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ABSTRACT

The thesis describes the results of studies on the

morphology, growth kinetics and defect structure of
sodium chlorate crystals grown from aqueoué solutions at
temperatures near the ambient.. For the investigation of
the growth morphology and habit modification of the
crystals as a function of supersaturation and
concentration of Nazszoﬁ-zuzo impurity, experimental data
on the morphological 1mp9rtance of different. faces were
supplemented by examination of the surface topography,
the dislocation'structure ‘'and changes 1in the lattice
parameter of the crystals. The results showed that the
habit of the crystals grown from pure solutions is cubic
at high supersaturations, while it 1s cuboid with
relatively small (110> and (111> faces at low
supersaturations. Optical examination of the as-grown
surfaces did not reveal the presence of growth spirals or
hillocks, but. screw, edge and mixed dislocations were
identif'ied by Lang topography at both low and high values
off supersaturations <dundercooling)>. Addition of the
impurity to the growth solution led to the development of
tetrahedral faces with randomly situated hillocks of
different sizes at the expense of cubic faces, and to an
increase in the lattice parameter of the grown crystals.
The influence of the impurity was also studied on the

nucleation kinetics of the compound. Effects of applied



ot

supersaturation on the regeneration process at the seed
and the dislocation structure at the seed-crystal
interface, and of the strain, applied externally on large
crystals and inherently present in small crystals of
dimensions 50 - 150 pm, on growth rates were investigated
by using X-ray diffraction topography. It was found that
the strain generated at the newly-grown interface and the
numerical density of dislocations formed therefrom
increase with the value of the supersaturation used for
the refacetting process. It was unequivocally established
that. the growth rates of crystals decrease ¥ith an
increase 1in the strain applied externally on large

crystals and inherently present in small crystals.
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CHAPTER 1

INTRODUYCTION

The production of single and bulk crystals is
necessary . for fundamental studies. and industrial
applicétions. The growth of high—-quality sinEle crystals
for modern technology, and industrial crystallization of
sugar, fertilizers and table salt are only some of the
examples of widely employed crystal growth processes.
Typical methods used in crystal growth technology involve
crystallization from the vapour phase, from solution and
from the melt. Of the different. methods, one of the best
develobed techniques 1s crystallization from aqueous
solution. Using this method high-quality crystals can bé
obtained with relatively simple and inexpensive
equipment.

With increasing interest in the use of single and
bulk crystals, the number of research papers in the field
of crystal growth has increased rapidly in the past
decades. For example, between 1918 and 1968 the number of

publications on crystallization has grown exponentially,
doubling every five years, whereas the equivalent change
for physics as a whole occurred over 10-15 years [11.
However, the number of papers on the technology of

crystal growth is enormous in comparison with those on

the, elementary processes of growth.



Both the growth of large, perfect single crystals and
the production of large amounts of crystalline products
in the form of small crystals have a lot in common and
require Eetter understanding of the fundamentals of
crystal growth. Theoretical description of crystal growth
processes is a difficult task involving as diverse fields
as thermodynamics, hydrodynamics, crystallography,
quantum mechanicg, etc. In préctice, some properties of
the crystalline product are usually more important than
others and have to be achieved by controlling appropriate
parameters of the growth process. In industrial
crystailiéation for example, crystal habit is important
in assessing the resultiﬁé produc£ purity and storage
characteristics. Suppression of the incorporation of
mother liquor or other impurities into the crystal is
important in the pharmaceutical and electronic
industries. Growth kinetics have a dominant influence on
crystal habit and impurity 1ncorpora§}on. The habit |is
determined by the relative rates of érowth of different
faces, while the incorporation of impurities is
inf'luenced by crystal-—-solution hydrodynamics and impurity
adsorption characteristics.

The aim of this work was to establish the effect of

growth conditions on the macro- and micromorphology of
sodium chlorate crystals grown from aqueous solutions and
to assess the correlation of the former with crystal

perfection. The experiments were performed for a wide
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range of crystal sizes (i. e. the process of crystal
growth was monitored for small crystals ranging from 20
to 500 pm and large crystals of sizes up to 2 cm). A
variety of experimental techniques, such as optical
microscopy, X-ray topography by the Lang method, white
.X-ray topography using synchrotron radiation source
(SRS, X-ray powder diffraction and Laue -methqd using
highly intense wiggler line at the SRS, were appiied to
study the surface morphology, dislocation structure and

distribution of strain in the crystals.



CHAPTER 2
PROCESSES OF CRYSTAL GROWTH AND NUCLEATION

Growth of crystals from solutions involves two
fundamental stages: first, formation of three—-dimensional
nuclei, and second, development of these nuclei into
crystals with well-defined crystallograpﬁic faces. These

stages are described below.

2.1. NUCLEATION

One can distinguish two types of nucleation: primary
and secondary. The former is defined as a process of the
formation of nuclei from the 1liquid phase only and
depending on whether or not impurities are present, one
talks about heterogeneous and homogeneous nucleation,
respectively. Secondary nucleation is said to take place
if there 1s a crystal present. in the liquid phase during

nucleation. In this case the presence of the crystal can
be a source of new nuclei mechanically stripped from 1its
surface or can lead to a decreased metastable zone-width
in comparison with pure solution under the same external
conditions. .
2.1.1. Homogeneous Nucleation

According to Becker and Doring [2] and Nielsen and

Sohnel [3,41, the rate of homogeneous nucleation



J = K exp ¢(-AG"/k T, €2.1)

where K is the kinetic factor, AG" 1is the Gibbs free
energy for the formation of a critically-sized nucleus

and k is the Boltzmann constant. The Gibbs free energy 1is

given by

AG"= 3 22 0%/ [KT 1nCS1%, €2.2>

where the shape factor B3 = 16 n3 for a spherical

nucleus, » is the surface free energy, 1 is the molecular

volume and S = c/c, (c and c, are, respectively, the

concentration of supersaturated and saturated solutions

at temperature T) 1is the supersaturation ratio. The

radius, r*, of a critically~-sized stable nucleus is given

by

o= _EETZIQ_S_ . C2.3)

For a given volume of the solution, the rate of

ucleation, J, is inversely proportional to the induction

period v (3,5-71. Thus from eqs ((2.1> and (2.2>, one

obtains

S N2 Y
Inr=A+p 22 __ 1 €2.4)
k T2 (1ln S>%

where A is a constant. The linear dependence of 1ln T on

T2 C1ln S>~ % gives the slope
m= 3 7° 0%K°, €2.5>
from which » may be calculated.
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2.1.2. Heterogeneous Nucleation

The presence of impurities in a nucleating solution

may affect the nucleation rate through the kinetic factor

K or through the thermodynamic parameter AG‘, the Gibbs
free energy for the formation of a critical nucleus (see
eq. 2.1).

An impurity decreases the nucleation rate and
disturbs the nucleation process which becomes more or
less 1irregular (25]1. The former effect 1is frequently

observed, whereas the latter one seems to depend on the

nature and size of the impurity. Since the nucleation

rate decreases in the presence of an impurity, the effect
of the kinetic factor should be iéss important. than that
of the surface free energy. It 1s theoretically possible
to get a high nucleation rate in the presence of
impurities but it has never been observed experimentally.
The inhibition of nucleation by the active impurities is
associated with two factors. First, adsorption
preferentially takes place at the growth sites of the
nucleating clusters. Therefore, only a few impurity

molecules can inhibit their growth, while the surface

free energy is still unchanged. Second, some 1impurities,

like long=chain compounds and surfactants, are able to
form a compact adsorption layer which can drastically
decrease the exchange kinetics of the solute molecules
between the bulk and the cluster surface. This can occur

without a noticeable change in the value of' the surface

- -



free energy.

2.1.3. Secondary Nucleation

The occurrence of secondary nucleation depends on the
presence of existing crystals in the solution and may be
defined, after Botsaris (8], as nucleation taking place
only because of the prior presence of crystals of the
material being crystallized. Secondary nucleation

phenomena are of vital importance in industrial

crystallization processes and a number of reviews have
been published [8-10]1, where it has been demonstrated
that secondary nucleation can take place by several
different mechanisms.

Initial breeding occurs when dry crystals are first
introduced into a solution and small crystalline
fragments present on their surfaces are washed ofr by the
solution and form new nucleil. For industrial
crystallization ¢this mechanism is important. when
crystallizers are seeded with fresh material.

Needle breeding arises at high supersaturations where
dendrites may develop or needles grow from an existing
crystal. In stirred solutions these crystals easily break

and may produce secondary nuclei of visible size. This
mechanism 1is not of much importance in industrial
crystallization since the supersaturation levels for this
type of growth are far above the normal operating levels.

One of the most important mechanisms of secondary

nucleation is contact nucleation, sometimes referred to

- C -



as. collision breeding or collision nucleation. Contacts
between the growing crystal and walls of the container,

the stirrer or other crystals result in the formation of
contact nuclei. Under certain conditions fluid shear
forces are sufficient to produce secondary nuclei by the
detachment of submicroscopic fragments from an existing

surface of the crystal.

