detected, probsbly because it was masked by 
the bulk conduction. 



i;3 

The odnductivity of doped single crystals containing 

less than 300mpprn manganese was measured. The extrinsic 

isotherms were found not to be linear at low manganese 

concentrations. This was thought to be due to the presence 

of hydroxyl or other iYlpurity anions forming stable complexes 

with the aanganese ions. Th, effective, or free, divalent 

cation impurity concentration was estimated from the 'knee' 

temperature and a value of the entropy of motion of cation 

vacancies of 1.8 x 10-4eV
o
K-1 was taken from previous work. 

This approach did not appear to produce a very reliable 

estimate of C
E' probably due to the uncertainty 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 

region, I. The polarisation phenomenon is:also present in the 

extrinsic region of-the-doped crystals giving rise to erratic 

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

the literature between values of h
s 
and Asc obtained by a.c. 

and d.c. techniques. 

The d.c. conductivity results togethcra with voltage - 

current plots indicating that Ohm's law is not obeyed, lead 

to the conclusions that the polarisation is the result of 

partial electrode blocking of both anion and cation vacancies. 

The frequency dependence of capacitance, resistance and loss 

factor tend tocurroborate this. The interfacial blocking 

theories of Friauf and MacDonald failed to fit all the data, 

although the results did show the same 41/43-2 dependence of the 

parallel capacitance C. Tkleigh has suggested that the 

failure of theories is due to the parallel representation 
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of the resistance and copacitance of the electrode-crystal 

interface. _Raleigh sug3ested that the polarisation might 

butter be represented in ter.is of c series network, in which 

case no frequency dispersions of c:Tacitonc, or resistance 

would be expected. Th., results would seem to fit this model 

but it is felt that electrode-electrolyte systems which can 

be c..ta.bilic,-ed thermodyncxmic,711y would hc,v, to be uced to 

test the theory. 

The results have fairly well established that the 

nature of the electrode-crystal interface is extremely 

i;iportant and con result in vori,)tions of the blocking 

behaviour. The t±'te constants of the tumpurcture shift 

of the loss peak indicate that the 'polarisation pheno ions 

observed 	not due to the rotation of iapurity-vacancy 

dipoles or vacancy-pairs. 

5.1.2. l'olycrystals.  

Thu conduction in pure and doped polycrystols prepared 

by hot-prusciniz or extrusion is thought to be influenced 

strongly by the lotion of anion or cation i.ipurities 

segregated at the grain boundcs The extrinsic conduction 

of pure polycrystols is possibly du, to the rapid diffusion 

of a small csncentrtion of hydroxyl ions, their enthalpy 

of motion being about 0.80eV. This value is in good 

agreement with that found by Allen and Fredericks for bulk 

diffusion of hydroxyl ions in potc:ssium chloride. 

The high temperature extrinsic region in doped polycrystalS.isl 
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thought to be .due to the motion, of divalent cation-hydroxyl 

ion'complexes. The form'of,the conductivity plots also suggests 

that the association region is extended up to the intrinsic 

region:Thus itImould,appear that, the complexes 
crc very nuch more stables in br::in boundary regions than in 
the bulk. 

The absences of enhanced conduction at high temperatures 

and thu lack of grain size dependence of the enhanced 
conduction at lower temperatures suggest that anion vacancy 
motion is not enhanced in grain bound:xies. This is in 
creement with the work of Cabane on well dried and carefully 
prepared polycrystals. The results of Laurent and Benard 

and Graham et al, who did not use carefully prepared and 

dried polycryst,:ls, show that enhanced anion diffusion is 

present in 'dirty' grain bound . ries. 

The interfaciLa polariscrtion studies on polycrystals 
indicate that the blocking ,lechonisms are essentially the 

saile as in sin; le crystals. Teo dielectric loss peak was 

found within the frequency range used that would indicate 
blocking at grain boundaries. 

The conductivity results indicate that the grain boundaries 

must contain a high v:::c:dacy density for the conduction to be 

,enhanced to such an extent. This suggests that.an. amorphous 

grain boundary uodel would be opplicable,butsuch , a boundary 

may'cause.blocking,ofithe , charge carriers: Since no blocking by 

the grain beundariCsT,W6sobserved:Ahetoincidcnt sit?models 
where condiderable lotticc continuity, and a high vacancy 
concentration is present, might seem more applicable. 
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microhcrdness trverses across tilt 
boundsries in pure sodiu.1 chloride biorystols indicote that 

there 1s 	hardened region at the boundary extending for 

75- ell in o 40°  tilt bound.:xy. i t _r.3versu on 

15 tilt beuncicry showed no hcrdening. These results can 
posolbly 	, x..plinud in turns of grain boundsry segregation 
in high-onsle boundaries and not low-JnO_e boundaries. 

5.2. 3UGOEJTIO1\0 F02, fUTUa: 4ORh. 

Conside=ble work h.::s boon done ou both pure rind doped 
sodiu-I chloride but uost of the work his not considered in 

detoil the effects of nni,n 	veil .s cL,tion LA.-purities. 
Thu study of the diffusion of hydroxyl one oth,r anions 
such s oxyE...;en ions in sodiuci chloride would be of considerable 

value. The -, ,ssoci:ti,n of these Lipuriti,s with c: tion 
ifipuriti,s would ,721so be of interest. 

closer study of the difj-uso:.1 processes occurring in 
rugion I' 	lec.'d to Li_ grLtyL.r underotaf,.ding of diffusion 
in disloc;:tions :nd dislection structures such L:s.  sub- 

hraln bound=ies. Possibly ful-ther work using the conductivity 
probe technique would be of w:.lue. 

The conductivity measurelitents on,polyopyptalline sodium, 

chloride have - indicated that impurity.segregation is_important,in 

halides. The study of this phenoKinclinuoing other 
techniques, in particular the 71.icrohardness technique, 
will provide 'such useful inforfastion, particularly if 
measurements can be made over the same rang, of tecaperaturos 
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used in the conductivity tests. The extension of the 

conductivity results to lower tempertures to compare . 

the 01;,regation and precipitation of impurities in single 

and polycrystals would also be of interest. Liimildrly the 

conductivity of polycrystcls containing other impurities 

which iaight not bu expected to segregate to the boundaries, 

calcium for example, needs to be .o....a3ur::d. Thu 

of diffusion, using tracer techniques, on polycryctels 

combined with the measurCment of conductivity would provide the! 

1-aost useful, information.  

There is still .,such work to be done on interfacial 

polarisation. The effect: of electrode contact, material 

and ther-aodynJaic state must be investigated before the 

processes involved are clearly understood. The series 

representation of Raleigh may provide the bust starting 

place for such work. 
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