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ABSTRACT.

The ‘aim of the investigation was the study of
the influence of crystal fine structure on conduc-
tivity and caﬁion self-diffusion in single crystals
of sodium chloride, Crystals were grown by the
Kyropoulos technique and subjected to thermal treat-
ments likely to alter the crystal fine structure.
Bofh annealing and chilling of single crystals
produced changes.in the crystal conductivity and
in sodium-22 self-diffusion rates at temperatures
‘below 520°C, In the investigation of conductivity
a study was made of electrode materials and for the
diffusion measurements a sensitive absorption method
was used,

The changes in diffusion rates and conductivity
might have been the result of changes in internal
surfaces and -grain boundaries, The possibility of ion
movement in grain boundaries was investigated
by autoradiography of sections of crystal into which
sodium=22 had penetrated. The rate of movement of
‘sodium~22 on the surface of sodium chloride was glso

investigated and a limit set for the surface diffusion

boefficient.



It was'concluded,that cation movement in sodium
chloride single crystals does not take place more
rapidly in the grain boundaries or on internal
surfaces than it does through the bulk of the crystal.
An explanation of the changes in diffusion rates and
conductivity on thermal treatment of the crystal is

offered in terms of vacancies, grain boundaries and

impurity ions.



CHAPTER 1,

THE INTRODUCTION,
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measurements on the transpoff of matter under an applied
electric field has shoWﬁ‘that in-the alkali halides,
except at very high temperatures, the current is carried
solely by the cation. In effect, therefore, the
Qonductivity measured in the alkali halide crystals is
the ionic conductivity of the cation in the crystal.
More recently, with the increased availability of radioactive
tracers, several investigations have been carried out on ion
movements in crystals by self diffusion.processes.

This movement of ions by diffusion or condgction in
the crystal cannot be explained in terms of a perfect ionic
crystal and so must be attributed to the presence of
imperfections in the crystal, These imperfections fall
into two classes namely, mosaic struéture, dislocations, etc.,
and secondly, defects in the crystal because of ion
vacancies,

1.3, THE EINSTEIN RELATIONSHIP,

The ion wcancies in the alkali halides are-of the
Schottky disorder type, Fige 1 . The disorder consists of
anion and cation vacancies, present in equal numbers, and
these can be considered to be formed by thé removal of the
ions from their normal lattice positioﬁs to the crystal surface,
The movement of the ions, in diffusion or conductivity,

can then be interpreted in terms of migration of these

vacancies through the crystal,



r‘"‘u'

500 ' 400°%.

LoG. D

(cm3 sec”').

-13

3
10/~

Figs 2, Variationd the diffusion coefficient

with temperature,




B

It is apparent thét there is a close connection between
the diffusion and the conductivity processes in the alkali
halides since both are related to the movement of the cation
in‘the crystal, the conductivity being accounted for by
the ion movement under the influence of an electric field,

A relationship has been derived byﬂNﬁrnat(V) and Einstein (8)

‘to connect diffusion and conductivity. It is,
9D = We /T (Eqn. 1)

In the expression d 1is the ionic conductivity, D, the

self-diffusion coefficient, and N, the number of ion pairs

per cm.s.

In reéent years, several notable experiments
have been carried out to verify this relationship by
measurement of the self-diffusion of sodium in sodium
chloride and bromide crystals and the conductivity of these
cryétals at various temperatures(l;%4) The graphs obtained
by plotting the logarithm of the conductivity or the diffusion
coefficient against the reciprocal of the absolute temperature
Anvariably gave two distinct straight lines, Fig,. 2, The
knee in the graph for sodium chloride appears at 550°C.
Above this point, consist#gnt values 6f the conductivity or
diffusion coefficient are obtained independent of the past
history of the crystal specimens and in this region the
Einstein relationship (Eqn. 1) is found to hold true, so

proving that the ionic movement in this region is due to the



diffusion of lattice defects of the Schottky type,which

were previously described. Below 550°C, the conductivity

or the diffusion coefficient vary from one specimen to another
and ane dependent on the degree of purity and the past

thermal history of the crystal. The region is known as

the structure-sensitive region. It has been found that

the directly measured self-diffusion coefficient is always large:
than the diffusion coefficient calculated from conductivity
results tﬁus showing the Einstein relationship does not

hold in this region,

1.4. THE STRUCTURE-SENSITIVE REGION,

Several theories have been put forward to explain
cbnductivity and diffusion in this structure-sensitive region
since the sharpness in the knee of the curve suggests that
the mechanism for the ionic movement in the two regions
must be different. 'The theories: will be discussed in terms
of the variation in conductivity observed for specimens.
examined in this structure-sensitive range.

The first theory was proposed by Smekal (9) who
suggested. that the structure—sensitive conductivity could be
explained by the movement of a small number of suitably
placed ions, in this cgse the‘Na+ ions, along the grain
boundaries in the crystal. This type of movement would
probably have a low activation energy as would be expected
in this low ﬁemperature region. Furthermore, different

crystals would probably'have different mosaic structures so
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explaining the variation of conductivity from one specimen
to gnother, It would seem reasonable to suppose that the
thermal history of the crystal and_its degree of purity
may affect the mosaic structure and results from the
microscopic examination of crystal Surfaces seem to support
this: views These results will be described in a later
chapter.

Jost (10), on the other hand, suggested the concept of
"frozen equilibrium" based on the idea of Order-Disorder |
transitions. He suggested that on cooling a crystal from
a high temperature, a point Would‘be:reached-where the
equilibrium distribution of disorders could not be attained
in a reasonable time and so these disorders would be
"frozen in" in the crystal. Changes:in temperature below
this point would have no effect on the number of defects,

-In this case, a rapidly quenched crystal would be expected
to show an increased ionic conductivity,

A third hypothesis, first put forward by Koch and Wagner(11)
suggested that the structure - sensitive region would
depend on the presence of altervalent ions as impurities
in the lattice, Consider the case of the presence of a
divalent cation in a lattice position, Fig. 3 . To maintain
electrical neutrality another cation vacancy must be formed
in the crystal, These vacancies would be present at all
temperatures: and would affect the conductivity and diffusion

in the low temperature region whefe, from thermodynamical
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considerations, the concentration of Schottky defects must

be 1ow. Hence tﬁe degree of purity of thé_crystal would héve
a‘gréat effect on the ionic movement in the structure
sensitive region, while the past thermal history of the
crystal would be expected to have no effect.

More recently two proposals based on thé Koch-Wagner
hypothesis have been put forward to explain this structure-sensi-
tive region. 'The first interpretation, which was put forward
by Seitz (5) , is to explain this structure-sensitive
behaviour in terms of neutral paires of vacgncies formed by
a cation and an anion vacancy.

Since g cation vgcancy has an effective negative charge
and an anion vacancy a pbsitive charge,they will be
atracted to one another and tend to form a vacancy pair which
would be neutral, Fig, 4 . This vacancy pair would then be
able to move through the crystal, Fige 5, and so contribute
to diffusion but because of its neutrality it would not
contribute to the conductivity. Hence this would explain
why the directly measured self-diffusion coefficient would be
larger than that cglculated from conductivity measurements,

Mapother, Crooks and Maurer (1) , however, proposed
that a fraction of the divalent impurity iops, present in the
crystal, would be associated with vacancies to form a. complex
in which a positive ion vacancy was a nearest neighbour of
the impurity ion (Fige. 6 ). Such complexes would not

contribute to the conductivity but would contribute to the

self-diffusion.
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Both these proposals explain, therefore, the discrepancy
‘between the measured diffusion rate and that calculated
from conductivity measurements., They also explain the
dependence of the structure-sensitive region on the past
history and degree of purity of the crystal since the
number of complexes formed will be dependent on the divalent
cation 'impurity present in the crystal and both the
formation of the neutral pairs and the complexes will be
dependent on the past thermal history of the crystal.
1.5, RECENT EXPERIMENTS ON THE STRUCTURE-SENSITIVE REGION,

The recent experiments of Mapother, Crooks and Maurer (1)
on structure-sensitive self-diffusion and conductivity in
single crystals of sodium chloride and sodiﬁm bromide have
been interpreted in terms of the formation of divalent
impurity ion-vacancy complexes. This theory has been
supported by‘the work of Etzel and Maurer 04), who have
measured. the effect of the addition of divalent cations on
the conductivity of single crystals of sodium chloride.

The possibility of the neutral pair mechanism in the
alkali halide crystals in the structure-sensitive region
has been disproved by the work of Schamp and Katz (3)
who have measured the self-diffusion of bromide ions in
single crystals of sodium bromide and by Morrison et al. (2)

who carried out the same measurements for the chloride ions

in sodium chloride crystals. It was found in both these

measurements that the anion diffusion was too small to



account for diffusion by a neutral pairs‘mechanism.

The recent experiments have therefore all been
interpreted in terms of vacancies in the otherwise perfect
coystal lattice, but recent advances in the theories of.
dislocations in crystals have shown that the possible
influence of these dislocations on the diffusion and
conductivity cannot be ignofed. The evidence for the

dislocations in sodium chloride single crystals will be

dealt with in the next section.

1. 6. THE EVIDENCE FOR MOSAIC STRUCTURE IN SINGLE CRYSTALS OF
SODIUM CHLORIDE,

The existgnce of discontinuities within rock-salt
crystals has been shown by heating the crystals in a sodium
vapour 1e). ~ The sodium aggregates along faults in the
crystal and these faults may be traced by using an
ultramicroscope. Amelinckx, Van der Vorst, Gevers and
Dekeyser(15) Ahave recently published photographs of
dislocation networks in natural and artificial single crystals
of sodium chloride by an additive coloration technigue.

Further evidence for fine structure in single crysials.
of sodium chloride is available from investigations on the
scattering of light by the crystals. These experiments
have been carried out by Humphreys-Owen (14) , Schneider
"and Parker (15), and Taurel (16). The variation in
intensity of the scattering has been interpreted as being

due to small cracks or fissures in the crystal and they have

been able to make estimates of the size of these mosaics.



X-ray studies on single crystals have also
indicated the presence of crystallites in natural and
artificial sodium chloride crystals,(7,18).  Jones and
Smith(19) have employed the X-ray technique of Guinier and
Tennevins (20)to determine the cross sectional area of
the crysféllites in single crystals of sodium chloride
grown by the Kyropoulos technigue.

Evidence for the existence of inhomogeneities in
sodium chloride crystals has also come from a study of freshly
cleaved cryétal surfaces. Amelinckx (21)has carried out
a detailed study on the cleaved surfaces of sodium chloride
crystals by an etching process followed by'viewing under a
microscope and his experiments have revealed the presence
of grain bouﬁdaries and slip lines on the surface. On
‘theoretical grounds, the existence of small surface cracks
has also been suggested by Lennard-Jones: (22) He assumes
that these cracks occur as a result of unbalanced forces
at the crystal surface and may extend into the interior
of the crystal so forming a mosaic structure.

A number of investigators have measured the size of
these mosaics, and in Table 1 , a summary of these results

of crystallite size in single crystals of sodium chloride

is given,
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TARLE 1.
Investigator Method of : Length of Side
Measurement. of Crystallite,
Furth and . Light
Humphreys Owen (14) |scattering ' 20008
Taurel (16)| » 18008
Parker and
Schneider (15) no | 20008
Amelinckx (21)| Btching 35 M.
‘Smith and | .15 - .41 cn.
Jones (19)| X-ray (in area.
Renninger (23) " 10~% _ 1073 cm.
Goldsztaub and
Kern (24) Toepler method 1 cm.

# Measurement for potassium chloride,
+»
¥

The variation in crystallite size;is probably the
result'§f studying crystals grown in different laboratories
for, as Smith and Jones (19) have shown, there is even a
difference in crystallite size along the axis of single
crystal Doulesof sodium chloride grown by the Kyropoulos

technique.
1.7, THE EFFECT OF FINE STRUCTURE ON ION MOVEMENT,

The prec¢eding.section has outlined the large amount
of evidence for fine structure in single crystals of
sodium chloride. Since it is generally true in diffusion
that energy of activation for surface diffusion is less

than the energy of activation for grain boundary diffusion
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lwhich is leés than the energy‘of activation for bulk
diffusion (25), the fine structure would be expected to
have a considerable influence on the conductivity and
diffusion in the crystals.

A détailed study of the literature on the influence of
fine structure on the conductivity in ionic crystals
leads to a series of conflicting reports. Von Hevesy (26)
for instance, has shown that single‘crystals of sodium
nitrate, because of their smaller interqal surface, show
a lower conductivity than the polycrystalliné mass
solidified from the melt. Tammann and Veszi (27) have
shown an analagous case with sodium chloride, the poly-
crystal being formed in this case by compression of powdered
salt, while a comparison of the conductivity of a sodium chlorid
polycryétal and a single crystal grown from solufion has
shown that the latter is a hundred times less than the
former (284. These experiments point to the internal surface
being of great importance in conductivity measurements,

Etzel and Maurer (4), on the other hand, found that
the conductivity of "pure'" sodium chloride single crystals
and crystalsvcontaining less than 0.2 moles per cent of
cadmium was not affected by heat treatment. They allowed
a crystal to cool rapidly in air from 770°C and found it
had the same conductivity as a crystal cooled at a
rate of 1°C per minute. Quenching of crystals containing

more than 0.2 moles per cent of cadmium did increase the



conductivity by as much as 70 per cent. This latter 12.

observation has been verified by Goodfellow(Z@ and

Schneider and Cunnel ) on crystals:éontaining manganese

as impurity. Schneider and Cunnel (30) however have also found
that the conductivity of "pure" sodium chloride crystals is
affected'by quenching, which is the converse of Etzel and
Maurer's results. Schneider and Cunnel have interpreted
their results in terms of an effective block structure

in single crystals resulting from a non-uniform distribution
of impurities, while Etzel and Maurer have explained their
results in terms of impurity-vacancy compléxes.

l.8. THE PRESENT WORK.,

In view of the discrepancies in the reports on the
effect of the annealing of crystals en their conductivity
and in the lack of information on these types of studies on
self-diffusion in sodium chloride ci';rstals, it was. the
immediate aim of the present work to carry out a detailed
study of the effect of fine structure on the conductivity
and self-diffusion in single crystals of sodium chloride.

It was proposed to carry out the investigation along
the following lines:-

a) Single érystals of sodium chloride were to be grown
from the melt by the Kyropoulos method, then, for the
sake of purity, the crystals were to be melted down and
regrown from this new melt,

D) After making a cafeful study of electrode materials,

the condﬁctivities of specimens from the same single
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crystal were to be measured after various heat treat-
ments which were likely to alter the fine structure of
the crystal. Chilling of the crystals was to be
carried out at a temperature at which vacancies would
not be "frozen in" in the crystal,

The self-diffusion of sodium was to be studied in
chilled and annealed spécimens taken from the same single
single crystal as was used in the conductivity studies.

A radioactive tedhnique wgs to be used which would

give the best comparison of diffusion rates after the
various treatments of the crystal, It was also proposed
to study the surface migration of radioactive sodium

pn the crystal.

The possibility of migration of sodium in the grain
boundaries of a single crystal of sodium chloride was to
be studied by an autoradiograﬁhic technique.

It was hoped that the results of these investigations

would give a much clearer picture of the role of the

fine structure in diffusion and conductivity in single

crystals of sodium chloride.



CHAPTER 2.

THE GROWING OF SINGLE CRYSTALS OF

SODIUM CHLORIDE,
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e THE GROWING OF SINGLE CRYSTALS OF SODIUM CHLORIDE,

2.1. AVAILABLE METHODS,

The choice of method for the growing of large single
crystals of sodium chloride lay between the Stober process

and the Kyropoulos pfocess, which are described by Menzies
and Skinner. (31) .

In the Stober process a crucible containing the
‘molten aikali halide is cooled in a slowly changing thermal
gradient. This is brought about by keeping the temperature
at the top of the melt constant while the temperature at
the lowest boint of thé melt is slowly reduced by cooling.
In this way the isothermal planes move up through the
material. The position of the isothermal corresponding to
the melting point of the material determines, at any time,
the location of the solid-liquid boundary. Crystallisation
begins when this isothermal plane reaches the lowest point
of the crucibie and'then moves upwards through the melt.

In the Kyropoulos process a seed crystal is lowered
into the molten salt, maintained at a temperature approxi-
mately 50° above the melting point of the salt. The seed
is cooled and crystallisation of the melt tends to take
place on the seed. The crystal is then raised gradually,
keeping the lower surface always in contact with the melt.
This is continued until a large enough crystal has been

obtained and then the crystal is removed from the melt.
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It was decided to use the Kyropoulos process since
this process has advantages over the othér method in that
if is possible to observe the growth of the crystal;
furthermore if the seed is g single crystal it is extremely
likely that the ecrystal growing on the seed will be single,
as the crystal tends to follow the same crystallographic
orientation as the seed.

2.2. THE FURNACES,

The furnace, in which the sodium chloride was to be
melted, consisted of a cylindrical fire-clay core, 5 in.
internal diameter by 10 in. in length, wound with heavy
"Nichrome wire", .039 in. in diameter. The total resis-
tance of the furnace, at room temperature, was 60 ohms.

The windings wefe covered with a thick paste made by

mixing Thermal Syndicate Ltd. C60 alumina cement with water.
The cement was dried by passing a low current, sufficient
to give a furnace temperature of 15000, through the furnace
for 24 hours and then fired by taking the temperature up

to 800°C for 8 hours.

A circular‘base plate, about 3in. thick, was moulded
from Messrs. Morgan's Plastic Mouldable and then baked
out at 150°C. The furnace rested securely on this base
plate. Thé upper end was closed by covers of % in.
Sindanyo sheet, obtained from Turners Asbestos Cement
Co. Ltd.

