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Abstract 

Dielectric absorption in Ca2+ doped NaC1 was studied. In 

crystals which had been air quenched from temperatures greater 

than 200°C, the absorption was associated with the rotation of 

2+ . Ca ion-cation vacancy pairs which probably formed on nearest 

neighbour lattice sites. Values for the activation parameters 

of the rotation were obtained. The total number of Ca
2+-vacancy 

pairs in air quenched crystals was a high percentage of total 

Ca2+  content. Some of the Ca2+  ions were probably associated 

with 011 ion impurities, unintentionally present in the crystals. 

The Ca2+-vacancy pairs in the air quenched crystals 

associate with ageing. Dielectric absorption measurements were 

used to study the ageing process. The initial decrease in pair 

concentration was associated with the formation of clusters of 

three pairs. At later stages in the pair aggregation, an 

aggregate of pairs was formed which could of itself contribute 

to the dielectric absorption. The final stages in pair 

aggregation were described by the addition of Ca
2+
-vacancy pairs 

onto existing aggregates. 

The density of divalent cation doped NaC1 was studied as 

a function of heat treatment and divalent impurity concentration. 

Ca
2+ 

Cd2+ and Mn
2+ 

doped NaC1 crystals were studied and only in 

Ca2+ doped NaC1 was evidence found for the precipitation of the 
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divalent cation chloride. Differences between measured density 

changes and calculated density changes with increasing divalent 

cation concentration were interpreted in terms of lattice 

relaxations. In Ca24- doped NaC1 it was found that OH impurities 

contributed to the observed density changes. 

The effects of pair aggregation on the yield stress of Ca
2+ 

doped NaC1 were studied. The yield stress was measured as a 

function of ageing time on an air quenched crystal, on which 

dielectric absorption studies had been previously made. It was 

thus possible to correlate yield stress changes with changes in 

Ca
2+
-vacancy pair concentration. Yield stress measurements were 

made at room temperature and at -196°C. 
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1.1 General Introduction  

The arrangement of Na+  ions and Cl ions in the cubic unit 

cell of NaC1 is shown in fig. 1.1. Each Na+  ion is 

symmetrically surrounded by si= Cl ion neighbours, while 

similarly each Cl ion is surrounded by six sodium ion 

neighbours. When a divalent cation is introduced onto the 

cation lattice, a charge-compensating cation vacancy must also be 

introduced. The divalent cation has an extra positive charge and 

the cation vacancy has an effective negative charge2  the 

resultant electrostatic attraction causes the divalent cation 

and the vacancy to form an associated pair on neighbouring lattice 

sites at low temperatures. These associated pairs will further 

aggregate2  presumably leading to the eventual precipitation of the 

divalent metal chloride oat of the NaC1 matrix. 

Some of the theoretical and experimental investigations of 

the dispersion and aggregation of divalent cations in NaC1 and 

other alkali halides will be discussed in the following sections. 

1.2 Ionic Conduction 

Ionic conductivity in solids has been the subject of a 

comprehensive review by Lidiard
(1). Early work on the chemical 

nature of ionic conduction in solids demonstrated that conduction 

in alkali halides is purely ionic in nature. For many alkali 

halides, including KC1 and NaC1, the cation vacancy is the 
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mobile charge carrier below 400°02  the anion vacancy contribu—

tion to the conductivity being negligible. More recently it 

has been suggested that there is a small but definite 

electronic contribution to the conductivity(2' 
3) 

If the contribution of the anion vacancy is negligible, 

the conductivity is given by 

0—  = n e 

where 0—is the electrical conductivity; n andjk are the 

concentration and mobility of the cation vacancies and e is 

the electronic charge. The mobility is given by the 

following expression (1) 

4e a
2 	Em 

 

exp ( — ) 
kT ° 	kT 

(1.2.) 

a is the interionic distance, Vo  is a frequency factor and 

Em is the activation energy for motion of a cation vacancy. 

k and T have their usual meaning. Combining equations (1.1) 

and (1.2) 

4e  2a2 
a
2 	E

m 
0—  = 	V n e;cp ( 	) 
	

(1.3.) 
kT 	kT 

From equation (.1.3) it can be seen that a plot of logST 

against T I should give a straight line. The slope of this 
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line will give an apparent activation energy which is eQual to 

E
m 

plus an energy assobiated with the temperature dependence 

of n. Thus conduction measurements in alkali halides enable 

the transport properties of cation vacancies to be studied. 

Also the effectsof aggregation on the mobile cation vacancy 

concentration make a study of these aggregation phenomena 

possible. 

Fig. 1.2 shows a schematic diagram of a typical log crT 

against T
I 

plot and it is cloar,that this conductivity plot 

can be split into three stages of constant slope. In the 

first stage n is given by the number of Schottky defects 

required to maintain thermal equilibrium in the lattice, 

En 	 s 
i.e. — oC exp ( — 

 

(1.4•) 

 

N 	 2kT 

 

Es is the energy of formation of a Schottk7 defect, N is the 

concentration of cation lattice sites. The slope of the stage 

gives an apparent activation energy 

E1  = Em  + Es  / 2 
	 (1.5.) 

The conductivity in this first stage is an intrinsic property of 

the lattice. The conductivity becomes structure sensitive at 

temperatures below stage I. 

n in the second stage is equal to the concentration of 
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divalent cation impurities in the lattice and 

E11 
= E m 	 (1.6.) 

At temperatures below stage II n is reduced by the association of 

divalent cation impurities and cation vacancies. This association 

reaction may be represented by the quasi-chemical reaction 

m2+ 

   

(1.7.) 

   

   

impurity 	vacancy 	associated pair 

 

Application of the laws of mass action to this reaction gives 

the following relation 

p Ea 
z
a c exp kT 

(1.8.) 
(1 - p)2  

c is the concentration of divalent impurity and p is the fraction 

of this impurity associated with a cation vacancy in a simple 

pair. za is the number of distinct orientations of the 

impurity vacancy pair and Ea is the binding ener;p17-  of this pair. 

Equation 1.8 is derived assuming bhat the fallpurity and the 

vacancy associate on nearest neighbour cation lattice sites. 

The apparent activation onelgy given by stage III is 

EIII = Em 	Ea 

tzel and Naurer(4) have made a close analysis of the 
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conductivity of Cd
2+ doped Wan in the temperature range 250 to 

400
0 
C. Making allowance for the above type of association 

reaction they obtained conduction isotherms of the type 

C = X6'2 + Y6 
	 (1.10 

where X and Y are constants. 

This analysis enabled Etzel and Maurer to obtain an 

expression for.AG as a function of temperature and values of 

Es  and Era  of 2.02 and 0.85 eV respectively. They found that Ea  

was of the order of 0.3 eV and obtained information on the 

degree of association of Cd
2+ 

ions with cation vacancies as a 

function of temperature. 

Allnatt and Jacobs(2)  have examined the conductance of 

Sr2+ doped KCl.` They applied an analysis similar to that of 

Etzel and Maurer, severely testing the simple association 

theory for evidence of non-nearest neighbour interactions. The 

conductivity isotherm probably indicated a non-nearest inter-

action. A value of 0.3 ± 0.1 eV was deduced for La g the 

wide limites being set by the curious temperature dependence 

of Ea. 

This work also indicated a curvature of stage I which 

could be attributed to an anion contribution to the conductivity. 

Allnatt and Jacobs were able to calculate transport numbers and 

an upper limiting value for the cation transport number of 0.96 

in tae structure sensitive region was found. This led to the 
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conclusion that there was a small electronic contribution to 

the conductivity. 

The KC1 crystal with the highest Sr content showed another 

stage in the conductivity plot after stage III. This was shown 

as an increase in the slope of the plot from stage III and was 

associated by Allnatt and Jacobs with the precipitation of 

Sr C12. 

Allnatt and Jacobs did not make conductivity measurements 

at temperatures below 250°C. A detailed examination of the low 

temperature conductivity of NaC1 has been made by Dreyfus and 

Novick(5). The conductivity of NaC1 doped with various 

divalent cations was measured between 10°C and 500 C. Stage 

II was observed at the highest temperatures and an average 

value for Em 
of 0.8 eV was obtained. Stage III was correlated 

with an association reaction of the type previously described 

and an approximate value for Ea of 0.4 eV was obtaineu. Stage 

III terminated with a sudden increase of slope9 this new 

region was called stage IV. This stage was observed when 

measurements were made on heating a slowly cooled sample. If 

a sample was rapidly cooled from high temperatures subsequent 

measurements snowed no stage IV. However, an instability was 

seen in the conductivity at temperatures where the stage III to 

stage IV transition had occurred. Dreyfus and Nowick suggested 

that stage IV was caused by the re-solution of a precipitated 

second phase. Rapid cooling prevented the precipitation of this 
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phase and therefore no stage IV was observed on re-heating. 

However, the instability occurred when the temperature was such 

that precipitation can occur quite rapidly. 

When solution or precipitation of the second phase did 

not occur at a reasonable rate, a further change of slope 

occurred in the conductivity plot. This new region was 

essentially a continuation of stage III and. was labelled 

stage III . Detailed examination of stage III and stage III 

showed that the processes controllin, the conductivity in 

these regionsace complex and that the simple association theory 

is not too satisfactory. 

Similar results have been obtained by Redfern
(6) working 

with Cat}  and ca2+  doped NaC1 he was able to resolve stages 

III, IV and III . Redfern made his measurements on heating 

and on cooling at a constant rate. He thus showed that the 

conductivity exhibited hysteresis effects, stages IV and III 

occurrin6 at different positions on heating and cooling. This 

phenomenon has been discussed by Quin, Redfern and Pratt(7)  who 

concluded that stage IV was duo to the re-solution or 

++ 
aggregation of lare groups of Ca ions and cation vacancies. 

Other evidence enabled them to conclude that the irocipitation 

of a divalent chloride was not a predominant process. 

These studies of ionic conduction in alkali halides give 

the following information on the state of dispersion of 
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divalent cation impurities. At high temperatures ;he divalent 

cations and the cation vacancies exist as isolated defects. 

There is a temperature range over which the concentration of 

free cation vacancies is equal to the concentration of divalent 

cation impurities. At lower temperatures the impurities and 

the vacancies associate. The formation of an associate with 

the impurity and vacancy on nearest neighbour lattice sites 

approximately explains the conductivity behaviour. However, 

it is likely that non—nearest neighbour interactions are also 

occurring. When this association reaction nears completion, 

the conductance behaviour becomes complex and is extremely 

sensitive to the previous thermal history of the sample. 

However, the low temperature conduction indicates the 

formation of a precil:itatod second phase. 

1.3. Paramagnetic and electron spin resonance studies 

Direct evidence concerninL; the environment of Mn ions 

in alkali halides can be obtained from paramagnetic resonance 

studies. Thus the association of Mn"  ions and vacancies can 

be examined by this techniclue. 

Early work (3' 9)  indicated three distinct absorption 

spectra in ivin2+  doped HaCl. The first was observed at room 

temperature in crystals which had been slowly cooled from high 

temperature. This spectra was associated with large aggregates 

2+ 
of n 	ions. h 	The other two spectra were observed at room 
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temperature in crystals which had bk- en air quenched from high 

tem-oerature. One spectrum was due to isolated hn
2+ 

ions and 

the other, a couple:: orientation dependent spectrum, with hn
2+ 

ion-cation vacancy pairs. This last spectrum was further 

analysed by Watkins and Walker (10)  . Two types of hn
2+ 

ion-cation vacancy pairs were identified, one with the vacancy 

in a nearest neishbour -position to the min ion and the other 

with the vacancy in a next nearest neighbour position. 

However, it was felt that this analysis did not give an 

unambiguous interpretation of the observed spectra. 

Watkins(la) has performed similar electron spin resonance 

, 
experiments on An

2+ 
 doped NaCl, KC1 and LiCl. Those experi- 

ments confirmed that, at room temperature in slowly cooled 

2+ crystals, the lin ions were in large aggregates which broke 

up as the temperature was raised -with the formation of Mh
2+ 

ion-vacancy pairs. Vacancies were found to be in both 

nearest and next nearest nei._,rbour positions relative to the 

2+ 	 2+ 
Anion. A spectrum due to isolated nn ions was also 

observed. As the tompe2ature was raided the concentration of 

. 2+ 
free hn ions increased. This indicated the thermal 

dissociation of ilia" ion-vacancy pairs and enabled a value of 

I.]a of approximately 0.4 eV to be obtained. 

was probably caused 

by an anionic impurity associated with the  Anion. The 

association of divalent cations with anionic im:Alrities will 

A further spectrum was observed which 
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be discussed in section 1.6. 

Some of the lines in the absorption spectra arising from 

the two types of Nn2+  ion-vacancy pairs broadened at elevated 

temperatures. This broadening can be associated with the 

motion of the cation vacancy around the 1n2+  ion. Watkins 

examined this broadening and coLtpared the results with 

information on the vacancy motion obtained from other types 

of experiment. This work will be discussed in section 1.4.2. 

1.4. Diolootrio Folazdtion  

1.4.1 General 

Ionic conductivity and electron spin resonance indicate 

that divalent cations and cation vacancies in alkali halides 

may associate on adjacent lattice sites. This associated 

pair form an electric dipole whichy as the divalent cation and 

the vacancy may occupy several equivalent positions, can 

rotate in an alternating electric field. The population gf 

these various equivalent positions changes sinusoidally at 

the frequency of the applied field but lags in phase 'behind 

the field. This phase lag will give rise to a dielectric loss. 

The first measurements of dielectric losses in alkali 

halides which could be associated with divalent cation- 

cation vacancy dipoles were made by Breckenridge
(12-14). 

 Losses 

which were associated with other types of dipolar complex9  

e.g. cation vacancy-anion vacancy pairs, were also observed. 
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However, these early investigations were not entirely satis-

factory and Henvis, Davisson and Burstein(15)  wore unable to 

reproduce them. Haven(16,17) working with Ca
2+ 

doped NaCl, 

was also unable to reproduce Brookenridgels results. However, 

he observed a dielectric loss which was associated with a Ca
2+ 

ion-vacancy dipole. Measurements of the loss as a function of 

frequency were made at various temperatures in the range 

69 - 125°C. The shift of maximum loss with temperature enabled 

an activation energy for dipole rotation of 0.7 eV to be 

obtained. Henvis, Davisson and Solar
(18) observed dielectric 

losses in Sx2+  doped KC1 due to a Sr2+  ion-cation vacancy 

dipole. 

These experiments demonstrated that dielectric losses occur 

in alkali halides which are caused 1%,  the rotation of divalent 

cation-cation vacancy dipoles. A model describing dielectric 

relaxations in dipolar solids has been givon by Debye
(19) 

This model enables the dielectric loss to be related to the 

freauency of the applied field by the equation 

63 ..e 
tan s 

1 + (wt )2  

g is the loss angle, K a constant, Wthe angular frequency of 

the applied field and V a relaxation time. Tans is a 

symmetrical function of log (a) y having a maximum at test = 1. 

It should be noted that the dielectric loss described by the 
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Debye model is characterized by a single relaxation time. 

The width of the dielectric loss peaks observed by 

Haven was about 1.5 times that of ithe Jebye peak.givon by 

equation 1.11. It is not clear how many distinct relaxation 

times characterize the relaxation of a divalent impurity-cation 

vacancy dipole. A theoretical examination of this problem has 

been made by Lidiard(20) 

He first considered the relaxation of nearest neighbour ' 

dipoles, that is dipoles with the divalent cation and the 

cation vacancy in nearest neighbour positions. The relaxation 

of this dipole involves two jump frequencies, wi  and w
2
. w 

is the jump frequency for interchange between a nearest neigh- 

bour Na ion an' a nearest neighbour vacancy, and w2 represents 

the interchange of the divalent impurity ion and the nearest 

neighbour vacancy. These two jump frequencies combine to give 

a single Debye relaxation time 

1 

  

(1.12.) 
• 2(w1 

 + u
2
) 

The dielectric loos is given by the relation 

(tans )3)  
81Ta

2
e
2 
N. p 

 

tdr 
(1.13.) 

   

3EV k T 

 

N. is the total number of cation vacancies and V is the volume 

of the crysta. 	(tang')D is the dielectric loss due to the 
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dipoles. E is the dielectric constant. Equation 1.13 is of 

exactly the same.lform as equation 1.11. 

Free vacancies also give a dielecttic absorption in 

addition to that caused by the impurity-vacancy dipoles. 

Neglecting a correction for the relaxation of the Debye-Elickel 

charge cloud, the loss due to the free vacancy current is 

Given by 

41Ter 
( tan g )
vE 	

(1.14) 

er is the d.c. conductivity. 

Lidiard next included the relaxation of dipoles in the 

first excited state, that is the divalent cation anJ the 

cation vacancy in next nearest neighbour positions. These are 

in dynamlical thermal equilibrium with the unexcited nearest 

neighbour dipoles. Their total number is 

z E1  p (-A EAT) 	 (1.15.) 

PE is the energ required to move a vacancy from a nearest 

neighbour to a next nearest neighbour position. The dielectric 

loss due to the nearest neighbour and next nearest neighbour 

dipoles uas 

161T a2e2 N. p 
(tang)D  

 

L(co,T) 	 (1.16.) 
3ek TV 
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, 	x,1 	 ). 2 	2 
(0-0) 

r
ikurC) 	+ Ei) + 4(1 + FS) (1F5 +5 (F + 2F + 2)] 

where L((,1t) - 

exp. (- EAT) 

= 173  

w3  represents the jump frequency of a next nearest neighbour 

vacancy to a nearest neighbour position. 

The difference between the loss peaks given by Equation 

1.13 and 1.16 is that the position and magnitude of the loss 

maximum is appreciably changed. However, the shape of the curve 

given by equation 1.16 is very little different from the shape 

of a Debye curve (see fig. 1.3.). The contribution to (tanS)D 
of dipoles in their second excited state would probably load 

to a significant deviation from the Debye shape, although it 

is doubtful whether this deviation would be large enough to 

account for Havents observations. The usefulness of a detailed 

study of the influence of these doubly excited dipoles was 

limited by the number of unknown parameters involved in the 

calculations. 

1.4.2. Dielectric Loss: A.C. Techniques 

As mentioned in section 1.3., Watkins has identified 

2+ 
nearest neighbour and next nearest neighbour Nn ion-cation 

&aar - 41 + F5122_2  +037, b. +(2F + 4)12  A  
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vacancy pairs in Nan by electron spin resonance measurements. 

. 
Thermal notion of the vacancy around the In

2+ 
 ion was detected 

as a broadening of some of the multiplets in 2+ . 

resonance spectrum. The possibility that a direct Iin2+ 

ion-cation vacancy interchange 'SCOUTS was considered. This 

interchange should give initial narrowing of the multiplets 

and, as no narrowing was observed, it was concluded that 2+ 

ion-vacancy interchanges do notocour. From the broadening 

experiments the lifetime of a vacancy in a nearest neighbour 

position was estimated. 