2.2. CRYSTAL GROVWTH

2.2.1. Growth from Pure Solutions

The process of the development of stable nuclei into
large crystals involves thé transport of growth unité
from solution to the crystal—-solution interface and then
their integration into surface sites. Ve can divide this
process into several steps, such as transport of growth
units (which are generally solvated entities> to the
crystal surface, partial desolvation of the growth units
at the interfac; and surface diffusion of the adsorbed
growth units to the preferred._sites (i.e. kinks at stepsd

L]

on the surface. Depending on the rate-determining step we

can distinguish between surface- and volume—-diffusion

controlled processes. <

2.2.x.1r. Types of Surjaces and Their Relation to Crystal
Morphology

Surfaces of a crystal can be classified as smooth and

rough on an atomic scale. Smooth surfaces are



characterized by a low density orhkinks present. either in
the edges of "“islands®™ of growth units Ctwo-dimensional
nucleid or in surface “steps” of molecular height
generated by screw dislocation outcrops. On the other
hand, rough surfaces have a preponderance of potential
kink sites and neither surface diffusion nor fine detalls
of surface topography are importan£ for the development
of a face. Atomically smooth surfaces grow by a layer
displacement mechanism jhile rough surfaces develop by a

continuous growth mechanism.

The equilibrium habit. of a crystal is determined by

the total Gibbs free energy defined as

G = G + G + G

total solid flui d surf ace’

€2.35)

For a given temperature and pressure the only variable in

this equation is G . The crystal will thus change

surface

its shape to minimize G Since, 1in general, a

surface” |
crystal is bounded by n faces each of area A, it 1is

convenient. to write

G AL ™ minimum C2.06)

n
-zr
surfacﬁu-k=1

as the equilibrium criterion. Here r €% is the surface

tension of the k~th face and 1is related to the work

required to form new surface. For a crystal having n
faces with surface tensions Vo Zps covs ¥y the habit

consistent with eq. 2.5 is that for which
o= ...'yn/hn = constant, C2.7)

- 0 o



where h , h,,..., h are the lengths of normals to the
faces which intersect at some central point in the
crystal.

Typical growth experiments, and particularly

industrial crystallization processes, usually operate far

from equilibrium. Therefore, although the question of

equilibrium habit is interesting, growth habit 1is of
greater practical 1mportancé. Growth habit is more
closely related to kinetic factors than to thermodynamic
concepts. The problem then is how to predict growth habit
knowing the crystal structure. The following two
important features must be taken 1into account while
predicting the growth habit.

The faces which appear on a growing crystal are the
slowest growing crystallographic planes. The problem of

predicting habit, therefore, reduces to predicting the

relative growth rates of different crystal planes 1in a

gilven structure. The slower the growth rate, the larger
the surface area of that face and the higher the

morphological importance. .

Hartman and Perdok (11,121 made a simplifying
hypothesis that growth rate 1s proportional to the

attachment energy Ea This energy is different for

te’
different crystallographic planes and 1s equal to the

energy released per molecule when a new layer is

deposited on the given face. According to this

assumption, the larger the value of Eat the higher the

t
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growth rate.
In order to simplify concepts and calculations,

Hartman and Perdok introduced the idea of periodic bond

chains (PBCs). There are three types of faces which can

.. be distinguished. An F (flat) face 1is one whose slice

contains at least two PBCs, an S (stepped) face contains

one PBC while a K (kinked) face has no PBC. A PBC 1s an
uninterrupted chain of strong chemical bonds within a
slice. On the atomic scale, an F face is smooth while S
and K faces are rough. In general, fast growing S and K
faces tend to disappear leaving the crystal bounded by
slow growing F faces which grow by the layer displacement
mechanism.

One of the results of computer simulation studies

[13])] 1is the development of the concept of surface

roughening temperature. From the viewpoint of growth

kinetics, this is a temperature, T above and below

R!

which continuous growth and layer growth mechanism occur,
respectively. It can be expressed with the aid of «,
which is a factor characterizing the bond strength of the

surface divided by the temperature 1i.e.

o = g C2.8)

where ¢, the crystallographic anisotropy factor as
defined by Jackson [14], is the ratio of the energy of

growth units within the slice, E to the total

sl’?
defined with reference to

cr’?

crystallization energy, E

- 11 -



/
vacuum, and L is the latent heat of melting.

There are limitations of the PBC method. The bonds
forming the PBCs are bonds in the first coordination
sphere (called strong bonds) and the classification does
not say anything about the crystall}zation temperature.
Therefore, if a is smaller than a critical value dif
crystallization temperature 1is above the roughening
temperature), the face willi develop according to the
‘linear continuous growth mechanism and a strict
crystallographic orientation is probably not maintained.
This occurs when E.l is small or T is high. K faces grow
according to this mechanism because E‘ is low and the

L

face 1is abo?e its roughening temperature at all
témperatures used in practice for crystal growth. Thus at
T > T, an FF face behaves as a K face. In -general, an F
face need not grow by the layer growth mechanism if a |is
lower than the critical value and the bonds within a
surface show a high degree of anisotropy.
2.2.¥.2. Crystal Grovth Kinetics

¥e consider an atomically sm?oth surface of a crystal
assuming that the rate-determining step 1is the surface
diffusion of growth units. Because the surface is flat,
the formation of a two-dimensional nucleus can only

ensure the lateral spreading of a new layer across the

surface. According to Ohara and Reid ([13], we may
distinguish three different cases of the development of a

crystal by two-dimensional nucleation. In the mononuclear



model, after the formation of a critically-sized nucleus
the lateral spreading of new layers is infinitely rapid.
In the polynuclear model, it is assumed that the velocity
of the lateral spreading of new layers is zero and growth
takes place by the generation of critically-sized nuclei.
In the Birth—and-Spread (B+S) model the nuclei grow and
spread at finite velocities.

The mononuclear model predicts that the linear growth
rate, R, of a face depends on the area of a growing

surface, while according to the polynuclear model R has a

maximum at some supersaturation. Such growth rate
behaviour has not been observed experimentally and,
therefore, the applicability of these two models remains
unproved for crystal growth from solutions.

According to all two-dimensional nucleation theories,

a supersaturation of 25-50% is required to achieve a

measurable growth rate [16]. For the low supersaturation

region the surface diffusion theory was developed by
Burton, Cabrera and Frank (BCF) [(171. According to this

theory, a screw dislocation emerging on a crystal surface
serves as a permanent source of steps and eliminates the
need for two-dimensional nucleation. The BCF equation
describes the functional dependence of the growth rate,

R, on relative supersaturation, o = S=1 = (c=c J7c,.
At low supersaturations this equation leads to a
parabolic dependence while at high supersaturations to a

linear dependence.

-_ 13 =-



Finally, it should be emphasized that although the
p;edicted dependences of R on o are different for the BCF
and B+S models, it 1is very difficult to establish
conclusively the actual mechanism of growth only on the
basis of the experimental data on the dependence of R on
o [18-201. In order to arrive at the correct growth
mechanism of a crystal, studies on growth kinetics have
to be complemented by additional studies on surface
micromorphology by optical microscopy and/or on
characterization 6? growth defects.

2.2.2. Growth in the Presence of Impurities

It is well known that the presence of impurities in a
growth solution often causes the appearance of faces
which are not observed from pure solutions [21]1. This
phenomenon is attributed to differences in adsorption
processes on different crystal faces, which 1lead ¢to
changes in relative growth rates of these faces.

Several attempts have been made to describe the
mechanism of action of impurities on growth kinetics and
hébit [21-23]. Adsorption of impurities occurs at kinks,
steps or on the surfaces between the steps. The impurity
molecules are either adsorbed randomly at isolated sites
or link to each other forming a two-dimensional
adsorption layer on the given surface. Adsorption at
kinks would effectively reduce their number and,

therefore, reduce the layer velocity. An increase in the

interkink distance would reduce the importance of surface

- 14 -



diffusion in the growth process. As reported By Bennema

[26], this would lead to a dependence of the rate of

advance of steps on the density of kinks and result in
the polygonisation of growth layers. Adsorption of
impurities at a step, considered first by Cabrera and
Vérmilyea [22], predicts that there is a reduction in the
rate of advance of step and that a step section can move
only if the mean distance between the strongly adsorbed
impurity particles is greater than the diameter of the
critical two-dimensional nucleus at the given
supersaturation. If the distance between two impurity
particles is small, the step will be stopped and will

squeeze between them. Its curvature will increase and its

velocity will decrease. This phenomenon leads to a sharp

decrease in the growth rate.

Some impurities may be immobile on a crystal surface
whereas others may move easily. In the former case, the
exchange rate of the impurity molecules is lower than the
exchange rate of the growth units. Therefore, adsorption
influences the kinetic parameters involved in nucleation
and growth. Conversely, a higher exchange rate of the
impurity molecules than that of the growth units leads to

a changes 1in the thermodynamic parameter, 1i.e. surface

and edge free energies.
Chernov [27] distinguishes between two effects of

adsorbed impurities. 1If the impurity entities are

relatively small and mobile, their main effect will be to

- 15 =



reduce the effective number of kinks. Relatively large

and immobile impurities, Quch as organic dye molecules,
act as obstacles for the movement of surface steps.
Mullin et al. [28] considered that the mechanism of
physical blocking of growth sites on a crystal surface is
an oversimplification, and that impurity particles in the
vicinity of the surface will retard growth by theilr
interaction with the solveht even if they are not
adsorbed, on the crystal surface. The presence of
impurities may reduce the effective supersaturation by
’dilation’, retard diffusion and hinder éggregation of
érowth units.