The furnace was then fitted into a cylindrical steel
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container, 12 in. diameter by 24 in. long, the space between
the fu}nace and the container being filled with a magnesia-
pipeclay lagging. It ®as most important that the furnace
was uniformly lagged,for if the temperature variations

were not symmetrical about the vertical axis then uneven
growth occurred, the crystal tending to grow most rapidly
towards the coolest side of the furnace. The top of the
furnace was made from a circular disc of % in. Sindanyo sheet
which fitted securely into the container, the disc having

a 6 in. diameter hole cut in its centre to allow access

to the furnace interior. The leads to the furnace were
brought out through insulated holes in the steel container
and connected to the mains through a variac and the
.temperature controller;. the maximum igbut was 1250 wattss.
Illumination of the interior bf the furnace was provided

by a galvanometer lamp fitted above the furnace.

The completed furnace is shown in Fig. 7.

A similar type of furnace was constructed to run at
600°-700°C for amnealing the crystals. This had a

maximum imput of 850 watts.

2.3, THE COOLING SYSTEM,

The cooling system for holding the seed crystal is

shown in Fig. 8. This consisted of a nickel tube 0.4 in.

diameter which was silver-soldered to a nickel head, The
head was made from a solid nickel bar, 1 in. diameter, and

had a cylindrical hole, + in. diameter by % in. in length,
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at its lower end. Four nickel grub-screws were mounteq

at 90° to one another in this end so that a seed crystal

of rectangular dimensions could be held. The tube Was.

fitted to a brass-block, through which a thin brass tube, 0.2 in.

diameter, ran; the internal tube continued down to within

% in. of the nickel head. Water could be passed down

this central tube to cool the héad and the seed crystal.
The brass block was conhected by steel bars to two

‘vertical steel bars, which had a thread cut over 6 in. of

their upper ends., The height of'the cooler vas adjusted.by

two heavy-brass knurled nuts which ran on these threads.

The framework was fitted to the wall of the laboratory to

ensure rigidity.

2.4, TEMPERATURE CONTROL,

- Temperature control of the "growing" furnace was main-
tained by using a "SUNVIC" Resistance Thermometer Controller
Type RT.2. and a platinum resistance thermometer.,

The platinum resistance thermometer, which had a resis- '
tance of 10 ohms at OOC, was fitted into the furnace and
protected by a nickel tube. The leads from’%he thermometer
were sheathed against induction.and connected to the
appropriate range terminals of the RT.2 controller, The
controller could then be adjuste@ttb the desired temperature.
The furnace temperature was controlled to within 4+ 2°C or
the desired value. Failure to maintain these temperature

limits caused faﬁlty "melting back" of the seed crystal so
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leading to a polycrystalline growth.
2.5, THE VESSELS FOR THE MOLTEN SODIUM CHLORIDE,

Initially 400 ml. glazed porcelain beakers were used

- to hold the sodium chloride in the furnace. These suffered
from the aisadvantages that the solidification of the melt
on cooling smashed the beaker so a new beaker was required
for each day's crystal growing and. furthermore it appeared
that impurities in the wall of the beaker diffused into the
melt. In later work a 200 ml. platinum beaker was used;
this could be cleaned before each gfowth.

2.6. SEED CRYSTALS,

Ih the initial experiments it was found convenient to
use single crystal pieces of some natural rock-salt
crystals as seed crystals. The crystals grown from these
were split and used as the seeds for further crystals. The
average size of seed'érystal used. was 0,5 cm. X 0.5 em, x 2.0 cm

2¢7+ GROWING TECHNIQUE,
The beaker was filled with "ANALAR" sodium chloride and

placed in the furnace,which was then brought up to a
temperature approximately 50°C.above the melting point of
sodium chloride, The seed.cfystal was then fixed securely
in the nickel head by megns of the grub-screws and the whole
cooling system lowered by means of the brass nuts into

the furnace until the seed crystal dippéd into the meit;

The rate of water passing through cooling tube was
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‘adjusted until the water just boiled in the cooler. In
this way the faces qf the seed crystal were allowed to helt
‘away so forming fresh, clean faces. When this was adjudged
to have happened, usually after some fifteen minutes, the
rate of water was increased and the growing commenced,

The crystal grew downwards, and outwards and when the
latter growth was sufficient the seed was raised slightly.
This pfocessxwas repeated until a large enough crystal was
grown,  In the later stages of growth it was sometimés
neceséary to lower the furnace temperature slightly and
also slow down the lifting rate. By this means crystals
2 in., in height and 1% in. in diameter were grown.

After growth of the crystal the cooling system was
raised, the grub-screws were loosened and the crystaln
transferred rapidly by meéns of tongs,td a platinum beaker in
the "énnealing" furnace, which wés at 600°C. The crystals
were then allowed to cool to rooﬁ’temperature over a‘period
of twelve hours by gradually redﬁcihg the current supﬁiied
to the furnace, After cooling the crystals were stored in
a calcium chloride desiccator until required.

2.8, CLEAVAGE OF CRYSTALS.

The crystals, which were cylindrical in shape, were

then cleaved into specimens, suitable for use in the

experimentsi. This was carried out most conveniently by

cleaving with a mallet and chisel. With practice it was
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found that it was very easy to cleave cleanly along the (100)
planes provided the crystals were sufficiently annealed.
Smaller specimens (less than 1 in. square) could be cleaved
by using a razor blade and a hammer. Unless the blade was
parallel to the cleavage plane the crystal shattered or
produced a series of steps on the cleaved face. It was
found that the cleaved faces Were.effective enough without
polishing for the needs of the experiments.

Polycrystals were vefy difficult to cleave, usually
the crystal being shattered in the process. Examination of
the polycrystals under a polarising microscope showed that
they cause a change in the plane of polarisation of the
light.
2.9. THE PURITY OF THE CRYSTALS.

An essential feature of the work was to have the crystals
of-as high a degree of pufity as possible and attempts were
made to purify the "ANALAR" sodium chloride'by a zone
‘ melting technique. This method of purification has been
used very succeésfully in the case of a number of metals. (32)

The basis of the method is to have the material to be
purified in the form of a bar and to slowly move a small
furnace, capable of melting the material, along the bar,

In this way a molten zone will travel . along the bar and
resultszshowithat the impurities in the material move towards

one end of the bar, so leaving the other end in a much

purer state.
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An alumina tube, 1 in. in diameter and 24 in, in
length, was cleaned by immersing'in molten sodium chloride,
It was then filled with "ANATLAR" sodium chloride and set
up so that a small furnace, 3 in, in length, could pass
along it, Fig. 9 . The furnace was maintained at
850°-900°C, a temperature high enough to melt the sodium
chloride fairly rapidly, and then passed along the tube
at a speed of 4 in. per hour. The traverse was then
repeated, the furnace passing once again in the same direction.
The tube Was~then broken and samples of the sodium chloride
were<removed and spectroscopically analysed. The results,
shown in table 2, did not show any evidence of purification.
(See Table 2 0vér1eaf).

The experiments were repeated using a platinum tube,
12 in. length afid % in. diameter, in place of the alumina tube and
With the number of traverses of the furnace increased. It
proved, however, extremely difficult to ﬁelt out definite
sections of the bar of sodium chloride at the end of the
experiment and it was: impossible to prevent the contamination
of one section by its neighbour during this melting out.
However' a certain amount of purification of fhe_crystals

has been possible since Schulman@ﬂ)and McFeeCﬁJ have
observed that the impurity content of an alkali halide
crystal grown by the Kyropoulos technique was of the order

of one tength of the impurity concentration in the melt,



The érystals used in the experiments were grown, melted

down and regrown from this once purified melt so obtaining

crystals which were about one hundred times; purer than

MANATLAR" sodium chloride.

TABLE 2.

Sémple B: Zone 8 in. from end A - once melted.

Sample F: Zone 15 in. from end A - twice melted.

Sample E: Zone 20 in, from end A ~ twice melted.

Sample G: Original "ANALAR" sodium chloride.

22.

Sample Sample Sample Sample
B . E _F G

Potassium
Aluminium
Lithium
Silver
Copper
Iron

Calcium

| Magnesium

.002% |Not detected .0005% | Not detected,

.0005% .001% | .0005% .0005%
.0001% .0001% .0001% | Not detected
.0003% .0001% .0001% .0001%
.0001% .0001% .0001% .0001%

trace | Not detected Not detected Not detected
Less than .0005%, if any, in all samples.

Less than .0005%, if any, in all samples.
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3, THE MEASUREMENT OF THE CONDUCTIVITY OF SINGLE CRYSTALS
OF SODIUM CHLORIDE,

3.1, INTRODUCTION,

The measurements of Tuﬁbandt (6) on the transport of
matter by passage of a current have established that, except
at high temperature, only the sodium ion is mobile in sodium
chloride, Measurement of the conductivity of a sodium chloride
crystal is therefore a measure of the movement, under the
influeﬁce of an electric field, of a sodium ion in the.
crystal,

Early experiments:(55)have shown that the conductivity
varies with temperaturg and when the.logafithm of the
conduétivity is plotted against the reciprocal of the absolute
temperature, the graphs invariably possessc.. a "knee" dividing
the graph into two distinct parts. The graphs may be fitted
to an equation of fhé form, '

o = a, BT p B (36)
where°A1<A2 and E1< E2. The '"knee' in the graph for sodium
chloride occurs at approximately 55000. Above this tempera-~
ture the conductivity is reproducible and independent of the
past history of the crystal specimen, the ionic movement obeying
the Nernst-Einstein relationship, i.e. /D = Ne“/kT (Eqn.l),

which relates diffusion to conductivity. In the low tempera-

ture range, however, the conductivity is much less reproducible
and is dependent on the past thermal history and the degree of

purity of the crystal. In this range the Nernst-Einstein
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relationship is not obeyed. These observations, which have
been noted by numerous workers, have led to the conclusion
that in the upper temperature range ionic transport in the
crystals is explained by the diffusion of lattice defects,
mentioned in the thesis introduction, but iﬁ the low
temperature region much more complicated processes occur.

3.2, THE AIM OF THE CONDUCTIVITY STUDIES,

The aim of the conductivity measurements was to determine
the effect of the fine structure on the crystal conductivity
ih‘the low temperature range. Pieces .of the same crystal
were to be given a series of heat treatments, which would be
expected to alter the size of the mosaic structufe without
"freezing in" vacancies in the crystal, and their
conductivities compared. Furthermore particular care was to
be taken in the measurement of conductivity by inter alia
making accurate temperature measurements and by a critical
examination of a variety of electrode materials to be applied
to the sodium chloride crystals.

3.3, THE CIRCUIT,

The circuit, shown in Fig. 10, was similar to that used
by Mapother, Crooks and Maurer (1) .  The principle behind
the method was to measure the deflection produced on a
galvanometer by passing a pulse of d.c. current through a
erystal slice, then to replace the crystal by a variable
resistance box and to adjust this until the same deflection

was obtained with a similar pulse of d.c. current.
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The pulse of current was produced by a timing switch, T,
connected to a 120 volt H.T. battery and a potentiometer so .
that the voltage could be varied from O to 40 volts, The
timing switch consisted of two rotating cams geared to a
small electric motor; each cam closed a pair of platinum
points once during each revolution and these cams were geared
so that a pulse of d.c. current,lasting 0.2 second, could be
delivered once every 17 seconds. The timing switch was
brought in for each pulse by a manually operated switch, H.
The pulse was fed through a polarity switch, P, to a manually
operated reversing switch, S, where, either the crystal unit,
C, described in section 4, or the resistance box, R, could be
brought into circuit. The deflection producéd by passing
the pulse through the circuit was measured by a Pye mirror
ballistic galvanometer, G, whose deflection was noted on a
50 cm. scale placed one metre away from the mirror. The
'galvanometer had a period of 10.5 seconds and éave a
deflection of 300 cms. on the scale by a passage of 1 micro-
éoulombs. This proved, however, to be too sensitive t©
external effects and so the galvanometer was damped by haviné
a 22,000_ohm resistance in parallel,

The resistance box, R, which was capable of measuring
from 1000 ohms to 55 megohms, consisted of a series of high
stability carbon resistors with a tolerance of 1 per cent.

" The 1000 ohm and 10,000 ohm ranges were two Muirhead Decade
Resistance Boxes, type AZ6, and the remaining100,000 ohm, 1 megdnm

o
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and 5 meghom ranges were Welwyn resistors, types C22 énd
SA3623, These resistors were connected in series so that
ten 1000 ohm, ten 10,000 ohm, nine 100,000 ohm, nine

1 meghom and nine & megohm values were available for use.
Special care was taken to eliminate any resistances in the

switches of the resistance box by using high quality rotary

"wafer" switches.

Initially, measurements with thecirci#t were not satisfactory
but these troubles were traced to leakage currents and
contact potentials. These were eliminated by having the
apparatus mounted on blocks of paraffin wax, while the
galvanometer was mounted on a plate glass base. Insertion
of mercury switches Wherever possible in the apparatus
reduced the contact potential difficulties.

3.4, THE CRYSTAL UNILT,

v

The first experiments on the measurement of conductivity
revéa;ed several disadvantageszin the early designs of the
crystal unit. The electrodes tended to be unsteady and the
movement of these electrodes during measurements caused changes
in the conductivity due to changes of pressure on the crystal.
The faults were eliminated in the final design, which is
shown in Fig. 11, The unit has proved satisfactory for all
the conductivity measurements.

A base-board, A, of % in. Sindanyo asbestos sheet

was rigidly fixed to a wall framework and had a hole drilled
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Pig. 12, The electrode,
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in the centre of the board so that the lower electrode, E,
fitted securely into it. A tightly fitting Pyrex tube, T,
surrounded the electrode and crystal so that the upper
electrode when fitted in position had no freedom of movemént.
The tube and the electrodes were surrounded by the furnace, F
capable of producing temperatures of up to 600°C,

The furnace was made ffom Nichrome wire, of resistance
27 ohms per yard, wound on an insulated steel core, 8 cm.

diameter and 10 cm, in length, to give a total resistance of

50 ohms at room temperature, The windings were well lagged witt

asbestos paper and tape. The power was fed to the furnace
through a variac from the mains, the leads connecting the
furnace to the variac being slotted through the base-board, A.

The crystal temperature was megsured by an iron-constantan

thermo-couple mounted in the lower electrode and passing through

a hole in the base-board, while oxygen-free nitrogen could be

passed into the apparatus through an inlet tube in the base-

board.

The electrodes were of a circular T shape, Fig. 12 , and
consisted of a nickel face plate, N, 1 in, in diameter,
silver-soldered to a brass head. In early experiments the
nickel face plate wés covered with a platinum foil but later
work showed that the foil was unnecessary, the nickel face
presenfing a satisfactory electrical contact. The nickel
wires, W, silver-soldered to the electrodes and passing into
mercury contact switches,provided the connection with the

main circuit; the contact wire from the upper electrode was

enclosed by a capilﬁéry tube, L, which fitted into a bung



Pig, 13, The Thermocouple Position.
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in ths neck of the Pyrex vessel, G, which surrounded the

apparatus., ‘
The type of unit restricted movement of the electrodes
during the measurements and also had the advantage that it
was very much less subject to externél fluctuations_in
temperature since it was shielded against outside draughts
by thelerex vessel, G. Further temperatﬁre control was
maintained by having the apparatus housed in a thermostatted

rodam.

3.5, THE TEMPERATURE MEASUREMENT,

Temperature measurements, as previously stated, were made
with an iron-constantan thermo—coﬁple, whose hot junction
was mounted in the lower electrode, Fig., 13 . The cold
junction was maintained at 0°C in an ice bath. The e.m.f.
produced in the thermo-couple by the temperéture‘at X, was read
fo directly, with an accuracy of .005 millivolt, on a
Pye slide wire potentiometer, No, 7556, calibrated in millivolts.
The potentiometer was calibrated against a Weston standard
cell before each réading.

Because of the likelihood of femperature gradients between
the crystal position, Y, and the thermo-couple position, X,
great care was taken in the measurement of temperature, The
thermo-couple was periodically ealibrated against another
calibrated iron-constantan thermo-couple, which was placed in

the position of the crystal, Y, in the apparatus. In this way,

[CH
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any thermal gradient in the apparatus could be allowed for
accurately. The maximum error in the temperature measurements

for the crystal position'was estimated at + ZOC.

3,6, THE METHOD OF MEASUREMENT OF THE CONDUCTIVITY,

The crystal, whose size was of the order of .75 cm. X
.50 em, x ,15 cm., was placed in the conductivity apparatus
and a stream of dry,oxygen-free nitrogen passed thrpugh the
crystal unit. The temperature of the crystal was then raised
to the desired value and maintained at this for twenty
minutes, the temperature being checked every few minutes.
The crystal was then switched into the conductivity circuit
and subjected to a pulse of d.c. current lasting 0.2 second;
the size of the pulse was varied by trial and error to obtain
‘a suitable deflection. The resulting galvanometer deflection
and the crystal temperature were noted, The crystal unit
was switched out of circuit and replaced by the resistance
box which was adjusted,with the voltage pulse value the same
as for the erystal, until the same deflection was obtained,

The conductivity measurements were taken both after
increasing and after decreasing the crystal temperature,
the diréction of the current being reversed after each reading
to prevent polarisation of the crystal.

The crystal size was accurately measured &ler:a conductivity
run with a 1 in. micrometer screw gauge calibrated in

thousandths of an inch.
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The reéults of a typical experiment are shown in
Table 3. In this case the crystal was coated with "Melton"
liquid silver paint and then baked .out at 600°C. The edges
of the crystal were cleaved away and the crystal transferred

to the apparatus.

TABRLE 3.

Crystal dimensions - .2442 in. x .1478 in. x .0489 in.