This motion was also investigated by dielectric loss 

measurements in the temperature range 170 to 265002  the same 

temperature range in which vacancy motion was detected in the 

resonance line width(21) 	The dielectric loss was measured 

as a function of frequency at constant temperature in the above 

range. After subtracting the loss due to free vacancies, 

simple Debye loss peaks were obtained. The maximum of these 

peaks decreased slightly with increasing temperature as 

predicted 	eauation 1.13. As the relative populations of 

vacancies in nearest neighbour and next nearest neighbour 

positions is known from the electron spin resonance measure-

ments, it is possible to apply Lidiard's analysis to the loss 

peaks. An estimate of the lifetime of a vacancy in a nearest 

neighbour site was obtained and this agreed uuite well with 

that obtained from the multiplet broadening experiments. This 
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agreement is strong evidence that the dielectric loss can be 

associated with simple Mn2+  ion-cation vacancy pairs. Values 

of Ea obtained from the loss peaks agreed well with those 

obtained from the electron spin resonance and demonstrated the 

applicability of Lidiard's analysis. 

suzgested that, at lower ter_peratures when the 
, solubility of En2+  ions is much less, a dielectric loss may 

2+ arise from Mn ion and cation vacancy aggregates. Losses 

from such aggregates nay account for the broad loss peaks 

of Haven. 

Dryden and Rao(22) have examined the dielectric properties 

of nominally pure Lit' and observed a loss peak, in excess of the 

free vacancy loss, characterized by a single relaxation time. 

Measuring the loss as a function of frequency at constant 

temperature, in the range 0 to 130°C, activation parameters 

for the loss process were obtained. The frequency at which 

the maximum loss occurred had an Arrhonius relation with 

temperature such that 

max 	= A exp. (-E /kT) 
	

(1.20.) 

fmaz is the freauency of the applied field at which the 

maximum loss occurred, A is a frequency factor and E an 

activation energy. 

At lour temperatures the loss peak was distinctly separated 
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from the free vacancy loss. The magnitude of the loss peak 

decreased slightly with increasing temperature; this is in 

qualitative agreement with equation 1.13. For one crystal a 

further broad loss peak was observed at hiGher frequequencies. 

Dryden and Meakins(23)  have studied dielectric relaxation 

processes in Li, Na and K halides doped with divalent cations. 

In nearly every system two loss peaks were observed; however, 

the higher frequency loss peak could either be eliminated or 

greatly reduced in magnitude by decreasing the divalent 

cation concentration. No loss was observed in the region of 

these peaks in nominally pure crystals. The low frequency loss 

process obeyed equation 1.20. Values of Er  were compared with 

those for Em obtained from d.c. conductivity and the low 

frequency loss iras associated with the motion of a nearest 

neighbour cation vacancy around the divalent impurity ion. 

Id direct evidence that this is the correct model was presented. 

An accurate measure of the number of impurity vacancy involved 

in the absorption could not be obtained. 

The high frequency loss peak was examined in detail for 

Ca2+  doped NaCl. The peak was wider than a Debye peak and 

increased in magnitude as the Ca2+  ion content increased. 

The frequency of the maximum loss had a relation with temperature 

given by equation 1.20., the activation energy having approxi-

mately the same value as that for the low frequency loss. This 
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similarity suggested that the second absorption was associated 

with the movement of cation vacancies, possibly when Ca2+ ions 

and vacancies are in large aggregated groups. It was found 

that the magnitude of the second absorption was decreased 

and that of the first absorption increased by annealing at 

13000. 

1.4.3. D.C. techniques and anelastic relaxation 

Dielectric relaxations which can be associated with 

divalent impurity-cation vaoOlacy dipoles are observed as 

a dielectric loss or absorption by a.c. techniques. However, 

the precise nature of these dipoles and the number of 

relaxation times involved in the relaxation ':!:2000SS is not 

always clear. Dreyfus(24)  attempted to resolve some of these 

problems by ezamininG dielectric relazations in 3;aC1 doped 

with various divalent cations. He used a d.c. technique in 

which the transient polarization current was measured after 

the application of a d.c. field. Impurity-vacancy dipoles 

tend to orient towards lie field direction and a polarization 

current is produced which. decreases with time. 

In order that the decay time was sufficiently long to 

allow measurements to be made, the experiments were performed 

in the temperature range 0 to -65°C. For the doped crystals 

the polarization current against time curve could always be 

split into two parts )  a fast polarization which decreased 
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exponentially with time and a slow polarization -which could 

never be fitted to a sinzla exponential decay. In some crystals, 

particularly the Zn2+ doped, a very fast polarization was 

observed. No polarizations other then these three were ever 

observed. The fast and very fast polarizations were not 

present in the purest crystals. 

The relaxation times for the fast polarization of Mn2+ 

doped NaC1 (between 0 and -65°C) showed the same Arrhenius 

type relation with temperature as the results of Watkins(21) 

in the temperature range 170 to 265°C. Similar results for 

Ca
2+ 

doped NaC1 had the same temperature dependence as those of 

Haven(18,19). Dreyfus, by analogy with Watkins, concluded 

that the fast polarization was due to the relaxation of a 

nearest neighbour dipole in MA
2+ 

and Ca2+ doped NaCl. 

Lidiardts(13) analysis of the contribution of nearest 

neighbour and next nearest neighbour dipoles to the dielectric 

relaxation was extended to the d.c. case. The polarization 

becomes the sum of trio exv)oncntial terms described in terms 

of two relaxation rates. These relaxation rat-s are functions 

of the four jump frequencies, ul, w2, 173  and. u4. 	ul, L2  and 

w3  have been previously defined in section 1.4.1. and w4  is 

the jump frequency for the motion of a nearest neighbour 

vacancy to a next nearest neighbour site. The changes of 

these four jump fresuencies with ionic radius were considered 

and the dominant jump frequency established. Thus the fast 
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. 
polarization in Sr

2+
9  Ca2+  2  Cd

2+ 
 and Itin2+  doped NaC1 was 

related to a nearest neighbour dipole relaxation, and the 

same polarization in Mg
2+ 

doped NaCl to a next nearest neighbour 

, dipole relaxation. The Zn2+  doped crystals represented a 

borderline case but the fast polarization was probably due 

to a nearest neighbour dipole relaxation and the very fast 

polarization to a next nearest neighbour dipole relaxation. 

The slow polarization could not be ascribed to a particular 

relaxation process but may involve the relaxation of vacancies 

at more distant sites than next nearest neighbour. Similar 

phenomena have been studied by Sutter and Nowick(25)  

Dielectric relaxation experiments do not allow the 

designation of specific values to the four jump frequencies. 

Only the following general conclusions can be reached: 

1) for large impurity ions, ITl  is the predominant 

jump frequency 

2) the contribution of 5•x
2 increases as the impurity 

ion radius decreases 

3) t._e fraction of vacancies occupying next nearest 

neighbour sites increases astn ' e impurity ion radius 

decreases 

Further information can be obtained by the examination of the 

stress inuuced re-orientation of divalent impurity-vacancy 

dipoles. Under an alternating stress the strain produced by 

this re--orientation lags behind the stress and gives rise to 
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an anelastic loss or internal friction. If S is the phase lag 

of the total strain behind the stress, the Debye relation 

(equation 1.11.) or, more generally, a sum of Debye expressions, 

will apply. The stress field will excite different relaxation 

modes to the electric field. Therefore the relaxation rates 

fox anelastic loss will be different combinations of w
1

9 w
2
, 

w
3 

and w than they were for dielectric loss. In addition, 
4 

there are three independent elastic compliances in a cubic 

crystal, each one of which may show relaxation behaviour with 

a different relaxation rate. A cubic crystal has only one 

dielectric oonstant. 

Dreyfus and Laibo%ritz (26)   have examined anelastic 

, 
relaxation due to iapurity vacancy dipoles in Mn2+  anti Cat}  
doped 1,:a.C1. Data obtained for longitudinal stresses applied 

along <100> and <111) directions enabled individual 

values for w
1, 

w
3 

and w
4 

to bu obtained. The experiments 

indicated that w
2 was much smaller than any of the other three 

frequencies. It is concluded that the most rapid means for 

the movement of a vacancy from ono nearest neighbour site to 

another is for the vacancy to move tdrough a next nearest 

neighboursite are greater than wi. 
4 

Values for the difference in binding energy between 

nearest neighbour and next nearest neighbour sites were 

obtained. These values are of the same order as the theoretical 
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values for Sr2+ doped EaC1 obtained by Tosi and Airoldi(27) 

i.e. 0.02 eV. 

1.4.4. Summary 

Dielectric and anelastic relaxations occur in alkali 

halides which can be associated with a simple divalent 

impurity—cation vacancy pair. The exact configuration of 

this pair is not clear. However, for the larger impurity 

ions (Mn2+  and Ca2+) it is very likely that the impurity 

and the vacancy are predominantly associated on nearest 

neighbour sites at room temperature. The fraction of the 

total pair concentration occupying next nearest neighbour sites 

increases with increasing temperature. 

With the exception of Watkins's work, the experimental 

investigations discussed in the previous sections can be 

criticised for either one of two reasons. The experiments 

were not performed on single crystals and the exact thermal 

history of the specimens was never clearly specified. 

1.5. 11,7,-:-,Ter:ation of divalent iPpurities 

1.5.1. Dielectric absorption studies on crystals of low 

impurity content 

The spin resonance studies of Schneider and Caffyn (8) 

and of Watkins(11)  indicated that Mh2+  ions in NaC1 in the 
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equilibrium state are aggregated into large clusters. This type 

of 1.1h2+  dispersion occurred when the crystals had been very 

slowly cooled from temperatures of the order of 600°C. Watkins 

observed a simple, broad resonance line from the slowly cooled 

crystals at room temperature. However, on heating a complex 

spectrum appeared; this spectrum was largely unaltered on 

cooling.  rapidly back to room temperature but re-converted to 

the broad spectrum over a period of several days. The number 

of bin2+ ions contributing to the spectrum at 175°C was the 

same as that contributing at 6004°C. 	This indicated that the 

changes in the spectrum were due to a change in the environment 

of the Hn
2+ 

 ions. 

Dielectric relaxations associated with impurity vacancy 

dipoles have been observed in crystals where the majority of 

the divalent impurity was most probably in large clusters. 

Haven(18)  examined xTaCl containing. 0.3 mol % Ca2+  ions. Of this 

total Ca
2+ 

content, 0.003 mol % was present as free Ca2+9 

2+ 0.07 mol %  as Ca ion-vacancy dipoles and 0.23 mol % as a 

higher complex or segregated phase. The Proportion of the 

total impurity content present as dipoles can be increased if 

the crystal is annealed at approximately 300°C and air quenched 

(Dreyfus(24)). The dipoles will re-aggregate over fairly long 

periods of time at room temperature. The mechanisms involved 

in this aggregation process were examined in some detail by 
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. 
Cook and Dryden('28  ' 29 30)  

Cook and Dryden used a similar experimental technique 

to Dryden and Meakins
(23) 

and were able to work at temperatures 

whore the contribution of the impurity-vacancy dipoles to the 

dielectric absorption could be separated from the free vacancy 

contribution. At these tempercLtures the dipole aggregation 

process was sufficiently slow to be reasonably followed- For 

NaCl and KC1 crystals, containing fairly low concentrations of 

divalent cations, all the divalent cation impurity could be 

retained as simple imourity-vacancy dipoles by annealing at a 

suitable high temperature and air quenching. The annealing 

temperature varied from system to system. Immediately after 

quenching, the absorption curve was a Debye curve; for all 

the systems studied -,his absorption was ascA..)eL to the 

rotL,,tion of a neal.c,,t neizhbour L:pulity-vacancy 

(Dryden and ileakins(23)). The magnitude of the absorption 

decreased on standing after quenching and, by application of 

equation 1.13., the decrease in the dipole concentration as a 

function of time could be followed. For all the systems 

studied by Cook and Dryden, except Ca2+  doped NaCl, the 

absorption curve remained a Debye curve as the dipoles 

aggregated. 

Typical results for the decay of dipole concentration 

with time at various ageing teLiperatures for Sr2+ doped KCl, 

Ba
2+ 

doped KC1 and Nh
2+ 

doped NaC1 are shown in fit;. 1.4. The 
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dipole concentration decayed initially according to a third order 

reaction 

d (cp) 

dt 
-k
1 
(cp)3  (1.21.) 

where cp is the dipole concentration. 

This is consistent with the initial aggregation of dipoles 

into clusters of three (termed trimers by Cook and Dryden). 

Analysis of this initial decay gave activation energies which must 

be associated with a mechanism for the diffusion of dipoles. 

This actication energy, Ed9  was always slightly greater than 

E
r the energy fox dipole rotation. Ed has similar values to 

activation energies for the diffusion of divalent cations in 

NaC1 and KCl and thus diffusion was probably the limiting 

procesE, for trimer formation. It is suggested that trimers 

formed in hexagonal arrays in 11111 planes. 

The plateau that occurred in the dipole decay curves was 

associated with a dipole-trimer 	iUter this equi-

librium the dipole concentration continued to decay as a 

third order reaction. It is sunested that this decay cor-

responded to the grawth of trimers by the addition of dipoles 

groups of two to form higher order complexes, although this 

suggestion was rather tentative. 

2+ 
For Ca doped liaC1 the dipole aggregation mechanism was 

more complex. The dielectric absorption curve did not remain 
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a simple Debye curve as the dipoles aggregated. This departure 

from a Debye absorption was a- parent even in the initial decay 

region but became more marked in the second stage of aggrega-

tioA.(Dryden(3°)). However, the initial decay was fitted to 

a third order reaction of the tyre described by equation 

1.21. (Cook and Dryden
(28)

). Tho plateau in the decay curve 

could not be ascribed to a dipole-trimer equilibrium. It is 

suggested that a second type of aggregate, as well as the 

trimer, is in equilibrium with dipoles at this point. The 

nature of this aggregate was not clear, although it may 

contribute to the dielectric absorption and this could explain 

why the absorption curves were broader than a Debye curve. The 

second stage of aggregation could not be characterized by a 

third order reaction. Further aggregation of dipoles onto the 

second type of cluster could explain the difference between 

the rate of the second stage of aggregation in Ca
2+  doped 

NaC1 and the other systems. 

Symmons and Kemp(31) nave  studied the aggrezAtion of Mn2  

ion-vacancy dipoles by a spin resonance technique... The resonance 

spectra observed were closely similar to those reported by 

Watkins(11), although Symmons and Kemp were not convinced that 

one of these spectra resulted from ,A1 associate between MA2+ 

ions and a spurious anion imrurity. However, these measurements 

confirmed the third order nature of the initial dipole decay 

mechanism. EXamination of the later stages of aggregation 



-36- 

indicated that quite large clusters of dii)oles were formed. 

1.5.2. X—ray studios on crystals of high impurity content 

The later stages of dipole aggregation are probably 

explained by the formation of large groups of impurities and 

vacancies, as discussed in the previous section. The precipita—

tion of metastable centres in solid solutions NaCl—CaC12 and 

NaCl—CdC12 has been studied using X—ray techniques
(32-36) 

In NaC1 containing a few mole percent of CaC12, local 

2+ ag,;reg  ation of Ca ions and vacancies was observed as 

plate—like structures which were parallel to illli or 310 

planes of the matrix. The {3101 structure was stable at 

room temperatures but at higher temperatures of the order of 

1:50°C no 	.111.1 plate ITa, the stable form. At temperatures 

higher than 1:-;0°C tLe I111 plate teniiod gradually to 

become incoherent with the matrix aue to the precipitation 

of CaC12. Proposals were riaao for the structure of the1111 i 

and i 310 	7)latesC34)9 each o -.2 the plates was considered to 

be composed of a ntu.:ocr of smaller platelets. The 111 

plate was a transient product preceding the preciitation of 

CaC12  and had a structure closely resembling that of CaC12  

but maintainingcoherency with the NaC1 matrix. The orientation 

of this plate was followed by the CaCl2. The structure 

proposed for the i 310 plate was rather tentative, altAouja 

again this structure closely resembled that of CaCl2. 
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For NaC1 containing a few mole percent of C1C12  a metastable 

precipitate was identified which has the formula CdC12. 611aql
(36) 

. 

This has a f.c.c. structure with a lattice constant twice that 

of the matrix NaCl. The {100} plane of the proposed unit cell 

of this precipitate is shown in fig. 1.5. It is of interest 

that the charge compensating cation vacancies are retained in 

this structure. Platelets were also observed parallel to the 

i100 planes of the matrix. These were segregated groups of 

2+ 
Cd ions and vacancies and were an initial stage in the 

precipitation of CdC12  . 6NaCl. 

1.6. Anionic impurities 

Alkali halide crystals are liable to contamination by 

anionic impurities in the starting material and in the growth 

atmosphere. The optical absorption spectra of alkali halide 

single crystals have been examined and the various absorption 

bands correlated with anionic impurities. In the ultra-violet 

region, absorption bands were found at 185 9/ in NaC1, 204 9).A. 

in KC1 and 214 	KBr, which Wore associated with a OH 

centre(37-40).  This association can be unambiguously identified 

by correlation of the ultra-violet absorption bands with the 

OH ion bond resonance absorption occurring at infra red 

wavelengths of about 2.9.G. A weak absorption at about 

(41) 250 	has boon associated with an 02  centre 	. This centre 
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also caused a yellow fluorescence. The OH ante. the 0
2 centres 

are very sensitive to the condition under which crystal growth 

occurs(379 42).  

Etzel and Patterson reported that the ultra-violet band 

was not present in NaC1 containing Ca2+  ions or in KCI contain-

ing tk.24.  ions, although the addition of ca2+  ions to NaC1 had 

no effect on the ultra-violet absorption. This implied that a 

complex was formed between Ca2+  ions and OH ions in NaC1 and 

Sr2+ ions and 
. 
OAions in KC1. To explain photochemical 

reactions occurring in KC1, grown from reagent grade material, 

Grassano and Jacobs(43)  have postulated the existence of a 

divalent impurity-OH ion complex. 

The presence of anion impurities affects properties other 

than optical properties in alkali halides. It wax, noted in 

section 1.3. that an absorption occurred in the electron spin 

resonance spectrum of a ',I 2+ doped NaC1 which can be associated 

. 2  with a hn + 
 ion-02 ion complex. The influence of anion 

impurities on ionic conductivity has been examined. Amer, 

Fritz and Istity(40)  made ionic conductivity measurements in 

conjunction with optical absorption measnreh:ents on KC1 doped 

with Ca2+ and OE ions. The optical studies indicated that a 

2+ . 
Ca ion-OH.  ion complex formed. The CH ion caused a reduction 

in the temperature at which the conduction changed from intrinsic 

behaviour to extrinsic behaviour. This temperature is termed the 

knee temperature. This again indicated the formation of a Ca2+ 
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ion-OH ion complex with a subsequent reduction in the free 

vacancy concentration. Anger, Fritz and Ltity postulated the 

formation of a Ca(OH)
2 

molecule. Such a molecule would occupy 

a sodium ion-chlorine ion double site leaving a similar double 

site unoccupied. This di-vacancy cannot contribute to the 

conductivity. This model assumed that the OH-  ions were 

incorporated substitutionally in the NaC1 lattice. Paus and 

Ltity( 44)  have subsequently shown;  using a combination of density 

and lattice parameter measurements;  that the OH ion does in 

fact occupy a substitutional lattice site. 

