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ABSTRACT

Breeding in supercooled melts of benzophenone is asciibed to the
presence of microcrystalline particles or dusts on the surface of the
innoculating. seed crystals A crystal cuitably trcated to avoid surface
contaminents has been shown to be capable of growth as a single crystal

even in highly supercooled melts,

The very iagge diffecenve in ralz bebween the stirred and unstirved
runs shows that heat transfer is still a major factor, despite the
relatively very low growth rates of benzophenone and salol, The rate
of growth of the (001} benzophenone face increases far more rapidly
with bulk supercooling than the rate of heat transfer, and eventually‘

a situation is 1reached where the growth rate is much larger than could
be accounted for by the experimentally measured coefficient of heat

transfer.

The use of thermocouples have served to 1llustrate that one
possible explanation for such a result was a mechanism of heat
conduction through the crystal due to non-uniformity of surface
temperatures, These experiments also show that the wate of growth of
the (010) salol face was determined by the surface supercooling and was

quite independent of the degree of agitation in the melt.

Measurements in fine glass capillaries at low supercoolings have



shown that the capillary growth rates could be much smaller than the
corresponding rate of growth of an unrestricted crystal from the bulk
of the melt, and also keep decreasing with time of observation, It
follows therefore tvnat the capillary rates do not aprroximaie surface
reaction wates as hitherto assumed. The abnormally low rates of growth
observed within the capillavy may be due to the gradual growing out of
surface deformities to the walls and the mechanical introduction of
surface defects on such a crystal is seen to reactivate the growrh

processes,
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CHAPTER 1

THECRY OF NUCLEATION AND GROWEd

1.1 General Intvcducktion

Although much ftheoretical work on the kinetics of crystal
growth has been carried out and reporied in the literature, accurate
measurements on the kinetics of growth from the liquid phase ar
largely coniined to a number of measurements in capiliary tubes,

A princlipal difficulty is one common to all interphase work, namely
the uncertainties introduced by concentration and temperature

gradients at the interface.

In the present work growth from tlie melt of various crystals
has been studied. In the First instsnce extremely clow growing
crystals were chosen with a view to eliminating, as far as possible,
the temperature gradients in the melt: this elimination was only
partly successful even with high stirring ratess Other methods of
measuring the true surface kinetics were however tried with moxe
success: this work has led onto oiher types of experiments in which
rates of growth of free growing crystals were compared with rates
of growth in capillaries: rather unexpected results were cbtained
which it is believed should throw considerablc light on the older
measurements in capillary tubes; and on the theories of crystal

growth in general,
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1.2 HNucleaion

Before starting work on growth-rates some axperiments were
carried out on a particular aspect of nucleation from the melt. For
this reason a brief account of the current theories on nucleation

will be given.

The thermodynamic potential of the solid has to be iower than
that of the mzlt before nucleation ox growth can occur, i.e. a state
of supercooling must first be achieved. MNicleation may then occur
spontaneousiy in the bulk of the fluid phase (homogeneous nucleation),
or may occur on the walls of the vessel or on dust particles in
suspension (heterogeneous nucleation). The latter is the moxe
commonly encountered form of nucleation on account of the almost

universal occurrence of dusts and other foreign coniaminents.

Volmerl, Becker and Doring2 and others found it pocsible to
derive from kinetic theory a solution for the rate of homogeneous
nucleation, which involved a thermodynamic analysis of the various
free energies involved. The work of nucieus formation (W) is the
sum of the free energy of formation of the surface and that of the

bulk of the particie, and for a spherical particie of radius r,

where o is the surface tension.



The Gibbs~Thomson eyuation giv..s,

r = -2l Tm i (2)
RT P in T

Waere P and Psa ave the vapour pressuces ovay a liquid droplet

ol
of radius r and the saturation vapour pressure, M the mclecular
welght and o Cie density of the dzeplet, T is the absciute

temperature and R the gac coustant,

Analysis of the kinetics of the prodess then lead to the well
known result for the nucleation rate in an Arrhenius type equation

of the form,

N

3
1 .
I = Bexp. | = s M B R 3)
Y
J

3 R3 T3 PZ {1a

o

sat

The preeexponential frequency factor B is relatively insensitive to

ile

small changes of temperature, and is sometimes ireated as a constant,

Tamman3 observed the rates of nucleation in a number of supere
cooled organic melts and his results were xcund to be in good
agreement with the form equation 3; at low superceslings. The
subsequent f£all in the nucleation rate observed exparimentally at

still lower temperatures, cr higher superccolings being ascribed
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to visccus factors, not included in i‘he zbove treatment, becoming

rate contrelling,

In the present study, homogeneous nucleation is of interest
only in so far as it had to be carefully avoided, and studies were
made in that part of the metastable region vhere the probability of
such an event was extremely low, and other precautions such as heat
treatment of the meit above the melting point and Ziltration were

empioyed to minimise the risk of what might seemingly be, autouucleation.