Voltage Galvanometer | Thermo- o

| applied deflection. { couple c . Resistance,.

| to the cms. . milli- ohms.

| erystal voltage
8 9.7 11.42 320 |14.411 x 10°
5 21.4 13,44 | 367 | 4.041 x 10°
1 18.8 16,04 | 427.5| 0.916 x 10°
1 8.1 16.37 | 435 | 0.741 x 10°
1 20.4 17,15 | 453 0.587 x 10°
5 8.9 11.87 | 330 | 10.112 x 10°

The accuracy and the reproducibility of the apbaratus was:
tested by measuring the spread of the deflections produced by
passing a voltage pulse through the resistance box.

The resistance box was set at a definite value and sub-
jected to a pulse of d.c. current; the pulse was adjusted
previously to give a 10-20 cms. deflection, The deflection
was noted, then the direction of the pulse reversed and the
resistance again subjected. This Was carried out until eight

readings. of the deflection were obtained.




This procedure was repeated for a widely spread

series of resistance values,

The results are shown in

Table 4 .
TARLE 4.
Deflection j Deflection
fResistance with revers- with revers- .
ohms. ing key up. ing key down.
cms. f CIS.
21,4 21.4
6 21.3 ; 21.2
., 1.011 x 10 1.5 . 1.5
21.4 ' 21.1
13.4 13.3
5.011 x 10° 13.6 13.3
13,4 13,3
13,4 13,3
15,9 15.8
| 20.011 x 10° 15.6 15.6
15.7 15.6
15.9 15,7
)
i 15.3 15.4
i 6 15,3 15.6
| =10 15.4 16.6
f 15.3 15,6

The table shows that the results were reproducible
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and that the maximum error in the spread of the deflections

was 3 mms. in 133 mms.

3.7. THE ELECTRODE MATERIALS,

Good electrical contact between the surface of the

crystal and the electrodes was needed for the measurement
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of the crystal conductivity and so it was necessary to coat
the crystél faces, which were to be in contact with the
electrodes, with a éuitable cbnducting material. A wide
varlety of materlals have been described in the literature
and it was d601ded to make a careful study of these with a
view to exgmlnlng stability over periods of heating and
annealing,.chemical attack on the crystél, and reproducibility.
a). In the early measurements it was decided to coat the
crystals with a suspension of colloida} graphite, whidh was
the method used by Mapother, Crooks and Maurer(l) in their
measurements. The suspension of graphite in white spirit
was commercially known as "dag" dispersion 2404

and was avaiiable from the Acheson Colloids Ltd.

The dag was applied to the crystal with a small camel
hair brush and then the crystal heated to 150°C. to remove
the white spirit, the graphite forming a uniform film
which firmly adhered to the crystal. The edges of the
crystal were cleaved away to remove an& graphite on the
sides and then the crystal was placed between the nickel
electrodes.

Many crystals, treated in this way, gave reasonahle
conductivity results below 400°C but at higher temperatures
reproducible results could not be obtained. This was
attributed to the disappearance of the coating from the

crystal surfaces at these higher temperatures and an

' experiment was carried out to show this effect.
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The temperature of a érystal, coated with "dag"
dispersion, was raised from 300°C to 520°C in 45 minutes,
the conductivity being taken as the temperature was
increasing. The crystal was maintained at 520°C for
30 minutes and then cooled down to 300°C over a period of
30 minutes., Four conductivity measurements were made as
the temperature was decreasing. The logarithm of the
cdnductivity was plotted against the reciprdcal of the
“absolute temperature and the results are shown in Fig. 4 .

The graph’shOWS»the large change in conductivity after
heating at 520°C for 30 minutes. The results below 420°C
fall on to the two straight linés showing that there was no
evaporation below this temperature.

The temperature measurements in this experiment were
only approximate because of the rapid rate of heating and

cooling which did not allow the furnace temperature to

stabilise.

b)., Attention was next turned to the use of platinum as a
suitable coating for the crystal-electrode faces. The
platinum has been applied fo the crystal by two different meth-
ods, primariiy by.painting on to the crystal a solution of
~Johnson-Matthey's Liquid Bright Platinum and secondly

by evaporation from a platinum filament.

The Liquid Bright Platinum could be applied to the

crystal in the same manner as the "dag" dispersion. The
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crystal was then heated to 400°-500°C to remove the solvent

and the edges of the crystal cleaved away to prevent conduction
around these sides. - The platinum has also been applied to
the crystal by an evaporation technique, under high vacuum,
using a platinum filament. Initially a tungsten filament,
covered with platinum foil, Was used but there was evidence
of fungsten and platinum both being evaporated on to the
crystal, After cleavage of the edges the crystal was placed
between the nickel electrodes.

| The conductivity measuremehtﬁ;using a platinum coating
on thé crystal, was unsatisfactory and in all cases a white
crustation, which had formed on the crystal surface, was
observed when the crystal was removed from the apparatus.

Moreover when the results of the few measurements possible

were plotted on a log. O vs 1/T° graph they fell into two
definite parallel straight lines, Fig. 15. It was very
significant that alternate points fell on the same straight
.line so it would appear that there was-a greater passage of
current in one direction than the other. A further example
of this phenomeqﬁ is given in Fig. 16.

' This was a definite property of the platinum-coated
crystal since the graph plotted for results obtained on a
piece of the same crystal, this time coated with liquid éilver,
fall on to one straight line, (AFig. 15). A further check
was carried out on the resistances but they gave the same
deflection ihdependent of the current direction, thus

showing the apparatus was not at fault.
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¢c). Gold, which was applied to the crystal by a high
vacuum evaporation technique, has also been tried as a
suitable electrode coating. It proved extrémely difficult
to obtain a good film on the crystal and any film obtained
appeared to react with the crystal when measurements were made
above: 400 °C forming the chloride. The results of the
log. O against the reciprocal of absolute temperature plot
is shown in Fig. 17 .
d). Goodfellow (29), in his work on the measurements of
conductivity préduced in alkali halide crystals by mechanical
deformation, applied a silver coating to his crystals.
This coating has been most satisfactory for the measurements to ke
described in this thesis,

The gilver could be obtained in the form of a solution,
(Melton "Liquid Silver". Q50 grade), which could be applied

to the crystal surface with a small paint brush. The

crystal was then taken up to a temperature of 600°C,
reducing the solution to a film of metallic silver, After
cleavage of the edges, the crystal was placed between the

nickel electrodes.

Crystals, treated in this way, gave satisfactory
reproducible resuits over the required temperature range,
(2oo°_5so°d). This type of film had also many advantages
over the other coatings; the film was not easily damagéd

and was stable on annealing for long periods at 620°C.
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This allowed a series of annealing studies to be carried
out on the same piece of crystal without recoating the
surfaces, the film having no chemical effect on the crystal
at this temperature. The log o vs 1/T graph for a silvepr-

coated crystal is shown in Fig, 18,

3.8+ THE CALCULATION OF THE CONDUCTIVITY FROM THE RESULTS,

It is a well known physical law that the resistance
of any conductor varies directly as its length (1 cm.)

and inversely as its area (A sq. em.); that is

R= 8 % (EJVI. 2)

where S is a constant and is known as the specific
resistance, It is the resistance in ohms of a specimen

1 cm. in length and 1 sqg. cm. in cross section of the

material,

The results of the experiments are interpreted in terms
of the specific conductivity ( ¢ ohms ™+ cmTl) which is
defined as the reciprocal of the specific resistance, i.e.

d = 1/8

' Therefore from (Eqn. 2),

¢ = 1/8 = 1/A.R. (Eqn.3)
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3.9, THE RESULTS OF THE CONDUCTIVITY MEASUREMENTS.

a) General.,

lIt has been found, in agreement with previous workers,
that the conductivity results, of which measuremgnts on
crystal 3 (Fig. 18) are a typical example, can be expressed

by an equation of the form

d = Ale'El/RT + Age-EZ/RT‘ (36 )

where A1<.A2 and E1< Eg. The results of the present
conductivity work are therefore represented in the form of
graphs of the logarithm of the conductivity against a
thousand times the reciprocal of the absolute temperature.

For the reasons stated in section 7 of this chapter,
the crystals have been coated with "Melton" Liguid Silver
in all of the measurements which follow. The measurements
have a2l been carried out in the structure-sensitive
temperature range, i;e. below 55000.

b) The Chilling and Annealing Studies.

I. The first set of measurements were carried out on the

same single crystal pieces The conductivities of the untreated

crystal, the same crystal piece after 14 hours annealing
at 600°C in air and then after 30 hours annealing at 600°C
in air have been measured, The crystal was cooléd afiter
each annealing by switching off the furnace and éllowing it
to cool to room temperature over a period of four hours.

The results are summarised in Table &,



TABLE 5,
Silver coated crystal in atmosphere of nitrogen.
Crystal dimensions 0.49 cme X .389 cm. X . 1263 cm,

A, Untreated Crystal.

0 Resistance ji ~1
C' ! ) OhInS. OhIn cm,
, 6 =9
o6 150,96 x 10 ¢ 4.389 x 1072
316 67.774 x 10, 9.777 x 10_g
370 116,311 x 102 4,062 x 10~
401 . 5.311 x 10 1.247 x‘10'g
434 2,551 x 100 2.597 x 107/
463 1.591 x 106 I 4,165 x 107,
503 0.680 x 108 9.744 x 10_,
480 1.002 x 10 6.615 x 10_,
455 1.791 x 102 .70 x 10,
420 4.101 x 10, 1,616 x 10 g
378 13,301 x 107 4,982 x 1075
346 33,211 x 10 . 1.995 x 10~
B. Crystal Annealed for 14 hours at GOOOC,
lof
°c Resistance 1 -9, 1
Ohms. ~Ohm™ ™ em.”
354 36.411 x 102 1.82 x 1078
&7 22,341 x 100 2.966 x 10~8
443 4,711 x 10 1,407 x 10~
470 2.761 x 102 2.40 x 1o'g
504 1,741 x 102 5.807 x 10_,
458 4.57L x 10g 1.45 x 107
410 13.271 x 10 2.993 x 10~
C. Crystal Annealed for 30 hours at 600°C,
¢ ' Resistance ' f{ _*1_—
Ohms. Ohm™ ~ cm.
396 30.811 x 100 2.151 x 1072~
415 20.5311 x 102 3.263 x 1079
463 6.411 x 10, 1.034 x 10‘Z
504 2,693 x 10g 2.46 x 10_,
488 5.635 x 10, 1.825 x 10 g
438 12,611 x 10 5,265 x 107
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The results are shown graphically in ¥ig, 19.
The crystal conductivity was, therefore, considerably
reduced by annealing, even for short periods at 600°C.

Comparison of the results at 44100, (1000/T = 1.4),'showedlthe

7 orm T cm.-l',

1,45 x 107" ohm T em.”1 and 6.31 x 107% omm~1 em, 7t respectivel;

conductivity of A, B and C to be 2,76 x 10

This amounted to a decrease of 47.5 per cent in the
condﬁctivity on annealing for 14 hours and a decrease of
T7.2 per cent for 50 hours annealing.

It was questionable, however, whether this decrease in
conductivity on annealing was in fact a property of the
crystal and not due to the crystalplus silver coating.
Etzel -and Maurer (4) have observed in their work on
sodium chloride crystals conﬁaining cadmium, that at least
part 6f the decrease in tﬁe conductivity on annealing
these crystals was due to the electrodes which they

applied before this annealing process.

It was decided, therefore, that in all of the annealing

studies, the electrode material should not be applied until

after annealing.

IT, The effect on the conductivity of annealing and chilling

crystal pieces of the same single crystal has been

investigated in conjunction with these types of experiments.

in diffusion.

To obtain an exact comparison between the conductivity

and the diffusion results the heat treatments were carried



out on large single crystal pieces of crystal 5, so that

after the treatment these pieces could be cleaved and

part of the specimen used for the conductivity measurements

and part for the diffusion measurements.

Two pieces of this crystal (No. 5) have been annealed

at 620°C for different lengths of time, while another piece

of the crystal was sealed in a dry tube and cooled rapidly

from room temperature to £193°¢C by immersing it in liquid

nitrogen for three minutes.

A,

" The results are shown in Table 6.,

TABLE 6.

Untreated crystal slice of crystal 5.

Crystal dimensions .3783 cm. X .457? cm, X 1270 cm.

0 Resistance _g 1

C Ohrrs Ohm ~ cm.”
gs2 ' | .70.899 x 103 - 1,086 x 1070
320 |  27.211 x 10g 2.698 x 10y,
410.5 2.961 x 10, 2.48 x 10,
444 1.441 x 10g 5.096 x 10,
474 0.781 x 10, 9.401 x 107,
417.5 2.541 x 10 2.89 x 10

B.

Slice of crystal 5 sealed in a tube and cooled in
liquid nitrogen for three minutes. The crystal was
cleaved to obtain fresh faces, the liquid silver
applied and the conductivity measured. :

Crystal dimensions .620 cm. x 3754 cm. X 1242 cm.

°g Resistance 7
Ohms ol cm.
279 60.149 x 103 8.87 x 1077
320 14.411 x 107 3.703 % 10
367 ~ 4.041 x 10Q 1.2 x 10,
427.5 0.916 % 10, 5.825 x 107
435 0.741 x 10 7,201 % 10
453 0.587 x 108 9.09 x 10
330 10,112 x 109 . 5,28 x 10-8




C. Neighbouring slice of crystal 5 annealed for 69 hours
at 600°C in an atmosphere of nitrogen and then the
furnace switched off and cooled down to room tempera-

ture over four hours.

Crystal dimensions,6171 cm. x .546 cm. x 1427 cm.

o Resistance - g 1
| Ohm s Ohm ~ cm,”
286 36,011 x 103 1476 x 1075
323 9.562 x 10g 4.429 x 107,
35645 3.800 x 10, 1,115 x 10 ,
395, 5 1,348 x 108 5.142 x 10_,
415.5 0.831 x 10g 5.097 x 10,
369 2,627 x 107 1,613 x 1074

342 5,643 x 10 7,505 x 10

D, Crystal slice of 5 was sealed in pyrex vessél under

41,

one atmogphere of nitrogen and annealed for 256 hours at

620°2640°C,

The crystal was allowed to cool to room

temperature over a period of four hours.

Crystal dimensions .5887 cm. x ,7598 cm., x 1547 cm,

o Resistance (o]
) C Ohms Ohmfl cm.-l
| os7 57,98 x‘1066 1 5.963 x 109
295 16,011 x 10 2,159 x 108
345 3.541 x 10 9.764 x 10-8
385 1,279 x 108 2.703 x 10,
421 0.516 x 10, 6.7 x 107/
456 0.277 x 10 1.248 x 10
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F. Untreated piece of crystal b.

Crystal dimensions 5974 cm. X .5658 cm. x 1417 cm,

O~ Resistance ’ g

C ohms. ohm™ L em.”1
263 96.18 x 1066 4.36 x 1072
211 26,211 x 102 1.6 x 10'87
379 5.769 x 107 1,113 x 10,
428 1,171 x 10 3.58 x 10~,
447 0.691 x 108 6,067 x 104
479 0.348 x 107 1,205 x 10 5
422 1.401 x 107 2,993 x 107
374 4,591 x.1o6 9,132 x 10~
357 8,021 x 10, 5.226 x 1075
337 12,841 x 10° 3,265 x 10™

The results are showﬁ in graphical form in Fig. 20,
The results~for both untreated crystals lie on the same
1ine.

As the graph shows,ﬁhe conductivitykwas increased by
both the chilling and the annealing.of the crystal pieces.

A typical result was taken at 441°C (1000/T = 1.4), where

the conductivities of A, B, C and D were 4,79 X 10~7 ohm T

- - = = -7 1
em.”, 7,59 x 1077 otm™t em.”t, 9.12 x 1077 onmem.™! ana

1 x 1079 ohm™~1 cm.--1 respectively. This shows that, at
this temperature, the chilling of the crystal increases the
conductivity by 58.47 per cent , .. Wwhile the annealing

of the crystal, for 69 hours and 256 hours at 620°C,
increases the conductivity by .90.4 per cent and 108.8 per
cent respectively,

IIT., It was decided that the results obtained for heat

treatments of crystals should be checked: to do this the



experiments were repeated as before.

The results are summarised below in Table 7 and
are shown graphically in Fig., 21.
TABLE 7..

. &, Untreated piece of crystal 5.

Crystal dimensions .5618 cm. X .4895 cm. X 09244 cm,
OC Resistance _1OI__1
Ohms Ohm cm,

6 -8
278 1 23.277 X 1O6 l.444 x 1O.8
33245 4,061 x 106 8.28 X 10:7
378 1.251 x 1O6 2.688 x 10;7
428 0.384 x 1O6 8,756 x 10;7
403 0.641 x 1O6 5,245 x 10_7
347.5 2.606 x 10 1.29 x 10

B, Piece of crystal 5 annealed in an atmosphere of
nitrogen at 620 °C for 48 hours and allowed to cool

over a period of four hours.

Crystal dimensions .3197 cm. x .3899 cm. x 09244 cm,
o Resistance d .
C _ Ohms thfl em, ™1
314.5 12.511 x 109 5,933 x 1073
367 3.5631 x 1O6 2.102 x 1037
406 1,504 x 10g 4,936 x 10"6
455 0.573 x 20, 1.295 x 10_,
381 24701 x 1O6 2.747 X 10:n
349 6381 x 10 1.078 x 10

43,
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I. The neighbouring piece of crystal was sealed in a o
pyrex tube and cooled from room temperature to -193°C
by cooling in liquid nitrogen. The crystal was then
cleaved, the liquid silver applied and the
conductivity of the cleaved slice measured.