A reduction in the knee temperature has boon found in other 

systems; notably LiP doped with lig2+ and OH-  ions (Stoebe(45)) 9 

NaC1 doped with Na
2
SO
4 

and NaC1 doped with Na202 (Redfern and 

Pratt(46)). 

Dreyfus(47) has examined the effect of growth atmosphere 

on some of the properties of alkali halides. For Ca
2+ 

and V2+ 

doped NaC1 grown in a carefully controlled atmosphere;  the 

conductivity plot showed no stage IV and no evidence of a 

precipitation type reaction (c.f. Dreyfus and Nowick(5)  and 

section 1.2.). In these crystals a hither percentage of the 

impurity was present as impurity-vacancy pairs than in similar 

crystals grown in air. The dielectric polarization curves for 

the carefully grown crystals can be described by a single time 

constant and show no slow polarization (c.f. section 1.4.3.)•  

Similar effects were observed in Sm2+ doped KC1. For this crystal 
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it was deduced that contamination by H2O or OH ions occurred 

with the subsequent formation of a complex with the Sm2+  ions. 

This contamination would explain the differences in behaviour 

between the air grown and the carefully grown crystals. 

1.7. The present investigations  

The mechanical properties of NaC1 have been subject to many 

investigations in these laboratories. Some of the studies have 

centred on the influence of divalent cation impurities of the 

mechanical strength of NaCl. It has been found that the strength 

is greatly influenced by the state of dispersion of the divalent 

cation impurity. However, very little direct evidence is available 

on the state of impurity dispersion in these crystals. The aim of 

the present investiL;ations was to study the dispersion of divalent 

cation impurities in similar 1;aC1 crystals to those used for the 

mechanical stuaies. 

The experimental techniques included dielectric absorption 

measurements, ovtical absorption measurements and bulk density 

studios3 these are described in chapter 2. In chapter 3 the 

mechanism of dielectric absorption in annealed and air quenched 

Ca2+ doped NaC1 is discusses. The absorption in these crystals 

is associated with a Ca
2+ 
 ion-cation vacancy dipole. The decay 

of the dielectric absorption with time after quenching was studied 

2+ 
and thus the aggregation of Ca ion-vacancy dipoles was followed. 
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This dipole aljgrogation is described in chapter 4. In chapter 5/ 

attempts to observe density changes associated with the precipita—

tion of the divalent impurity chloride from the NaC1 matrix are 

described. Changes in mechanical strength which could be 

associated with changes in impurity dispersion were examined and 

are presented in chapter 6. A summary and suggestions for future 

work are given in chapter 7. 
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Chapter 2 

Experimental Methods 
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2.1. Growth of single crystals of NaC1 

Single crystals of NaCl were grown by a technique based on 

that of Czochraiski(48). This modified Czochralski technique 

has been described in detail by Newey(49). 

A diagram of the crystal growing apparatus is shown in 

fig. 2.1. The water-cooled seed crystai was withdrawn from the 

molten NaC1 surface on a screw thread at a7proximately 	per 

hour. The molten NaC1 was held in a fused silica beaker and 

the crystals were grown in air. The NaC1 starting material was 

Hopkins and Williams analar grade. Single crystal boules 

typically 1*" diameter by 4" long were obtained (see fig. 2.2). 

The growth axis of the crystal was <100) . Immediately after 

growth the crystals were transferred to an annealing furnace 

at 650oC. They were held at this temperature for at least 

12 hours and then slowly cooled to room temperature over 36 

hours. 

Crystals containing a divalent cation dope were obtained 

by adding weighed quantities of dried divalent Dotal chloride 

to the melt before growth. Generally the divalont cation 

content will vary alon6 the crystal length (see for e=mple 

Schneider and Catfyn(8)). NaCI cleaves on {1001 planes and 

thus it is possible to cleave cross-sectional plates from the 

single crystal boule. By taking specimens from the same plate 

for any series of comparative tests, the effects of the variations 
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in divalent cation concentration along the crystal length were 

minimized. 

2.2. Dielectric absorption measurements  

2.2.1. Apparatus 

The basis of apparatus was the Wayne Kerr B221 universal 

bridge. This bridge is. designed on the transformer ratio arm 

principle. Balance of unknown impedance is against standards 

of conductance and capacitance in parallel. Tappings on the 

two bridge transformers9  connected to decade controls, permit 

measurements to be made accurately on a wide range of impedance. 

The effects of stray capacitances or conduciances in the test 

jig can be eliilinated by a suitable zero trim. 

The standara bridge was ..eodi2ied so that the -1 position 

on the conductance range muiti-elier switch became +0.1; th=us 

conductance measurements could be made, lower by an order of 

magnitude than those on the standara brigu. The internal 

stan,Lards of the brio were re-calibrated so tilat9  on ran3.Q. 19  

the conductance accuracy was — 1 10 jitrallg and 0.1e capacitance 

accuracy was ± 1 10-3  picrofarads. 

The bridge was used with an external source and detector 

to operate in the frequency ranLe 40 to 209000 c/s. The source 

was a D--650-B NUirhead-Wigan decaue oscillator operating in the 

frequency range 1 to 1119100 c/s uith a specified accuracy of 



— 0.2% or — 0.5 c/s whichever is the greater. The output to 

the bridge was 30 volts at all frequencies. The frequency 

accuracy was checked on an Advance timer—counter type T.C. 10 

and was found to be better than specification. The detector 

was a Wayne Kerr A321 waveform analyser used with a Purzehill 

low noise preamplifier P.A. 80. This preamplifier had a gain 

of 34 dB and a freoueucy response in the range 20 to 20,000 c/s. 

The analyser is effectively a high gain amplifier and, as a 

detector in the bridge circuit, is used as a variable frequency 

voltmeter. The lowest calibrated level of the waveform analyser 

corresponds to about 14 microvolts; with the preamplifier, the 

minimum readable deflection corresponds to less than 1 micro—

volt. Thus the null point at which. the bridge is balanced can 

be acourately determined at all frequencies. 

The test jig was a Wayne Kerr D321 permittivity jig 

(fig. 2.3.). This jig is a three terminal device designed to 

dive a uniform field through the specimen. The srecimen was 

clamped down by an adjustable electrode, attached to a micro—

meter
11  

head, onto a fized electrode 	inches in diameter 

separated from a guard ring by a small air gap. During 

measurement the test jig assembly was enclosed in a thermostat. 

The majority of measurements were made using a Wayne Kerr 

AT 205 air thermostat. This thermostat operates in the 

temperature range 30 to 40°C with a temperature stability of 
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- 0.05oC over 24 hours. For temperatures greater than 40oC 

and less than 65°C a Hearson air oven uas used. With the oven 

controlled externally through a Variac voltage supply and an 

Etaer temperature controller, the temperature stability was 

about ± 0.5°C over a period of hours. 

The bridge measures impedance as a parallel combination 

of the in phase and quadrature comDonents. In terms of the 

conductance and capacitance readings the dielectric absorption, 

as expressed by the tangent of the loss angle, is given by 

G 
tan S 

 

(2.1.) 
211f C 

where G is the conductance in mhos, C the capacitance in farads 

and f the frequency of the applied field in cycles per second. 

2.2.2. Experimental techniques 

The envisaged experiment required the measurement of small 

loss angles (tans.  < 10
-1

) and, as this involved the measurement 

of very small conductances, it 	necessary that the resolution 

on the bridge conductance measurement was as high as possible. 

From equation (2.1) it can be seen that for any given tan 	9 

the higher the capacitance the higher the conductance. Thus 

the percentage accuracy of the conductance measurements can 

be ii..proved by making the measurements on specimens of high 

capacitance. 
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The necessary resolution for reasonable accuracy in the 

conductance measurements was available on range 1 of the bridge 

(G 0 — 0.111 micro mho : C 0 — 11.1 picrofarads) with the 

conductance range multiplier switch set at + 0.1. The use of this 

range set an upper limit on the capacitance of the specimen of 11.1 

picrofarads. The conductance and capacitance measurements were made 

on NaC1 discs cleaved from the whole cross—section of the single 

crystal boule. The thickness of these discs was between 1 and 3 mm. 

giving a capacitance between 3 and 9 picrofarads. 

Some difficulty was encountered with conductance losses across , 

the permittivity jig. This was duo to two causes, the resistance 

between the jig electrodes and stray impedances shunting the 

unknown windings of the bridge voltage and current transformers. 

This second effect became important at high frequencies, particularly 

at frequencies greater than 2000 c/s. The jig conductance losses 

were calibrated in the following manner. The bridge zero was 

trimmed with the permittivity jig in circuit. The lead to the 

adjustable electrode was disconnected at the jig and the micrometer 

head was fully withdrawn. This zero trim was satisfactory in the 

frequency range 60 c/s to 20 Kc/s; the bridge zero had always to 

be re—trimmed fox measurements at 40 c/s. No measurements could 

be made around 50 c/s because of mains interference. Conductance 

and capacitance measurements were then made on the specimen at the 

required frequencies. The specimen was removed and the micrometer 

electrode wound down to give the same capacitance as the specimen. 
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Now loss conductances in the jig were measured at the same 

frequencies. The two conductance values were subtracted to 

give the true conductance of the specimen. Inaccuracies arose 

at frequencies greater than 2000 0/s because the conductance loss 

became very ancitivo to capacitance and itwas very difficult to 

get the calibration capacitance the same as the specimen 

capacitance. 

One source of error in the capacitance measurement was the 

presence of air gaps between the NaC1 specimen and the jig 

electrodes. However, the problem was overcome by careful cleaving 

of the specimens. For carefully cleaved specimens no air gaps 

could be seen with the eye. 

In general no electrode coatings were applied to the raC1 

specimens. Aluminium elect odes were vapour de-eosited on some 

specimens. The conductance and capacitance measurements made 

on these specimens were the same as those made on similar 

specimens with no electrode coatings. 

2.3. Density measurements 

2.3.1. Apparatus 

Density changes were determined by a flotation technique. 

A small temperature gradient was maintained along a column of 

, ethylene dibromide, which at approximately 27 C has the same 

density as NaCl. Thus density changes could be measured by 



-52-- 

observing changes in the position at which NaC1 specimens floated 

in the ethylene dibromide column. 

The design and construction of the densimeter had been 

described in detail by Silverstone(50). For the present series of 

experiments the construction of the densimeter was modified and 

is shown in fig. 2.4. The control of the temperature gradient was 

different from that described by Silverstone. A brief description 

of the densimeter will be given here with reference to fig. 2.4. 

A copper rod, 12" long and 4" in diameter, had a -L" slot 

running nearly from top to bottom and cut half way into it. This 

slot held a i" diameter glass specimen tube containing ethylene 

dibromide and enabled the tube to be observed. The copper rod was 

surrounded by an evacuated glass vessel. The rod and the evacuated 

vessel were immersed in lieuid paraffin which wns heated by t'es,  

outer heater end continually agitated by stirrers. Another neater 

heated the liciaid paraffin in a top tank above the copper rod. 

The temperatures of the upeer and outer tanks were controlled by 

two thermometer controllers. The temperature gradient was obtained 

by setting the two controllers at different temperatures. The 

outer controller was sot at about 2400 and the upper controller at 

about 300C, although the actual values were varied depending on 

the density of the crystals being examined. The entire densimeter 

was contained, in a large tenperatuxe controlled box. The tempera-

ture of this box was maintained at 19 1 0C by an expansion type 

thermostat with a water cooled radiator and a heater. The general 
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layout of the densimeter is shown in fig. 2.5. The position of 

the HaC1 crystals in the specimen tube was measured by a 

cathetometer with the aid of a galvanometer light. 

2.3.2. Experimental techniques 

The calibration of the temperature gradient in the specimen 

tube was performed with thermocouples. Two chrosiel-alumel 

thermocouples, encapsulated in mercury, were inserted in the 

copper block in place of the specimen tube. These thermocouples 

were sited at various positions along the copper block and the 

temperatures measured on a potentiometer to 2.5 x 10-7  volts. 

Fig. 2.6. shows the temperature at various points along the block, 

expressed as a difference between thermocouple readings, plotted 

against position in the block. This plot demonstrates the 

linearity of t,le te-erature gradient.02 the case shown in 

fig. 2.6. the magnitude of the gradient was 0.010 -± 0.001 °C/cm. 

The expansion coefficient of ethylene dibromido is 2.07 x 

l0-3  gm/cc/°C and that of iTaCi is 2.62 x l0-4 :3E1/00/°c. Thus, in 

a 1 °C gradient, the measurable density change will be (2.07 - 0.26) 

x 10-3  gm/coi°C. Then for fig. 2.6. the density gradient is 

1.8 0.2 x 10-5  gm/cc/cm. Although the position of the density 

gradient was varied so that density changes could be measured in 

various ranges, the actual magnitude of the density gradient was 

held constant. 

The stability of the temperature gradient was quite good 
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although it was sensitive to fluctuations in the laboratory air 

temperature. It would be preferable to have the densimeter in a 

room in which the air temperature was quite closely controlled. 

Density measurements were made on NaC1 crystals prepared in 

the following manner. Cleaved 4 mm cubes of NaC1 were polished in 

water until their dimensions had been roduceu to about 2 mm; then 

the water was changed successively for alcohol, ether and finally 

ethylene dibremide. The NaC1 specimen with all its surfaces wetted 

by ethylene dibr,:mide was rapidly transferred to the specimen tube. 

An identical series of specimens all floated within a centimetre 

of one another. This variation was due to two causes; slight 

differences in the specimen preparation technique from crystal to 

crystal and small differences in the impurity concentration between 

crystals. 

The ethylene dibromide, in which NaC1 crystals were floated, 

was purified from reagent grade material by drying over calcium 

chloride and vacuum distilling. The ethylene dibromide in the 

specimen tube was changed at regular intervals. 

2.4. Mechanical testing  procedure 

The bulk yielding behaviour 02 NaC1 crystals was examined in 

uniaxial compression tests. The testing procedure 	the equipment 

involved in these tests has been described in detail by Harrison(51) 

The tests were performed in a Polanyi typo ooi::pression jig 

(fig. 2.7.) built into an Ins-troll table model testing machine. The 
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load was applied by the movement of a horizontal crosshead driven 

by lead screws at a constant speed. The applied load was measured 

through a tensile load cell which consisted of four strain gauges 

fixed on a contilever beam deflected by the load. The signal 

from the gauges was amplified and fed into a potentiometric recorder. 

This enabled changes of load during a test to be measured. The 

recorder chart was driven at a constant speed and the extension 

of the specimens was obtained from a knowledge of the crosshead 

speed, the chart speed and the olasticity of the loaded structure. 

Tests were performed at room temperature in air and at — 196°C 

in boiling liquid nitrogen. For the tests at — 196°C, the 

specimens cannot be immersed directly into liquid nitrogen because 

of resulting quenching strains. Therefore the specimens were slowly 

cooled to — 196°C followin the method outlined by Harrison. In 

all cases the specimens were cooled under a small applied load. 

Because of jig contraction this load had to be continually adjusted 

during cooling. The specimen and the jig were considered to be at 

temperature when the load remained constant. 

2.5. Analysis of impurities in Had  

2.5.1. Calcium 

The calcium content of the doped NaC1 drystals was determined 

by a colorimetric method outlined by Sandell(52). Ammonium 

hydrogen purpurates  which is commercially available as murexide, 
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was used as an indicator. 

The purpurate ion is violet in colour and combines with Ca
2+ 

to form complexes ranging in colour from yellow-orange to red. A 

relative high pH is required to transform most of the Ca
2+  ions 

into the water soluble purpurate complex. However, too high a pH 

cannot be used because murexide is unstable in solutions of high 

alkalinity. For optimum conditions a pH of 11.3 is recommended. 

A solution of ammonium purpurate was prepared by dissolving 

40 mg of murexide in 75 ml of water and then diluting with 175 ml 

of ethyl alcohol. About 0.1 g of the HaC1 sample to be analysed 

was dissolved in de-ionized water in a 50 ml standard flask. 5.0 ml 

of the indicator was added to this sample solution, together with 

1 ml of— NaOH to bring the solution pH to 11.3. The necessary 
10 

NaOH addition to achieve this pH had been determined by a series 

of experiments with a pH meter. The solution was then diluted to 

50 ml and its absorbance at 500 my. measured against a blank on 

a Perkin Elmer 450 spectrophotometer. 

A calibration curve ',Tas obtained by making aboorbance 

measurements on stad,:rd solutions using a standard calcium solution 

containing 0.100 2L3 Ca2+/ml. To the standard calibration solutions 

0.1 g of NaC1 was added by the addition of 10 ml of a 10 g/1 NaC1 

solution. 

The drawback to this method of calcium analysis is the 

instability of the murexide indicator. This problem was overcome 

by careful experimentation. The errors involved in this technique 
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are difficult to estimate. However, the Ca
2+ 
 ion concentrations 

were determined to an accuracy of ± 20 p.p.m. (by weight) or 

.better, depending on the total Ca
2+  ion concentration. 

2.5.2. Hydroxyl ions 

The hydroxyl ion content of -the crystals was studied by 

infra red absorption measurements at about 2.8, the 0-H bond 

resonance frequency. Single crystals of NaCi were examined. 

Because of the weakness of the 2.8p absorption?  specimens at least 

2 cm thick were used. 

Tiro spectrophotometers were used for the majority of the 

absorption studies. Routine measurements were taken on a Perkin 

Elmer 237 grating infra red spectrophotometer. High resolution 

studies were made on a single beam vacuum spectrophotometer 

belonging to Dr. S. D. Smith of the Physics Department, University 

of Reading. 

Some workers 379 33)  have attributed an absorption at ultra 

violet wavelengths in alkali halides to OH ions. A limited study 

of these particular absorptions was made using a Perkin _:leer 450 

spectrophotometer. 
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Chapter 3

D~electric absorption in air-quenched ca2+ doped NaCl
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3.1. Introduction  

As discussed in section 1.4., divalent cation impurities 

and cation vacancies in alkali halides associate on adjacent 

lattice sites; this associated pair constitutes an electric 

dipole. The rotation of this dipole in an alternating electric 

field will give rise to a dielectric loss or absorption. 

In this chapter investigations of dielectric absorption 

in air-quenched Ca2+ doped NaCi will be described. As it was 

hoped to examine the behaviour of Ca2+  ion-cation vacancy 

dipoles, the NaC1 crystals were heat treated so that they would 

contain a large concentration of these dipoles. 