Hartman [12] proposed that certain impurities will
cause S or K faces to become flat due to the formation of
a two—-dimensional adsorption layer over the face. In this
case lateral growth is possible only at steps and the
growth process i1s thus similar to that of a normal F
face. The epitaxial layer of impurities effectively
imposes 1ts own PBCs on the face.

From the foregoing it is obvious that it is difficult

to describe the role of impurities in crystal habit
modification. It is still more difficult to demonstrate

conclusively the mechanism of impurity absorption.

- 16 -



CHAPTER 3

SURVEY OF THE LITERATURE ON SODIUM CHLORATL

The literature on the crystallization of sodium
chlorate deals with studies both on nucleation and growth
processes. The main attention in nucleation studies  has
been paid to secondary nucleation processes. By using a
variety of experimental techniques various aspects fpf
growth processes have been investigated. These latter
studies deal with growth kinetics, visualization of
profiles of solute concentration and its gradients around
growing crystals by different optical methods,
observation of surfacé features by . optical microscopy,
determination of crystallographic structure and the
nature and number of lattice defects of crystals by
chemical etching, topographic and diffraction techniques,
and simulation exPeriments, on growth. The published
experimental results on nucleation, growth and morphology

of . sodium chlorate are presented in the following

sections. _

3.1. NUCLEATION

There has been considerable interest 1in studies of

the secondary nucleation of sodium chlorate rather than

its primary nucleation. This is due to the fact that

- 17T =



nucleation, which occurs in suspensions of crystals

encountered 1in industrial crystallizers, appears to
involve secondary nucleation. Therefore, sodium chlorate
has been studied for the better understanding of 1its
production process as a bulk chemical. Moreover, because
of its wide metastable zone-width and relatively simple
structure sodium chlorate is a good choice as a model

substance.

Lal et al. [29] performed a series of experiments
involving the sliding of a seed crystal along the bottom
of a crystallizer. The crystal—-glass contact produced
nuclei which were counted when they grew sufficiently to
be visible. The resulting runctisnal dependence of the |
number of crystals on supersaturation was an S-shaped
curve. This 1is consistent with the survival theory
proposed by Strickland—-Constable [301. According to this
theory, particles produced by sliding d(coming from the
crystal surface by the microattrition process) are in the
range of the critical nucieus size. Particles of
dimensions smaller than the critical size redissolve,
while those which are larger than it survive. The higher

the supersaturation, the larger the number of the finally

surviving particles. Because the theory implicitly

assumes that the number of the fragments generated is not
affected by supersaturation, the percentage of the total
number of fragments which survive depends only on

supersaturation.

- 18 -



Botsaris and Sutwala {311 repeated sliding
experiments for sodium chlorate and found good agréement
between their results and those of Strickland-Constable.
However, experiments at high supersaturation 1led to
nuclei counts higher than the theoretically predicted
maximum. Using dummy seeds made of glass it was found
that at supercooling greater than 7 K nuclei are
produced. This observation réveals that they cannot be
considered as secondary nuclei. This effect was
attributed to shock or heterogeneous nucleation on the
glass surface. Thus a type of induced nucleation takes
place in addition to secondary nucleation, which leads to
the generation of nuclei by primary nucleation. This
effect becomes appreciable only at high supersaturations.

A series of experimental runs was made by the same
authors [31] at 1, 5, 10 and 100 ppm of borax impurity.
The maximum numbers of the surviving nuclei at constant
supersaturation were found to decrease with increasing
impurity concentrations. This observation can be
explained on the basis of the supvival theory. That a

larger critical size of the nucleus is required at higher

impurity content is consistent with the observation of
primary nucleation in the presence of impurity reported
in Subsec. 5.2.1. Another important conclusion derived
from the experimental results was that, in the presence
of impurity, the attained plateau on the graph of the

number of surviving nuclei on supersaturation was smaller

- 10 =
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than that from pure solutions. This 1mp11és that in
impure solutions there are a number ‘of particles produced
during sliding, which will never be able to survive no
matter how high the supersaturation, because they are
rendered lnactive by the impurities.

Denk and Botsaris [32]1 continued experiments on the
secondary nucleation of sodium chlorate "using the two
enantiomorphic forms- as aﬁ indicator of the source
Cmother solution or fragments of seed crystal) of
secondary nuclei. It was found that in pure stagnant
solutions secondary nuc;eation took place above a certain
supersaturation level and 60 % of the crystals were of
the same enantiomorphic type as the seed. For higher
supersaturations only crystals of the type of the seed.
were observed and then at still higher supérsaturations
spontaneous nucleation began to take place. For impure
stégnant solutions the dependence was similar but the
supersaturation required for spontaneous nucleation was
higher than that for pure solution. In the case of
stirred solutions the results for low stirring rates 25
rpm> were similar to those for stagnant solutions, but

for high stirring rates (300 rpm), when secondary
nucleation occurred, only crystals with the structure of

the seed were obtained regardless of the supersaturation
employed. The most intriguing observation was that 60 %
of the crystals of the enantiomorphic type of the seed

were generated at low supersaturations. In order to




explain this phenomenon, two cooperating mechanisms were
assumed. The first yields only crystals with the seed
structure and produces 20 % of the. crystals, while the
second produces an equal number of the left-  and
right-handed crystals giving the remaining 80 X of the
population. The former mechanism probably involves a kind
of growth and detachment of surface irregularities but
the latter mechanism is not obvious. Houéver, it was
hypothesized that this kind of secondary nucleation might
be the result of an ordering of the éolvent water
molecules near the crystal—-solution interface as shown by
Drost.—Hansen [33]. If the kind of ordering proposed by
Drost-Hanseﬁ were to occur, the solubility of the
crystallizing species in the ordered water region could
be less than the solubility in the bulk solution, and the
local supersatupation in the ordered water region could
be much higher than the bulk supersaturation and could

become high enough for spontaneous nucleation.

3.2. KINETICS AND MECHANISM OF GROWTH FROM PURE SOLUTION

The first results concerning the growth of sodium
chlorate crystals were reported in 1903 by Miers (341. By
measuring the angle of total 1internal reflection at a
growing crystal face and by determining the refractive
index of the solution and hence 1its composition, he

showed that the solution at a growing surface is
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appreciably supersaturated.

Bunn [35]1 and Berg (361 developed the method of
observation of concentration profiles during the growth
of small crystals. Their experimental set-up consisted of
a small cell. Crystals were placed in a supersaturated
solution in a very thin wedge-shaped space between two
half-silvered glass plates. They established surfaces of
equal concentration in the vicinity of the crystals and
simultaneously observed whether or not growth occurred on
a given face. They concluded that supersaturation 1is
higher at the corners-of faces than at the centre and,
consequently, more solute arrives at the centre of the

given face than at the edges. Since the faces remain

flat, the excess must be dissipated by surface migration.
Thus despite nonuniform concentration along a particular
face, the latter remains smooth on an atomic level.
Layers spread from the centres of the crystal faces where
supersaturation is the lowest.. Therefore, the magnitude
of supersaturation does not control the inception of

layers. There was a lack of correlation between the rate

of growth and the supersaturation at a given face 1in

thelir experiments.

Follenius (371 used a similar technique. By
calculating the growth rate from the concentration
gradient in the vicinity of a given face, she obtained an
R-o0 curve. It 1is worthwhile to mention that for

supersaturations below 2x10°%, no measurable growth rate
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was observed. However, this observation can be attributed
to a poor accuracy in measuring very low R and o values.
The dependence of R on o was linear in the
supersaturation range 2x10 %~ 1074,

Humpreys-Owen [381 studied the rate' of advance of
individual faces and compared them with the predictions
off Nernst’s diffusion theory of dissolution. He found
that. faces sometimes grow according to this mechanism,
but. sometimes a smaller growth rate was observed. In some
cases complete stoppage of growth took place.

Another approach to growth rate measurements was
applied by Bennema [39]1. The growth rate of sodium
chlorate was estimated by weighing the growing crystal.
The crystal was suspended in a crystallizer filled with
solution and the required supersaturation was attained by
cooling the external water jacket to the appropriate
temperature. The temperature control was + 0.005 K. The
saturation temperature was estimated experimentally by
suspending the seed crystal from a balance and observing
the change in its mass. When the crystal stopped growing
or dissolving, it was assumed that the saturation point
was achieved. Growth rates were measured within a
supersaturation range of 3x10”° = 1.5x10"2 and the BCF
theory was applied for interpretation. A change from
parabolic to linear dependence of R on o was observed for
supersaturation equal ¢to §x10'4. However, such an

approach gives only the average of growth rates of the

- 23 -




six faces of 6ubic sodium chlorate crystals and cannot
distinguish between the growth rates of different faces
of the growing crystal.