Crystal dimensions .2659 cm., X ,3662 cm. X .1567 cm.
. o]

o) Resistance -1 -1

C Ohms. Ohm™~ cm.
549 12,711 % 102 1,266 x 107,
37645 6.311l X 106 2.6 X 1O_,7
411 3,091 x 1O6 5,206 x 10_6
452. 1.412 x 1O6 1.14 x 1O_6
488 0.758 x 10 2,123 x 10

The results of these measurements were unsatisfactory
for as can be seen from Fig. 21, the graph of the
untreated crystal, G, had a much higher conductivity than
the untreated crystal, A, Which'Was used in the previous
experiments, This was probably due to the fact, that,
although the piece used was from the same crystal as
 the .previous experiments, it wés not from the same section
of the crystal as the pieces A, B, C, D and F.

It was extremely difficuli, however, to acecount for
th¢ graphs of the treated crystals (H and I) being at a
much different slqpe to that of the untreated specimen.

It was possible that the pdsition of the thermocouple had
.been_accideﬁtally altered between the measurements on G
and those on H and I. This would have given rise to
errors in the temperature measurement,~which would cause
a change in the slope of the graphs.

It was therefore doubtful whether any dependence could
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be placed on these results, but it was significant to

note that the graph for the annealed crystal was nearer to
the graph of the chilled crystal then in the previous
experiments. This was what would be expected with a
shorter anneeling time,
IvV. The previous results haviﬁg proved unsatisfactory, it
was decided to recheck the effect on the conductivity of
chilling a crystai in liquid nitrogen; The experiment
.had»to be carried out on another cr&stal, (crystal 6),
as there was no more of crystal o available. Prior to
these measurements the conduetiviﬁy circult was checked'
and all the'contacts cleaned., The thermo-couple joints
were éiso checked and then its hot junction was placed in
its original position in the electrode, The results of
the measurements are given in Table 8.

TABLE 8,

Y, Untreated specimen of crystal 6.

Crystal dimensions ,4863 cm. x .6648 cm. x .1102 cm.

°¢ Resistance ' d
Ohms. ohm™1 cm.~1
262 20.221 x 102 | 1.658 x 1075
520 2.671 x 100 | 1.276 x 107,
379 .04l x 106 6.303 x 10_7
354 - | .962 x 10° | 3.544 x 10
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Z. Neighbouring specimen of crystal 6 sealed in a
tube and immersed in liquid nitrogen for 3 minutes.
It was coated with the liquid silver and then
the conductivity measured.

Crystal dimensions .637 cm. X 5576 cm. X 2464 cm.

°c Resistance 19 4
Ohms. Ohm ~ cm,
271 20,511 x 103 3.382 x 1073
509 5.381 x 105 1,501 x 107
565 1.154 x 103 6.01 x 10,
408 .476 X 10 1.457 x 10

The results of these experiments are shown in Fig, 22.
Comparison of these results with the results of
Experimeht II, shows that the graphs have the same slope,
although the absolute values of the conductivities are
different. This was, of course, an expected result since
a different crystal was used in these experimehts. The
results did show, however, that the chilling of the crystal
increased the conductivity. A typical result is given
at 441°C (1000/T = 1.4) where the conductivities of the

6 1 -1

~untreated and chilled crystal were 2,6 x 10"~ ohm — cm.

and 3.467 X lO—6 ohm-1 cm.—1 respectively, This amounts
to an increase of 33,36 per cent in the conductivity.

The results of these conductivity measurements are

summarised below,

a) In two out of three specimens annealed, the conductivity
has increased on annealing, the increase depending on the
time of annealing.

b) In two out of three specimens chilled in liquid

nitrogen, the conductivity has increased.
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c) The third specimen has given anomalous results in

the measurements on the ﬁntreated crystal, the chilled
crystal and the annealed crystal.

d) It was doubtful whether any dependence éould be
placed on the annealing studies carried out on a
crystal already coated with the electrode material before
annealing.

The results will be discussed in a later chapter.



CHAPTER 4,

THE MEASUREMENT OF THE SELF-DIFFUSION OF SODIUM IN

SINGLE CRYSTALS OF SODIUM CHLORIDE,
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4, THE MEASUREMENT OF THE SELF-DIFFUSION OF SODIUM IN
SINGLE CRYSTALS OF SODIUM CHLORIDE,

4.1, INTRODUCTION,

It was now proposed to carry out a series of studies on
self-diffusion in conjunction with the conductivity studies,
described in Chapter 3. The self-diffusion of "labelled"

isodium was to be investigated in specimens from the same
single crystal of sodium chloride as was used in the
conductivity experiments, the specimens having been subjectéd
to a variety of heat treatments as before. The measure-
ment of the self-diffusion was to be carried out by an
"absorption.technique", designed to give the best possible

intercomparison of diffusion rates.

4.2, THE PREVIOUS METHODS. OF MEASUREMENT OF SELF-DIFFUSION
IN THE ALKALI HALIDES,

In previous investigations of the self-diffusion in.
jonic crystals the depth of penetration of the radioactive
material has been determined by measuring the radioactivity
in slices or layers of the crystal either by a:microtoming(l)
or by a grinding technique (3) . The only notable exception
to this type of procedure was the work of Morrison et al, (2)
who have determined the chloride ion self-diffusion in
sodium chloride crystals by an isotopic exchange between
the chloride ions in the crystal and a surrounding layer of
chlorine gas. No further description of this method will

be given as it was not a method which could be applied
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to the present work. ‘

Mapother, Crooks and Maurer (1) havé employed the
microtoming technique to measure the self-diffusion of
sodiﬁm in single crystals of sodium chloride and sodium
bromide. After the diffusion had taken place the crystal
was mounted in a vice on a microtome carriage, which moved
in a horizontal direction across a knife»edge. The crystal
was adjusted, by means of grub-screws on the vice, so that
the face, on which the active material had been deposited,
was in the plane swept out by the knife edge. This mounting
was checked by reflection of a beam of light from a mirror
reéting on the crystal face, Before each passage of ﬁhe
knife over the crystal,a strip of adhesive tape was pressed
on to the crystal face and the material sectioned off by
the knife edge adhered to the tape in the form of a fine
powder, The samples were mounted on brass rings and their
radioactive intensity measured. The height of thekife
blade was adjusted by a precision screw after each traverse

so that the thickness of the individual slices was about

5 x 1074 crm.

Schamp and Katz (3), on the other hand, employed a grinding

technique in their investigation of the bromide ion diffusion
in single crystals of sodium bromide. The sectioning was
carried out by a grbund glass plate passing across the face
of the crystal, which was held in a vice and properly

orientated with respect to the plate by an optical lever
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system. Layers of 2-3 microns thick were removed and
these adhered to the plate in a recténgular smear quite
reproducible in shape and size. These samples were then
counted.,

It is the present authors'opinion that these sectioning
-methods are likely to give rise to considerable errors in
the defermination of the self-diffusion coefficient, D,
especialiy in the low temperature range where penetration
depths are small. The mounting of the crystals for
sectioning seems extremely critical and slight misalignments
in the mounfing, which would not necessarily be detectable
by the optical lever system, would give rise to errors in
the measurement of depth of penetratidn. Schamp and Katz
have in fact observed a tilting of the crystal after slicing
in one of their experimental determinations. They hgve
also pointed out that the roughness of the crystal surface after
removal of a layer of material gives rise to errors, which
are not easily estimated, in the determination of the self-
diffusion coefficient.

It would also seem likely with these techniques that
there will be a loss of radioactive material from each slice,
during the seectioning and mounting, by either a transfer of some
of the material to the sides of the underlying crystal or by a
complete loss of some of the material because it seems unlikely
that all of it would adhere to the Scotch tape (1) or to

the plate (3). These errors have been estimated by Schamp
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and Katz to be as much as éO per cent in the low temperature
region while Mapother, Crooks and Maurer estimate the error
at 10-20 per cent. :

Ih view of these observatiéns a technique, based on
absorption measurements, was devised to give a much more accu-
rate comparison of diffusion rates, though not necessarily
good absolute values. (After this work had been completed
it was found that the method had already been used in a

metallic system by Steigman, Shockley and Nix (57».

4,3, OQUTLINE OF THE ABSORPTION METHOD OF MEASUREMENT OF THE
SELF-DIFFUSION COEFFICIENT,

In the experiments on the self-diffusion it was
necessary to use a radioactive isotope to follow the diffusion
process and in the present work sodium-22, which emitted

p+ particles and ¥ -rays, was used,

A layer of sodium chloride, labelled with sodium-22,
was evaporated on to the face of a single crystal of sodium
chloride, Fig. 23 . The aectivity of this face was then
measured by counting the rate of P * emission from the face

with a thin, end-window Geiger counter., The crystal was

sealed in a tube under a'pressure of approximately one
atmosphere of an inert gas and placed in a furnace at the

desired temperature. After leaving for a known time the

tube was removed from the furnace, cooled and the activity
of the crystal face again measured by counting as before.

During diffusion the active sodium would have penetrated
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into the crystal, Fig. 24; so that there would be a
variation of the activity with depth of the crystal as'
depicted in Fig. 25. Since the pT-particles emitted

by the sodium-22 were of low energy, 0.56 MeV., some of
these particles, which originated in the inner layers of the
crystal would be absorbed by the intervening 1ayérs before
they reached the outside face. Consequently the count rate
at the outside face was found to be diminished after the
diffusion.

For the evaluation of diffusion coefficients it was
necessary to know the extent of the absorption 6f the P +*
particles in varying thickneses of sodium chloride. This
information was obtained experimentally,Fig. 29, and from
the graph it was possible to calculate the activity
produced at the surface‘by an active layer of material
at anyxdepth. FromAa knowledge of this absorption and the
decrease in activity at the face it was then possible
to evaluate the self-diffusion coefficient. The complete
calculation will be described in section 6 .

This method of megsurement was espécialiy useful with
low energy p -particles where there would be a sharp
"fall-of " in activity at the surface with penetration
'deﬁth due to their ease of absorption. The type of
absorption curve shown in Fig. 29 would be steeper the
softer the B -particle energy so increasing the accuracy

of the measurements,. There would of course be a limit to



53,

the softness of the B -particle for below an energy of
'0.25 MeV. it would be difficult to obtain thin enough
absorbers to determine the absérption curve,

Surface migration of the active material was shown to be
unlikely to introduce large errors into the measurements since
the trial experiments on surface diffusion, which are described
in Chapter 5, showed that it was not much more fapid than
bulk diffusion.

It was also necessary to test for any evaporation of
the active deposit during the diffusion as this: would introduce
largé errors in the determination of the diffusion coefficient.
This Was carried out by having an inactive crystal mounted
near the active crystal during the diffusion run. Any
evaporétion of the active deposit would be shown on the inactive
crystal; in only one experiment has this been found to occur.

This absorption method should be very good for comparing
diffusion penetrations,for there was no need for sectioning

of the crystals which may lead to a possible loss of material

as described in section 2.

4,4, THE DETAILS OF THE DIFFUSION TECHNIQUE,

(a) The Mounting of Samples for Counting.

Since the application of the method depended on measuring
small changes in count rates it was of the utmost importance
that the crystal samples for counting could be mounted in a
reproducible position. The brass plate, shown in Fig. 26,

was constructed for mounting the crystals. The crystal



Fig. 26. The crystal plate.
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could be fitted into the metal right angle, L, brazed on the
plate in such a position that the crystal was directly under
the counter window. The crystal was held in position on
the plate by the two spring clips, S, and the plate could
then be fitted into the shelf of a counter holder.

(b) The Counting of the Samples.

The samples were counted by an end-window Geiger-Muller
counter with a window thickness of 7 mgm. per cm. , the
counter plateau being checked before each measurement, In
the early experiments 3,000-5,000 counts were taken on each
sample but in the later experiments, where the comparison of
diffusion rates was being made, 10,000 counts were taken on
each, so ensuring a 1 per cent statistical accuracy. The
counter was always standardised before and after each
measurement by taking at least 10,000 counts on a standard
active crystal. The complete’counting apparatus was left

untouched between experiments,

(¢c) The Measurement of the Diffusion.

The active sodium chloride, incorporating sodium-22,
was evaporatéd on to the freshly cleaved face of |
single crystal, approximately 2 cm., x 2 cm., x 0.2 cm. in
size, by a technique which will be described in Chapter 6,
By careful shielding of the crystal the active deposit,
weighing approximately 20 mgm., was obtained on a clearly
defined area. In this way an activity of 1,000-3,000 counts

per minute was obtained on the crystal.face.
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The active face of the crystal for the diffusion study
was then counted and the crystal placed active face upwards
in the bottom of a pyrex tube, 3 cm, in digmeter and 4 cm.
in height. A thin mild steel ring, 2 cm. diameter and .15 cm.
in height, was placed on the active crystal and this ring
supported an inactive crystal of sodium chloride. This
crystal acted as a monitor against evaporation during the
diffusion run. The arrangement is shown in Fig. 27 .

The small tube was lowered into the large pyrex vgssel,
60 cm. in length and 4 cm. in diameter, fitted with a B-34
socket, An adaptor, consisting of a B-34 cone joinéd by a
constriction to a B-12 socket, was waxed into the large tube's
B-34 socket and the apparatus attached to a vacuum line by
the B-12 socket, The vessel was pumped to sticking vacuum
and, after being filled with slightly less than one atmosphere
of dxygen—free nitrogen, the constriction was sealed off,
Fig. 28. The nitrogen was used in order that there would be
no oxidation or chemical reaction with the surrounding gas
during the diffusion. Also the pressure of the nitrogen at
the working temperature would be approximately 2.5 atmospheres

pe

so reducing any chance of evaporation of the active deposit! .
off the crystal.

A furnace, identical to the one used for crystal
-growing, was brought up to the required tempepature and
controlled to within 4+ 3°C of this temperature by the Sunvic
Resistance Thermometer Controller Type RT.2, the temperature

of the furnace being measured by a 550°C mercury-in-glass
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thermometer, The thermometer was placed in contact with
the lower part of the tube in the furnace. The upper
part of the tube, which extended about 30 cm. out of the
furngce, was shielded against outside draughts and the heat
éf the furnace by asbestos screens, In this way it was

found that the upper end was never warm enough for the wax

to soften.

A typical set of readings of the variation in temperature

during a diffusion run is shown in Table 9 .

TABLE 9.
Hours _ Temperature
of 0
Heating C
3 504
506
9 | 505, 5

24 508
26 505
- 48 508
54 507
72 508
76 : 506
96 507
107 503
120 - 508
126 506
144 508
150 504
168 503
189 506
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After allowing diffusion to take place for a certain
time the tube was removed from the furnace, cooled to room
tehperature in air and opened. The active face of the
crystal was then counted'with the crystal in the identical
position to the previous count and also the blank crystal
and ring were examined for any activity which might have
evaporated on to them.

To éllow for slight variations in the sensitivity of
the Geiger counter and so that all counting results should be
strictly comparable,a radioactive standard was prepared as
follows. A crystal of sodium chloride was taken and a
' deposit of active sodium chloride evaporated on to it as
before.' This crystal was kept at room temperature in a
desicecator as a counting standard and all counts were related
to this standard. The.étandard crystal was counted before

and after every diffusion count.

4,5, THE ABSORPTION CURVE FOR SODIUM-22,

Before any calculation of diffusion coefficients could be

made it was necessary to prepare an absorption curve for the
g+’ + ¥ radiations of sodium-22 in sodium chloride. The
p T-particle has an energy of only 0.56 MeV. and it was found
impossible to prepare thin enough sections of sodium chloride
to use as absorbers, Absorption measurements were therefore
made with.unifonm thin aluminium foils and the corresponding

absorption curve for sodium' chloride calculated from comparison

of the densities of aluminium and sodium chloride, This may
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hgve introduced small errors into the absolute values obtained
for the self-diffusion coefficient but it did not affeet
comparison of the coefficients thus obtained.

The absorption measurements were carried out on the
standard crystal mounted on the plate, Fig. 26 , in order t#at'
the counter geometry would be‘identical to that .of the
diffusion measurement counting. The aluminium foils, whigh
were cut in squares of 2 cm., side were placed on the metal
right-angle support and the screw clips so that the foil
completely covered the crystal surface. To ensure a
1 per cent statistical accuracy,. . 10,000 counts were takep
for each thickness of foil after which the foil was accurajtely
weighed on a micro balance. The corresponding thickness pf
sodium chloride was calculated from these weights. The

results are given in Table 10 and the absorption curve is

shown in Fig. 29.
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TABLE 10.

' THE ABSORPTION OF THE RADIATIONS OF SODIUM=22 IN
SODIUM CHLORIDE.,

Weight of Corresponding Counts per
Aluminium ‘ Thickness of Minute
Foil in | Sodium Chloride: Corrected
Mgm. Ber ‘ in to Standard
cm, cm. Count.
. Zero ‘ Zero 1088
1.4875 0006873 ' 1136
2,975 | .001374 1157
5,95 ‘ .002748 : 1141
11,7966 .00545 1107
14,7716 . 006821 1024
23,5932 .0109 | 806
28.4638 .01314 747
35,3898 .01635 ‘564
56,9276 . 02629 302 .
68.7242 .03174 211
80. 5208 o372 143
92.3174 . 04264 109
113.8582 . 0526 80
142, 31875 0651 70
170.788 . 07887 68

" 4,6. THE CALCULATION OF DIFFUSION COEFFICIENTS.

From the measurements made of

the decrease in count rate after diffusﬁon'and of the
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-absorption of the sodium-22 radiations in sodium chloride it
was now possible to calculate the diffusion coefficient, D,
The basis of the diffusion equation and a typical example
of the calculation involved in the determination of D will
be given,

a) The Diffusion Eguation.