3.2. Dielectric absorption studies  

3.2.1. Experimental observations 

A dielectric absorption was always observed in as grown 

Ca2+ doped NaC1 crystals. The magnitude of this absorption was 

greatly increased by annealing the NaC1 specimens in air for 

half an hour at about 200°C and quenching in still air onto 

a Sindanyo sheet. The magnitude of the absorption in air quenched 

crystals increased as the Ca2+ content of the crystals increased 

(see figs..3.1 - 1,2 and 3.3). 

For NaC1 crystals containing less than 450 x 10-6  mole 

fraction Ca2+ the magnitude of the dielectric absorption was 

independent of annealing temperature is the range 150-400°C, and 
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independent of annealing tine in the range 	2 hours. Cook 

and Dryden(28) have also shown that the magnitude of the dielectric 

absorption in air quenched Ca2+ doped NaC1 reaches a constant 

value for annealing temperatures greater than 130°C. 

For crystals containing more than 450 x 10"6  mole fraction 

Ca
2+ 

 the normal air quenching procedure could not be used because 

of specimen cracking. To overcome this problem the following 

cooling procedure was used. After annealing, the porcelain 

crucible containing the NaC1 specimen was removed from the furnace 

and allowed to stand for one minute before the specimen was tipped 

onto the Sindanyo sheet for final cooling to room temperature. In. 

these crystals some variation in the magnitude of the dielectric 

absorption was observed, pres'mably because of variations in the 

cooling procedure. 

The magnitude of the dielectric absorption was independent 

of specimen thickness. A specimen, 3 mm thick, in which the 

dielectric absorption was known, vas cleaved in half. Each half 

showed the same absorption as the oriGinal specimen. These halves 

were themselves halved and again the same absorption was observed. 

Thus the dielectric absorption is a bulk property of the NaC1 

crystals. 

3.2.2. Errors in the dielectric absorption measurements 

The bridge measures dielectric absorption as the tangent 

of the loss angle. This is related to the bridge readings of 
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capacitance and conductance by equation 2.1. Thus the accuracy 

of the dielectric absorption measurements is determined by the 

errors in the three parameters Cy G and f. 

The specimen capacitance was of the order of 10 picro- 

farads. The error in the bridge capacitance reading is ± 1 x 10-3  

picrofarads. Thus the percentage error in the measured capacitance 

is very small and can be neglected. 

The percentage error in the frequency of the oscillator 

output is in general 0.2%. However, for frequencies less than 

250 c/s, the error increases and at the lowest frequencies used in 

the present experiments approaches 1%. For any series of absorption 

measurements on a given crystal the conductance increases as the 

frequency increases. The actual value of conductance varies over 

a wide range depending on the magnitude of the dielectric absorp-

tion. For crystals of low Ca2+ content, showing a small absorption, 

the conductance can be as little as 2 x 10 12  mhos. The accuracy 

of the conductance measurement is 1.-  1 x 10-12 mhos and thus for 

small absorptions the percentage error in the conductance measure-

ment can be very large. At higher frequencies for crystals of high 

Ca
2+ 

content, the conductance is greater; the largest values were 

of the order of 300 x 10-12 mhos. For those values of Gy the 

percentage error is small and becomes of the same order as the 

specified error in f. However, calibration of the oscillator showed 

that the actual errors in f were much smaller than the specified 

errors. Thus the errors in G are greater than the errors in either 
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f or C and the errors in tan S are given directly by the errors 

in G. Table 3.1 shows the absolute errors in tans as a function 

of frequency for a capacitance of 10 picrofarads. 

Table  3.1.  

Frequency 	cycles per second Error in tang 

40 - 0.40 	x 10-3 

7o ±  
0.20 	x 10 3 

120 ±  0.13 	x 10-.3 

600 + 
- 0.026 x 10-3 

2000 ± o.008 x l0-33  

8000 4. - 0.002 x 10-3 

At frequencies higher than 2000 c/s the errors in tan are 

probably greater than those given bj the error in G. This is 

because of the difficulties arising from the jig conductance loss 

calibration discussed in 2.2. 

The presence of air gaps between the NaC1 specimen and the 

permittivity jig electrodes leads to an error in the overall 

capacitance measurement. For carefully cleaved specimens 9  no air 

gaps were observed and values between 5.2 and 5.3 were obtained 

for the dielectric constant. The generally quoted value for the 

dielectric constant of NaC1 is that of 5.62 determined by 

Hojendahl(53). Hausetih1(54)  obtained a value of 5.87 and 

Matsonashvili(55)  a value of about 5.7. These three values for the 

dielectric constant are higher than those obtained in the present 
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experiments. This may indicate the presence of air gap errors, 

giving low capacitance values and subsequently high values of 

tang. Only the absolute magnitude of tans would be affected, 

and the error in this tang would still be the same as that of 

the tanS measured by the bridge and given in table 3.1. No 

corrections were made for air gaps in the ealculated values of 

tanS. 

3.2.3. Discussion of the observed dielectric absorption 

No dielectric absorption was observed in nominally pure 

NaC1 in either the as grown or the annealed and air quenched states. 

Therefore the absorption in the Ca2+ doped NaC1 can be associated 

with some typo of Ca2+  ion dipole. 

The ionic conductivity measurements of Redfern(6) showed that, 

in Ca2+ doped NaC1, the stage III to stage IV transition was at 

137°C. The conductivity in stage III was controlled by an associa-

tion reaction resulting in. the formation of Ca2+  ion-cation 

vacancy pairs (see section 1.2.). At temperatures below 137°C7  

i.e. in stage IV, agL;regates composed of large numbers of Ca2+  ions 

and cation vacancies were forued. Dreyfus and Nowick(5)  give a 

, temperature of about 145ot, for the stage III to stage IV transition 

in Ca2+ doped NaCl. 

Thus annealing at temperatures greater than 150°C results 

in the dissociation of the large Ca2+  ion-cation vacancy aggregates 

2+  into simple Ca ion-vacancy pairs. Air quenching is sufficient 
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to retain a high proportion of Ca2+  ion-vacancy pairs, the cooling 

being rapid enough to prevent the aggregation of these pairs, and 

a large increase in dielectric absorption is observed. The Ca2+ 

ion-vacancy pairs will aggregate together over a period of time at 

room temperature; this aggregation process will be discussed in 

detail in chapter 4. 

As the annealing temperature is increased above 1500C, the 

concentration of free vacancies and free Ca2+  ions will also 

increase, i.e. the Ca2+  ion-cation vacancy pairs will dissociate. 

The magnitude of the dielectric absorption in the fig-quenched 

specimens remained constant for annealing temperatures higher than 

150°C. This implies that, if the dielectric absorption is caused 

by the rotation of the simple Ca2+  ion-cation vacancy dipoles, 

the concentration of such Ca2+  ion--vacancy pairs also remained 

constant in the as quenched specimens for increasing annealing 

temperatures. Thus air quenching must be insufficiently rapid to 

retain large concentrations of free vacancies, the Ca2+  ion-vacancy 

pairs reforming during the quench. Air quenching onto a brass 

block gave identical results to quenching onto the Sindanyo sheet. 

Faster quenching rates were not used because the NaC1 specimens 

cracked. Some specimens were annealed at 750°C and cooled to room 

temperature in two minutes; again the dielectric absorption was 

identical to that for a low temperature anneal followed by air 

quenching. 

In alkali halides free vacancies themselves give a dielectric 
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absorption described by equation 1.14. The contribution of free 

vacancies to the dielectric absorption was estimated by d.c. 

conductivity measurements. The conductivity of the NaCl was 

obtained by measuring the voltage drop across a standard resistor 

in series with the crystal. The conductivity was measured on an 

as grown crystal and on a crystal annealed at 200°C and aix 

quenched to room temperature. The conductivities were very similar 

for both crystals; this is in agreement with the results of Dreyfus 

and Nowick(5). 

The free vacancy dielectric absorption at 35°C as calculated 

from the d.c. conductivity is shown as a function of frequency in 

fig. 3.2 for a NaC1 crystal containing 430 x 10
-6 

mole fraction 

Ca
2+
. This free vacancy contribution is quite a small part of 

the total absorption and is of the same order of magnitude as 

the experimental scatter (c.f. table 3.1. and fig. 3.2.). As d.c. 

conductivity data was not available for the majority of the NaC1 

crystals, in general no allowance was made for the free vacancy 

contribution to the dielectric absorption. 

The full lines drawn through the experimental points in figs. 

3.1., 3.2. and 3.3. are the best least squares fit of the experi-

mental points to the Debyo function given by equations 1.11. and 

1.13. Equation 1.13. describes the dielectric absorption given 

by the relaxation of a nearest neighbour impurity-vacancy dipole. 

As tne observed dielectric absorption can be fitted quite closely 

to that pre: .icted by equation 1.13.9  it is plausible that the 
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absorption is caused by the relaxation of a nearest neighbour 

2+ . 
Ca ion-cation vacancy dipole. 

. Lidiard(20)  has described the absorption due to impurity- 

vacancy pairs in the ground state and in the first excited state 

(see section 1.4.1.), In this case the absorption is given by 

equation 1.16. The shape of the absorIxtion curve described by 

equation 1.16. is very similar to that of a Debyo curve (see fig. 

1.3.). The deviations of the experimental points from the best 

fit Debye curve in figs. 3.1.9  3.2. and 3.3. were examined to see 

if they could be correlated with the deviations predicted by 

equation 1.16. 

To obtain the best fit Debye curve all the experimental 

points were given the sane significance. However, the absolute 

error in the measured absorption increases as frequency decreases. 

Also the low frequency points may suffer further inaccuracies 

because no allowance was made for the free vacancy contribution to 

the dielectric absorption. The greater overall inaccuracy of the 

low frequency measurements will serve to distort the best fit 

Debye curve so that it LLoes not tit closely to the higher frequency 

points. This probably explains the deviation from the Debye curve 

shown by figs. 3.1. and. 3.2. The experimental measurements shoun 

in fig. 3.2. were corrected for the free vacancy contribution to 

the absorption. A very similar absorption curve to that shown in 

fig. 3.2. was obtained3 the experimental points also showed small 

deviations from the Debye curve at higher frequencies. 
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These deviations may be significant. However, it is considered 

that until more accurate experimental data is available it is 

impossible to consider the dielectric absorption curves in terms 

of equation 1.16. and Lidiard's analysis. 

The deviations from the Delve curve shown in fig. 3.3. for 
NaC1 containing 990 x 10

-6 
mole fraction Ca2+ are believed to be 

due to another cause. The absorption curves for as grown crystals 

could not be fitted closely to a single Debye curve (see fig. 3.4.). 

This effect has been observed by Cook and Dryden(28) and it is 

apparent that a second type of specie is contributing to the 

absorption as well as the Ca2+  ion-cation vacancy dipoles. As the 

NaC1 specimens of higher Ca2+ content could not be directly air 

quenched, some of this second species is present in the as-cooled 

crystals causing the small but significant deviations from the 

Debye curve. 

3.2.4. Summary 

The above discussion of the experimental data suggests that 

the Ca2+  ion-cation vacancy pair associated on nearest neighbour 

lattice sites are responsible for the dielectric absorption. 

However, dielectric absorption studies do not establish unambigu-

ously the nature of the Ca2+  ion-cation Vacancy dipole. The only 

direct evidence on the nature of those dipoles is that provided by 

paramagnetic resonance studies. Watkins(11)  and Ouston(56)  have 

shown that, in Mn2+ doped NaCl, the majority of the dipoles are 
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ions have on nearest neighbour sites at room temperature. Ca
2+  lens 

havo very similar ionic radii to Din
2+  ions and it is reasonable 

. 
to expect that nearest neighbour dipoles form in Ca2+  doped NaCl. 

Other examinations have suggested that Ca
2+ 

 ions and cation 

vacancies associate on nearest neighbour sites in NaC1(5' 239 24, 28
)  

3.3. The temperature dependence of the dielectric absorption  

The dielectric absorption in air quenched Ca
2+ 

doped NaC1 was 

measured as a function of test temperature. Typical results are 

shown in fig. 3.5. The frequency at the maximum absorption, 

9 was plotted against the reciprocal of the test temperature max 

(fig. 3.6.), The linearity of this plot indicated that an Arrhenius 

relation of the following typo was obeyed: 

fmax . A exp (—Er/ kT) 
	

(3.1.) 

where A is a frequency factor and Er  an activation energy. 

From fig. 3.6. E
r 

= 0.69 ± 0.02 eV 

and 	A = 1.4 x 10
13 seconds-1  

These experiments do not provide significant information on 

the variation of the magnitude of the dielectric absorption with 

temperature. The oven in which tests were performed above 400C 

had a very slow thermal response and consequently the NaC1 specimens 

were at some temperature approaching the test temperature for one 

to two hours before thermal equilibrium was established. At 
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temperatures above 400C dipole aggregation occurs quite rapidly. 

Therefore the dielectric absorption at such test temperatures 

cannot be associated with a constant number of Ca
2+  ion-cation 

vacancy dipoles. To avoid confusion over the absolute magnitude 

of the absorption, fig. 3.5. is plotted as tanS/tanS max  against 

log10  frequency. 

An examination of the separate absorption curves in fig. 3.5. 

shows that the free vacancy contribution to the dielectric absorp-

tion becomes more apparent with increasing temperature. This is 

revealed by the asymmetry of the high temperature absorption 

curves. In determining the values of fmax  , no allowance was made 

for this free vacancy contribution and therefore some inaccuracy 

in f 	is introduced. 
max 

Values for the activation parameters, Er  and A have been 

obtained by other workers. Haven(17) and Dreyfus(24) give a value 

of 0.7 eV for Er, Dryden and Neakins
(23) 

0.68 eV for Er and 

1.6 x 1013 seconds
-1 

for A. The values of Er and A obtained in 

the present investigation are in close agreement with these 

literature values. 

The Ca
2+ 

 ion-vacancy dipole can re-orientate by either one 

of two processes. The vacancy can interchange positions with a 

Na ion in an equivalent nearest neighbour position to the Ca
2+ 

ion, and the vacancy and the Ca2+  ion can exchange places. It is 

not certain which of those two processes will predominate; the 

relaxation time of the dipole is given by equation 1.12. The work 
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(11 of Natkins 	' 21)  and Dreyfus and Laibowitz(26) has indicated 

that direct interchange of positions between divalent impurity 

ions, such as Din2+ and Ca
2+ 

and cation vacancies is not an 

important process. Thus the Ca2+  ion-vacancy dipole rotates by 

the movement of the vacancy from one nearest neighbour position to 

another. 

The value of E (0.69 - 0.02 eV) can be compared with the 

activation energy for motion of a cation vacancy obtained from 

ionic conductivity studies. Redfern(6)  obtained a value for Em 

of 0.77 - 0.02 oV for Ca2+ doped NaC1, Redfern made the determina-

tion on a crystal containing 490 x 10
-6 

mole fraction Ca and and 

subsequently association between Ca2+  ions and cation vacancies 

is likely to give a high value of En. The conductivity was 

measured using a d.c. technique and this will probably involve 

space charge errors at high temperatures. Kirk and Pratt(57) give 

a value for Em of 0.69 - 0.02 eV for nominally pure and MA
2+ doped 

NaCl. In this determination an a.c. measurement technique was 

used and care was taken to eliminate any errors in En  due to 

association betliecn impurity ions and cation vacancies. 

The values of Em and Er are closely similar. It can be 

concluded, therefore, that the activation energy for the movement 

of a cation vacancy is not greatly affected by the presence of a 

2+ . 
Ca ion in a nearest neighbour position to the vacancy. 
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3.4. The magnitude of the dielectric absorption in air quenched.  

crystals  

3.4.1. Experimental observations 

The number of Ca2+  ion-cation vacancy dipoles involved in the 

absorption process can be determined from equation 1.13. At the 

maximum absorption 

•=21.cf max 1 	 (3.2.) 

and therefore from equation 1.13 

41ra
2
e
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where c is the total Ca2+ concentration of the NaCl. The use of 

equations 3.3. and 3.4. assumes that only nearest neighbour Ca2+ 

ion-vacancy dipoles are involved in the dielectric absorption. 

The dipole concentration in as quenched crystals together 
with the total Ca2+ concentration of the NaC1 is shown in 

table 3.2. 



Crystal Mole fraction of Ca 
in the crystal 

Nominally pure 

SiCa3 

Si Cal,' 

9 

35 I-  15 x 10
-6  

SiCal9 210± 20 x 10-6 

SiCa20 255 20 x 10-6 

Si 13 430 ± 30 x 10-6 

SiCa24 630 20 x 10-6 

Si 8 775 - 45 x 10-6  

Si 9 990 ± 80 x 10-6 

Mole fract ion of Ca 2+ 
present in the crystal 
in dipole form, imiec-
diately of ter air 
quench 

.< 5 x 10-6  
15 	5 x 10-6  

50 ± 10 x 10-6  

130 ± 10 x 10-6  

170 ± 10 x 10 6  

210 ± 10 x 10-6  

300 - 15 x 10
-6  

335 ± 15 x 10-6 

350 - 10 x 10-6 
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Table 3.2. 

The analytical technique was not sufficiently sensitive to give 

a value for the calcium content of the nominally pure crystal. The 

analytical results obtained for SAW. were not reproducible, 

being of the same order as the accuracy of the analytical technique, 

and therefore no value for the calcium content of SiCa3 is quoted 

in table 3.2. 

No dielectric absorption was observed in nominally pure NaCl. 

This indicated that the pure crystals contain loss than 5 x 10-6 

mole fraction impurity-vacancy dipoles, the lowest dipole 
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concentration which could be detected by the dielectric absorption 

measurements. The analar grade NaC1 starting material is sl)ecified 

to have a combined calcium and magnesium content of less than 

50 parts per million. 

Fig. 3.7. shows the dielectric absorption in ala quenched 

SiCa3. 	This crystal had a very small dielectric absorption 

and at low frequencies the scatter of the experimental points is 

quite large. However, in spite of this scatter, the experimental 

data can be fitted quite reasonably to a Debye curve. The scatter 

of the experimental points about the Debye curve was within the 

experimental errors predicted in table 3.1. Fig. 3.7. serves to 

illustrate the accuracy and reproducibility of the dielectric 

absorption measurements. 

As discussed in 3.2.1., the NaC1 crystals of higher Ca2+ 

content, i.e. SiCa24, 318 and. 3i9, could not be air quenched. 

The slower cooling procedure used for these crystals must result 

in some dipole aggregation during cooling. Thus the differences 

between the dipole concentration and the total calcium concen—

tration for these crystals given in table 3.2. can be explained. 

Fox crystals SiCa19, SiCa20 and Si.13 the dipole concen—

tration given in table 3.2. appeared to be the maximum attainable 

(see Emotion 3.2.1). Cook and Dryden(28) have reported that, in 

NaC1 containing up to 364 — 74 x 10-6 mole fraction Ca2+, all the 

Ca
2+ 

could be retained in .Ca2+—vacancy dipole form by air quenching 

from temperatures greater than 130°C. It is believed that the 
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formation of a Ca2+-Oh complex explains the differences 

between the present observations and those of Cook and Dryden. 