Hosova et al. [40]1 studied normal growth rates of
{100} faces of NaClO_ crystals using a specially designed
cell for in-situ observation. The supersaturations used
in the experiments lay in the range 2.8x10°2 - 5.2x107%,
The experimental apparatus c&nsisted of a vessel for the
preparation of saturated solution, a cell to be used on
the microscope stage and temperature control units with
an accuracy of £ 0.01 K. The cell xhad a double
construction with upper and lower chambers. Two external
water baths, "“hot"” = thermostated at témperature above
and *“cold” - kept below the saturation point of the
solution, were used. The temperature of the cell was
controlled by regulating the flow of thermostated water
running in the lower chamber. A small seed was placed at
the centre of the bottom face of the upper chamber of the
cell while the cell was maintained above the saturation
temperature by switching water flow through the hot bath.
Then the saturated solution was poured into the upper
chamber, followed by sealing the chamber with molten
paraffin. After a partial dissolution of the seed
crystal, the temperature of the cell was decreased by
exchanging ;ater circulation to the cold bath; this

resulted in the crystal recovering its polygonal form. It

was observed that in all experiments the (100>, (110> and



{111)> type surfaces showed somewhat ‘depressed centres.
This feature is due to the fact. that growth takes place
more preferentially along the edges of the faces rather
than in their central areas. This work revealed that the
cubic morphology was the stable growth form 1in the
supersaturation range used in the experiments. From
kinetic measurements, it was found that B+S model of
two-dimensional nucleation fits sufficiently well. The
transition from BCF to two-dimensional mechanism was
observed at a supersaturation of about 2x10°% - 3x107%,
It should be pointed out that during the above
experiments the supersaturation decreases gradually and
the growth conditions are not stable for 1long term
measurements. Moreover, in the absence of solution flow
through the cell, it might be expected that the growth
process is governed at least partly by volume diffusion.
Takeuchi and his coworkers [41]1 investigated the
growth rate and size distribution of NaCIO3 crystals. A
flow system was used (solution velocity 5 to 25 cmr/s) to
measure, under the microscope, the linear growth rate of
{100)> faces parallel and normal to the direction of flow.
Because the growth rates for these faces were different,
the average growth rate was measured in a stirred giass
cell placed in water bath. A speed of 200 rev/min was
used to ensure the absence of volume—=diffusion transport
to the érystal. The growth rates were determined by a

weighing technique. The third experimental method applied



was crystallization from a cone-type fluidized-bed
crystallizer. A known amount of seeds with known size
distribution was introduced to the top of the column
containing supersaturated solution and the fluidization
of seeds initiated. After a given time the seed slurry

was discharged from the crystallizer and rapidly

filtered, and the seeds were dried, weighed and subjected
to screen analysis. Thus overall mass growth rate was
determined. In all three experiments the linear growth
rate was found to be first—order with respect to
supersgturation. The surface incorporation coefficient
was found to follow the Arrhenius relationship, with an
activation energy of 67.9 kJmol. The average growth‘
rate, Erof the crystals in a fluidized-bed crystallizer
was dependent on size, L, as E:- 0.96xL°- ®® for AC = 0.65
wt Z.and the size range 0.34 - 0.90 mm.

An interesting experiment on the temperature
dependence of growth rates was reported by Sipyagin [42]
and Chernov et al. [431. The supersaturation of the
solution was controlled by means of supercooling because
the solubility of NaClO3 is a 1linear function of
temperature. The growth rates were measured in a flow
cell attached to the microscope stage. At a constant
supersaturation there was a general tendency for the
growth rate to increase with temperature. However, 1t was

found that there are two regions of anomalous variation.

First., in the temperature interval from 274.15 to
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286.15 K there are oscillations, aﬁd second, at 310.15
and 313.15 K there are two peaks with a depression at
311.65 K between them. This phenomenon was attributed to
changesiin the structure of the water and the solution at
the face boundary. It is very 1likely that traces of
dissolved gases are deposited as bubbles at the growth
front. at certain temperatures and influence the process,
as reported by Vojciechowski and Karniewicz [44].

Mussard and Goldsztaub [451 measured growth rates of
sodium chlorate crystals in a small cell under a
microscope. They observed that (100) faces of the same
crystal do not grow at the same rate and that the ratio
of the growth rates of the fast—growing faces to
slow—-growing faces decreases with increasing
supersaturation. As indicated by the observation of
interference fringes around the growing crystal, the
supersaturation at the fast. growing faces was much higher

than at the *“blocked”™ faces. When the supersaturation was

increased, “deblocking” of certain slow growing faces
occurred and the supersaturation at such faces decreased
to the same value as at the fast-growing faces. In order

to explain these observations, these authors assumed that

the growth of the fast-growing faces at low

supersaturation was governed by the presence of screw

dislocations, while the growth of the slow—growing faces

at high supersaturation was due to the two-dimensional

nucleation mechanism. The deblocking of growth was
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simultaneously caused by a generation of dislocations
with screw component parallel to the growth direction. To
verify these hypotheses the crystals were subjected to
investigations by the Lang topography technique. It was
found that dislocations with a screw component. were
indeed created before the deblocking was observed.

However, there were, in general, groups (also called fans

or bundles) of dislocations of different (screw and edge)
character because there was a lack of total extinction iﬁ
every refledtion presented by the authors. Therefore, the
question of the possible effect of edge dislocations on
growth remained unsolved.

Kito and Kato [46] studied the dislocation structure
of sodium chlorate crystals grown on the bottom of small
vessels by the solvent evaporation technique (the growth
rate being about 2 mm-/day). X-ray diffraction topographs
were taken by the standard Lang method. The as—grown
crystals always contained bundles of dislocations
originating from ¢the spontaneous nucleus, running
perpendicularly to the growing surface and lying close to

the lower surface of the crystal ( 1. e. the side lying
on the bottom of the container used). Some of the
observed configurations of dislocations suggested a
post—=growth movement of dislocations, originally lying in
different growth sectors, due to a redistribution of

crystal stress during growth. Therefore, some of the

dislocations combined. Sometimes, dislocations originated
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from a tiny dot. which could be an 1image of strain
associated with an impurity or inclusion. Except for the
types of dislocations described above, the crystals were
nearly perfect within different growth sectors and
Pendelosung fringes were clearly observed in all cases.
Additionally, a set of fringes with opposite extinction
rules was observed leading to the conclusion that the
growth sectors were mutually misoriented with an angle of
the order of 10~ ° rad. This means that the crystals were
likely to be appreciably strained during the early stages
of growth and the distortion was preserved during growth.

Matsunaka et al. [47] measured the normal growth
rates of <{100) faces of Na0103 crystals under
well—-controlled supersaturations ranging from 2.9x10°% to
6.3x10”%, The experimental procedure was as follows:
in-situ observation of the growth process, measurement of
the normal growth rate and X-ray topographic
investigation of the selected crystals. The construction
of the growth cell for the in-situ observation was
similar to that reported by Hosoya and Kitamura [401].
Seed crystals of the {100> form ranging in size from 0.2
to 0.8 mm were slightly dissolved in the cell before an
experiment.. Altogether 14 crystals were grown at various
supersaturations and 7 representative crystals were
selected for X-ray topography by the Lang method.
Starting from a rounded seed, the crystal showed at first

both <{100) and <{110) faces but. the latter faces
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disappeared séon and the morphology of the crystal,
bounded by {100) faces, was stabilized. The recovery
process of the crystals observed by Matsunaka et al. [47]
was similar to that reported by Hosoya and Kitamura [401].
All the crystals investigated by Matsunaka et al. (471 by
X-ray topography showed bundles of dislocations running
almost perpendicularly to the growth surfaces  and
originated at the central 'portion of the 1interface
between the seed and the newly-grown crystal. Two
different types of dislocations were observed: straight
and curved. All the crystals investigated shaowed straight
dislocations, whereas in crystals grown under low
supersaturations curved dislocations were mainly
observed. Based on the extinction criteria for Lang
topography, it was found that the curved dislocations
were of the pure screw type and the straight ones were
mostly dislocations with an edge component.. On the basis
of the results of Bennema [39] and Hosoya and Kitamura

(401, these authors concluded that the crystals with the

curved dislocations were grown by the BCF spiral growth
mechanism while those with the straight dislocations were
grown by the two-dimensional nucleation mechanism. It was
also concluded that the straight dislocations were formed

as a result of the nmismatch between growth layers
spreading inward from the edges and did not play the role
of active growth centres, whereas the curved dislocations

appeared when spiral growth started to operate and played
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the role of active growth centres.

An interesting holographic interferometric technique
for in-situ measurements of the concentration gradients
was reported by Bedarida et al 1(48]. The experimental
set—-up consisted of an argon—ion laser, an optical system
to obtain the splitting of the incident seam into a beam
illuminating the object (cell filled with solution with
crystal in it) and a reference beam. In such a system
holographic interferometric measurements 1in real time
were possible. The most outstanding conclusion of this
work was that convéctive movements are always present
even in very small volumes and, therefore, theoretical
calculations of growth on the basis of diffusion alone
are deceptive. The multidirectional holographic
interferometry, presented by Bedarida et al. [49]1, which
is a sort of optical tomography, gives a concentration
field at different levels in the solution.

These two holographic techniques are very promising
experimental tools for the investigation of solute

transport processes 1in crystal growth. However, they
should be supplemented by 1in-situ surface topographic
observations and X-ray topography‘ to get correlation
between the observed concentration profiles, the active
surface sites and the dislocations content of a crystal.