Let the source of active sodium chloride go on to the
crystal as a layer /A\x cm. thick (where Ax is 10-5--106 em, )
Fick's first law of diffusion states that,

3¢/ 3t = D. 3%/ »x°

where C = concentration of active material (counts per

min./cm. ),

L

t time in seconds,

D = Diffusion coefficient,

and X = depth in cm..

The solution of this law, applicable to this diffusion

case, is given by the equation (38),

2
Cx = ‘_ji__h o X /4Dt
(7 Dt)
where. Cx = concentration of active material at a depth
X Clley

and ‘ Q@ = the initial amount deposited

= C}'t=0 Ax

= COAX

R, (the initial counting rate)



The equation can be rewritten as

R 2
1
( wDt)z

b) An Example of the Type of Calculation.

Crystal C.
1037 c.p.m.

Initial active face count

Active face count after 254.5

hours at 511°C = 801 c.p.m.
Count correéted to standard = 806 c.p.m.
Decrease in count at active
face = 231 c.p.m.
Q = x°/aDt
Now Cx = e
D
( TDt)?
where CxX = concentration of active material at a
depth x. cm.,
X = depth in cm.,
D = diffusion coefficient,
t = time in sec. = 254.5 x 60 x 60 =
9.162 x 109 sec.
Q@ = initial count rate = 1037 c.p.m.

A value of D was then chosen and variation of Cx

with X calculated from the equation.

11

Take D = 7 x 10~ cm.2/sec.
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. C1x105$
' (c.p.m,/c,“.)

Big. 30. The variation of activity with depth of érysta]



‘TABLE -11. 62.
”x. Cx x 105 5)
Clile c.p.m./cm, x Cx x 10
0 7303 2 x 1072 . 1536
1 x 1075 7272 2.2 x 1072 .1108
2 x 107° .7190 2.4 x 1077 0774
3 x 107° .7052 2.6 x 107 .0525
4 x 1079 .6861 2.8 x 10°2 .0355
5 x 1079 .6625 3.0 x 1072 ©.0219
6 x 107° 6546 5.2 x 1077 .0155
8 x 107° . 5690 3,4 x 1077 . 0057
1 x 107° .4941 5.6 x 1077 .0047
1.2 x 10°2 L4167
1.4 x 10~ 2 . 3402
1.6 x 1072 .26953
1.8 x 107° .2066 -

A graph was then drawn of Cx‘againsi X showing the
variation in concentration of active material with.depth
of penetration, Fige. 30, and the x-axis was divided into
strips of 1 x 10™% cm. width. The value of Cx corresponding
fo the mid-point of each strip was then fead off. By
consultation of the sodium chloride absorption curve (Fig.29)
the contribution of each strip to the surface count was |
}calculated. The calculation was continued until a depth
of X was obtained which gave no measurable count rate at

the surface, A table was drawn up showing the

results,



TABLE 12,

Depth x cm. Cx x 1057 Cep.m, at surface
i.e. (Cx)x(width of
strip )x.(absorption

- factor.
.0005 729 74,71
.0015 726 7774
,0025 . 713 76,67
. 0035 .6965 ‘ 74.26
.0045 675 71.04
. 0055 ‘ .648 65.81
. 0065 .620 60.40
0075 « 587 . 53.41
.0085 .5515 - 46,89
0095 . .514 40,86
.0105 475 35,59
.0115 : 435 30.59
.0125 « 397 26.20
.0135 « 358 22.21
_ .0145 ~ «3185 18.5
.0155 « 285 15.59
+0165 « 250 12,87
.0175 « 220 10.62
.0185 191 8.637
.0195 164 66979
0205 «139 5,570
.0215 119 4,473
.0225 , 101 3+574
.0235 .086 2.846
«0245 © L,070 2.181
.0255 .058 1,701
«0265 «049 1,347
0275 « 040 1.033
0285 . 032 0.7765
.0295 .0275 0.6268
Total count
at surface 855 CePpeNle

Therefore if the diffusion coefficient had been
7 X 10"'.11 cm.2 per sec. the count at the surface would
have been 855 C.p.m. The actual count was 806 CePel...
so the diffusion coeffipient must be greater than 7 x 10;11

cm.2 per sec. A larger diffusion coefficient was then

chosen and a similar calculation carried out. The results
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Fig. 31. The variation of c.p.m. at surface with
' diffusion coefficient,
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“gare summarised in Table 13. .

TABLE 15,
D.cm? per sec. Theoretical C.p.m. at
surface
7 x 10711 | 855
8 x 1011 833
9.5 x 10712 . 801.3

A graph was now drawn of c.p.m. at surface ggainst
diffusion coefficient (Fige 31) and the value of D
corresponding to a surface count of 806 ce.p.m. Was read

off-
L . -11 2
The value of D was found to be 9.28 x 10 cm., per
S€ECe Therefore the diffusion coefficient at 51100 of
11
c

crystal C was 9.28 x 10~ m.2 per sec.

The method was fairly sensitive and as the above
calculation shows a change 2.6 per cent in the counting rate

brought about a change 13.3 per cent in the diffusion

coefficient.
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4.7, THE RESULTS OF THE DIFFUSION MEASUREMENTS.

The trial experiments in bulk-diffusion were carried
out on single crystals 1 and 2, which were grown in the
lﬁboratory} The results of the experiments are given in
Table 14 , but because of the nature of the experiments,
which were aimed-at standardising the technique and at
determining suitable temperatures and times of diffusion,
thevdiffusion coefficients calculated frqm the results

could not be regarded as accurate data.

TABLE 14,
CRYSTATL 1,
Diffusion Face Stan- | = Face : Inactive Pressure
tempera- Count. dard Count | crystal of nitrogen
ture and Counts | Crystal | Correct-| c.D.m in diffusion
time, per C.D.M. ed to ¢.p.m. tube at room
minute. standard ~ temperature.
25614 ' cm, of mercury.
. . L CeD.m,
Initially 6719 2614 | 6719 16 76)
(background)
After 18471 9
hours at 6614 2633 | 6298 15 107°)
400°cC. . : (‘background )
Further | a
168 hours 4248 2714 3925 374 75)
at 490°¢C, evaporation
Further
168 hours 3642 2772 3294 18
at 520°C. (background)




66,

CRYSTAL 2,
Diffusion Face Stan- Face Inactive Pressure
tempera- Count. dard Count crystal of nitrogen
ture and Counts |Ciystal| Correct- R in diffusion
time. per C.D.Mm, ed to «P.1, tube at room
minute. standard temperature.
2514 cm.of mercury.
C.p.m.
Initially 1675 2514 1675 16 76)
(background)
After 184% ‘ -2
hours at 1746 2633 1667 15 10 )
400°¢, (background)
&
Further
168 hours | 15616 2714 . 1405 15
L at 4900¢C. (bpackground)
CRYSTAL 1. .
184% hours heating at 400°C.
D = 4.1 x 10°% em.® sec.”
CRYSTAL 2.
184% hours heating at 400°C. _
D = 1.45 x 10”11 cm.? sec.”T

These results are very approximate but one important

fact, which did arise out of these measurements, was that

the diffusion runs could nbt be carried out under vacuum

because under these conditions evaporation of the active

deposit took place,

of crystal 1 (Table 14).

This was shown by the second heating

There was no evidence of any

evaporation when a pressure of approximately one atmosphere,

at room temperature,was used.
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. These experiments were carried out in conjunction
with some trial measurements on the surface diffusion,
(Section  6, Chapter 5), and as the results of the latter
work have shown that this type of diffusion was less than
100 times the Dbulk diffusion,_the effective area of the
deposit would not be radically changed, so altering the
counter geometry, during the experiments.

The method, having been shown to be very promising,
was further tested by two diffusion runs, at a higher
temperature, on crystals 3 and 4, grown in the laboratory.
The results are given in Table 15. Comparison of the
directly measured diffusion coefficient of cfystal 5 was
to be made with the diffusion coefficient calqulated from

the conductivity measurements on the crystal, (Fig, 18 ’

Chapter 3),

TABLE 15,
CRYSTAL 3,
Diffusion Face Stan- Face Inactive Pressure
tempera- . Count. dard Count crystal of nitrogen
ture and | Counts | Crystal| Correct- C. D in diffusion
time, per CeDoeM. ed to -D.m. tube at room
minute, standard temperature.
' 4999. cm, of mercury.
— e . e Copomo
‘ No
Initially 2098 4999 2098 inactive 74)
‘ crystal
present
After 156 ‘
hours at 1669 5001 1669 "
' 502°0C, 1 |
156 hours at 502°C,
10 1

D = 1.26 x 10~ cm.2 sec.
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-TABLE 15.

CRYSTAL 4,

Untreated crystal which was used in the trial experi-

ments in autoradiography.

Diffusion Pace Stan- Face Inactive | Pressure
tempera-~ Count., dard Count crystal of nitrogen
ture and Counts | Crystal | Correct- , in diffusion
time, per C.p.mm, ed to CeD.1. tube at room
minute. standard temperature,
4999 cm, of mercury.
CePolls
' ~ No
Initially | 1559 4999 1559 | . inactive 74)
: ' crystal
present.
After 156
hourg at 974 5001 974 "
502°¢C,
156 hours at 502°C.
D = 2.34 x 100 em.® sec.

The effect of fine structure on the diffusion rate
was then measured using three specimens taken from the
same single crystal (No. 5). These experiments were carried
out in conjunction with the study of the effect of chilling
and annealing the crystal on the crystal conductivitye. A
set of similar expériments to those cafried out on diffusion

in crysfal 5 have been made on the conductivity in crystal 5,
(Fig. 20,Section 9, Chapter 3), so that an exact comparison
can be made of these effects.

Great care was taken in these final experiments to,

avoid evaporation of the active deposit,

(a)
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(b) use a standard reproducible procedure, and

(¢c) to ensure a 1 per cent statistical accuracy'in all
the counting results.

The single crystal 5 was grown in the.laboratory,
annealed for six hours at GOOOC. and then allowed to cool
down to room temperature.

The results of the diffusion experiments are given in
Tables 16, 17, and 18.

TABLE 16.
CRYSTAL BA.

Untreated'specimen of crystal 5.

Diffusion.| Face Stan- Face | Inactive |Pressure
tempera- Count.. | dard Count crystal of nitrogen
ture and Counts Crystal | Correct- in diffusion
time, per Ce.D.m, ed to C.p.im. tube at room
| minute. standard temperature.
1045 cm, of mercury.
C.D.m, :
Initially 952 989 1006 16
: ' . (badcground )
After 189 7345
hours _at 854 1045 854 16
511°c, . (background )
Further
254% h8uPSi 678 1020 695 16 75.0
at 511°C. (background )

Coefficient of self-diffusion (First heating) calculated for

189 hours at 511°C.

D = 7.90 x 10-11 em.® sec.”t

Coefficient of self-diffusion calculated for 443% hours at

511°C.

D 9.0 x 10_11'cm. sec.-l




TABLE

CRYSTAL 5B,

17,
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Specimen of crystal 5, which was sealed in a pyrex

tube, and then immersed in liquid nitrogen for three minutes.

The crystal was cleaved to give fresh faces and the active

depdsit evaporated on to one of the freshly cleaved faces.

Diffusion Face Stan~ Face Inactive |Pressure of
tempera- Count. |dard Count crystal |[nitrogen
ture and Counts | crystal Corrected in diffusion

time. per CeDoM, to - CeDelle  Itybe at room

minute. standard temperature.
1045 cm, of
CePolle mercury.
Initially | 3583 989 3791 15 73.5)
(background )| .

After 189
hours, at 3167 1045 3167 15 75)

511°C, (background)F
After
further
254% 2519 1020 2685 | 15
hourg at (background )

511°C. b

189 hours at 511°C.
D = 8.7 x 10011 em.® sec.™t
443% hours at 511°C,
‘D = 9.37 X 10‘_ll em.? sec. T
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TABLE 18,

CRYSTAL 5C.
Specimen of crystal & which has been annealed for 256

nours at 620°C in an atmosphere of nitrogen and cooled to

room temperature over 12 hours.

Diffusion Face Stan- Face | Inactive (Pressure of
tempera- Count. | dard Count | crystal |nitrogen
ture and Counts crystal Correct~| Copom " |in diffusion
time. per - CeDomM. ed to sEe tube at room
minute. standard temperature.
1045 | cm, of
‘ CeDeIN, mercury.
-Initially 1023 1031 1037 Background 75)
count
After
254% hours 809 1049 806 Background
at 511cC., count

2541 hours Heating at 511°C.

11 2

D = 9.28 x 10~ cm. s:ec._l

It can be observed from the results that both the
chilling and the annealing of the crystal increase the self-
diffusion coefficient. The annealing of the crystal increases.

the self-diffusion coefficient from 7.9 x 10”1 em.? sec.™

to 9.28 x 10711 om.? sec._l, a change of 17.47 per cent,
while the chilling of the crystal increases the coefficient
by 7.34 per cent,

Further agreement for this effect of increase of
diffusion coefficient with heating time has come from the

results on the second heating of the untreated and the

chilled - crystals. There has been an increase from
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11 2

146 9.0 x 1071 em.? sec.”t (13.9 per

7.9 x 10~ 11 cm.2 sec.

cent) in the former and in the latter-an increase from

8.7 x 10_11 cm.2 sec._l to 9.37 x 10-11 cm.2 sec.-l

(7.7 per cent).
Comparison of these results with the experiments of
Mapother, Crooks and Maurer (1), who observed a self-

diffusion coefficient of approximately & x 10—11 cm.2 sec.

1

at 51100, shows a discrepancy of approximately three. It

is possible, however, that part of this may be accounted

for by the fact that their maximum heating time was 120 hours

compered with a minimum time of 189 hours in this work, and

as the results of these experiments show the self-diffusion

coefficient does increase with the length of heating time.
The results and the conclusions drawn .from them will

be discussed in a later chapter.

4,8, THE NERNST-EINSTEIN RELATTONSHIP.

The results of the directly measured self-diffusion
coefficient have been compared with the self-diffusion
coefficient calculated from the conductivity by megns of
the Nernst-Einstein relationship, which is described in

section 3 of Chapter 1. = The relationship stetes that,
o :
d/p = Ne®/kT (Eqn. 1)

The calculations have been carried out on the
conductivity measurements, described in section 9 of
Chapter 3, on crystal 3 and the pieces of crystal 5, which

have been subjecfed to various heat treatments. The
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calculated self-diffusion coefficients were compared with

the directly measured self-diffusion coefficients described

in this chapter.

The results of these calculations are summarised in

Table 19 (the complete calculations are given in the

appendix).

TABLE 19.
Temp. of | Conduct- | Observed Calcu-
Crystal measure- ivit self- lated D observe
ments ohm~ diffusion self- —_—
o0 cm.~ L, coefficient| diffu- D calculate
* cm,“sec.” ~.| sion
coeff.
cm.gsec."1
Crystal 502 3.428 X | 1.26 % 6.401 x 1.968
No. 3 ' 1076 - 10~ 10-11
Crystal
No. 5 | 511 1.82 x | 7.9 % 5.438 x | 2.298
Untreated ' .10_ : io-§l, "10-11 :
slice BA. T :
Slice
cooled in
liquid 511 2.884 x 8.7 X 5,45 X 1,596
nitrogen 10-6 10-11 10-11
5B. | _
Slice
annealed
at 620°C 511 3.802 x 9,28 x© . 7.183 x% 1.292
for 254% 10-6 10-11 10-11
hours
5C.

It can be seen from the resuylts of crystal 5 that the

effect of the heat treatments on the

the D

crystal decreased the ratio by 30.43

observed

to D

calculated

ratio.

per cent while

Chilling of the

crystal was to lower



anmealing of the crystal for 2541 hours at 620°C caused
decrease of 43.48 per cent.

These results will be discussed in a later chapter.
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CHAPTER 5,

THE MEASUREMENT OF SURFACE DIFFUSION OF SODIUM ON

SINGLE CRYSTALS OF SODIUM CHLORIDE,
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5., THE MEASURFMENT OF SURFACE DIFFUSION OF SODIUM ON SINGLE
CRYSTALS OF SODIUM CHLORIDE.

5.1, INTRODUCTION.

The experiments on diffusion, described in the prewious
chapter, have been aimed at determihing the effect of fine
structure on the diffusion rate in the crystal. These
changes in fine structure would only affect the rate of
diffusion in the crystal if grain boundary diffusion took
place and if the rate of this type of diffusion was more
rapid than that of bulk diffusion. In measurements of
diffusion in metals, it is generally found that grain
boundary diffusion is more rapid than-bulk diffusion, while
surface diffusion is even more rapid thah the grain boundary
diffusion.

It was decided to carry out a series of measurements
to détermine the surface diffusion ' coefficient of sodium
on the same crystal and at the same temperature as the bulk
diffusion measurements, It should then be possivle to
estimate the approximate rate of grain boundar& diffusion
from the expected difference in the surface and bulk diffusion
rates, From these results the significance of grain-

boundary diffusion on the self-diffusion in sodium chloride

crystals could be determined.

5.2, OUTLINE OF THE METHOD OF MRASUREMENT,
A long narrow rectangular deposit of sodidm chloride,

with the sodium labelled, was evaporated on .to one surface



Fig. 32. The active deposit.

M’Nlry
. A. Before diffusion. ~
8. Afer diFfusion. ----

< -+ - -3 -1 -1 o 1 . F) Py s [
Distance from ccn.r'e,

Fig. 33, Variation of activity over the crystal surface.
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of the crystal, Fig. 3%. A deposit of this shape was
required so that the only éignificant diffusion would Dbe
lin the X-X direction., The variation in activity in this
direction across the surface was then measured by a scanning
apparatus; which will be described in the next section.