The reasons for believing that such a Ca
2+-Oh complex forms will 

be discussed in the next section. 

3.4.2. hydroxyl ions in NaC1 

Previous investigations into the nature of hydroxyl ions 

and other anionic impurities in alkali halides have been described 

in section 1.6. It is significant that many of these investiga-

tions have led to the conclusion that a complex forms betueon 

divalent cationic impurities (e.g. Ca
2+
) and the anionic impurities 

(e.g. OH ). The formation of such complexes reduces the concentra-

tion of free divalent cations and consequently reduces the concen-

tration of charge compensating cation vacancies. 

The optical absorption, at infra rod wavelengths of about 2.3)t-u 

the OH-  bond resonance frequency, for two NaC1 crystals containing 

differing amounts of Ca2+   , is shown in fig. 3.8. No other 

absorption peaks were observed in these crystals at wavelengths 

be Ween 0.5 and lvh. The absorption spoctra shown in fig. 3.8. 

consist of many separate peaks. Similar observations have been 

made in Mg2+  doped LiF by Stoebe(45) Using both optical absorp-

tion studies and ionic conductivity measurements, ho was able to 

correlate a series of narrow absorwtion peaks with Mg
2+
-OH

-

complexes and a.broad peak with free OH-  ions. No precise 

interpretation of the absorption spectra obtained in the present 
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experiments was attempted. However, the number of separate 

absorption peaks in the spectra are undoubtedly caused by changes 

in environment of the OH ions. 

There was no absorption at 2.3p. in nominally pure NaC1 or 

in NaC1 doped with Mh2+. This absence of any OH—  absorption was 

probably due to some effect of the silica beaker used as a 

container for the molten NaC1 during crystal growth. Etzol and 

Patterson(37) grew NaC1 crystals from gold and platinum containers 

and observed an optical absorption band associated with OH ions. 

The size of these bands was greatly reduced when the NaC1 crystals 

were grown from quartz containers. All Ca
2+ doped NaC1 showed the 

OH bond resonance absorption at 24a. Thus any reduction in the 

OH concentration of the NaC1 due to the silica is apparently 

nullified by Ca
2+ additions. A strong association between the 

C
2+ 
a ions and the OH ions is indicated. Similar observations 

on OH—  contamination of Ca
2+ doped NaC1 have been made by Johnston 

and Nadeau(58) 

The height of the 2.9k absorption peaks observed by Johnston 

and Nadeau(53)  increased as the Ca
2+ content ef the NaC1 increased. 

No similar observations were made in the present experiments. The 

height of the absorption peak was approximately independent of 

Ca2+ any variation in height having no relation with the Ca
2+ 

concentration. However, as the Ca
2+ 

concentration increased, the 

width of the absorption spectra tended to increase (see fig. 3.8.). 
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Etzel and Patterson(37) associated an absorption band at 

205 my in NaC1 with OH ions through a correlation with the 

2.81j. 0-H bond resonance absorption. This 205 U).04, band was 

absent in NaCl containing Ca
2+ 

whereas the 2.8),1, band remained. 

Etzel and Patterson suggested that a Ca2+-031-  complex formed 

which did not give the 205 r.(A, absorption. No 205 r, 	band was 

observed in a limited series of experiments on NaC1 containing a 

high concentration of Ca2+. 

The experiments discussed above indicate that some of the 

2+ . 
Ca ions in the NaC1 crystals used in the dielectric absorption 

studies formed complexes with OH ions. Unfortunately no 

quantitative figure for the OH content of the crystals is 

available and so the concentration of any Ca
2+.-011- complex cannot 

be estimated. However9  the differences between the dipose 

concentration and the total Ca
2+ concentration for crystals 

SiCal9 9  SiCa20 and Si 13 may be explained in terms of a Ca2+-OH  

Complex. 
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Fig.3.1. Dielectric absorption In NaCI containing 210 ± 20 x10-0  mole 
fraction Cat' Measurements at 35 °C. 
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Fig.3.2. Dielectric absorption in NaCl containing 430 t 30 x10 -6  
mole fraction Cat 4. Measurements at 35°C 
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Fig. 3.3. Dielectric absorption in NaCI containing 990 ± 80 x 10 -6  mole fraction Ca2̀ . 
Measurements at 35 °C 
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Chapter 4 

The aggregation of Ca2+  ion-cation vacancy pairs 

in Nal 
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4.1. 	Introduction  

In chapter 3 it was shown that a high proportion of. the Ca2+ 

ion impurity in NaC1 can be retained in the form of simple Ca
2+ 

ion-cation vacancy pairs by suitable heat treatment. It was 

concluded that the Ca
2+  ion and the cation vacancy were most 

probably associated on nearest neighbour cation lattice sites. 

However, at temperatures below about 150
o
09 these Ca2+-vacancy 

pairs arc not stable and will aggregate together into larger 

clusters. As the maximum in the dielectric absorption peak 

(tans max) is directly proportional to the concentration of nearest 

neighbour Ca2+-vacancy pairs (equation 3.3.), the aggregation 

process can be followed by measuring tang max  as a function of 

time after the initial heat treatment. This assumes that the 

aggregation process is sufficiently slow to allow reasonable 

measurements of tan 8 max as a function of time to be made. 

In the following sections studies of the aggregation of 

Ca2+ ion-cation vacancy pairs in NaC1 by dielectric absorption 

measurements will be described. 

4.2. Experimental details  

The dielectric absorption was measured by the method outlined 

in section 2.2. The absorption measurements were always made at 

35°C. At 35°C, tansEt= in Ca
2+ doped NaC1 occurred at a frequency 
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of 75 cycles per second. Thus the decay of tanS max  at any 

particular ageing temperature could be followed by making 

dielectric absorption measurements at 75 c/s as a function of 
ageing time. The specimen was brought from the particular ageing 

_ temperature to 35°C and tang. 	measured in about 5 minutes. The max 

decay of tan max  at 35°C occurred quite slowly and thus the decay 

during the time required to measure tan8max  was insignificant. 

To follow any change in the dielectric absorption mechanism 

with ageing, dielectric absorption measurements were made over the 

whole frequency range at appropriate intervals in the ageing 

process. Such measurements could be made in about 20 minutes. 

Some inaccuracies may thus be introduced into the measurement of 

the decay of tan max, especially during the initial stages when 

the decay was most rapid. 

Specimens were aged at 19 + —l °C in the outer thermostat of 

the densimeter (see suction 2.3.1.). The two other ageing 

temperatures generally used were 35 and 51°C, although somo 

experiments were performed at ageing temperatures of up to 120°C. 

For these ageing treatments a vertical tube furnace with a nichrome 

winding was used. This was controlled through a Variac power supply 

and an Ether anticipatory temperature controller. The furnace gave 

a temperature stability of ± 3°C over a period of several weeks. 

At the higher ageing temperatures when the decay in tanS 
max 

occurs quite rapidly, errors may arise because of the unknown time 

required for the specimen to attain the ageing temperature after 
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an absorption measurement at 35°C. To ensure that the specimens 

came to temperature as quickly as possible, they acre aged on a 

large steel block placed in the ageing furnace. 

At 35°C the initial ageing process could bo performed in 

the thermostat containing the permittivity jig used for the 

dielectric absorption measurements. This meant that the docay 

of tang 	with ageing at 35°C could be followed quite accurately, max 

with any errors involved in the ageing process at a minimum. 

4.3. The decay of dielectric absorption with ageing  

4.3.1. Experimental observations on the decay of tan S max 

Fig. 4.1. shows the decay of tanSul  _ at various ageing 

temperatures for a Ca2+ doped NaCl crystal. Such ageing curves 

are typical of all the Ca2+ doped NaC1 examined. The decrease of 

Ca2+-vacancy pair concentration, as shown by the tang 	decay uam 

curves, could be split into three stages. There was an initial 

decay followed by an equilibrium stage in which the pair concentra- 

tion remained constant over quite long periods of time. After 

this equilibrium came the third stage during which the Ca2+-vacancy 

pair conoentration decreased very slowly with time. 

If p
o 
is the ratio of the Ca

2+
-vacancy pair concentration 

at the equilibrium to the initial pair concentration, then from 

fig. 4.1. it can be seen that pe  increases as the ageing temperature 
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increases. This was found in all the crystals examined. 

Fig. 4.2. shows ageing curves for NaC1 containing various 

concentrations of Ca2+  ions for the ageing temperature of 19°C. 

The ordinate is plotted as the ratio of tangat time t 
max 

to tang
m  at t = 0; this enables the ageing curves for each of ax 

the crystals to be directly compared. The curves in fig. 4.2. 

show that pe  increases as the Ca2+  ion concentration decreases. 

A similar relation was found for crystals aged at 35°C but, at 

51°C, pe  was approximately constant for all crystals. 

A NaCl crystal containing 430 x 10
-6 

mole fraction Ca2+ was 

aged at 75°C. Within 30 minutes tangmax  had dropped to a value 

at which it rouained for a subsequent 20,000 minutes, the duration 

of the test. The value of pe  at this equilibrium was 0.77. To 

see if this was a true equilibrium, the same crystal in tho fully 

aged condition, i.e. with a low Ca2+-vacancy pair concentration, 

was annealed at 75°C. The pair concentration increased but 

reached an apparent equilibrium at a value of p of 0.62. Therefore 

it appears that the equilibrium in the ageing process at 75°C is 

not a true equilibrium and a prolonged ageing treatment would have 

resulted in a 3rd stage in the tanS-max decay curve. However, the 

annealing experiment on the well aged crystal at 75°C indicates 

that the equilibrium Ca2+-vacancy pair concentration at 75°C is 

quite high. 

Similar prolonged equilibria wore observed at ageing 
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temperatures of 99 and 120oC. The value of pe for 120
oC became 

very close to unity. Presumably this temperature is about the 

lowest temperature at which the equilibrium Ca2+-vacancy pair 

concentration is given by the association reaction described by 

equation 1.7. This temperature of 120°C corresponds to tempera-

tures at the end of stage III in a conductivity plot. 

The aggregation of Ca2+  ion-vacancy pairs occurs very slowly 

in the third stage of the ageing process. Although most ageing 

experiments wore performed for times longer than 105  minutes, 

only in one case was an end to the third stage observed. This 

was for a crystal with a high initial pair concentration aged at 

51°C. This particular ageing curve is shown in fig. 4.3. The 

final equilibrium value of tans 	corresponds to a mole fraction max 

of Ca
2+ 

ion-cation vacancy pairs of about 90 x 10-6. In this 

crystal the dielectric absorption in the 'as grown' state was 

measured immediately after crystal growth. These measurements 

were repeated after the specimen had been stood several months 

at room temperature and the magnitude of the dielectric absorp-

tion was found to have decreased. This indicates that, for at 

least certain of the Ca2+  doped NaCl, an equilibrium structure 

is not attained after the annealing and slow cooling procedure 

following crystal growth. 

The above observations on the slowness of pair aggregation 

2+ . 
in Ca doped NaC1 axe of interest with respect to other fields 
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of study. For example, it is apparent that measurements of ionic 

conductivity at low temperatures must be treated with caution. 

Similarly, the impurity aggregation process must be considered 

in the interpretation of studies of the variation of the mechanical 

strength of NaC1 with impurity concentration and temuerature. 

4.3.2. ilKperimental observations on the decay of the dielectric 

absorption curve. 

Fig. 4.4. shows the full dielectric absorption curve measured 

at various stages in ageing for 1 iaC1 containing 430  x 10-6  mole 

fraction Ca2+. Fig. 4.5. shows the decay of tan S max for the same 

series of measurements. The full lines in fig. 4.4. are Debye 

curves calculated for f
m  of 75 c/s and the relevant value of ax 

tan S 	As observed in section 3.2.3., the absorption curve max 

for the as quenched crystal is quite a good fit to a Debye curve. 

However, as the aggregation proceeds the observed absorption 

curves become wider than a Debye curve. This departure from Debye 

behaviour is apparent in the first stages of aggregation but 

becomes much more apparent in the third stage. 

The extent of the departure from Debye behaviour is dependent 

on Ca
2+ 

 ion concentration. For lightly doped crystals in the well 

aged condition the departure from Debyo behaviour is quite small 

but becomes steactily larger as the Ca2+ concentration increases. 

In fig. 3.4. it can be soon that the observed absorption curve 
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for a well aged NaC1 crystal containing 430 x 10-6  mole fraction 

Ca2+ is considerably wider than a Debye curve. 

Cook and Dryden(28) have observed a second absorption peak 

in well aged Ca2+ doped NaC1 crystals at higher frequencies than 

the absorption peak due to Ca2+-vacancy pairs. In tho present 

experiments this second absorption peak was never observed. 

Attempts were made to repeats  as closely as possible9  Cook and 

Drydon's experiments but -n.e second absorption peak was not 

observed. The change in the absorption peak on ageing was always 

observed as a widening from a Debyc curve. 

4.3.3. The kinetics of tie ageing process. 

The first stage in the aggregation of Ca2+  ion-cation 

vacancy pairs follows quite closely a third order reaction of 

the type:- 

d (cp) 
k1  (op)3 at 

(4.1.) 

where (cp) is the Ca2+-vacancy ,pair concentration and k
1 

is a 

reaction rate constant. 

This is illustrated in fig. 4.6. where the line through the 

experimental points represents a decay curve calculated from 

equation 4.1. for an appropriate value of kl. However9  the 

closeness of this fit does not unambiguously indicate that the 
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initial pair aggregation reaction is third order in nature. Tho 

experimental points in fig. 4.6. can also be fitted quite well 

to a second order or a fourth order reaction. 

To obtain further information on the nature of tho aggregation 

reaction it is necessary to examine the agoing process as a function 

of the initial Ca2+-vacancy pair concentration. Table 4.1. givos 

the shift in time scale of the ageing curves shown in fig. 4.2. for 

various values of the ratio of tan 
sMaxat  time t to tang 	at max  

t = 0. 

Table 4.1. 

tans 	at timo t ma Shift of time scale for the 
five ageing curves in fig. 4.2. 

tans 	at t = 0 max 

0.9 1 : 3.3 : 6.9 : 18.3 : 60 

0.8 1 : 2.3 : 4.4 : 8.5 : 37 
0.7 1 g 1.9 : 3.5 : 6.7 : 33 

0.6 1 2 1.8 : 3.2 Z .5.8 3 34 
0.5 1 : 1.8 : 3.1 : 6.2 : 40 

For a third order reaction the shift of the time scale should 

be proportional to the inverse of the square of the initial pair 

concentration, (cp)o. For a second order reaction the shift of 

the time scale will be proportional to the reciprocal of (cp)0  

and for a fourth order reaction proportional to the reciprocal of 
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(cp)30. 	The expected shifts in time scale for second, third and 

fourth order reactions calculated from the initial concentration 

of Ca2+—vacancy pairs are shown in table 4.2. 

Table 4.2. 

Order of reaction Calculated shift in time 
scale from (cp)o  

2 1 : 1.44 : 1.78 : 2.27 	: 6.27 

3 1 : 2.08 : 3.17 : 5.05 	: 39.0 

4 1 : 2.99 ; 5.66 : 11.5 	: 246 

Comparison of tables 4.1. and 4.2. shows that the first 

stages in the ageing curves in fig. 4.2. follow a third order 

reaction and not a second or a fourth order reaction. The calcu—

lated shift in time scale assuring a third order reaction agrees 

quite well with the experimental shift, especially when the ratio 

of tanSMax at tine t to tanSmax  at t = 0 has values of 0.7, 

0.6 and 0.5. This agreement is not so good in the initial stages 

of the aggregation process. However taws is the stage when the 

experimental errors will be greatest. 

The reaction rate constant' kl' can be written in the 

following form:— . 

k1  = Ad oxp (— Ed/kT) 
	

(4.2.) 

where Ed is an activation energy controlling the rate of the 
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aggregation process and Ad  is a frequency factor. The variation 

of k1 with ageing temperature (T) for various initial Ca2+-vacancy 

pair concentrations was examined. A value for E
d of 0.72 - 0.1 oV 

was obtained. 

The fact that the first stage of the Ca2+-vacancy aggregation 

reaction is third order implies that tiro aggregation process can 

be represented by a reaction of the type- 

three Ca
2+
-vacancy pairs 	aggregate 
	

(4.3.) 

The equilibriuM stage in the ageing curves may represent an 

equilibrium in the reaction 4.3. The equilibrium constant, H, 

for the reaction 4.3. is given by:- 

3 poi  (cp)0
2  

H =  	 (4.40) 
(1 - pc) 

Values of H wore obtained using equation 4.4. for various values 

of (cp)o  at ageing temperatures of 19, 35 and 51°C. At each of 

these temperatures H was not a constant and therefore the 

equilibrium in the ageing curves cannot be associated with an 

equilibrium in the reaction 4.3. 

The third stage in the ageing curves could not be fitted 

to any particular order of reaction. As discussed in 4.3.1. this 

third stage in the aggregation proceeded very slowly and thus not 

a great deal of experimental data was available. However, the 
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experimental data that was available indicated that this final 

aggregation process could not be identified with any particular 

type of reaction. 

4.4. Discussion  

4.4.1. The change of shape of the dielectric absorption curve 

The widening of the dielectric absorption curve from a Delve 

curve is caused by the presence of another species, other than 

the Ca2+  ion-cation vacancy pair, which can contribute to the 

dielectric absorption. This species must be formed during the 

aggregation of Ca2+-vacancy pairs and must be composed of some 

array of those pairs. Similar changes in dielectric absorption 

behaviour with ageing for, Ca2+ doped NaCl have been observed by 

Cook and Dryden(28). Differences between their observations and 

the present work have been described in section 4.3.1. 

An attempt Tras made to fit the dielectric absorption curve 

for a well aged crystal to two Debye functions. This attempt 

was not successful; the absorption curves obtained for the two 

Debye functions did not improve fit to the experimental absorption 

curve. No attempt was ma (;.e to fit the experimental curves to more 

than two Debye functions. This presumably will enable a better 

fit to be obtained but it is not clear that such a calculated 

curve will have much significance. It seems more likely that the 
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dielectric absorption caused by the second species does not obey 

the Debye relation. 

As discussed in section 1.4.2. Dryden and Neakins(23) wore 

able to resolve two dielectric absorption peaks in NaC1 

containing a high concentration of Ca2+  ions. The activation 

parameters for these two peaks wore determined. The low 

frequency absorption peak was associated with Ca2+—vacancy pairs 

and the high frequency peak with cation vacancy movement around 

large aggregates of Ca2+  ions and vacancies. Dryden, Morimoto 

and Cook(59) presented a model for this aggregate of Ca2+ ions 

and vacancies which can of itself cause dielectric absorption. 

They termed this aggregate a typo II aggregate and tho proposed 

structure is shown in fig. 4.7. 

The model consists of a chain of Cat}  vacancy pairs in head 

to tail arrangement on the ill1/ plane of the Nan lattice. Each 

cation vacancy has two positions which arc equal in energy apart 

from the positions of other vacancies adjacent to it in the chain. 