In the above papers there is a lack of interpretation of

the observed patterns 1in relation to the growth

conditions. Moreover, the absence of growth conditions



for the presented examples of visualization of
concentration profiles around the growing crystals does
not. enable one to obtain more information about growth

processes.

3.3. KINETICS OF GROWTH IN THE PRESENCE OF IMPURITIES

Despite the fact thatt the first papers concerning

impurity effect on habit modification of sodium chlorate
were published by Buckley in nineteen thirties (52,531,
there are very few papers dealing with the kinetics of
growth in the presence of impurities.

The effect of sulphate ions on the growth o} {100>
and {111) faces of sodium chlorate has been 1investigated
by Bliznakov and Kirkova [50, 51]. It was found that the
linear rate of growth, R, decreases in the presence of
impurity onrboth type of faces in comparison with growth

from pure solution. However, due to a stronger

passivation of {111} faces by the sulphate 1ions, the

relative rate of growth,.Riii/Rioo, decreases gradually
with increasing impurity content, resulting in a change
of morphology of the crystal from cubic to tetrahedral

one. Direct adsorption measurements were performed using
radioactive sulphur. The adsorbed quantity of Nazso4 was

measured radiometrically using the intensity of S

radiation. It is worthwhile to mention that preliminary

i

experiments showed that sulphate 1ions are completely
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removed by washing the freshly obtained crystals.
Therefore, one should expeﬁl that the 1impurity acts by
surflace adsorption rather than incorporation into the
growing crystal. From the experimental data on the
surface coverage by the impurity, heats of adsorption of
sulphate ions were estimated. It was found that the
values of heat of adsorption on the (111> and {100} faces
were 16.7 and 9.2 kJ/mol, respectively, whereas on the
active centres of growth on the same faces were 58.2 and
19.7 kJ7/mol, respectively. These results confirm that the
crystal faces grow through active centres whose
adsorption potentials for some faces are considerably
higher than the adsorption potentials on the rest. of the
surface. The difference between the adsorption
characteristics of the (100> and <{111) Trfaces may be
explained by the difference in the structure of the
corresponding lattice planes. The <cubic planes have a
chequer board-like arrangement of sodium and chlorate
ions, while the tetrahedral planes are composed of

alternating layers of 1identical ions. This difference‘

determines the presence of greater fields of force around
the tetrahedral faces, which explains the predominant

adsorption of sulphate ions on these faces.

3.4. CRYSTAL MORPHOLOGY

The Tfrirst. systematic studies of the effect of
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additives on crystal habit modification were performed by
Buckley [52]. He investigated the action of ROi'-type
ions, and of thiosulphate, pyroborate and dithionate
ions, and found that the change in the morphology of
sodium chlorate to simple tetrahedra occurs at different
levels of impurity content. Thus for sulphate 1ions the

ratio of 010; to soi' ions was 7 to 1, for thiosulphate

20 to 1, for pyroborate 60 to 1, and for dithionate 1000
to 1. The very strong effect of dithionate 1ions 1in
changing the habit of the crystals was explained by the
same author (53] in terms of the surface retardation of
growth. In Buckley’s view, the size and disposition of
forces in the 03 portion of the impurity ion are the main
consideration in deciding whether the latter will get
entangled and obstruct. lateral growth.

Bunn [54] pointed out the role of external conditions
of growth on the formation of crystals of particular
morphology. ¥When crystals grow rapidly in well stirred,
highly supersaturated solutions there 1is a plentiful
supply of solute round each growing crystal, external
conditions are fairly uniform and the structure of ¢the
groving crystal is the controlling factor for morphology.
Therefore, the crystal 1is bounded by the few slowly
growing faces with the highest reticular density. On the
other hand, crystals of many minerals, for instance, grow
under low supersaturation, with a limited supply of

solution in which the supersaturation can vary because of
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stagnant. conditions, local convection currents, the
proximity of other crystals, local temperature
fluctuations, etc. This situation can 1lead to highly

faceted crystals with many faces not normally observed
under well controlled and stable grﬁwth conditions. For
sodium chlorate crystals grown at low supersaturations,
the theoretical morphology should be cubic with,
additionally, four {111) type faces and twelve {110) type

faces.

This general conclusion seems to be contrary to
Kern’s observations on the dependence of the morphology
of sodium chlorate on supersaturation. According to Kern
({551, at low supersaturations the morphology 1is purely
cubic whereas at higher supersatﬁrations the tetrahedral
faces tend to appear. However, he did not mention
anything about the effect. of growth rates on morphology.

Aoki (56] analysed the morphology of sodium chlorate
crystals by using the method of Linkage of Coordination
Polyhedra developed by him. His analysis supported Kern’s
observations. According to Aoki, the ion distribution in
solution at high supersaturation is similar to that of
the molten salt, and thus cations are expected to
concentrate to form the coordination polyhedra such as
those in the crystal. In such a situation the cations
represent nearest neighbour positions with respect to the
anions of the coordination polyhedra. Af'ter the cations

become bonded with the anions of the  coordination



polyhedra, anions in solution will soon concentrate at
the nearest neighbour position to these and will continue
the bonding to expand the coordination polyhedra.
Consequently, the crystals will grow along the direction
of linkage of coordination polyhedra. Thus in the case of
growth from slightly supersaturated solutions the strong
bonds between atoms may have a dominant effect upon the
crystal habit, whilst during growth from highly
supersaturated solution the clustering of ions has the
dominating influence.

The above‘experimental results are contradictory to
those reported by Simon [57]. He found that at very high
éupersaturations the only growth form 1is cube and at
decreasing supersaturation addifional faces can appear.
However, he reported that the appearance of additional
{110, 120> and (111> faces is not the result of the
effect of supersaturation 1l1itself but is strongly

dependent on the direction of the flow of solution.

It seems that the problem of prediction of
macromorphology of the crystals has been directed to two
different aspects: first, the equilibrium morphology
predicted on the basis of crystallographic structure of
the crystal, and second, the growth morphology dependent
mostly on various growth factors. Some authors confuse
these two concepts and speculate about equilibrium

morphology on the basis of the observed growth

morphology. This misconception leads to misleading
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conclusions on macromorphology.

Gonzales et. al. [58] showed that growth morphology of
sodium chlorate changes depending on the height of the
crystal suspended in a cylinder with supersaturated
solution. For pure sodium chlorate solution without
agitation, the higher the crystal the more developed
{110) faces were aobserved, whereas in agitated solution
the morphology was purely cubic independent of the

height. It seems that the forced transport of solution to
the growing crystal is the reason for the disappearance
of the faster growing {110} faces, vwhile 1n stagnant
solutions the convective and diffusive transport 1s
insufficient to vanish the high index faces.
Alternatively this observation can be explained in terms

of the stratification of the solution due to gravity [71.
- .
A relationship between growth morphology and strain

content may be deduced from the results of Offerman and
Ulrich [(59]1. They found that hurt and unhurt crystals
grow at different rate which decreases with decreasing
size. Thus, depending of total strain built-in to
particular growth sectors, the morphology can be related
to the change of relative growth rates of different types
of faces. The dependence of growth rates on the total
incorporated strain in NaClO, and NaNO, crystals was
reported by Ristid¢ et al. [60, 611, while Bhat et al.
[62] observed a relation between growth rate and

dislocation content in potash alum crystals. The results
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C
oncerning sodium chlorate crystals are presented 1
n

chapters 6 and 7 of this thesis.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

For the investigation of the growth mechanism and
defect syructure of NaClO_ crystals grown ~from aqueous
solutions without and with NaZSZOB-ZHzo impurity, a
number of experimental techniques were used. The commonly
used techniques were optical microscopy, Lang topography
and synchrotron topography. These techniques are

described in the present. chapter.
4.1. OPTICAL MICROSCOPY

Optical microscopy was employed for the observation

of as—grown surfaces and for the optical assessment of
crystal quality. The observations of crystal surfaces

were made by using optical reflection microscopy. This

highly sensitive method has been applied to the

nvestigation of growth steps and all kinds of

= e o

microtopography of surfaces. The fact that. crystal growth

is a surface process implies that a detailed examination

of crystal surfaces in relation to growth conditions is
the obvious means for testing the applicabilities and
limitations of different crystal growth models. However,

the surface morphology is, to a lafge extent, determined

by the internal defect structure of the crystal. For the
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rapid assessment of the quality of seeds to be used for
growth experiments, the samples were examined by optical
transmission microscopy. However, in order to
characterize as—grown dislocations in the crystals and to
complement the results of their surface microtopography,

diffraction topography was found to be essential.
4.2. X-RAY TOPOGRAPHY

X-ray topography is a defect imaging technique which
depends on the scattering of X-rays from the strain
assoclated with the defects. Two theories, namely, the
kinematical and the dynamicél theories, have been
developed to describe the image formation. The former
assumes that. the amplitudes of the diffracted waves are
small compared to those of the incident beam and there is
no interaction between the incident primary and the
diffracted waves. This approach 1is Jjustified only for
good quality, very thin crystals or highly defective,
thick crystals. In the case of thick, nearly . perfect
crystals one must take into account all interactions
between the incident and the diffracted waves. These
phenomena are described by the dynamical theory.