The graph of this variation in activity across the surface
is shown in Fig. 33.

The crystal was transferred to a pyrex vessel, sealed
off under a pressure of nitrogen gas and placed in a
furnace at the desired temperature. After leaving for a
known time, the vessel was removed, cooled and the surface
scan of the crystal facé repeated,

If any surface diffusion had taken place, the width
éf the active deposit would have increased and so a type
of graph, shown in Fig. 33 , would now be obtained. The
result will be complicated bj the bulk-diffusion during
this time, but any surface diffusion Woﬁld be detected
by the change in shape of this graph of the variation in

activity with distance across the surface.

5,3, THE DETATLS OF THE DIFFUSION TECHNIQUE,

a) The Scanning Apparatus.

The apparatus is shown in Fig. 34, A Prass base-plate,
By8em.x I0m.in size, had mounted on it a movable steel plate P,
This plate was moved by means of a calibrated screw, S, one
full turn of which moved the plate .0835 cm, The crystal

was fitted into steel right angle, L, which was brazed on
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Fig, 34« The scanning apparatus,
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to the steel plate, P; the position of the steel right
angle was éuch that the crystal, when in position, could
be moved under the field of view of an end window
Gelger-Muller counter, G, which had@ a window thickness of
7Amgm. per sq. cm, The counter was fitted gbove a
circular aperture, 3 cm, in diameter, in the upper brass
plate, T,

The field of view of‘the counter was restricted Dby
a V-shaped lead slit, V, which was 1.4 cm. in depth and
whose width varied from .0508 cm. at the lower end to
«O7 cm. at the'top. This enabled the activity of a strip
of crystal, .13 cm, in width, to ‘be measured during each
count. The upper plate was screwed down on the four
supports from the lower plate until the slit was as
‘near to the crystal as possible,

The accuracy of this type of scanning gpparatus has
been tested by, Sherwood (59),who, on a similar apparatus,
compared accurately the width of the active deposit obtained
by the surface scan with thé actual width of the deposit,
and he has shown that the two measurements were identical,

b) The Technique of Measurement.

In the early measurements of surface diffusion, sodium
chloride, labelled with sodium-24, was used as. the tracer
material but, as this had a very short half-life (14.8
hours), the period of diffusion was limited to the inadequate

time of 60 hours. Consequently, in later work, the sodium
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chloride was labelled with sodium-22 which has a half-life
of 2.6 years.

The active sodium chloride was evaporated from a
platinum boat on to a rectangular area, approximately
1.5 ém. X o2 cm. in size, of a freéhly c¢leaved face
of a single crystal, 2 cm. X 2 cnm. x .2cm. in size, by
the method described in Chapter 6. The total activity
deposited on the crysﬁal face Was.determined by counting it
under an end window Geiger counter with a 7 mgm. per
sq. cm. window thickness. A surface scan of the crystal
race was then made, with the apparatus described in Section 3,
to determine the distribution of activity.

This was carried out by first adjusting the movable
plate so that one edge of the crystal was directly under
the counter slit. A count was then taken, after which the
crystal was moved ,0835 cm. by giving the movable plate screw
one full turn; a count was again taken. This procedure
was repeated until the complete crystal surface had been
scanned. Near the centre of the crystal, where the activity
was highest; the crystal was only mowed half a turn of the
screw per count. Sufficient counts were taken at each
point to ensure . a. . statistical accuracy of at 1eést 2
per cent in the counting.

The crystal was placed in g pyrex glass holder and a
monitoring inactive crystal was supported above the active

face of the first crystal. Direct contact between the two

crystals was avoided by having a thin mild steel ring,
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2.5 cm, in diameter and .15 cm. thick, placed between them.
The holder was fitted into a long pyrex tube and connected
to a vacuum line. The vessel was pumped to sticking vacuum
and then filled with approiimately one atmosphere of oxygen-free
nitrogen; this gave a pressure of 2.7 atmospheres, at the
diffusion temperature, The vessel was sealed off and
placed in the temperature controlled furnace. This procedure
is described fully in section 4c¢ of Chapter 4.

The temperature for the surfaée diffusion runs was
measured by a 550°C mercury-in-glass thermometer,which was
in contact with the lower end of the tube, and was noted
frequently during the time of diffusion. Temperature control
was méiﬁtained to within + 3°C of the desired value during
the diffusion run., After it had been left for the desired
time, fhe tube was rémoved from the furnace, cooled down
to room temperature in air and the scan of_the activity
‘variation over the crystal surface repeated,

The inactive ¢rystal and the ring were examined for
activity by a thin end window counter, In only one case
has the blank crystal become active due to evaporation
of the deposit and this was when a run was carried out with
a pressure in the diffusion tube of only 1 x-1o‘% atmospheres,

5.4, THE DIMENSIONS OF THE SURFACE COUNTING ARRANGEMENT,

In order to calculate the surface diffusion coefficient
it was essential to know the width of the crystal viewed by

the counter, the width of the active deposit on the crystal
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Fig. 85. Scale diagram of the lead slit-system.
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and the distance moved by the crystal after each count.
The dimensions of the V-shaped lead slip and the
distance from the slit to the crystal face were accurately

measured with a thickness gauge. The details are given

below: -
S1it width at bottom = 0.0508 cm.
S1lit width at top = 0,37 cm,
Depth of the slit = 1.4 Cm.
Distance from movable
plate to slit = 0.3746 cm.
Thickness of crystal = 0;1113 CMe

A scale diagram of the experimental arrangement is
shown in Fig. 35 . From an examination of this diagram
it was observed that the counter viewed a strip of
crystal 0.13 cm. in width each count.

The width of the deposit on the crystal has been
measured with a Vernier gauge. The result was identical
to that obtained for the slit width of the box, in which
the crystal Was.hoﬁsed for the evaporation process.

Width of active deposit on crystal = 0.26 cm.

The movement of the crystal mounting plate was
determined by measuring the distance moved for a number of
turns of the screwv, This was repeated several times.

Distance moved by plate for one full turn
6f the screw = 0,0835 cm.
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5.5, THE CALCULATION OF THE SURFACE DIFFUSION COEFFICIENT.

The equation for surface diffusion is derived from
Fick's first law of diffusion. This states that,

bc/-bT = D bzc/ 20

where ¢ = concentration of active material (counts
per min./cm. ),

t = time in seconds,
D = diffusion coefficient in cm.? sec.-l,
and X = depth in cm,

The solution of the law applicable to this case of

surface diffusion is given by the equation (40) ,
h+ x h-x

C = Co/g2|. erf (217=3§==) + erf (éffzﬁizr) }‘ (Egn.4.)

initial concentration of active material

where Co
(counts per min./cm.),

C = concentration at a distance x cm., from centre
of active deposit,

2h = width of deposit in cm. (i.e. deposit covers
width from -h to +h),
D = surface diffusion coefficient in cm. sec.—l,
t = time in seconds

and erf. = Gauss' error function.

The diffusion equation can be solved by the use of

- Stefan's tableSwhich are given on page 64 of Jost's
"Diffusion" (41)+ Stefan used the error function integral
of:the dne dimensional diffusion equation (Egn., 4 ) and
tabﬁlated the concentfation distribution for a semi-infinite

system. The distribution in a finite system can be
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obtained from the semi-infinite solution by reflection,

The tables, which refer to only one half of the system,
assume that a quantity of 10,000 is contained in a sitrip
of width 2h (i.e. the total Width of the active deposit
is 4h.) at the time t = O, The tables then list the content
of each consecutive strip of width h as a function of the
argument h/%éﬁﬁ-. A histogram could then be drawn of the
distribution of activity in strips of width h against x,
" the distance from the centre of the complete system, and
by reflection of this histogram around the x = O axis,
the distribution:of acfivity in the complete system was
obtained, Fig. 38. |

The use of thesé tables in the determination of the
surface diffusion coefficient will now be shown.

It was assumed that the activity of the strip was
20,000 counts per minute so that there was an activity of
10,000 counts per minute in the distance 2h (i.e. half

the strip-width).

From experimental measurements it was known that the
strip width was 2.6 mm.

o s 2h = 1.3 nm.

Before diffusion, the 10,000 counts per minute
activity would be contained in this width of 1,3 mm.,
Fig. 36. This figure has been drawn to a scale of 2 cm.

equal to 1 mm. of actual crystal.
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Therefore, if the middle of the counter slit was at
x = 0, (position C) ), then it would see half of the
10,000 count on the left hand side of the centre of the
deposit}and half of the 10,000 count on the right hand
side of the centre of fhe.deposit. Hence, at x = O, the
counter would give 10,000 counts per minute,

Now, if the crystal was moved along 0.5 mm.,
(position ®), the counter would see 3/26th of the 10,000
count on the left hand side of the centre of the deposit
and 23/26th of the 10,000 count on the right hand side.
Hence, at x = 5 mm., the counter would give 10,000 counts
per minute.

The crystal was then moved along a further 0.5‘mm.,
(position ®), so that the centre of the counter slit was
at x = 1.mm. The counter would now see 19/26th of 10,000
counts on the right hand side of the centre of the deposit
and the remaining 7/26th would sée no activity. Hence,

at X = 1 mm., the counter would give 19/26 x 10,000 counts

per minute.

In this way, the distribution of activity in counts
per minute registered by the counter coﬁld be plotted
against the distance from the centre of the deposit on the
crystal. The complete curve, shown in Fig. 37, was
obtained by reflection of the right hand side.

A value of the diffusion coefficient was then chosen

and, since the time of diffusion was known, the value of
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h/%// /Dt could be calculated. By use of Stefan's
tables, the appropriate histogram for this value of
h/ 2~/5% could be plotted.

~ In the case of the surface diffusion in the present
work, the crystal was heated for 214 hours at 506°C. A
value of the surface diffusion coefficient, D, was chosen

which was about a hundred times the bulk diffusion

coefficient.
Let D = 8x 10—9 cm.2 sec."1
t = 7.705 x 10° sec.
. h _ L065
2 /Dt 2/ 8x 10°° x 7.705 x 10°

- - .4:20
The histogram appropriate to this value of h/2v/5%
was plotted using Stefan's tables, Fig. 38 , after which the
distribution of activity over the surface was determined
by the method, previously described. The graph of this

distribution of activity after diffusion is shown in

Fig. 37.

A series of these calculations were made using
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different values of the surface diffusion coefficient and the

appropriate graphs of the distribution of activity plotted.

By comparison of these with the shape of the graph for the

actual measurements it was possible to determine the surface

diffusion coefficient.,

The method was limited by the availdile data to

calculations with a surface diffusion coefficient not less
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than 10~° cm.2 sec.—1 It was also doubtful whether it

would be possible, using the present apparatus, to detect
changes in the distribution of activity over the surface

if the surface diffusion coefficient was less than

10™° cm.2 sec._l.

5,6, THE RESULTS OF THE SURFACE DIFFUSION MEASUREMENTS.

A series of trial experiments were carried out on
crystal 1 in order to develop the technique and conditions
for measurement of surface diffusion.

The results of these experiments have shown that with
the present system a total surface activity of over 10,000
counts per minute was needed to obtain a statistical accuracy
of approximately.1.5 per cent for the surface scan,

It was also observed that moisture condensed on the
crystals during the surface countiﬁg so that in the final
experiment the complete counting apparatus was desiccated
with silica gel.

The important measurement of the surface diffusion
coefficient was carried out on a piece of crystal 5., which
was the crystal used in the final bulk diffusion experiments.
The conditions of diffusion were maintained as near as
possible to these experiments on bulk diffusion.

The crystal was maintained at a temperature of 50600
for 214 hours while the pressure of nitrogen in the diffusion

vessel was approximately 2.7 atmospheres at this working

temperature.



6008

At .‘rr {cou: b per miaule)

A, Before diffusion. —~
8. Affer diffuston --e-.

A A I L ) | 2 3 4 5
Disfance From cenfie of deposd. (tunit = -835mm)

40, Variation in activity over surface with
D=28zx 10-9 cm. 2 sec.-




A 86.
The results of the surface diffusion measurements, which

have been plotted graphically as count rate against distance
from the initial counting position on the crystal, are shown
in Fig.39 . Bulk diffusion has not been allowed for in the
results but even without this correction it is obvious that
the shape of the graph of activity is unchanged by the
heating.

Comparison of Fig. 39 with the theoretical curves
of the distribution before and after 214 hours heatihg at
506°C with a surface diffusion coefficient 100 times the
bulk diffusion coefficient, (i.e. 8 x 1077 em.? sec.;l), |
drawn on the same scale and with the same activity peak shows
that there would certainly be a measurable change after
this time, Fig. 40 .

It was therefore concluded that the surface diffusion
coefficient must be either less, or of the same order, or

up to ten times the bulk diffusion coefficient ét this

temperature.



CHAPTER 6

THE SURFACE PATTERNS ON- CLEAVED FACES OF

SINGLE CRYSTALS OF SODIUM CHLORIDE.
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6. THE SURFACE PATTERNS ON CLEAVED FACES OF SINGLE CRYSTALS
OF SODIUM CHLORIDE,

6.1ls INTRODUCTION,

The construction of a vacuum apparatus for evaporation
of deposits of sodium chloride on to the crystal faces was
envisaged as serving a duvual purpose, It was necessary to
have a method of evaporation of active sodium chloride on to
the crystal for diffusion measurements but also it was
conceived that a study of the crystal surfaces might be
possible by microscopic examination of this evaporated
deposit.,. |

This idea arose from the work of Kern and Pick (42) who
observed the changes in surface structure‘when single
crystals of the alkali halides were heated on the stage
of a phase-contrast microscope to 700°-800°C. They have
published photographs of the lamellae patterns which
appeared and have attributed these to evaporation from

grain boundaries and other dislocations,

It was decided, therefore, to carry out the reverse
of their procedure and to evaporate on to the crystal a
deposit of sodium chloride, then examine it microscopically
before and after heating the crystal plus deposit. From
the observations of Yamaguti (43), who noted that when sodium
chloride was evaporated on to a single crystal face the
crystallites tended to form continuations of the underlying

layers, it would appear probable that the grain boundaries



B 45

B- 48,

¥Fig, 41, The evaporation vessel,

o}

 N—

[«

End View.

FYig. 42, The crystal container,




88.

and dislocations at the crystal surface might show u on

microscopic examination, after heat treatment of the crystal.

6.2, THE EVAPORATION VESSEL,

The vessel in which sodium chloride was to be evaporated
on to.the crystal surfaces is shown in Fig, 41, It was
constructed of Pyrex glass and could be attached to the main
vacuum line through the B,12 socket. The crystal was housed in
a rectangular brass box, B, 1 in. square by 6 in., in length,
whose base héd an aperture drilled in it, Fig.4%2<. The
box mounting shielded the crystal againét-eVaporétion of sodium
chloride on to all the surfaces and the aperture in the
base of the box allowed well defined deposits of any shape
to be made on any desired face of the crystal, The shape of
the aperture depended on the type of measurement to be made;
a box with a circular aperture (1 cm. in diametéf) in the
base was used when evaporations were made for bulk diffusién
measurements, while a: rectangular aperture )(1.5 cm. X .2 cm,)
was used in the case of sﬁrface’diffusion measurements, The
box was suspended by a brass rod which passed through the B.10
joint, the two holes in opposite sides of the open,upper end of
the be and into the side tube, T. This upper vessel,
containing the cfystal holder, wys connected to the lower
vessel, containing the evaporation apparatus, by a
B.45 cone and socket joint. |

The evapération of the sodium chloride took place from

a small platinum boat, P, 2.5 cm. in length and ,7 cm. wide,
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the ends of which were fitted into slots in the ends of two
thick copper wires, C, and these slots weresclosed onto

the platinum by hammering. The copper 1eads were silver-
soldered to two tungsten leads, W, which were sealed into the
two limbs in the bottom of the vessel. This vessel was
constructed in two parts so that there was easy access to the
platinum boat, The heating current was supplied to

the leads from the mains through a variac and a step-up
transformer, The joints were lubricated with Dow Corning
silicone grease, which is stable up to temperatures of

22500, and the apparatus fitted together, When in posipion
the platinum boat was approximately 1 cm. from the aperture
in the box.

643, THE EVAPORATION TECHNIQUE.

A freshly cleaved crystal slice was placed in the box
and about 50 mgms of dry sodium chioride were placed in the
platinum boat, The evaporatién vessel was assembled and
the vessel connected to the vécuum line, When the pressure
vessel reached sticking vaguum, the_heating current was
_switéhed on and the boat maintained af a temperature of
approximately 200°C for fifteeh minutes to remove any
moisture present, after which the temperature was gradually
raised to red-heat over é period of fifteen minutes.,

The current was then switched off and -the vessel brought
down to atmospheric pressure. After removal of the

crystal from the apparatus it was found to have on it a
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clearly defined deposit, which weighed about 20 mgms. The
remainder of the sodium chloride, in the case of active
depositions, was recovered by washing the vessei with
distilled water and evaporating the washings to dryness.

The strength of the active sodium chloride used in the

5

evaporgtions was 5 x 10"~ mc. per mgnm.

6.4, THE RESULTS.

The crystals were treated as described in the previous
section and then viewed under a microscope with 60 x.
magnification. Only a very few crystals showed a surface
pattern immediately after the deposition but if the crystals
with their deposits were then heated at 400°-450°C in air
for forty-eight hours,surface markings became visible on
nearly all the crystals. These patterns were photographed
with a 75 x magnification.

The patterns produced have been shown to be a function
of the substrate and not the deposit by carrying out the
evaporations on glass and mica surfaces. After diffusion the
deposits were viewed under a microscope and showed no

surface pattern (Plates E and F).

A typical pattern produced in the deposit on a sodium
chloride crystal after six hours heating at 400°C is shown in
Plate A.