As the vacancy jumps between positions of slightly differing 

energy, the absorption curve fox the relaxation of this typo II 

aggregate will be broader than a Debyo curve. The formation of 

the type II aggregate during the ageing of air quenched Ca2+ doped 

NaC1 will result in the dielectric absorption being wider than a 

Lebye curve. 

Dielectric absorption from the type II aggregate will 
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contribute to the measured value of tan S 	. Therefore, as 
ElaX 

aggregation proceeds, tan S max  will become a less accurate 

measure of the concentration of Ca2+-vacancy pairs. Tan S max 

was not corrected for this effect and thus values of tan S max 

in the ageing curves cannot be taken as a true measure of 

Ca
2+
-vacancy pair concentration. However, the errors involved 

will not be large except perhaps for crystals of higher Ca2+ 

content at long ageing times. 

4.4.2. The mechanism of Ca2+ ion-cation vacancy pair aggregation 

The experimental observations described in section 4.3. are 

very similar to those reported by Cook and. Dryden(28), Dryden(30) 

Cook and Dryden showed that the initial decay of the dielectric 

. absorption of air quenched. Ca2+  doped NaC1 followed third order 

kinetics. Pig. 3. of reference 28 is of very similar form to 

fig. 4.2. in the present work. Cook and Dryden quote only one 

set of figures for tho shift of time scale of the decay curves 

for different initial Ca2+-vacanuy pair concentrations and these 

figures agree very well with the calculated time scale shift 

for a third order reaction. However, close examination of the 

experimental results in reference 28 indicates that one value 

cannot be given to the time scale shift, 	in fact this shift 

varies along the decay ourves in a similar manner to that described 

in section 4.3.2. of the present work (see table 4.1.). In section 

4.3.2. a comparison was mace between the experimental observations 
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and tha calculated time scale shifts for second, third and fourth 

order reactions. Thus it was possible to conclude that the 

aggregation reaction was most probably third order in nature. 

However, it is felt that this third order nature is not so 

unambiguously defined as is implied by Cook and Dryden(28). 

Dryden(3C)  reported prolonged equilibria in the ageing 

curves for Ca
2+ doped NaCl which could not be described in terms 

of the equilibrium given by equation 4.4. He also found that 

the third stage in the ageing curves could not be fitted to a 

particular order reaction. Those two observations were also made 

in the present work. 

Cook and Dryden(29) have examined the decay of dielectric 

absorption in in doped NaCl and Sr
2+ doped K01. In those two 

systems it was found that the first stage in the decay process 

was third order and that the dielectric absorption curve remained 

a Debye curve throughout the decay process. The equilibrium in 

the decay curves could be associated with an equilibrium in the 

reaction 4.3., i.e. three Mil
2+
-vacancy pairs combining to form an 

aggregate. Cook and Dryden called this aggregate of three pairs 

a trimer and proposed that trimers form as an hexagonal ring of 

Ca2+-vacancy pairs on 5.1111 planes of the NaC1 lattice (see fig. 

4.8.). 

The likely explanation for the equilibrium in the ageing 

2+ , 
curves fox Ca coped NaC1 not obeying the equilibrium given by 
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equation 4.4. is that more than one aggregate complex is present 

at the equilibrium. The third order kinetics of the initial 

ageing process indicate that throe Ca
2+—vacancy pairs aggregate 

to form trimers as described by Cook and Dryden( 29)  for Mn2+  doped 

NaCl. In section 4.4.1. the formation of an aggregate of Ca
2+—

vacancy pairs which could of itself cause dielectric absorption 

was discussed. This type II aggregate has a completely different 

structure from that of trimer. It is probable that the equilibrium 

in the ageing curves occurs for an equilibrium between Ca
2+—

vacancy pairs, trimers and the type II aggregate. 

The third order kinetics of the initial decay process imply 

that a trimer is formed when three Ca2+—vacancy pairs come together 

at the same instant. It is therefore likely that the limiting 

process for trimer formation is the diffusion of pairs through the 

NaCl lattice. The activation enerGy for the aggregation process)  

a'can be associated with the activation energy for pair diffusion. 

The value of E
d 

of 0.72 ± 0.1 eV can be compared with the 

activation energy for the rotation of a Ca
2+

—vacancy pair, Er)  

of 0.69 ± 0.02 eV (see section 3.3.). 

A Ca
2+

—vacancy pair can move by either one of two processes. 

The vacancy can rotate around the Ca2+  ion, moving through 

equivalent nearest neighbour Na+  lattice sites, or the vacancy 

can interchange positions with the Ca
2+ 
 ion. The relaxation time 

obtained from dielectric absorption measurements for the rotation 
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of Ca
2+—vacancy pairs is given by a combination of the jump 

frequencies for those two processes. The activation energies 

for the two processes need only differ by a small amount for ono 

of the processes to predominate. Therefore the activation energy 

for Ca
2+—vacancy pair rotation will be given by the lower of 

these two energies. For the pair to diffuse both processes have 

to occur and the activation energy for diffusion will be given 

by the higher of the two. In fact, Ea  is slightly greater than 

Er, although the experimental scatter on Ed 
is quite large. 

Dryden(30) gives a value for Ed of 0.92 oV. This is 

considerably higher than that obtained in the present experiments. 

However, the differences between Er  and Ea  given by Cook and 

Dryden(29)  for Sr2-1-  doped KC1 and Ba2+  doped KC1 differ by a 

small amount of the same order as for the Ca
2+ 

doped NaCl in the 

present experiments. 

The activation enerEy for the diffusion of Ca
2+ 

to an 

adjacent vacancy obtained from diffusion studies by Mdrin, 

Banasovich and Grushko(60) is 0.96 eV. This is considerably 

higher than the present values for Ed but agrees quite well with 

the value of Dryden(30) . However, Murin, Banasevich and Grushko 

give a value for Ea, tho association energy of a Ca
2+—vacancy 

pair, of 0.67 oV. This value for Ea  is much higher than that 

given by other workers(5  ' 7• and it is possible that their value 

of Ed is also high. 
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The third stage in the ageing curves is associated with 

the further aggregation of Ca2+-vacancy pairs onto the associated 

complexes existing at the oquilibriUm. The aggregation of pairs 

. onto trixeers in DIA2+  doped NaC1 has been discussed by Symons 

and Kemp(31). In this system the third stage in the ageing 

curve was found to follow t.iird reaction kinetics. In Ca
2+ 

doped 

NaC1 the third stage did not obey any particular form of reaction 

kinetics and it is probable that pairs arc aggregating on both 

trimers and typo II aggregates. 

As discussed in section 3.4.1., in the majority of the NaC1 

crystals not all the Ca2+  impurity could be retained as Ca2+-

vacancy pairs. In section 3.4.2. it was suggested that, in NaC1 

containing less than 430 x 10-6 mole fraction Ca2+, this was due 

to the formation of a Ca2+-OH
- 
complex. In Nan crystals of 

higher Ca
2+ 

content it was not possible to quench rapidly and 

some of the Ca2+  ions remaihod in aggrezatod form. For crystals 

containing loss than 360 a: 10-6 mole fraction Ca
2+

2 Cook and 

Dryden
(28) 

reported that all the Ca2+ could be retained as 

2+ 
Ca -vacancy pairs. 

The ageing curves obtained in the present work are very 

similar to those given by Cook and Dryden(289 
3o) 
• It is taus 

apparent that the presence of Ca2+-OH
- 
complexes does not 

influence the aggregation of Ca2+-vacancy pairs. In NaCl crystals 

in which it was believed that some of the Ca2+  ions were in 
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agGroL-ated form, the ageing curvos were of similar form to those 

for NaCi of lower Ca2+ content. Thus for those crystals the 

initial Ca2+—vacancy pair ag3rogation does not occur on existing 

2+  
clustors of Ca ions and vacancies. 
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Fig.4.7. Part of the structure for the Type ii aggregate in Ca" 
doped NaCI by Dryden, Morimoto and Cooki59)  
A section through a { 111) plane of a NaCI structure 
containing positive ions. Crosses represent vacancies 

Fig.4.8. Proposed structure of trimer after Cook and Dryden (29)  
A section through a till} plane of an NaCI structure 
containing positive ions. Crosses represent vacancies. 
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Chapter 5 

Density Changes in Divalent Cation-doped NaC1 
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5.1. Introduction 

The X-ray studios of precipitation of metastable centres in 

Ca2+  and Cd2+  doped NaC1 by Miyake and Suzuki(32' 33)  and 

Suzuki(34  - 36)  have been described in section 1.5.2. In both 

systems the initial aggregation process was the clustorind of 

impurity ions and cation vacancies. This initial process was 

followed by the precipitation of CaC12 in Ca
2+ doped NaC1 and a 

phase CdCla  . 6NaCl in Cd
2+ doped NaCl. Miyake and Suzuki 

examined crystals containing several mole per cent of impurity9 

, 
Toman(61' 

62)  has performed similar experiments to those of 

Miyake and. Suzuki for NaCl containing. 0.7 mol 
d, 
 Ca

2+  and NaC1 

, containing 0.3 mol c/o Cd2+. In Cd2+ doped NaC1 this work agreed 

with that of Suzuki but in Ca
2+ 

doped NaC1 Toman described the 

precipitation of a metastable modification of CaC12. 

Yagi and Honjo(63)  have used transmission electron microscopy 

to examine precipitation in NaCl containing 0.3 mol % Ca
2+ 

 . This 

work confirmed that precipitation in this system occurred in two 

stages, the formation of plate-like aggre,sates of impurity ions 

and vacancies followed by.  the precipitation of CaC12. 

When a divalent cation forms a substitutional solid solution 

in NaC1 a charge compensating vacancy must also be introduced. 

However, if a divalent chloride is precipitated out of the NaC1 

matrix the vacancy is no longer required. Thus it is expected 

that when and if precipitation of the divalent chloride occurs 
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it will be accompanied by a bulk density change. Such density 

changes have boon reported by Silverstone(50) in Cd2+  doped 

NaCl. He measured density changes after air quenching 

from various annealing temperatures and a decrease was observed 

between 220 and 300°C. Silverstone associated this density 

change with the solution of some Cd
2+ aggregate. 

In the present experiments it was hoped to follow any 

impurity precipitation in Ca2+ Cd2+  and Mn2+  doped NaCl by 

making suitable density change measurements. A similar experi-

mental technique to that of Silverstone was used. 

5.2. Calculated density changes  

Assuming a substitutional model, when a divalent cation 

iupurity dissolves to form a solid solution in NaCi., the 

relative change in mass is given by:- 

	

A m 	 m (111:24-) 	2ra (Na') 
c .  	(5.1.) 

	

LZ 	 m (NaC1) 

where I.2+ 
 is the divalent impurity and c is the mole fraction 

of 1
12+
1 present. Thus the density change occurring on the 

addition of N2+ to pure NaC1 is:- 
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NaC1 is the bulk density of pure NaCl. 

This method for the calculation of Ae does not take into 
account any volume changes which may occur on the addition of 

2 
k+ to the NaCl. The calculated density changes are given as a 

function of c in table 5.1 assuming all the impurity is in 

solution. 

Table 5.1. 

II2+ isp 	( gra cm-3  

Ca
2+ 

Cd2+ 

Mn
2+ 

i 

- 0.22 c 

+ 2.44 c 

+ 0.33 0  

If all the impurity in the NaC1 is present as a divalent 

chloride9  then a density change duo to the addition of the 

impurity can be calculated by assuming that the densities of 

NaC1 and the divalent chloride are simply additive. The 

difference between this density change and the density change 

calculated assuming all the divalent impurity to be in solution 

is about 0.85 c for Ca
+
9 Cd

2+ 
and Tq + nions. This represents 

the maximum density difference that can be expected for NaC1 in 

which the dispersion of the impurity changos from a state of solid 

solution to a state of complete precipitation of the divalent 

chloride. 
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The minimum density change detectable by the densimeter is 

about 1.8 x 10-5 gm cm-3  (see section 2.3.2.). Therefore, for 

NaC1 crystals containing more than 10-4 mole fraction of 

divalent impurity, any density change caused by the precipitation 

of a divalent impurity chloride should be readily detectable. 

In NaC1 it is possible to dissolve any divalent cation 

aggregates by annealing at a suitable high temperature. Air 

quenching from the annealing temperature prevents the re-

aggregation of the divalent impurity. Thus the state of 

aggregation of divalent impurities in NaC1 can be readily changed. 

Density differences between crystals which had been slowly cooled 

after growth and crystals which had been air quenched from various 

annealing temperatures were looked for. In the slowly cooled 

crystals the divalent impurity is present in aggregated form. 

If this form is the divalent impurity chloride then the slowly 

cooled crystals will have a different density from the annealed 

and air-quenched crystals, in which the impurity is in solution. 

5.3. ELperimental details 

The NaC1 crystals were annealed in a vertical tube furnace 

in air fori hour and air quenched onto a Sindanyo board. The 

Nan specimens were subjected to this treatment prior to the 

polishing procedure outlined in section 2.3.2. and introduction 

into the specimen column of the densimeter. During polishing, 
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the dimensions of the Nan specimens were reduced from about 

4 ra.m. cube to 2 m.m. cube. This reduction in volume was 

sufficient to remove cleavage damage and damage caused by quenching 

strains. 

As the densimeter can only measure changes in density, the 

flotation position of any particular specimen had always to be 

measured relative to some standard crystal. This standard crystal 

was usually nominally pure NaCl. After introduction into the 

specimen tube of the densimeter about one hour was required for 

the specimen to come to its equilibrium floating position. When 

this equilibrium was attained, the difference in floating position 

between the specimen and the standard crystal was measured at 

15 minute intervals over a period of hours. The specimen tube 

was regularly tapped to *ensure that the crystal did not stick to 

the tube walls. The density change between the specimen and the 

standard was obtained by averaging the readings of the difference 

in floating position and multiplying this average by the known 

density gradient of the densimeter. Each experimental point in 

figs. 5.1. to 5.3. represent the average of many measurements of 

difference in floating position for one specimen. 

The analysis of the Eh
2+ 

content of the iIaCl crystals was 

performed by a colorimetric technique. Formaldoxime was used as 

a complexing agent and the absorbance of standard and unknown 

DIn
2+ 

solutions measured at 570 9AL. The cadmium content of the 
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NaC1 crystals was determined by a polarographic technique. The 

technique for Ca2+ analysis has been described in chapter 2. 

5.4. Experimental results  

5.4.1. Density changes with heat treatment for Ca2+9  Cd
2+ 

and 

En2+ doped NaC1 

No density differences wore ever observed between slowly 

cooled and air quenched crystals in Cd2+ or NA2+ doped NaCl 

after annealing and air quenching from temperatures up to 500°C. 

Thu density gradient of the donsimeter is 1.8 - 0.2 x 10-5 

gm cm 2 
and the calculated maximum density change in divalent 

cation doped NaC1 duo to divalent chloride precipitation is 

about 0.85 c. The NaCl with the highest Cd2+  concentration 

contained 145 x 10-6 mole fraction Cd2+. Thus for this crystal, 

.. if the Cd2+  dispersion changes from complete solid solution to 

complete precipitation of CdC12, the difference in floating 

position in the specimen column of the dunsimetor will be about 

7.0 ems. The difference in floating position of two crystals 

can be determined to about ± 1.0 =s. This moans that, if more 

than 20% of the ca2+  had boon -orocipitated as caC12 in the NaC1 

containing 145 x 10
-6 

mole fraction Cd
2+ 

a detectable density 

change should have occurred. 

The present series of experiments failed completely to 
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reproduce the density changes reported by Silverstone(50 in 

Cd2+ doped NaC1. His experimental observations can be taken 

to indicate that about 50% of the Cd2+ in slowly cooled 2aC1 

containing 168 x 10
-6 

mole fraction Cd
2+ 

 is precipitated as 

CdC12 

In the Cd
2+ 

doped NaCl crystals examined it is possible 

that a small percentage (< 20%) of the Cu.2+ could be precipitated 

as CLC1
2 and subsequent density changes remain undetected. 

However, NaC1 crystals of MA2+ content up to 770 x 10-6  mole 

fraction were examined and again no density changes were observed 

with heat treatment. In the highest Mn2+ doped crystal, if 3% 

of the total MA2+ had precipitated as MnC12' a density change 

would have been observed. 

For Ca
2+ 

doped NaC1 containing less than 430 x 10
-6  mole 

fraction Ca2+ no density changes were observed after annealing 

at temperatures up to 500°C and air quenching. For a crystal 

containing 2850 x 10-6 mole fraction Ca
2+ 

a density change was 

observed. The density change as a function of annealing 

temperature is shown in fig. 5.1. If this density change is 

interpreted as being due to the precipitation of CaC1
2' then tho 

change is caused by the precipitation of only 8% of the total 

Ca
2+ 

content of the crystal. From fig. 5.1. it can be noted that 

the density change occurs over a quite narrow temperature range 

around 180°C. 
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5.4.2. Density changes in Nan as a function of divalent 

impurity concentration 

The density changes in NaC1 with increasing divalent cation 

concentration were measured. The results for MA2+ doped NaC1 

are shown in fig. 5.2; the density changes were measured relative 

to a nominally pure crystal. The other two lines in fig. 5.2. 

indicate density changes calculated for: (1) ono MA2+ ion 

+ 
replacing two Na ions with no volume change occurring on this 

substitution; (2) the densities of NaC1 and HnC12  being simply 

additive. 

The assumption that one MA2+  ion replaces two Na
+ 
 ions seems 

a reasonable basis on which to calculate density changes in NaC1 

due to the addition of MA2+. No evidence for the precipitation 

of MnCl2 has been found and the charge compensating cation 

2+ vacancy must be retained as the Mn ions aggregate. Thus the 

difference between the experimental line and the calculated line 

(1) in fig. 5.2. must be due to a lattice contraction occurring 

on the addition of 1,2+. The relative volume change can be 

calculated from the formula 

Qv 

V 
subst 

m 

 

Qe  

P 
/expt 

 

 

(5.3.) 

 

subst 

 

where 
(M./V)subst and (1c1/

12)subst  are the relative changes in '  



volume and mass due to the divalent impurity assuming a substitu-

Ap 
( 	/I) )..pt is the experimentally measured 

relative change in density. For Mn.
2+ 

doped NaC1 

tional model. 
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liv 
- 0.14 0. 

V 

Fig. 5.3. shows the density change in NaC1 with increasing 

Ca
2+ 

concentration measured relative to nominally pure NaCl. 

This differs from fig. 5.2. in that the experimental points 

show considerably more scatter and the best straight line does 

not pass through the origin. Applying equation 5.3. for Ca2+ 

doped NaC1 

Av 
+ o.o9 c. 

V 

This indicates that the NaC1 lattice expands on the addition of 

2+ . 
Ca ions. All of the Ca2+ doped NaC1 crystals were less dense 

than pure NaCl. This observation can only be reasonably explained 

in terms of the substitutional model when ono Ca2+ ion replaces 

two Na ions. Lattice relaxations adequately explain the 

variation between the experimentally observed density changes 

and the calculated density changes assuming the substitutional 

model. 