The contrast in an X-ray topograph depends on the
diffraction and absorption properties of a crystal. The
angular range of reflection of a perfect crystal is

typically 1 to 10 seconds of arc. The angular divergence
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of the incident beam of characteristic radiation in Lang
topography is 2 to 3 minutes of arc. A similar divergence
takes place in synchrotron white radiation topography
where, out of the continuous spectrum, a number of

lattice planes select the proper wavelengths to be
reflected according to Bragg’s law. It 1is obvious that
only a small fraction of the incident beam is diffracted
by a perfect crystal. Howevef, if the crystal contains
defects, the resulting distortion of the lattice planes
allows diffraction of a much larger proportion of ¢the
incident beam. The increased diffracted intensity
produces an image, known as direct or kinematical image,
of the strain field of the defects.

Generally speaking, in the case of thin crystals with
put. < 1 Cwhere p = —— ?: > 1is the linear absorption
coefficient of the crystal, n is the number of molecules
per unit cell,p? is the atomic absorption coefficient of
atomic species i, V is the unit cell volume and t is the
crystal thickness), the direct image is strongly

contrasted. In the case of thick crystals (ut > 1) where

the topographic image formation must be considered 1n

terms of the dynamical theory, taking into account the
interaction between primary and diffracted wave fields.
In this work, for all cases examined, ut < 1. All
topography results were therefore interpreted in terms of

the theory for thin crystals.



4.2.1. Parameters for x—réz toEograEhZ

The design of an X-ray topographic experiment
involves the selection of four major conditions: X-ray
reflection, sample slice plane, wavelength of radiation
and sample thickness. these conditions are generally
interdependent.
4.2.X.X. Selection of X-ray Rgflection

One of the most important parameters for the purpose

of selection of X-ray reflection is the half-width of the

intensity peak of diffracted X-rays obtained by rocking

the crystal around the particular Bragg angle, given by

2 d A |F|l R
Aehkl = ___b.l‘..‘.'____'_, .C4.1)
w V cos 9B

where A is the characteristic X-ray wavelength, dhkl is
the interplanar spacing for the C(hkl) set. of planes, C is
the Lorentz polarization factor equal to unity for the
symmetrical reflection, |F| is the structure factor, V is
the unit cell volume, R‘ is the classical radius of an
electron and 0, is the Bragg angle for a particular

reflection. This parameter is important in defining the

spatial resolution and the strain sensitivity of an X-ray

ref'lection. These factors are related by the empirical

rule :

Spatial resolution x Strain sensitivity = constant. (4.2)

It 1s obvious that 1in order to get precise

information about. dislocation content and their

- 42 -



orientation in a sample, a strong reflection having large
rocking—curve width giving high spatial resolution 1is
required. On the other hand, a weak reflection with
narrovw rocking curve width gives high strain sensitivity

which can be applied to get. information about lattice
distortion caused by clusters of points defects or
impurities.

A second important parametereq is the extinction

distance, €, of an X-ray reflection given by

-1 - A F Re

and is related to rocking curve width A©O by
AO = 2 d £7L, C4.4)D

Extinction distance 1s important. for two reasons.
Firstly, a dislocation image cannot be observed 1if the
sample thickness 1s less than 0.3% and, secondly,
dislocation images are most. strongly contrasted at
thicknesses corresponding to 0.88E.

Another important requirement is that the condition

g°b = 0 should be satisfied by at least one reflection

for each of the probable Burgers vectors. Sometimes it
leads to a selection of reflections with lower spatial
resolution. However, it is rather straightforward to

establish whether or not the dislocation contrast will

disappear even using a reflection at. inferior resolution.
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4.2.X.2. Selection of Slice Plane

The chosen slice plane should be cut perpendicularly
to the growth faces and through the seed d(central part)
of the crystal because growth dislocations are generated
at the seed interface and generally 1lie approximately
normal to the growth face. In order to avoid geometrical
distortion of images, the Bragg angles used should not be
greater than 20 degrees. Highly asymmetrical reflections
should be excluded to avoid a decrease in the
rocking-curve width and, consequently, spatial
resolution. The chosen slice plane must also allow the
maximum number of reflections to be used.
4.2.r.3. Selection of X-ray WVavelength and Sample

Thickness

The choice of these two conditions is limited by four

factors: rocking-curve width, ut value, extinction
distance and defect density. From eq. 4.1 it can be seen
that the rocking-curve width and, consequently, ¢the
spatial resolution 1is greater for long wavelength
radiations such as copper Ka. On the other hand, soft
radiation is strongly absorbed and it would be necessary
to use very thin samples, particularly for inorganic

crystals. Hence, the lower limit of the sample thickness

Cthe thickness less then 0.3%) could be exceeded and no
diffraction contrast would occur. Generally, low values
of ut are preferred to obtain strongly contrasted direct

images and minimized dynamical 1images (usually being
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difruse): Under these constraints Ag or Mo Ka radiation
is used for the examination of inorganic crystals and Cu
Ka radiation fof organic materials. The upper limit of ut
factor is governed by sample perfection. Unless the
defect density is low, superimposition of defects may

prevent resolution of individual defects.

4.2.2. Lang Toeograghz

Several X-ray topographic techniques have been
devised for imaging defects in crystals. These have been
described in several reviews [63-671. The most versatile

and widely used method is transmission Lang topography.

The experimental equipment for this technique is shown in
figure 4.1. A narrow, collimated beam of monochromatic
X-rays intersects the crystal C which 1s oriented to

allow diffraction from a chosen set. of planes. The slit S

allows only the diffracted beam to pass through the

photographic film or plate F. The diffracted peak 1is

located and monitored using a detector D set at twice the
Bragg angle to the incident beam. The c¢crystal and the
film are simultaneously traversed back and forth through
the narrow X-ray beam thus producing an image of the
entire crystal.

In Lang topography the spatial resolution differs 1in
the horizontal and vertical direction. Therefore, they
will be considered separately.

The diffracting planes are vertical in this

technique and thus there is essentially no diffraction in
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Figure 4.1. The experimental set-up for Lang topography:
(C) crystal slice, (S) stop slits for primary
beam, (F> film in cassette and DD
photomultiplier.
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the vertical plane. The vertical resolution, v, on the

plate is given by

V = —r, 4.5

where H 1s the source height, L is the source-specimen
distance and f is the specimen—-plate distance. As it is
practically impossible to reduce f below1 cm and when
one substitutes typical values for H = 100 pm and
L =1 m, a resolution on the order of a few microns 1s
obt.ained.

The divergence of the diffracted beam in the
horizontal direction 1is very small and is not a 1limiting
factor in resolution. There are four other factors to be
considered: vibrations, fundamental width of an X-ray
line, simultaneous diffraction of both Ka lines and the
fundamental width of a dislocation image.

It is very important to ensure that the specimen and
the plate do not move relative to each other. Therefore,
the camera should be mounted on a heavy table separately
from the X-ray generator.

The spectral width of the characteristic X-ray lines,
although small, can lead to ‘'a loss of resolution for

large Bragg angles. Generally, this contribution is small

as large Bragg angles are rarely used. Closely related to
the previous consideration is the problem of diffraction
of mare than one line. The angular separation of Ka1 and

Ka2 lines is between 10~* and 10"2 rad. The maximum
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permissible beam divergence is that which just allows the

resolution of Kai and Ka_ peaks in the rocking curve.

2

Equation 4.4 shows that the rocking-curve width |is
inversely proportional to the extinction distance, which
in turn, determines the strength of reflection. The
extinction distance 1is inversely proportional to the
scattering factor and, hence, there is a relatively weak
scattering of X-rays by atoms, that leads to the narrow
reflecting range. For X-rays this is typically 10°° rad

compared with 10~2 rad for 100 keV electrons.

Misorientation around a dislocation line varies roughly
as r~ . The narrower the reflection range the farther
will ‘the crystal appear “misoriented”™ from the
dislocat.ion core. Roughly, one may expect dislocation
images in X-ray topographs to be two or three orders of
magnitude wider than those 1in transmission electron
micrographs, as 1s observed. It can be seen from eq. 4.1

that, for maximum spatial resolution, strong 1low-order
reflections should be used.
q4.2.2.2. Sample Preparation

The principal requirement of any sample preparation

technique is that it should produce specimens of desired

shape and flatness without the generation of new defects.