A series of experiments on the same single crystal have
been carried out to determine the effect of chilling the

crystal in liguid nitrogen. Plate B shows: the surface pattern
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of the untreated crystal produced by heating the crystal,

with its deposit, for six hours at 400°¢C. The same crystal
was then chilled in liquid nitrogen and a new face obtained
by cleaving,so that the effect of this treatment in the centre
of the crystal could be observed. A deposit of sodium
chloride was then evaporated on to this freshly cleaved

face and the crystal heated at 400°C for six hours. The
appearance of the deposit is shown in Plate C. The crystal
was then heated for a further six hours at 4OOOC and the
deposit again viewed, Plate D.

The results of these investigations show that the:
pattern produced in ithe deposit is a property of the crystal
surface and appears to show the mosaic structure of the
crystals., Thelarea of these crystallites in the untrgated
crystal vary from 2.4 x 104 em.? to 3.2 X 1079 em. @,

On chilling, these crystallites are further subdivided producing
more boundaries in the crystal. The average area of the
erystallites in the chilled specimen is 8 x 107° om.”

Further heating of the crystal does not apﬁear to have

any effect on the number of boundaries.
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7.. AUTORADIOGRAPHIC STUDIES OF DIFFUSION IN SINGLE CRYSTALS
OF SODIUM CHLORIDE,"

7.1, INTRODUCTION.

The investigations on the effect of fine structure on
diffusion in single crystals of sodium chloride have been
described in Chapter 4. In these experiments, crystal
pieces of the same single crystal have been subjected to
a series of heat treatments designed to-alter the size of
the mosaics without freezing in vacancies in the crystal,
and then the self-diffusion coefficient of sodium in them
measuread, These treatments would be expected to alter the
diffusion rates if there was grain boundary diffusion in
the crystals, since this type of diffusion isusually more
rapid/ﬁhan bulk diffusion. A series of measurements have
also been made to determine the surface diffusion coefficiént
of sodium on these crystals in order that an estimate could
be made of the rate of grain boundary diffusion.

However, the only satisfactory way to detect grain
boundary diffusion in the %rystal, provided it proceeds at
a different:rate to bulk diffusion, would be by autoradiography
of sections of the crystal, through which diffusion has

taken place,
‘7.2, DETAILS OF THE AUTORADIOGRAPHY TECHNIQUE,

a) Outline of the Method.

A circular deposit of active sodium chloride, labelled

with sodium-22, was evaporated on to a freshly cleaved
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surface of a single crystal, 2 cm, X 2 cm. X .2 cm, in
size., The cfystal was then sealed in a pyrex tube under
a pressure of one atmosphere of oxygen-free nitrogen and
placed in a temperature controlled furnace, After allowing
diffusion to take place for é known time the crystal was
removed and cooled to rodm temperature, The procedure
is fully described in section 4c of Chapter 4.

The active crystal face was counted with a Geiger
counter to estimate a suitable exposure time and the active
face then exposed to the nuclear plate as in Fig, 43 «

After development, the plate was examined under a microscope
with ai450 X magnificationf The plate showed a continuous
blackening so the upper surface of the active face was
removed by grinding and another exposure taken. The
process of grinding the face, then exposing to a nuclear
plate and after development viewing under the microscope was
continued until all the activity was removed from the
crystal. Great care was taken in the later stages of
grinding because the crystals were easily damaged.

If the grain boundary diffusion was more rapid than
bulk diffusion, a point would be reached in the removal
of thin layers of the crystal, Wheré the depth of
crystal penetrated by the volume diffusion mechanism would
have been grbund away so that only the activity in the grain
boundary would be left. On exposure and subsequent

development of the plate the grain boundaries would be
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expected to show up as areas of concentrated electron

" tracks giving a type of mosaic pattern, though it would
obviously not be as distinct a pattern as those obtained
by other methods, because of the scattering of the ﬂ'*

particles in the nuclear emulsion.

7.5.'THE EXPOSURE AND DEVELOPMENT OF THE NUCLEAR PLATES,

The plates used in these experiments were ILFORD G.5
nuclear plates, which were glass-backed and had an
emulsion thickness of 504 . The plates were stored in
lead castles until required, but could only be used for
about six weeks after their manufacture.

The éctive face of the crystal was counted and then
laid acfive face down on the plate. Direct contact between
the crystal and thé emulsion, produced pressure markings |
and these were eliminated by having the crystal edges
resting on narrow strips ofASellotape, which adhered
to the plate, Fig, 43 . Trigl experiments were carried out
to find a suitable exposure time and it was found that with
an activity of 1300 counts per minute, seven hours exposure
was needed. The necessary exposure time for each crystal
could then be calculated from this data by simple
proportion. The crystal was exposed for the éaiculated
time in a darkened desiccated box, surrounded by lead
blockse.

After exposure, the plate was developed by immersing

in ID-19 developer for thirty minutes and then transferred
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to a solution of 30 per cent strength acid fixer. The
fixing usually took ninety minutes and when this was
completed, the fixer was gradually diluted down to 0.25
per cent over a period of four hours, then the plate was
washed with water for thirty minutes. The development

was, of course, carried out in a dark room as. these

plates were light sensitive.

7.4, THE GRINDING OF THE CRYSTALS,

The crystals were grdund on a glass plate using liquid
paraffih as the lubricant., The abrasives used were
carborundum and "Sira" powder, which was obtaineble from
the United Kingdom Optical Company. The former was used
for the coarde grinding and the latter for taking off
very fine layers of the crystal in the later stages. After

grinding, the crystals were cleaned with tissue paper.

7.5, THE SENSITIVITY OF THE METHOD.

p-—particles coming from a point source of radioactive
matter emerge in all directions ahd are randomly scattered
in an absorbing medium such as an emulsion. There must
necessarily be a limit to how close two radioactive point
sources can be WithoutAtheir images becoming indistinguishable
from one another on a nuclear plate. A series of
experiments were therefore carried out to determine the
limits of proximity of two radiocactive sources for
resolutibn on a nuclear plat&,

This was carried out by painting a layer of sodium
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chloride, labelled with sodium-22 on to one side of a number
- of micfoscope cover slips of varying thicknesses, and |
evaporating these sodium chloride layers to dryness. The
slips were then glued together to form a wedge, each
radiocactive .layer being separgted from the next by the
thickness of the cover slip. Any collimating effect of
the wedge was removed by rubbing the edges down with sandpaper
until active sodium could be detected at the edges, Fig. 44.
A The wedge was then placed edge down on the plate but
keptvfrom contact with the plate by two strips of Sellotape
at the ends, Fig. 44. The wedge was maintained in place
by having the ends waxed to the Sellotape. After exposing
for a suitable time, the plate was developed and fixed as
previously described.
The result of the experiment is shown in plate G

(75 x magnifiéation). The sources, A and B, were separated
by a cover slip of thickness 4004 , while B and C were
separated by 200 p . As can be seen from the plate G

it is just possible to distinguish two active sources
separated by a distance of 200 M .

The method thérefore will only be able to deteck
grain boundary diffusion, provided it is more rapid than bulk

diffusion, if the grain boundaries are more than 200 4 apart.

7.6, THE RESULTS,

The autoradiography studies have been carried out

on crystals 4, 5A and 5B, which were used in the diffusion

experiments.
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In the experiments on crystal 4 and 5A the grinding has
been carried out from the face on which the active deposit was
evaporatéd. ‘Exposures were taken of the ground face when the
activity detected at this face was 1000, 800, 600, 400, 200, and
100 counts per minute. |

The plétes when viéwed under a microscope, with a 450x
magnification, did nqt show any indications of grain boundary
diffusion. FPhotographs afe shown of the plates obtained by
exposing‘the ground face of crystal 4, when its activity was
100 counts per minute (Plate H) and the ground face of crystal
54, when its activity was 200 counts per minute (Plate 1).
| In these photographs the plates have been magnified 75 times.
As can be seen ffam these photographs there is no definite
evidence of selective diffusion in grain boundaries.

In the experiment on crystal 5B;thé face, opposite to the
one 6n which the active deposit was evaporated, has been
removed by grinding. Exposures were taken of the ground face
when the activity detected at this face was 300, 500, 700
counts per minute. No evidence of any grain boundary diffusion
was shown when the plates were viewed under a microscope with
a 460x magnification. The plate obtained by exposing the
ground face of crystal 5B, when its activity was 500 counts
per minute is shown in Plate J (75x magnification).

It has been observed by examination of the plates, that

there was no increase in the area of the active deposit after
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grinding so that it can be assumed that the grinding does not
spread activity over the crystal face. It should have been
poésible, therefore, to have detected grain boundary diffusion,
provided the distance between tﬁese boundaries was greater
than 200u and provided the grain boundary diffusion was more
rapid than the volume diffusion. |

These results wlll be discussed in a later chapter.



CHAPTER 8,

THE DISCUSSION OF RESULTS,
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8. : THE DISCUSSION OF RESULTS,

The aim of the work described in this thesis was the
investigation of the effect of changes in crystal fine structure
on the self-diffusion and conductivity in pieces of the same
single crysfal of sodium chloride. These changes were to
be brought about by firstly, annealing the crystal pieces
at 600°C and secondly, cooling other pieces rapidly in liquid
nitrogen from room temperature to' -19500. This latter
process would not be expected to "freeze in" vacancies in
the crystél.

Two points: of view with regard to the changes that would
be exiaected in the self-diffusion and conductivity by this
type of treatment will now be presented.

8.1, THE MOSAIC BLOCK THEORY,

It is generally observed that the energy of activation
for surface diffusion processes is less than that for grain
boundary diffusion, which is in tu;n less than that for bulk
diffusion. If this is true of diffusion in sodium chloride,
then the changes in fine structure brought about by the heat
‘treatments would make themselves evident in changes in the
apparent bulk diffusion coefficient: these structure
changes would alter the amount of.grain boundary and surface
diffusion in the crystal. The same conclusions are true of
conductivity, Which is in fact, the diffusion of ions in thé

crystal under an applied electric field. Chilling the crystal,
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which should lead 1o an .ncrease 1n tne number of gialn
boundaries in the crystal, wouid be expectéd to lead to an
increase in the self-diffusion and conductivity. The reverse
effects would be expected on annealing the crystal since
this would tend to increase the perfection of the crystal
structure,

 Reddington has observed some of these effects in his
measurements of the diffusion of barium in barium oxide
crystals(44). He has found that queﬁéhinglof the crystal from
about 1475°K increases the barium ion self-diffusion rate
while annealing of the crystal from this temperature
reduced this self-diffusion rate.

8.2. THE THEORY OF SEITZ.

Seitz (45), on the other hand, has proposed an entirely
different concept to interpret the‘results of Cunnel- and
Schneider (SOL who have measured the effect of quenching from
a high temperature on the conductivity of alkali halide
crystals. They observed that the conductiVity was lower in
specimens which were cooled from 750°C to room temperature
over a period of 36 hours than in "normally" treated specimens.
They have, however, found that the conductivity was the
lowest of all in the quenched crystals i.e. those cooled
down from 75000 to room temperature by removing them from
the furnace and leaving them to cool in air,

These results have been explained by Seitz who proposed

that the quenching process was not rapid enough to retain
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the vacancies generated in the non-structure sensitive

range. Only those vacancies associated with the multivalent
ions in the crystal were retained. The quenched specimens
contained quenching strains and, therefore, possessed
dislocations which might trap some of the positive vacancies,
hence lowering the conductivity and the self-diffusion rete.

~Seitz has speculated on the effect of annealing on the
‘crystal conductivity: he thinks that on annealing it is
possible that some of the impurities and the vacancies
associated with them "precipitate" so that the& no longer -
contribute to the conductivity. The conductivity should
therefore be lower than in the untreated specimen.

One result of Seitz's concept would be that annealing
would not lower the self-diffusion coefficient because the
altervalent ion-vacancy complex still allows the vacancy
‘to contribute to the diffusion ProceSS.

The views expressed above, therefore, are in complete
disagreement with one another as far as quenching is concerned

but they agree on the effect of annealing on the crystal

conductivity.

8.3, THE RESULTS OF THE PRESENT WORK,

The results .of the work for this thesis might be
expected to produce evidence in favour of one or other of these
concepts. A summary of the results obtained and the
conclusions drawn from these observations are given below,

a) The study of the surface patterns produced by evaporation

LI5TRRY



b)

e)
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shows that chilling of the crystal specimens in liquid
nitrogen leads to an increase in the number of boundaries
at the surface. It is very probably that these boundaries
extend into the crystal, as has been shown by the
theoretical calculations of Lennard=Jones (22).

The results of the surface diffusion investigation
indicate that, at the temperature of 50600, if there is
any Sﬁffacé diffusion at all, it cannot proceed at a
faster rate than ten times the bulk diffusion. It is,
therefore, very probable that the rate of grain boundary
diffusion is not larger than ten times the volume diffusion
rate, if indeed it is any more rapid.

The results of the autoradiograply show that it is unlikely
that grain bdundary diffusion proceeds at a faster rate
than the volume diffusion. This method is limited to a
cryétal in which the grain boundaries are more than 200 u
apart. When comparison is made with the crystallite sizes
obtained from the evéporation studies, it would appear,
however, that grain boundary diffusion should be detected
by‘autoradiography if it does proceed at more rapid rate
than bulk diffusion.

The changes of the diffusion rate with chilling and
annealing shows that the self-diffusion coefficient is
increased by both treatments,. It has also been observed
that the diffusibn rate increases with length of heating.

The conductivity measurements show that the conducfivity
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of a crystal specimen is increased by annealing in two of
the three specimens examined. This increase in
conductivity is dependent on the length of annealing.

The chilling of the crystal in liquid nitrogen has also
increased the conductivity in two out of the three
specimens, on which measurements were made.

The third specimen, which has given anomalous results,
has already been discussed in section 9 of Chapter 3.

8.4, COMPARISON OF THE RESULTS WITH OTHER VWORKERS.

a) Diffusion.

It is possible to examine Mapother, Crooks and Maurer's
work (1) on volume diffusion and draw some conclusions about
grain boundary diffusion. When this is dohe, the results
are in complete agreement with the present work. Their
method of‘investigation, although it is subject to the
disadvantages of possible loss of material during microtoming,
has the advantage that it should be able to show this grain
boundary diffusion if it proceeded at a different rate to

the volume diffusion; They have calculated the diffusion
coefficient frpm the equation:- C = ?7?%%7% e” X2/4Dt
(Eqn. 5 ) by plotting log. C against xz, Fig. 45 . | If
grain boundary diffusion did take place at a faster rate
than volume diffusion, then this graph would be expected to
have a "tail" (Fig.46 ) due to this extra penetration by

grain boundary diffusion. No evidence of this is shown in

their work and, in this way, it agrees with the present

work.
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JThe results also agree with those of Laurent and Benard (46)
who have shown that the self-diffusion coefficient of sodium
in sédium chloride crystals is independent of the number of
grain boundaries. They have measured the self-diffusion of
sodium in single crystals and in polycrystals, whose grain
sizes variéd from 50 8 to 3000p , of sodium chloride.  The
self-diffusion coefficient was found to be the same in all
cases, thus showihg that grain boundary d iffusion must
proceed at the same rate, or less than that of bulk diffusion.

In contrast to this situation for cation mobility
there may, however, be evidence of grain boundary diffusion of
the anion in sodiuﬁ bromide crystals. It can be observed
in a close ¢Xamination of the results of Schamp and Katz (3) ,
although the authors do not meﬁtion it, that for the bromide
ion diffusion in singleAcrystals of sodium bromide, in the
low temperature range, the graph of log; C versus (depth)z
has a tail, Fig.47 . This may be due to grain boundary diffu-
sion proceeding at a more rapid rate than bulk diffusion.

Fufther evidence of anion diffusion in sodium halide
crystals has come from the work of Laurent and Béhard_(46)
in their experiments on the chloride ion diffusion in single
and polycrystals of sodium ch}oride. They have found that
the chloride ion diffusion in single crystals is more rapid
than in polycrystals and it is slowest in the polycrystal
which has the smallest grain size. This, in fact, points

to the grain boundary diffusion being slower than bulk

diffusion.
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b) Conductivity.

The conductivity results do not agree with the
observations of Etzel and Maurer (4) , who have found that
the conductivity of the "pure" sodium chloride crystals was
not affected by annealing or by quenching. Schneider and
Cunnel (30), on the other hand, have shown that guenching
of the pure sodium chloride crystals reduced their conductivity
as described in an earlier section of this chapter.

Comparisoh of the present conductivity results with
those of other Wofkers, whose conductivity measurements are
described above, shbws that the results of the present work
are in complete disagreement with regard to the effect of
annealing of the crystals, while no results have been
previously reported of the effect of chilling the crystals

in liquid nitrogen.
8.5, COMPARISON OF THE RESULTS WITH THE PREVIOUS THEORIES.

The results of the present work cannot be reconciled with

- either of the theoriés discussed earlier in this chapter.
Considering the simple mosaic theory, an increase in the
self;diffusion coefficient and the conductivity would be
expected on chilling the crystal in liquid nitrogen.
Annealing the crystal, however, should lead to a decrease in
the self-diffusion coefficient and .the conductivity, which
is the converse of the experimental observations. This

theory must, therefore, be discarded.