Similar measurements have been made for Cd2+ doped NaCl. 
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Measurements of density change wore not made over a Hide range of 

Cd2+ concentrations, because a small variation in Cd
2+ 

content 

causes a large density change and thus only crystals of low Cd
2+ 

content could be floated in the specimen tube of the densimoter 

at the same time as a pure crystal. However, from rather limited 

data for Cd2+ doped NaC1 

&V 
+ 0.02 c. 

V 

5.5. Discussion  

5.5.1. The precipitation of divalent chlorides from NaC1 

The only density change which could be associated with the 

precipitation of a divalent chloride was observed in a crystal 

containing a high concentration of Ca
2+. The measured density 

change was ascribed to the precipitation of 8% of the total Ca2+ 

content of the crystal as CaCl2. However, this interpretation 

may not be strictly correct. Toman(61) has described the 

precipitation of a metastable modification of CaCl2  in NaCl. 

This metastable form has a slightly greater volume than the 

equilibrium form of CaCl2, although the volume difference is 

less than 1./10. Thus the figure of 86/.  for the fraction of the 

total Ca
2+ content in precipitate form will not be significantly 

in error whether or not it is.the metastable or equilibrium 
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modification of CaC12 that is precipitated. 

Yagi and Honjo(63) observed Ca012 precipitates in NaC1 

% containing 0.3 idol  Ca
2+  . Khan

(64) has examined precipitation 

in NaC1 by gold decoration and etching techniques and the 

lowest Ca2 .
+ 
concentration at which he observed CaC12 precipitates 

was 0.3 mol %. Precipitation in the present work was observed 

in a crystal containing slightly loss than 0.3 mol % Ca2+  and 

the lowest Ca
2+ concentration at which CaC12 precipitation will 

occur in NaCl is estimated to be 0.26 nol %. This figure is 

consistent with the observations of CaCl2 
precipitation of 

Yagi and Honjo and of Khan. 

In Cd2+ doped NaC1 containing loss than a few mole 

Cd
2+

, the precipitation of a phase CdC12 . 6NaC1 occurs
(36, 63) 

Suzuki(36)  has given the structure of this phase and a {.100-\ 

platio of the unit cell is shown in fig. l.5. CUC12  . 6NaCl 

retains the charge compensating cation vacancy and has a lattice 

• 
constant twice that of NaCl. Thus for Cd

2+ 
 doped NaC1 no 

density change would be expected between crystals in which the 

c 2+ a  was present as a random solid solution and cr:;'stals in 

which the Cd
2+ 

was present as CaCl2  . 6NaCl. Suzuki
(36) 

and 

Taman
(63) 

have described small relaxations from NaC1 lattice 

positions occurring in CaCl2  6NaCl; however, any density 

changes caused, by those relaxations would be too small to be 

detected by the present technique. Neither Suzuki nor Tornan 
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ever mention the precipitation of CdC12 
in their studies of Cd

2+ 

doped NaC1 and thus the absence of density changes in the present 

experiments can be explained in terms of the formation of 

CdC12  . 6NaCl precipitates. 

Khan(64) has observed precipitates in Nh
2+ 

doped NaC1 

which have the same form as CdC12  . 6NaC1. Thus for MA
2+ doped 

NaC1 the reason for the density being independent of the state 

of dispersion of the Lin2+  ions can be explained. 

5.5.2. Density changes in NaC1 with divalent impurity additions 

In table 5.2. the variation of AV  /V with divalent cation 

impurity concentration is given for the divalont impurity 

doped NaC1 systems studied. Also given are values of 16'11-/V 

calculated from the density measurements of Pick and Weber
(65) 

for Sr2+  and Ca2+  doped KCB.. The ionic radii of the divalent 

impurities are listed so that comparison can be made between 

these radii and the radii of the host cation, Na+  or e. 

The ionic radii quoted in table 5.2. arc Goldschmidt radii. 
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Table 5.2. 

Alkali halide 
Radius host 

cation CA) 

Divalent 
impurity 

Radius 
impurity 

ion (I) 

AV 

V 

NaC1 

Na.C1 

NaC1 

KC1 

KCl 

0.95 

0.95 

0.95 

1.33 

1.33 

Din2+ 

Cd2+ 

Ca
2+ 

2+ Ca 

Sr
2+ 

0.80 

0.97 

0.99 

0.99 

1.13 

-0.14 c 

+0.02 c 

+0.09 c 

—0.10 c 

—0.07 c 

From table 5.2. it is seen that when the impurity ion is 

smaller than the host cation, Av/v is negative, i.e. a lattice 

contraction occurs and when the impurity ion is larger than the 

host ion,a lattice expansion occurs. 

The variation of AV /V with the radius of the impurity 

ion follows a consistent pattern. The present results for 

density changes in NaC1 with divalent impurity addition are 

comparable with those of Pick and Weber for KC1. In Mn
2+ 

doped 

NaCi the density is independent of the state of dispersion of 

the Mn2+ ions. Thus the magnitude of the bulk lattice relaxations 

must also be independent of the state of dispersion of the Mn
2+ 

ions. 
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However, the interpretation of density changes in NaC1 

with increasing divalent impurity content is comthcated by 

the presence of OH ion impurities. Infra red absorption 

studies at OH bond resonance frequencies have shown that the 

Ca2+ and Cd
2+ doped NaCl crystals used in the present experi-

meats contain OH impurities. No OH bond resonance absorption 

was observed in nominally pure NaC1 or in Nn
2+ doped NaCl. Tho 

behaviour of the OH impurities in Ca
2+ 

doped NaC1 has been 

discussed in section 3.4.2. 

OH ions form a substitutional solid solution in NaC1 

and the presence of substitutional OH in NaC1 causes a density 

decrease(44) 	The situation will be further complicated if the 

OH ions form associated complexes with the divalent cation 

impurities. The association of Ca
2+  with Oil has been discussed 

in section 3.4.2. Anger, Pritz and Liity(40) have proposed a 

mechanism by which Ca
2+
-OH

- complexes form in KC1. They 

postulate that Ca(011)2 
molecules are formed, occupying a 

cation-anion double situ on the KC1 lattice and leaving an 

excess unoccupied double site. 

The density changes in NaCl as a function of Ca
2+ content 

were studied quite extensively and can be interpreted in terms 

of OH impurity content. The straight line drawn through the 

experimental points in fig. 5.3. cuts the No axis. This 

2+  
density decrease in excess of that due to Ca ions can be 
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interpreted in terms of an OH ion concentration of 40 x 10
-6 

mole fraction, if each Ca2+ doped crystal contains a constant 

concentration of OH ions which are substitutionally incorporated 

on the Cl lattice. 

All the Ca2+ doped NaCl crystals showed an Oil bond 

resonance absorption the magnitude of which did not vary 

significantly with Ca2+ concentration. This may indicate an 

approximately constant OH-  concentration in the NaC1 crystals. 

However, the width of the absorption did increase as the Ca2+ 

content increased. This is probably duo to an increasing 

concentration of Ca2+-0a- complexes. If Anger, Fritz and Laity's 

model for the formation of Ca(OH)
2 

molecules in KC1 is correct 

and can be applied to NaC1 then, ignoring lattice relaxation 

effects, the formation of Ca(OH)2  will not cause any density 

- 
change from the situation when the Ca2+ and OH ions wore not 

associated. If lattice relaxation occurred with the formation 

of Ca(OH)2 molecules deviation from the straight lino behaviour 

of fig. 5.3. would be expected. However, the soattor of the 

experimental points in fig. 5.3. is largo and small deviations 

from straight lino behaviour will be masked. 

The experimental scatter for the Ca2+ doped NaC1 is in 

contrast to the small scatter for Mh2+ doped NaC1 as shown in 

fig. 5.2. This difference is probably due to the OH content 

of the Ca
2+ 

doped NaCl. Paus and Litty(44) have found quite 
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large variations in 011 distribution in KC1 crystals over small 

regions. If similar variations occur in the present NaC1 

crystals then density variations will result and the scatter 

of the experimental results in fig. 5.3. will not be unexpected. 

The experimental data for the Cd2+  doped crystals is rather 

limited and it is impossible to discuss these results in terms 

of the effects of 0H—  ion impurities. 

5.6. Summary  

In Ca
2+ 

doped NaC1 density measurements indicate that 

CaC1
2  is  precipitated in crystals containing more than 0.26 

mol % Ca
2+. Precipitation of the divalent chloride does not 

occur in kin
2+ 

or Cd
2+ 

doped NaCl. 

Density changes in NaCl with increasing divalent impurity 

concentration support a substitutional model9  although lattice 

relaxation occurs around the impurities ox the vacancies they 

introduce onto the cation lattice. The presence of spurious 

OH ion impurities influences the measured density changes in 

Ca
2+ 

doped NaC1. 
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Chapter 6 

The dependence of the yield otress of NaC1 

2+ 
on Ca ion distribution 
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6.1. Introduction  

Edner(66) Sch8nfeld(67) and Metag(68) first demonstrated that 

alkali halides aro considerably strengthened by the addition of 

small quantities of divalent cation impurity. Subsequently it 

has been shown that the strength of divalent cation doped alkali 

halides, as measured by a yield stress, is very sensitive to 

impurity distribution and to temperature
(51  58, 69, 709 71) 

6.1.1. Effects of divalent impurity distribution on the yield 

stress of alkali halides 

A comprehensive study of the effects of heat treatment and, 

therefore, of impurity distribution, on the yield stress of Mg2+ 

doped LiF was made by Johnston(69). The effect of cooling rate 

from 4000C on the room temperature yield stress (critical resolved 

shear stress) of relatively pure and impure LiF single crystals 

is shown in f ig. 6.1. The increase in strength for cooling rates 

greater than 102 oC per minute was most probably caused by 

quenching strains. However, the decrease in strength with 

increase in cooling rate up to 102 oC per minute was undoubtedly 

due to a change in distribution of the Mg2+  ion impurities. 

In fig. 6.2. the effects of various isochronal anneals on the 

yield stress of Mg2+ doped LiF are shown. The drop in strength 

at about 2000C for doped crystals, waich had been slowly cooled, 

was due to the solution of a Mg2+  ion—aggregate. The yield stress 
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of the initially air cooled crystals showed a peak when the 

temperature was such that impurity aggregation could occur quite 

rapidly. 

The impure LiF which had .been cooled very slowly did not 

exhibit strain ageing effects9  probably because the impurities 

wore present as large aggregates. Strain ageing effects were 

observed in rapidly cooled crystals. Strain ageing in NaC1 has 

boon attributed to the pinning of dislooations by the diffusion 

of divalent cation impurity-cation vacancy pairs to the 

dislocation coros.(72) 

Similar results to those quoted above for mg
2+ 

doped LiF 

have been obtained for Ca2+  doped NaC1(589 7°. The strength of 

Mn
2+ 

and Cd
2+ 

doped NaC1 also depended on the distribution of 

the Mn2+ ox the Cd
2+ 

ions
(51). For these two systems air cooled 

crystals were harder than the slowly cooled crystals at all but 

the very lowest impurity concentrations ( < 10-4  mole fraction). 

Johnston and Nadeau(58) have compared the yield stress of Ca2+ 

doped NaC1 with that of NaC1 containing both Ca2+ and OH ions 

and have fauna evidence for the precipitation of a Ca2+  ion-OH 

ion complex. 

6.1.2. The concentration and temperature dependence of the yield 

stress of divalent cation doped alkali halides 

The dependence of the yield stress on impurity concentration 

and on temperature has been investigated for many divalent 
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impurity-alkali halide systems (see for example Harrison(51), and 

Johnston and Nadeau(58)). In general, measurements were made on 

single crystals which had been heat treated by one of two standard 

procedures, either slowly cooled from temperatures of approxi-

mately 6500C or air quenched from temperatures at which all the 

impurity was in solution, i.e. for Mg
2+ 

doped. LiF temperatures 

> 200°C, see fig. 6.2. 

Typical results from Harrison's work on the variation of 

the yield stress of air quenched Ca
2+ 

doped NaC1 below room 

temperature are shown in fig. 6.3. Working with the same system 

Johnston and Nadeau obtained very similar results. Other divalent 

impurity-alkali halide systems show similar behaviour. 

Johnston and Gilman(73) have shown that macroscopic flow 

in Mg
2+ 

doped LiF is determined by the resistance to motion of 

the many fresh dislocations that are produced during deformation. 

They were not able to isolate the physical mechanisms which 

provided this resistance to dislocation motion and the resulting 

hardening in LiF. Davidge(74) has shown that grown-in disloca-

tions in NaC1 do not move under an applied stress and it may be 

concluded that the strength of NaC1 is also determined by the 

resistance to motion of freshly created dislocations. 

Many theoretical models have been proposed to explain the 

hardening of alkali halides by divalent cation impurities. The 

theoretical models can be separated into three groups, according 
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to the manner in which the divalent impurities provide the 

resistance to dislocation motion. 

1. The elastic interaction of point defects with 

dislocations  

Fleischer(75' 76)  has shown that the interaction between 

defects which have a large degree of tetragonality in their 

strain fields and screw dislocations can cause rapid hardening. 

For this interaction Fleischer has developed expressions for the 

temperature and concentration dependence of the yield stress. 

Divalent cation impurity-cation vacancy pairs have a tetragonal 

strain field and the yield stress of alkali halides, in which the 

divalent impurity is predominantly in pair form, does show the 

behaviour predicted by Fleischer at low temperatures, e.g. 

air-quenched Ca2+ doped NaCl below - 100°C(51), air-quenched 

Mg2+ doped LiP below room temperature(76) 

The Fleischer-type elastic interaction is a short range 

effect; Pratt, Chang and Newey(77) have suggested one possible 

long range elastic interaction between divalent cation-cation 

vacancy pairs and moving dislocations. This interaction would 

cause the long range ordering of divalent cation-vacancy pairs 

duo to their re-orientation in the stress field of the moving 

dislocations. This is analogous to Schoek and Seegerls(78) 

treatment of the Snoek effect during dislocation movement in 
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Fe-C alloys. The yield stress is controlled by the stress 

required to move dislocations in the arrays of ordered pairs. 

Pratt, Chang and Newey explained the behaviour of the yield 

stress of air-quenched Ca2+ doped iaCl in the temperature range 

- 50°C to 150°C by this mechanism. Ca
2+ 

doped NaC1 is the only 

divalent cation doped alkali halide system to which this 

mechanism has been applied. 

2. The electrostatic interaction of point defects  with 

dislocations  

Bassani and Thomson(78) have calculated the association 

energy of vacancies and impurities with edge dislocations in 

NaCl. It was found that the binding energy between vacancies 

and edge dislocations was about 0.4 eV and vacancy pinning of 

dislocations was suggostod as a possible hardening mechanism. 

However, this is a static pinning mechanism and cannot provide 

resistance to the motion of freshly created dislocations, except 

perhaps at high temperatures where vacancies can move rapidly. 

Newey, Harrison and Pratt(71) have suggested that pinning effects 

do occur in Mn2+  and Cd2+  doped NaC1 between 200 and 3000C. 

In alkali halides edge dislocations, at equilibrium, 

carry an electrical charge because of the difference in formation 

energies between cation and anion vacancies. This charge is 

compensated by charge clouds surrounding the dislocation. 
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.J2shelbey, Newy, Pratt and Lidiard(80) have suggested that the 

movement of dislocations away from their charge clouds should 

give a contribution to the yield stress. 

3. Lc2aLpLitation hardening mechanisms  

, The hardening of Mn2+  and Cd2+ doped NaCl at low tempera-

tures has boon interpreted in terms of the cutting of divalent 

impurity aggregates by moving dislocations (Nowey, Harrison and 

Pratt(71) 
 

Harrison and Newoy(81)). This cutting mechanism was 

only applied when the impurity was present as trimers (seo 

section 4.4.2.) or larger aggregates. When the majority of the 

impurity was present as impurity-vacancy pairs, the aggregate 

cutting mechanism could not be applied (Neuoy(82)). At high 

temperatures Harrison and Neuoy explained the hardening in terms 

of long range coherency stresses due to the impurity aggregates 

and an OrJaan mechanism(83)  in which the dislocations are bent 

round large aggreates. 

No one model can satisfactorily ezplain the hardening of 

alkali halides by divalent cations and it seems likely that each 

of the mechanisms outlined above will contribute to the hardness 

under certain conditions of temperature and impurity distribution. 

6.1.3. Present experiments 

A criticism that can be made of all the measurements of yield 
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stress in divalent cation doped alkali halides is that the 

impurity distribution had to be inferred from other workers' 

data. In the present experiments it was intended to measure 

the yield stress of Ca2+ doped NaC1 on the crystals that were 

used for the dielectric absorption studies and in which some 

data on the Ca2+  ion dispersion was available. It was hoped to 

observe changes in the yield stress of Ca2+ doped "NaC1 during 

the ageing of air quenched crystals. Yield stress measurements 

were to be made at room temperature and at - 196°C )  because it 

is apparent from the work of Harrison and of Johnston and Nadeau 

that different mechanisms control the yield stress at each of 

these temperatures. 

6.2. Experimental techniques  

The yield stress of NaC1 was measured in compression tosts 

(for details of test procedure see section 2.4.). The compression 

specimens were cleaved from two single crystal NaCl plates 

containing 430 x 10-6 mole fraction Ca2+ on which dielectric 

absorption studies had previously been made. The two plates were 

annealed at about 200°C for half an hour and. air quenched onto a 

Sindanyo board. This heat treatment enables a high percentage of 

the Ca2+ impurity to be retained as Ca2+ ion-cation vacancy pairs. 

Although this heat treatment gives a maximum pair concentrations  

2+  
not all the Ca impurity can be retained in pair form. It has 
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been suggested that this may be due to the formation of Ca
2+ 

ion-OH ion complexes (see chapter 3). The NaCi plates were 

cleaved into compression specimens, typically 10 mm x 2 mu x 2 nm, 

immediately after air quenching. The .specimens were aged at 

19 ± 1--°C in the outer thermostat of the densimetor and comprossion 

tests wore made at regular intervals. 

The aggregation of Ca2+—vacancy pairs during the ageing 

treatment for 1•;aC1 containing 430 x 10-6 mole fraction Ca2+ has 

been observed by dielectric absorption studies as described in 

chapter 4. Pair aggregation in the compression specimens should 

be the same as that observed in the dielectric absorption 

specimen, particularly as the initial heat treatment was identical. 

in both cases. 

The yield stress was obtained from the recorded load—

compression curve in terms of a 0.1% proof stress. This measure 

of yield stress has been shown to give the most reproducible 

(P) results ' 	All compression tests described in the following 

sections were performed with the Instron crosshead moving at a 

constant speed of 0.01 ems per minute. Thus all flow stress 

measurements were made at an approximately constant strain rate 

of 1.7 x 10-4 seconds-1. 