Samples of sodium chlorate were prepared in the form of
thin slices cut from as-grown crystals by means 'of

solvent saw using habit faces as the reference for

orientation. Dissolution at the point of contact of the
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saw with the crystal cuts the latter with minimal damage.
Excess solvent was periodically removed from the cut with
soft tissue paper to prevent dissolut.ion of the
surrounding crystal. The solvent selected for the slicing
of sodium chlorate was a one-~to-one mixture of ethanol
and water. The slices prepared in this way were generally
fairly flat, though small rnges on the surface of the
cut frequently occurred. These were avoided by cutting
the slices slightly thicker than réquired and then
polishing them in the same solvent to the final
thickness. In order to obtain direct images on the
topographs, 0.7 to 1 mm thick slices were used.
4.2.2.2. Sample Mounting

X—-ray topography is a strain sensitive method.
Therefore, it is very important. to handle the sample with
care. Mounting of the sample should be strain free
because even a slightly bent slice gives rise to dark
areas on the topograph. The best way of fixing the slice
is to put it in between two pieces of Mylar foil fixed in
two rings or use soft wax to place the sample at 1its

corner to the ring. Fast epoxy resins should be excluded

because they introduce strain into the sample.
4.2.2.3. Procedure for Recording Larng Topographs

The experimental procedure for recording Lang
topographs has been described by Lang [631 and Tanner

[64]. The following paragraphs outline the procedure used

in a step by step manner.
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C1> The mounted sample was clamped onto the goniometer
head in such a way that the desired diffracting planes

were vertical. Orientation to within £+ 1° was achieved
using an adjustable set square with known habit face as a
reference. The slice plane was normal to the X-ray beam.
(2> The crystal was centred in the X-ray beam with the
aid of a fluorescent screen.

(3) The detector was set at an angle of 20 to the
incident. beam.

(4> The crystal was rotated about its vertical axis to an .
appropriate angle. 1In the case of a symmetrical
ref'lection this was the Bragg angle.

(5> The crystal was then rotated slowly until a peak was
observed on the ratemeter. Once the peak had been found,
the crystal was finely rotated to give maximum diffracted |

intensity on the Ka, peak.

1
C6) The traverse width limits were set by scanning the
crystal through the beam and noting where the diffracted
intensity dropped to background level.

(7> The diffracted beam slit was then moved 1into a

position perpendicular to the diffracted beam and as
close to the crystal as possible. The slit was adjusted

to allow only the diffracted beam to pass.

(8) A test exposure was taken using fast Agfa M3 X-ray
film. The film was placed in a light-proof cassette and
positioned parallel to and as close as possible to the

diffracted beam slit. This provided a check that the
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topograph had been aligned properly and gave an estimate
of exposure time.
(9) If the test exposure was satisfactory, then a high
resolution Agfa D4 X-ray film was 1inserted and the
topograph recorded.
4.2.2.4. Photographic Enlargement

All recorded topographs were enlarged using
photomicrographic equipment with camera and then printed
on Ilford paper in order to obtain the proper contrast.
It should be mentioned that all of the stages of
photographic processing are critical and a great care

must be applied not to lose the initial resolution of the

topograph.

4.2.3. Sznchrotron Radiation - Its AEElication to

X-ray Topography

Synchrotron radiation has several important, unique
properties including high intensity, broad spectral range
and natural collimation. In addition, synchrotron
radiation produced by storage rings offers small

source-spot size and stability. Any of these properties

would make synchrotron radiation an important

\

experimental tool.
Conventional X-ray sources emit unpolarized

divergent, quasi-monochromatic radiation. The conversion

of electron power to characteristic X-radiation 1is less

$



than 0.1% efficient.. In contrast, accelerated electrons
in a storage ring or in a synchrotron emit linearly
polarized “"white radiation” as a near plane wave with
almost 100X efficiency. Unlike conventional X-ray
diffraction topography with characteristic radiation, the
whole source contributes to the intensity diffracted by
each point in the sample. The spatial resolution 1is
therefore determined by the projected size of the source
so that, for a crystal distance L. from the source and
distance £ from the film, the vertical resolution is
v = EE-f:--(where H is thg‘source height) and the horizontal
resolution is h = EtECWhere ¥ 1is the, projected width of
the source). For white topography station at Synehrotron
Radiation Source at Daresbury the source height |is
0.4-1.9 mm, the source width is 13-7.8 mm, the distance
from the source to the crystal is 80 m and the typical
specimen—-to-film distance 1is 5 cm. Therefore, the
vertical resolution is 8-5 pm and the horizontal
resolution is 0.3 to 1.2 pm [68]. These resolutions are

comparable to those obtained by classical Lang

topography. Another advantage of white beam topography is
crystal assessment with greater range than Lang
topography (poor crystals can be studied). The intensity
of diffracted beam is several orders of magnitude higher
than for Lang topography. Therefore, the exposure times
are typically 10-20 minutes while they are 20-40 hours

using conventional X-ray generator.

- 52 =



4.2.3.X. Procedure for Recording Vhite Radiation

Topographs

The principles of sample preparation and sample
mounting for white radiation topography remain the same
as for the conventional Lang topography. This section
outlines the procedure for recording synchrotron
topographs underlining differences with Lang topography.
(1) The mounted sample was clamped onto the goniometer
head in such a way that the slice plane was normal to the
X-ray beam.
(2) The crystal was centred in the synchrotron X-ray beam
using X-ray sensitive *“green”™ paper.
(3> The pinhole Laue photograph was obtained and compared
with computer simulation of the pattern corresponding to
the given orientation of the sample. The crystal was
gently rotated along the horizontal and vertical axes and
Laue patterns were monitored to get the matching pattern
for the required setting of the sample. This procedure
ensured the exact orientation of the sample.
(4) The crystal was set at the appropriate Bragg angle ©
by a computerized motor system and the film cassette was
set at 20 angle.
(5) Fast Agfa M3 X-ray film was used for a test exposure.
C6) If a test exposure vas satisfactory, then a high
resolution Agfa D2 or D4 X-ray film was used.

In order to record simultaneously the whole set of

topographs the Laue configuration was set, 1. e. arfter

- 853 =-



recording the pinhole Laue pattern the film cassette was
moved 20-25 cm from the crystal and the beam size was
increased to "light up“ the whole crystal. In such a way
a set of nonoverlapping images from different sets of
lanes was recorded. In spite of the geometrical
distortion of such topograph it is a useful tool for fast
preliminary assessment of sample quality.

The procedure for photographic enlargement of

synchrotron topographs 1is the same as for Lang

topography.
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CHAPTER 5

GRONTH, MORPHOLOGY AND CHARACTERIZATION OF PURE AND DOPED

NaCl0, CRYSTALS

The survey of  the published 1literature on the
nucleation and growth of sodium c¢hlorate, presented in
chapter 3, indicates the foliowing:

(1> There is an absence of studies of the effect of
impurities on the homogeneous nucleation of this
compound.

(2) The reported results on the effect of supersaturation
on the growth habit of the crystal are conflicting.
Moreover, there is a lack of investigations dealing with
simultaneous observation of habit and surface
micromorphology to deduce the growtﬁ mechanism of the
crystal.

(3> The mechanism of habit modification of the crystal by
ionic impurities is poorly understood.

The present chapter presents the results of our
investigation of the influence of supersaturation and
impurity on the nucleation characteristics and growth
morphology of sodium chlorate. For the investigation

sodium dithionate was selected as an impurity because of

its well known profound influence in changing the growth

habit of the crystals. 1In order to elucidate the

mechanism of adsorption of the impurity in changing the
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growth morphology of the crystals, the micromorphology of
the surfaces of the crystals, their defect distribution

and the variation of their lattice parameter were

investigated.

5.1. NUCLEATION OF SODIUM CHLORATE IN THE PRESENCE OF

SODIUM DITHIONATE

In order to investigate the nucleation process of
NaClO3 in the presence of Nazszoﬁ-zuzo impurity and to
estimate nucleation parameters such as surface free
energy, activation energy for nucleation and radius of
critically—-sized nucleus, homogeneous nucleation
experiments were performed from pure solutions and those
containing known amounts of 'sodium dithionate. The
experimental set.-up, presented in figure 5.1, is based on
the principle of scattering' of light by particles of
sizes of the order of wavelength of light or smaller. As
soon as nucleation initiates in the solution, a decrease
in the intensity of the transmitted 1light takes place.
Thus the high sensitivity of the technique, which is
obviously a turbidimetry technique, ensures a reliable
estimation of surface free energy for pure and doped
crystals.

The experimental set-up, figure 5.1, consists of a
double-~walled glass cell (1) filled with solution and

sealed for the whole series of experiments at a known
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Figure 5.1.

Experimental device for the measurement. of
induction period for nucleation:
(1) double-walled glass cell, ((2) light

probe, (3) colorimeter, (4> optical Tfibre,
(5> platinum resistance thermometer, C6)

magnetic stirrer, (7, 8) water tanks, 9
digital display, (10) chart recorder and (11)

magnetic pump.
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value of impurity concentration. The cell is fitted with
a light probe (2) connected with a colorimeter (3) by an
6ptical fibre (4. Temperature in the cell 1is monitored
by a platinum resistance thermometer (5). Temperature
control of the measurement cell is maintained by water
circulatipg through the double walls from a water tank
kept at the desired constant temperature.

At thé beginning of the experiment., the solution ‘was'

kept above the saturation temperature, T =303 K, and
efficient stirring by a small magnetic stirrer (6D
enabled the dissolution of all small crystallites formed

during the previous measurement. The desired

supércooling, AT =T, = T was obtained by switching

exp’
the water circulation from the hot (7)) to the cold tank
(8> Kkept at preset temperatures 'Th and T‘xp,

respectively, such that Th > TB > T.xp. The 1induction

period for nucleation, i.e. the time required to observe

-the first. nuclei (in this case, to observe a decrease 1in

the intensity of the light transmitted through the cell)
was noted for different values of supercooling, AT, which

was fixed between 10 and Zd K for solutions with and

without the impurity.