It is also impossible to interpret this increase in the

self-diffusion coefficient and the conductivity both on



106.

annealing and chilling the crystal with the theory proposed
by Seitz (45). In this theory, the effect of annealing would
be expected to lead to a decrease in the conductivity while
the self-diffusion coefficient should be unchanged. Chilling
of the crystal in liguid nitrogen would be expected to
decrease both the conductivity and the self-diffusion
coefficient,

Before any new hypothesis is offered to explain these
results, it seems worthwhile to digress from the main theme
to consider the important effects of altervalent ions on
the conductivity and self-diffusion in chilled and annealed

crystal specimens,

8.6, THE PRESENCE OF ALTERVALENT IONS IN THE CRYSTAL,

A series of experiments have also been carried out on the
effect of annealing and quenching on crystals of sodium chloride
containing added divalent impurities. Etzel and Maurer (4)
have shown that the conductivity of sodium chloride crystals
containingv added cadmium impurity was reduced on annealing at
temperatures above 400°cC, This reduction increased with time
but they have been able to show that!a least part of this
. reduction was due to the electrodes which were applied to the
crystal before annealing. They also observed that the

conductivity of the quenched crystals was higher than that of
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the crystals which were cooled slowly. These results

have been confirmed by Goodfelldw (29) with measurements on
single crystals of sodium chloride containing added manganese
impurity.

These resulfs have been explained by Schneider and
Caffyn's recent theory (47) . They propose that on annealing,
the divalent impurity forms aggregates or clusters near or
at the internal boundaries. These impurity ions will be
associated with some positive ion vacancies and the impurity .
aggregates may trap some unassociated vacancies, thus
reducing the conductivity. On further heating, followed
by quénching, a more uniform distribution of the impurity
would be obtained and some of the positive ibn vacancies,
previously trapped at the internal boundaries, would be freed.
This would lead to an increase in the conductivity.

When this theory is applied to the self-diffusion,
it would be expected that there would be a decrease in the
self-diffusion on annealing due to this trapping of some of
the positive ion wmcancies, while quenching of the crystal

should lead to an increase in the self-diffusion

coefficient.

It is concluded from this discussion, that attention
must be given to the effects of altervalent impurity ions
vin the crystal when the crystal is annealed or gquenched.
Since a spectroscopic examination of the "pure" crystals

(Chapter 2), revealed an impurity content of approximately

.001 per cent, any interpretation of the annealing or
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guenching would be expected to incorpé%ate this impurity
effect. This will be discussed in the nextisection.

8.7. INTERPRETATION OF THE PRESENT WORK,

The -results which have been obtained in the present work
cannot be explained in terms of the existing theories and so
another concept is now tentatively suggested to explain
both the conductivity and the diffusion results.

It has previously been observed (1) that "pure" sodium
chloride crystals contain a small amount of altervalent ions
present as impurities. Cottrell (48) has previously pointed
out that foreign atoms in a solid solution distort the crystal
locally and so there would be a certain amount of strain in
a single crystal of sodium chloride due to these impurity ions.
Purthermore strain will be produced in these crystals during
the gfowing process and the short time of annealing after

the growing will probably not relieve this strain
to any appreciable extent. |

This distortion of the crystal because of strain would
probably partially inhibit the movement of vacancies and
ions: in the crystal, and so if by some ireatment this strain -
is relieved then the ﬁobility of the vacancies wéuld probably
increase, It seems not unreasonable to suggest that either
annealing or a moderate shock treatment might have this
effect.

Experiments on the evaporation patterns on the
crystal faces has shown that the chilling of the crystal in

liquid nitrogen does in fact lead to an increase in boundaries.
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These boundaries would probably be formed at the points of

distortion in the lattice so reducing the strain in the
crystal. This would release some vacancies trapped by
the distortion and would increase the mobility of the vacancies
in the area of the distortion. The self-diffusion and

the conductivity would therefore be expected to increase

on chilling and this is in fact what has been experimentally
observed;

Ahnealing of the crystal would also be expected to reduce
the strain in the crystal. This is also demonstrated by
the difficulty in cleaving a crystal which has not been
annealed for any length of time.

"~ One possible view of this reduction of the strain on
annealing is that the altervalent impurity ions would diffuse
rapidly towardé, and some would reach, the grain boundaries
in the crystal aﬁd so reduce the distortion. This is very
probagble for as Mapother, Crooks and Maurer (1) have shown
the diffusion rate of the divalent cations is several hundred
times that of the sodium ién. The heating of the crystal
at 600°C would also break up some of the impurity ion—vacancy
complexes. Lidiard (49), on a theéretical basis has shown that
dissociation of the complexes occurs fairly rapidly with
increase in temperature when the divalent impurity ion
concentration is not greater than .01 per cent, It is
possible that the rate of cooling after annealing is too
rapid to allow ali‘of'tﬁe divalent ions, Wﬁich were previously

present as complexes, .to. reassociate with positive ion vacancies.
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These extra vacancies would therefore increase the
conductivity, although they would have no effect on the
diffusion rate since they already contribute to the
diffusion when they are associated with the divélent impurity
ion. However the reduction of the strain in fhe crystal
due to the diffusion of the impurity ions to the grain
boundaries would increase both the conductivity and the self-
diffusion.

Evidence in favour of these proposals has come from
the comparison of the directly measured self-diffusion
coefficient and that calculated from the conductivity

measurementsvby use of the Nernst-Einstein relationship(Eqn.l).

The ratio of Dobservesté Dcalculated was 2,29, 1.959 and 1,29

for the untreated siice, the slice cooled in liguid nitrogen,
and the slice annealed for 254% hours at 620°C respectively.
This discrepéncy between Dobserved and Dcalculated* may be
due to the presence in the crystal of divalent impurity-
vacancy complexes, which contribute to the diffusion but not
to the conductivity. Theée results therefore show that
both chilling and annealing of the crystal decreases the
impurity ion-vacancy complex contribution to the diffusion.
The effect of the lowering of the conductivity with

gquenching in the "pure" sodium chloride cryétals, observed

by Cunnel and Schneider (30), could therefore be explained

#* Tt should be pointed out, however, that other explanations

have been given for the discrepancies b?tween Dobserved and

Doalculated (50, 51).
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by assuming that this quenching process would set up
quenching strains in the crystal. These strains would
then probably reduce the mobility of the vacancies, hence
reducing the conductivity and the diffusion. The cooling
of the crystals at a slower rate would be expected to cause
less strain in the crystal and so the conductivity and
diffusion would be higher than for the quenched crystal.

It is difficult to account for the results of the
annealing and quenching of single crystals,containing added
divalent impurities,on this concept. One possible
explanation is that, since these crystals contain ofAthe
order of 0.1 per cent divaient impurity, the annealing
Process wouid not reduce the strain in the crystal because
it is very likely that clusters of the impurity form
at the grain boundaries and these would be of such a size
that they would introduce strains in the neighbouring
crystallites. As Schneider and Caffyn (47) have suggested,
a certain number of unassociated positive vacancies may be
trapped in these Qlusters so reducing the conductivity.
Also, on the basis of the views of Lidiard (49) , because
of the higher impurity content, the heating might not be
expectéd to break up the impurity ilon-vacancy complexes

The quenching of the crystal would produce a more
uniform distribution of the*impurity. This redistribution
should decrease the strain in the crystal but it would be

counta%d'by the quenching strains which would also be
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produced., Since it is experimentally observed that guenching
increases the crystal conductivity, it must be assumed that

the overall strain in the crystal is reduced.

8.8, SURFACE DIFFUSION AND GRAIN BOUNDARY DIFFUSION.

The results of. the surface diffusion and autoradiography
experiments indicate that the order of magnitude of the rates
of surface diffusion, if it does take place, and grain
boundary'diffusion are approximately of the same order as
the volume diffusion. This estimate is in agreement with the
views of Roberts (52), though Gyulai (53) hasfound some evidence
of surface mobility in sodium chloride crystals grown from
the vapour. Laurent and Béﬁard(46) have also shown that
grain boundary and volume diffusion are of the same order.

These results for surface migration, and grain boundary
diffusion are in marked contrast to that reported for
the diffusion of active barium in and on barium oxide crystals (44
and for the diffusion in and on metals. Langmuir (54) ,
for example, has reported that in the case of diffusion of
thorium in and on crystals of tungsten, the surface diffusion'
was more rapid than grain boundary diffusion, which was more
rapid than volume diffusion. Hoffman and Turnbull (55)
have also reported a grain boundary diffusion for silver in
silver crystals 106 times as great as the bulk diffusion, while
the surface diffusion at this temperature has been shown to
be of the same order as the grain boundary diffusion (56).

Winegard and Chalmers (56) , Who have carried out these

surface diffusion measurements of silver on silver crystals, have
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proposéd that both the surface diffusion and the grain
boundary diffusion proceed by a vacancy mechénism. They
account for the increased rate of surface and grain boundary
diffusion by assuming there is a gréater éoncentration of
vacancies at this surface and grain boundaries.

The lack of surface mobility on cleaved surfaces of
sodium chloride crystals is surprising because experiments on
the specular reflection of helium from these surfaces (57)
indicate a smooth surface with a "roughness'" of only 1R,

The surface mobility should therefore not be inhibited by
steps on the crystal face.

De Boer (58), in a series of calculations, has shown
that there is a very small difference in abéorption energies
for sodium ions on top of chloride ions (23,1 K.cals/mole)
and in the centre of the lattice (26.0 K.cals/mole) and
so facile migration might have been expected. However, the
calculations also indicate that the corner and the edges
will have higher heats of absorption and, therefore, act as
traps for surface mobile ions. It may be that the presence
of steps in the crystal surface, which are not detectable
by the specular reflection of helium, do act as inhibitors
of surface movement.

Another possible explanation is that the surface
migration dqustake place by a vacancy mechanism (c.f. silver
on silver crystals), but because the crystal slices used in

the present work were taken from the centre of a single
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crystal, there would be no increased concentration of

vacancies at these cleaved faces. The rate of surface
diffusion would be expected to be of the same order as the
bulk diffusion. .

Tt is therefore concluded that for sodium chloride
crystals, although the grain boundaries and dislocations in
a crystal do affect the self-diffusion and conductivity,
actual migration along these grain boundaries,and on the
crystal surface, makes no significant contribution to the
diffusion. This situation should be compared with that
for metals in which grain boundary and surface diffusion
are of considerable importance.

8.9, FUTURE WORK,

The hypothesis'presented in this chapter could be tested
by measurement of the self-diffusion of sodium in quenched
specimens of sodium chloride crystals and also by an
investigation of the effects of annealing, gquenching, and
chilling in 1iquid nitrogen on the self-diffusion of sodium
in single crystals containing added divalent impurity. Also
the surface diffusion measurements have been only able to
determine an upperllimit for the surface diffusion éoefficient
and so a more accurate method of measurement is required.

It would seem probable that an autoradiographic technique
might be suitable for this.

Tt is felt that a further investigation is required

into the dependability of various electrode coatings’for

the conductivity measurements. The effect of the various
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coatings on the crystal conductivity on annealing should
also be studied, since Etzel and Maurer (4) have shown that
the conductivity of a crystal, containing added divalent
impurity, is reduced by apnealing for periods of one hour
or less, It would seem probable therefore that the
conductivity would depend on the length'of heating time
during a conductivity run and a more careful study of
this is-required.

Furthermore, it would be mosﬁ interesting to study
the effect of the addition of divalent negative impurities
to the crystal on the conducfivity and the'anion self-
diffusion. Morrison (59), who has very kindly allowed us
a preview of a paper soon to be published, points out
that there is a possibility of a vacancy pair mechanism
for the anion self-diffusion in sodium chloride.

In view of the observations on the effect of annealing
and quenching on the crystal conductivity and self-diffusion,
it would seem advisable,that in all future work on the
sodium chloride crystals, a.standard growing and annealing
procedure should be used. A more accurate comparison

could then be made of the results of different workers.
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9. THE APPENDIX.

9.1. THE LABELLING' OF SODIUM.

a) Both radioactive isotopes of sodium have been used in
these experiments; they were sodium-24, (ap‘*x emitter with
a p-particle energy of 1.58 MeV and a half-life of 14.8 hours )
and sodium-22 (ap*+Y¥ emitter with a p-particle energy of
.53%6 MeV and a half-life of 2.6 years).

The sodium-24 was available from the A.E.R.E., Amersham,
as solid sodium chloride with an activity of 1 me . /mgm. .
This was diluted by adding 1 gm. of inactive sodium chloride.
Two samples of sodium-22 wefe obtained from the A.E.R.E.,
Amersham, in the form of solutions of sodium chloride with
an activity of 0.2 me./ml.. This was diluted with solid
inactive sodium chloride‘to give an activity of 5 x lo_smc/mgm.
and the solution evaporated to drymess. Another sample of
sodium-22 was obtained from the cyclotron at Birminghem
University. The sodium,had been produced by deuteron bomb-
ardment of a magnesium targeﬁ and so the active sodium had to
be separéted from the magnesium. This separation is described
in part b) of this section.
D) The Separation of Sodium-22 from the Magnesium Target.
Reagents.

1. Glacial acetic acid - analytical reagent grade.

9. Nitric acid - analytical reagent grade.

3, Uranyl acetate reagent - 20 gmguranyl acetate +

15 ml. glacial acetic acid + water to 250 ml.
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4. Ethanol - 95%.

5. Hydrogen peroxide - 100 vol. - M.A.R. grade.

6. Dibutyl phosphate - alkali and acid washed.
Procgédure;

The magnesium target was dissolved in the minimum
volume of dilute acetic acid in a 500 ml. flask under reflux.

The whole solution was trénsferred to a 500 ml. beaker
and treated with 260 microgrammes of sodium carrier ( added
as éodium chloride ) and the solution evaporated carefully
to remove all excess liquid. The evaporation was carried
out under vacuum and no heat was applied to the solution.
The cryétalline residue was redissolved in the smallest pos-
sible volume of redistilled wafer. 50 ml. of the uranyl
acetate reagent (3 above) was well mixed with the solution,
followed by 100 ml. of 95% ethanol. The mixture was cooled
to below 10°C. in an ice-water bath and stirred with a
‘mechanical étirrer for 30 - 40 mimutes. The almost opague
solution was kept overnight at about 20°C. and then yielded
a clear solution with a well-crystallised precipitate of the
triple acetate.

The precipitate was isolated on a No. 3 porosity
sintered glass Gooch crucible, and washed with several small
volumes of 95% ethanol, (the filtrate and washings were retained
for counting). The precipitate was then dissolved in 0.5 N.
nitric acid and the resulting solution evaporated nearly to

dryness. The residue was taken up in 10 ml. of 0.5 N nitric
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acid, and the bulk of the uranium was precipitated as the
.peroxide-by adding hydrogen peroxide reagent. The uranium
peroxide was separated from the sodium-22 solution on a
sintered glass Gooch crucible and washed with 0.5 Nlnitric
acidj; the filtrate andiwashings were combined and evaporated
to dryness. The residue was dissolved in 5 ml. of 075 N
nitric acid and this solution, plus 5 ml. of water washings,
was shaken with two lots of 2 ml. of dibutyl phosphate reagent
(diluted with an equal volume of ether) to remove any remaining
uranium. Traces of dibutyl phosphate were removed from
the aqueous layer by a £inal extraction with 10 ml. of ether.

‘The aqueous layer wes evaporated to dryness and then
made up to 10 ml. with redistilled water and a little
hydrochloric acid to give é pH of 1 - 2. The solution was
diluted with solid inactive sodium chloride to give an activity
of 5 % 10 °me./mgm. and then evaporated to dryness.
9.2 CALCULATION ON THE NERNST-EINSTELIN RELATIONSHIP.

A summary of the results of the comparison of the
directly measured self-diffusion coefficient and the self-
diffusion coefficient, calculated from the conductivity
measurements using the Nernst-Binstein equation, has been
given in Chapter 4. The complete calculations are shown-
below.

The Nerﬁst-Einstein relationship states that,

g - Ne®
D kT

where & is the conductivity measured in onm~icmov?® ,
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D is the self-diffusion coefficient measured in cm?_
sec —.

N is the number of ion pairs per cm?,

e is the electronic charge,

k is the Boltzmann constant in erg.degit ,
and T is the absolute temperature in degrees.

The numerical tables give the following values for the constants

Avagadrosconstant = 6.0249 x 1023 moles™.
e = 1.602 x 10720 e.m.u.
X = 1.3804 x 10°1° erg.deg.”t
Therefore N = Avagadro constant . densify = 6:0249 x 10%°x 2.16¢
Mol.wt in grams 58.45
= 2.232 x 10°%
Since & is expressed in ohm™1 cm.l, the factor 10° must

be introduced to convert from electromagnetic units.

. —00.2
d = 10° ne? = 109 x 2.232 x 10%° x (1.602 x 10729)°

D KT 1.3804 x 10-10 x T.
= 4.15 x 10"
T.

Comparisons have been made of the ratio of Dypgerved to

Dcalculated for cryStals 5’ 5A’ 5B’ 500

Crystal Be

¢ at 502°C = 5.428 x 10™° ohm® -1 en~l  (From Fig.!8 )

D at 502°C = 1.26 x 1070 cm’® sec™?
4 = 4.15 x 10"
B T
D=

60T 7
2,15 x 10
-11 2 -1

Dealculated = 6.401 x 10 cm. sec .'
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Crystal bA. . . 4
¢ at 511°C = 1.82 x 10~° ohm ! emit

Dobserved &t 511°C = 7.9 x 10711 cm? secT

(Fram Fig. 20 )
1

Dealculated at 511°C = 3.438 x 10711 cm® secT!
Crystsl 5B. '

¢ at 511°C = 2.884 x 10~° ommTl cmT!  (From Fig. 20 )

Dypserved &6 511°C = 8.7 x 10711 em? sect?

2

Dealculateda &% 511%= 5.45 x 10711 cem? sect?!

Crystal BC.
1 (From Fige 20 )

1l

o at 511° = 3.802 x 106 onm™! em?

Dobserved at 511°C = 9.28 x 10711 en® sec?

11

1l

Dealoulated &t 511°C = 7.183 x 10711 cm® sect
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