Compression specimens cleaved from one NaC1 plato wore tested 

at room temperature and specimens from the other plate were tested 

at — 196°C. The procedure followed to obtain the — 196°C flow 
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stress has been outlined, in section 2.4. At — 1960C the experi—

mental error is about ± 5% of the proof stress and at room 

/ temperature about ± — 3'70 of the proof stress. 

6.3. Experimental results  

Fig. 6.4. shows the change in the room temperature proof 

stress of the air—quenched, crystal with ageing at 19 ±1h9C. 

Fig. 6.4. also shows the change in tang max  for the air—quenched 

crystal with ageing at 19 ± 1 o  C. The measurements of tan g max 

were performed on the Nan plate from which the compression 

specimens were cleaved. Thus fig. 6.4. enables the changes in 

proof stress to be compared with the changes in Ca2+  ion—cation 

vacancy pair concentration. 

From the NaC1 plate only a limited number of compression 

specimens, about 20, could be cleaved and thus the number of 

proof stress measurements was limited. Newey(70) has measured 

proof stress changes in air—quenched Ca2+ doped NaC1 as a function 

of ageing time at room temperature. The changes observed were of 

tho same form as those given in fig. 6.4. Newey did not perform 

any parallel measurements on the change in defect structure with 

ageing. He compared his observations with the dielectric 

absorption studios on the change in Ca2+  ion—vacancy pair concen—

tration with ageing in NaC1 of Cook and Dryden(28) 

Fig. 6.5. shows the change in room temperature proof stress 
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and the change in —196°C proof stress with ageing at 19 ± 

The specimens tested at — 196°C were cleaved from a plate which had 

tho same dielectric absorption behaviour as that plate used for 

the room temperature compression specimens. Thus the change in 

Ca 
2+ i 
	 + o on—vacancy pair concentration with ageing at 19 — t

C was 

the same in the specimens tested at — 196°C as it was in the 

specimens tested at room temperature. 

The line drawn through the — 196°C points on fig. 6.5. at 

ageing times greater than 10,000 minutes is deliberately drawn 

to have the same shape as the line drawn through the room 

temperature points. It is not clear that this is justified 

because of the quite large experimental scatter. It may be that 

the plateau shown in fig. 6.5. is not significant and a smooth 

curve should be drawn through the experimental points. However, 

it should be noted that the ageing time is plotted on a log scale. 

6.4. Discussion 

6.4.1. The change in room temperature yield stress with change 

of Ca2+  ion dispersion 

The dielectric absorption studies have indicated that the 

2+ 
initial Ca ion—cation vacancy pair aggregation process is 

predominantly the grouping of three pairs together to form a 

trine'. (see section 4.4.2.). Prom fig. 6.4. it is seen that 
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during the initial aggregation no change in yield stress occurred. 

At later stages in the initial pair aggregation it is apparent 

that a type of a6gre,ate other than a trimer has formed. This 

second aggregate, terfied a type II aggre_ate, can contribute to 

the dielectric absorption (see section 4.4.1.). The final stages 

in pair aggregation are reasonably explained in terms of pair 

addition onto trimors and the typo II aggregates (see section 

4.4.2.). It is only -luring those later stages in pair aggregation 

that a change in yield stress occurred. 

Similar observations have been made by Dryden, Morimoto 

and Cook(59). They observed an increase in yield stress during 

that later stages of aggregation fox iTaCl containing 1140 x 10-6 

mole fraction Ca2+. Dryden, Moximoto and Cook state that for 

, lower concentrations of Ca2+  there is no change in yield stress 

during pair aggregation. They do not give a value for the Ca
2+ 

concentration at which no yield stress chances were observed. In 

the present experiments the Ca
2+ 

concentration was 430 x 10
-6 mole 

fraction, which is considerably lower than 1140 x 10
-6 

mole 

fraction, the concentration at which Dryden, Morimoto and Cook 

reported yield stress changes. 

Dryden, horimoto and Cook found a linear correlation between 

the increase in yield stress and the increase in concentration of 

typo II aggregates. The formation of the type II aggregate was 

observed as the formation of a second absorption peak (see also 
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Cook and Dryden
(28)). It was possible to separate the contribu-

tion of this second absorption to the overall dielectric absorp-

tion and in this way obtain a measure of the concentration of the 

type II aggregate. In the present work the presence of a second 

aggregate contributing to the dielectric absorption was observed 

as a widening of the dielectric absorption from a Debye curve. 

No estimate of the concentration of this second type of aggregate 

was made. It is not clear from the models of a trimer and a 

typo II aggregate given by Cook and Dryden(29)  and Dryden, 

Morimoto and Cook (see figs. 4.7. and 4.8.) why the type II 

aggregates should be far more effective hardeners than trimers 

or clusters of pairs which initially had a trimer form, i.e. 

pentamers, heptamers etc. 

Harrison(51) has shown that the yield stress of Ca
2+ 

doped 

NaC1 is not very dependent on temperature for temperatures 

around room temperature. In the present work it was found that, 

at room temperature, there was no significant change in flow 

stress for change of strain rate in the range 1 x 10-5 to 

2 x 10-3 seconds-1. The above observations applied for Ca
2+ 

doped NaC1 crystals which had been slowly cooled from 650°C and 

for those which had been annealed and air quenched. It is thus 

apparent that the resistance to motion of freshly created disloca-

tions in Ca
2+ 

doped NaC1 is provided by long range internal stress 

2+  
fields, which are associated with the Ca impurity. As no yield 
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stress change occurred during the initial Ca
2+  ion-vacancy pair 

aggregation process, the long range stress fields must be 

unaltered by the initial pair aggregation. A change occurred in 

the long range stress field only when aggregates containing 

quite large numbers of Ca
2+ 

 ion-vacancy pairs were formed. 

The mechanism for the hardening of Ca
2+ 

doped NaC1 given by 

Pratt, Chang and Nowey was a long range effect. This mechanism 

was outlined in section 6.1.2.; the hardening was caused by the 

movement of dislocations through ordered arrays of Ca
2+  ion-vacancy 

pairs. If this type of mechanism does control the hardness it 

would be expected that a change in pair concentration would be 

accompanied by a change in yield stress. This did not occur. 

Other long range mechanisms are those arising from coherency 

stresses due to impurity aggregates and Orowan-type hardening. 

During aggregation the size of the impurity aggregates and their 

spacing changes and it would be expected that the long range 

stress field could also change. 

The true nature of the long range stress fields controlling 

the yield stress is not known and it seems likely that the total 

long range stress field is the sum of many separate effects. In 

the initial pair aggregation it is the total long range stress 

field that does not change, although it is possible that the 

components of this total stress field may change. 

It was suggested in section 3.4.2. that a complex is formed 



-151- 

between the Ca2+  impurity and OH ions which were unintentionally 

present in the crystal. If such complexes are present their form 

is unknown but they may make a significant contribution to the 

yield stress. It may be that in air quenched crystals the yield 

stress is largely controlled by those Ca2+-OH- complexes and that 

initial changes in the Ca2+  ion-cation vacancy pair concentration 

will not have a significant effect on the yield stress. There are 

two objections to this suggestion. 

Dryden, Morimoto and Cook(59)  did not observe a change in 

the yield stress during the initial ageing of air quenched Ca2+ 

doped NaCl. In studios of Ca2+ doped NaCl, and in other investi-

gations on the same system by Cook and Dryden, no mention was 

made of OH impurities. The crystal growth procedure followed by 

Cook and Dryden(28) probably prevented contamination by OH ions. 

Johnston and Nadeau(58)  have studied the yield stress of 

Ca
2+ 

doped NaC1 as a function of Ca2+  concentration and of 

temperature. The crystals used by Johnston and Nadeau were grown.  

so that OH contamination was prevented. Harrison(51) has 

performed identical yield stress measurements to those of 

Johnston and Nadeau on Ca2+ doped crystals, which were grown 

under identical conditions to those used in the present experi-

ments and therefore contained OH impurities. The results of 

Johnston and Nadeau's experiments were almost identical to those 

of Harrison and, therefore, it appears that the presence of the 
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OH-  impurity in Harrison's crystals had little effect on the 

yield stress. 

6.4.2. The change in yield stress measured at - 196°C with 

change of Ca
2+ 

 ion dispersion, 

At - 196°C the behaviour of the yield stress of air quenched 

Ca
2+ 

doped Nadi can be reasonably described in terms of the 

Fleischer model outlined in section 6.1.2. This model proposes 

that the yield stress is controlled by a short range elastic 

interaction between moving dislocations and Ca
2+  ion-vacancy 

pairs. Thus it is expected that a change in pair concentration 

will be accompanied by a change in the - 196°C flow stress. 

From fig. 6.5. it can bo seen that the - 196°C flow stress 

increased during the initial aggregation of the Ca
2+

-vacancy 

pairs. 

Ca
2+-vacancy pairs have a tetragonal strain field and, 

according to Fleischer, it is the interaction of this strain 

field with the moving dislocations that produces the rapid 

hardening. During the initial aggregation three pairs group 

together to form a triror. On the Fleischer model one triter 

cannot be a more effective hardener than three separate pairs. 

However, during the initial aggregation, the - 196°C yield stress 

increased, and it seems likely that a change in the mechanism 

controlling the flow stress had occurred. Harrison and Noway(81) 

have explained the hardening of Mn
2+ 

doped NaCl, in which they 
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assumed that the Iin2+ was in triraer form, by a cutting mechanism, 

i.e. the trimers wore cut by the moving dislocations. It seems 

likely that in Ca2+ doped NaCl, aged to contain a significant 

concentration of trimers, cutting can contribute to the hardening. 

When the Ca2+ ion aggregation process could be explained by 

the formation of large clusters of Ca2+—vacancy pairs, a change 

occurred in the —1960C yield stress which was very similar to 

the change observed in the room temperature yield stress at the 

same stage in the impurity aggregation. In fig. 6.5. the changes 

in the —1960C and the room temperature yield stress in the final 

stages of the aggregation have been drawn to demonstrate the 

similarities between these changes. As stated in section 6.3., 

this method of presenting the experimental results may not be 

justified. 

The yield stress of a crystal can be represented by the 

following equation: 

Fe 	= 	Fs 	+ Fs „ 	 (6.1.) 

Ps is the yield stress. Fs is the thermal contribution to the 

yield stress and dependent on both temperature and strain rate. 

F.s.A., is the athormal component and depends on temperature only 

through the temperature dependence of the shear modulus. F5k.  

is independent of strain rate. 

At room temperature the yield stress of Ca2+ doped NaC1 is 
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controlled by long range stresses and there is no thermal 

contribution to the yield stress. Thus the room temperature 

yield stress gives a measure of the athermal contribution to the 

yield stress. This contribution will be much the sane at —196°C 

and, if the room temperature yield stress is subtracted from the 

—196°C yield stress, a measure of the thermal contribution to the 

yield stress at —196°C will be obtained. 

The change in the thermal contribution to the —196°C yield 

stress with ageing at 19°C is shown in fig. 6.6. During the 

initial aggregation the thermal contribution increases but, at 

later stages in the aggregation, the thermal contribution 

remains constant. It may bo significant that during the final 

stages of aggregation the Ca2+  ion—vacancy pair concentration 

does not alter a groat deal. 

6.5. Summary 

The present experiments demonstrate the complexity of the 

processes which control the yield stress of Ca
2+ 

doped NaCl. 

The nature of the long range interactions which control the room 

temperature yield stress is not known. It is apparent that, at 

room temperature, this interaction does not alter during the 

aggregation of Ca2+—vacancy pairs until the Pair concentration 

is about half its initial value. During the initial aggregation, 

trimers are formed and therefore trimers are neither more nor less 
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effective hardeners than separate pairs. The -196°C yield stress 

increased during the initial pair aggregation. At this temperature 

triuers must make a contribution to the yield stress over and 

above that of separate pairs. 

Turin; the final stage of pair agsrogation, when large 

2+ 
clusters of Ca ions and vacancies are formed, there was an 

increase in yield stress. This occurred both at room temperature 

and at -196°C and it is probable that the same process caused 

the strength increase at both temperatures. 
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Chapter 7 

General conclusions and. suggestions for 

further work 
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7.1. General conclusions  

The defect structure of alkali halides has been subject to 

many experimental and theoretical investigations. Nuch interest 

has centred around the behaviour of divalent cation impurities 

and their influence on the mechanical properties of alkali 

halides. Nany models have been proposed to explain the rapid 

hardening of alkali halides by divalent cation impurities and 

attempts have been made to correlate changes in the impurity 

dispersion with changes in mechanical properties. However, 

parallel measurements of change of impurity dispersion and 

change of mechanical properties have been rarely performed. In 

the present work the;dispersion of Ca2+  in NaC1 has been examined 

by dielectric absorption and bulk density measurements. Heasurc-

ments of yield stress have been performed on the same crystals 

used for the dielectric absorption measurements and an attempt 

has been made to correlate changes in Ca2+  dispersion with 

changes in yield stress. 

Dielectric absorption measurements have shown that, in Ca
2+ 

doped NaC1, a high percentage of the total Ca
2+ 

content could 

, 2+ 
be retained as ,a ion-cation vacancy pairs by suitable heat 

treatment. These studies did not enable the exact configuration 

of this pair to be established, although it was probable that the 

divalent cation and the cation vacancy were associated on nearest 
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neighbour sites on the cation sublattico. In NaCl containing 

less than 430 x 10-6  mole fraction Ca2+9 not all the Ca2+ could 

be retained as Ca2+-vacancy pairs; this was in disagreement 

with Cook and Dryden(28). It was suggested that one reason for 
this discrepancy was the formation of Ca

2+
-OH

- 
complexes. In the 

Ca
2+ doped N  aC1 used in the present experiments OH impurities 

wero unintentionally present. 

At room temperature the Ca2+-vacancy pairs wore unstable and 

aggregated together over a period of time. This aggregation 

process was studied by dielectric absorption measurements and 

it was concluded that the initial aggregation could be described 

in terms of third order kinetics. This implied that three pairs 

came together to form a stable aggregate (trimor). It was 

suggested that the trimor formed as a hexagonal ring of pairs on 

a illAs plane. The activation energy for the aggregation 

process was 0.72 eV; this was slightly greater than the energy 

for pair rotation of 0.69 eV. The energy for rotation was 

associated with. the movement of the cation vacancy around the 

2+ . 
Ca ion and the energy for aggregation with the diffusion of 

the Ca
e+ 

 ion through the cation sublattico. 

At later stages in the pair aggregation it was apparent 

that an aggregate was formed which could contribute to the overall 

dielectric absorption. Tho formation of this aggregate has also 

been observed by Cook and Dryden(28). Dryden, Morimoto and Cook 
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have suggested a structure for this aggregate (type II aggregate), 

although this suggestion was rather tentative. The present 'work 

provided no further information as to the structure of the type 

II aggregate. The final stages of pair aggregation were associated 

with the addition of pairs onto trimers and type II aggregates. 

Bulk density measurements were made on Ca2+y Cd2+ and Mn2+ 

doped HaC1 after various heat treatments in order that the possible 

precipitation of divalent cation chlorides could be investigated. 

Only in high Ca2+  doped NaC1 crystals was evidence for the 

precipitation of the divalent chloride observed. The lowest Ca 

concentration at which CaC12 precipitation would occur was 

estimated to be 0.26 mol %. In Cd2+ and Nn2+ doped NaC1)  no 

evidence for the precipitation of the divalent chloride was 

observed. This was explained in terms of the precipitation of a 

phase Cd (or Mn) C12  . 6NaC1, in which the charge compensating 

cation vacancy was retained. The density of i1aC1 was measured 

as a function of Ca2+ Cd2+ and Nn2+ concentration. It was 

found that the observed density changes could be explained in 

terms of a substitutional model, in which one divalent cation 

replaced two No.+  ions. Differences between the observed and the 

calculated density changes were accounted for by lattice relaxa-

tions around the divalent cations and cation vacancies. 

The dielectric absorption studies enabled the change in 

Ca
2+
-vacancy pair concentration with ageing to be observed. 

2+ 
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Changes in the yield stress of Ca
2+ doped NaC1 with agoing of 

a crystal with a high initial pair concentration were measured. 

The yield stress changes could be directly compared with the 

change in pair concentration because dioloctric absorption 

measurements wore made of the specimen from which the yield stress 

specimens were cleaved. Yield stresses were measured at room 

temperature and at —196°C. Differences between the behaviour at 

room temperature and at —196°C wore discussed in terms of tho 

different interactions between impurity aggregates and moving 

dislocations which occurred at each of these temperatures. It was 

concluded that the room temperature yield stress was controlled by 

unknown long range interactions. The magnitude of this interaction 

did not change during the initial pair aggregation. At —196°C 

short range interactions made a contribution to the yield stress. 

When the NaC1 contained a high concentration of Ca2+—vacancy pairs 

the yield stress was controlled by the interaction of the 

tetragonal strain field of the pair and the moving dislocation. 

When trimors formed, a change of controlling mechanism occurred.; 

it was possible that this change was to a trimer cutting mechanism. 

At late stages in the pair aggregation process a change occurred 

in the —196°C yield stress which was probably caused by a change 

in the athormal contribution to the yield stress. A similar change 

occurred in this athormal contribution at room temperature. 
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7.2. Sug,;estions  for further work  

Dielectric absorption studios enabled changes in the divalent 

impurity-cation vacancy pair concentration in NaC1 to be examined. 

In the initial stages of pair aggreation it was possible to 

deduce the structure of the pair aggregates (trimors) from changes 

in pair concentration. However, in later stages of aggregation, 

it became increasingly difficult to deduce the form of the 

aggregates from changes in pair concentration alone. It would 

be very worthwhile developing techniques by which quite small 

divalent impurity-cation vacancy aggregates could bo examined 

directly. Possible techniques for this purpose include X-ray 

diffraction and electron microscopy. X-ray diffraction studies 

have boon made by Liyake and Suzuki(32-36)  but only on crystals 

containing a high concentration of impurities (see section 

1.5.2.)0 It would bo useful to extend this technique to loner 

impurity concentrations. NaCi is very difficult to examine by 

transmission electron microscopy because it damages very rapidly 

in the electron beam. Yagi and 1lonjo(63)  have had some success 

in examining Ca
2+ aggregation in NaC1 by transmission microscopy. 

Tho use of very high voltage electron microsoopos may enable 

better examinations of impurity clustering in NaCl to be made. 

The present state of knowledge on the effects of Ca
2+ 

distribution on the yield stress of Ca
2+ 

doped NaCi is very 
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incomplete. The situation may be clarified by making a complete 

study of the temperature and strain rate dependence of the yield 

stress as a function of Ca2+  distribution. 

In the present experiments the Ca
2+ 

doped NaC1 contained 

OH—  impurities. It would be interesting to perform similar 

experiments to those described in the preceding chapters on 

Ca2+ doped NaCl which did not contain Oil ions. The extent of 

Ca2+—OH— complex formation could be investigated ana the 

influence of these complexes on Ca
2+—vacancy pair aggrogation9  

density and yield stress examined. 
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