. Using the solubiblity data of Linke [87]

supersaturation o = (c-c,)7c, C(vhere c and c, are actual

and equilibrium concentrations expressed in g7100g
solut:ion) was calculated. From the data on the induction

period; v, as a function of supersaturation, S =1 + o0,
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at various values of the ratio, x, of Szog' to 010; ions,
plots of ln v against T 2 (1nS) "% were constructed, Ccf.
eq. 2.4). From these plots, values of surface free
energy, 7, were calculated <(eq. 2.3).

The typical dependence of 1ln ¥ on T ° C1nS) ~%
obtained in the range of relatively low supersaturations
is presented in figure 5.2 for pure NaClO3 solution. From

the figure a large scatter in the value of the induction

period is evident at all nucleation temperatures. Such a
pronounced dispersion of the induction period is caused
by the statistical character of the nucleation process
itselfl and 1its value generally increases with decreasing
supersaturation ratio. Figure 5.3 shows the surface free
energy as a function of impurity content. The figure
shows that there is a general increase in the values of »
and r* Ccf. eq. 2.3> with impurity concentration. This
implies that dithionate ions act as obstacles to the
formation of' nuclei of critical size. An additional
process which might happen simultaneously is the possible
incorporation of a few dithionate ions into the nucleil

such that they render them unstable thermodynamically
compared with those formed in pure NaClO3 solution.
Consequently, a system containing the impurity requires a
relatively large activation energy of nucleation and a

large radius of the critical nucleus <dcf. eqs 2.2 and

2.3).

It should be mentioned that the values aof », obtained
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in this work, are comparable with those obtained for
other water—-soluble compounds (e. g. Tfor KDP, » = 2.8
mJ/m2 [9211). However, these values are somewhat low 1in

comparison with these predicted theoretically (92].

5.2. MORPHOLOGY

5.2.1. Growing of the Crystals
Crystals of sodium chlorate for the studies of

morphology and characterization were grown from
supersaturated aqueous solution slightly above ambient

temperature. The following two methods were used for

growth.
5.2.1.1. Temperature Lowering Technigque

In this method the supersaturation for growth was
achieved by lowering the solution temperature at a
constant rate. The apparatus used for this technique 1is
shown in figure 5.4 [1(691. The 1long necked flask (1D
filled with the solution is fitted with a ground glass
"seal  and stirring gland (2). The solution is stirred by
the glass paddle (3) fitted with a loop to suspend the
seed crystal. The motion of the stirrer is kept constant
at 60 rpm during every experiment to promote efficient
stirring. The growth vessel 1is situated in a 20 1litre
water bath (4) heated by an infra-red lamp (5). The water
bath is stirred continuously. Temperature control |is

achieved by using a long range contact thermometer <(6).
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Figure 5.4. The crfétallizer used for growth by
temperature lowering method:
1) crystallization flask filled with
solution, (2> stirring gland, <(3) stirrer,
(4> water bath, «(5) 1infrared 1lamp, €62

contact thermometer, (70 synchronous motor and
(8) seed.



- The rate of lowering of the temperature is changed Dby
using the appropriate synchronous motor (7> of a given
speed to drive down the contact thermometer.
Additiocnally, the motor can be switched off and on for
variable periods of time by a switching device to provide
fine contral of the temperature lowering rate. The large
volume of the thermostat bath eliminates rapid
fluctuations in temperature. The pulse-like heating
maintains temperature control in the growth flask at
'+ 0.005 K (70]1. Cooling rates used varied from
0.007 to 2 K/day in different experiments. All of the
seeds used in the experiments were tabular in shape (only
{100> form> and transparent. without visible inclusions or
mechanical damage.

After slightly dissolving in distilled watér att room
temperature, the seed (8) was hung alongside the paddle
of the stirrer by using glass fibre or nylon thread.
After the completion of growth, the crystal was picked up
quickly from the supersaturated solution'and dipped for a
moment. in n—hexane (kept at the same temperature as the
solution) in order to remove the adsorbed solution layer
from the crystal. The adhering n-hexane was then soaked
up with a piece of soft tissue paper. This procedure has
to be done to minimize secondary effects, e.g. 1local
growth of the crystal. Their morphology and defect
structure were subsequently investigated.

In a related series of experiments, growth was



carried out at constant temperature using fixed values of

supersaturation o = (c - co)/t obtained by applying a

O

constant temperature difference AT = TO-Tg (T0 and Tg are
the saturation and growth temperature, respectively).
5.2.1.2. Solvent Evaporation Method

In this method supersaturation was achieved by

allowing the solvent. of the g;owth solution to evaporate
slowly. Solution was poured into petri dishes of 15 cm
diameter and 7 cm height covered with watch glasses. The
dishes were placed into a thermostated compartment. and
kept for the desired time to allow growth to take place.
After the completion of growth, the crystals were picked
up from the solution, dipped in n;hexane and dried as in
the temperature lowering technique. The rate of
evaporation, and therefore the supersaturation, could not
be controlled accurately in this method. Additionally,
vertical concentration gradients occurring under the
grovth conditions caused the generation of small seeds on
the solution surface, which fell down after growing to a
larger size.

~ This technique was mainly used for growing seeds of

sizes up to S mm x S mm x S mm. Some larger crystals

obtained by this technique showed typical tabular shape
caused by limitations of mass transfer to the bottom face
of the crystals. Examination of the seeds by X-ray
topography revealed that, generally, this growth

technique can be used to obtain seeds of good quality but



the quality of larger crystals of sizes 10 mm x 10 mm x S

mm was bad.

5.2.2. Growth Habit

5.2.2.I. Pure Crystals

The form and optical perfection of sodium chlorate
crystals grown at different cooling rates are presented
in table 5.1. The perfection of the as—-grown crystals was
assessed from the amount 'of inclusions observed by
transmission light microscopy. Obviously, the resulting
crystals are cuboids modified by {(110) and (111> faces
in the range of-cooling rate 0.007-0.03 Krsday and pure
{100> cuboids in the range 0.04-2 K/day. However, in the
latter case (110> and {111} faces were also occasionally
observed when parasitic crystals were present at the

bot.tom of the crystallizer. The cooling rates at which

this has been observed are marked by asterisk 1in table
S5.1.

The morpholoéical importance of the faces for
crystals with {110 and (111} faces is given 1in table
5.2. This table indicates that with an increase in
cooling rate the relative areas of (110> and (111) faces

are decreased. This fact may be attributed to the

differences in the Kkinetic coefficients of these faces
(24]1. The most 1likely explanation for the occasional
observation of the (110> and <(111) face at increasing

supersaturation 1is associated with the 1influence of

parasitic crystals in decreasing the solution
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TABLE 5.1. Dependence of perfection and growth habit of

pure sodium chlorate crystals grown by the

temperature lowering method on cooling rate

Cooling Temperature Perfect.ion Habit/Forms

rate range for

[K/dayl growth (K]

0.007 309.5-309.5 High {100> and (110>

0.03 304.95-304.1 High {1002>, (110>
and {111>

0.04 308.45~-307.15 High ~ €100>

0.04 s 307.35-305.45 High {100> and (111> .

0.07 309.75-309.15 High {100>

0.16 311.15-307.35 Average {1002

0.20 »x 303.95-302.3 High {100)> and (110>}

0.32 300.65-298.05 High {100>

0.48 % 311.15-308.25 Average . €100> and {1;1}

0.52 - 311.65-310.05 High (100>

0.64 309.75-299.55 High {100>

1.05 309.85-305.55 High {100)

2.00 310.85-304.45 High {100)

* Run 1in which a parasitic crystal grew at the

crystallizer bottom.

¥»ok Run without stirring.



TABLE 5.2. Percentage area of different faces of sodium
chlorate crystals in relation to cooling rate

of pure solutions

“__—__-—_-__—_“—____—_

booling rate Percentage area
[K/dayl {100> {110> {111>
e e e e
0.007 64.8 34.2 1.0
0.03 '51.5 | 47.5 1.0
0.04 % | , 99.6 — 0.4
0.20 %ok 03.4 6.6 —

M

w Run 1in which a parasitic crystal grew at the
crystallizer bottomnm.

wok Run without stirring.
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supersaturation. The appearance of the {{110) faces at

cooling rate 0.20 Kr/day is connected with mass transport.

The effect of supersaturation on morphological
importance was investigated at about. 307 K. The results,
presented in table 5.3, also show that the 110> and

{111)> faces are eliminated with increasing

supersaturation.

The above results of the appearance of the (110} and
{111)> faces at low cooling rates <(table 5.2> and 1low
supersaturation (¢ table 5.3) are in contradiction to
those reported by Kern ([55]1. However, they are in
agreement with those reported by Simon (571]. Our
experiments in the growth cell <dshown in figure 6.1,
chapter 0) also gave pure (100> habit at supersaturations

exceeding about 0.25 % but at lower supersaturations

additional {(110)> faces appeared. Therefore, we may
conclude that. the transition from pure cubic habit to
cuboid with (110> and (111} faces is due to decreasing
supersaturation and cooling rate.
5.2.2.2. Doped Crystals

Crystals of sodium chlorate