Foreign pariicles, or surfaces are also known to have a
catalysing influence cn ovcleation, by requiiing a smaller fiee
energy of formation oi a eritical nucleus, than is normaliy required
for homogeneous nucleation. Mechanical shock, attrition and
radiation of several forms are also methods known %o induce heterogeneous
nucleation in melts. Jn addition nuclei can be produced by what has
been termed the 'breeding® process, that is ¢o say nuclel are
produced by the presence iu the solution or melt of crystals of the
same substance. Little reference to this phenomenon is found in the
literature, Mason4 in a study of the mechanism of breeding in
sapersaturated aqueous solutions of magnesium sulphate heptahydrate
concluded that microcrystalline particles on the surface of the

seed, the breaking off of needle~like growths, crystal splintering
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and attriticn were the factors inveclved in breeding in this instance.

In view of the little understocd nature of this process, a short
study was made of 'hirreeding® by innoculation of supercooled melts
with ¢ seed crystal of tha same substance. Thiz zkudy preceded the

main work on crystal growth.

93 o rgp e gy aa gy nide
1.2 Cuystal grovth

Once nucleation has been achieved, resistance to growth is due
partly to a transport process in the fluid phase (which in the case
of a melt is the transfer oi heat), and partly to the resistance of

the surface reaction,

The mechanism of the surface reaction will be discussed in the
immediately following paragraphs: and the relation between the
surface reaction and the traaspor: process will be taken up in

section l.4.

a) Collision theory mechanism:~ The kinetics of the condensation

of a vapour onto a liquid surface has been worked out by the collision
theory for a condensing wapour on the basis that the net rate of
growth of the liquid from the vapour is the difference between the

opposite and independent processes of condensation and evaporation,



By the kinciic theory, at the saturastion pressure (Psal"

ey
=R = (2 T)Z2p
Rc e (2rmkT) sa
Where Rc and Rc are the rates of condensation aud evaporation
respectively, k is the Boltzmann constant and m is thic mass of a

molecule,

At an external pressuirz P, such that P >» Psat’ while the

evaporatioa rate remains unchanged

+
Po={2nmkT™ T S (5)

Therefore the net rate of condensation Rn
N \"’%’ "%
R = Rc ~R, = Q2xmk T2 (P - Psat) = 2nrnmkT)y= AP . 6)

A& P being the difference between the external pressure P and the

saturation vapour pressure Psat

If only a fraction « of all the colliding molecules actually

condense into the lattice the remainder being reflected, then,

1
Rn= x(2wmk DE AP

For a crystal growing from the melt, a similar mechanism is
sometimes assumed. The net rate of growth is considered to be the

difference between the gross rates of solidification snud melting.



Their exact magnitudes are uncertain, but since each of these rates
are continuous functions of temperature, it follows that the net rate

of growth for small supercoolings is proporiional to A T, i.e. R = CoATa

0)  Two dimensional nucleatior. theory of growth:- This theory was
originally developed by Volmer5 who postulated a mechanism whereby
molecules were f£irst absorbed on the surface of the crystal and
subsequent ly attach themseives in positions which were most favourable,
viz. at the edge of an incomplete layer on the crystal surface. This
process occurs until &ll such layers are complete leaving a flat
surface on a molecular scale. Af%er completion of one layer, growth
may continue caly after the formation of a new monolayer nucleus,

by a process termed two dimensional nucleation, The rate governing
step of this process being the formation of a nucleus, completion of

a layer once formed being relatively quick.

The size of this eritical island nucleus for a condensing vapour

has been expressed by the Gibbs equation

where Ci is a constant for a particular face,

As AP —> 0, r increases very rapidly, decreasing the probability



-
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of its formation. Burton, Cabrera aud Franké, assuming values for
the edge free energies of these nuclei, were able to apply the two
dimensional wucleatioa theory to the approximate calculation of
growtﬂ rates: it appeared that about 50% supersaturation would be
required for a reasonable probability of formation of such a nucleus,
The rate of formation would be negligible around the 1% level of
supersaturation, in spite orf the faui that growth rates are usually

easily messurable at this supersafuration.

c) Frank’c screw dislocation theory:- Frank7 introduced the concept
that screw dislocations could possibly account for the above mentioned
very large difference in rate between surface nucleation theory and
practice. A screw dislocation would give rise to a self-pevpetuating
spiral growth step, which would eliminate the need for the formation
of a two~dimensional nucleus, and which would thereiore be capable of

accounting for the large rates obzcrved experimentally.

The existance uf spiral growch steps in the mechanism of growth
has been clearly demonstrated, for certain cases. For instance,
Albon and Dunning8 in a study of the growth behaviour of selected
areas of a sucrose crystal, found that growth was impercsptible at

low supersaturations in the absence of a dislocation with a screw
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component and Sears9 finds evidence for a screw dislocation mechanism
of growth in certain faces of a lead iodide crystal growing from the

melt,

10 have observed in the

d) Llayer by layer growth:- Bunn and Emmett
case of aqueous solutions of inorganic electrolytes, that growth
appears to depend on the spreading of a sequence of layers from a
particular point on the crystal surface. This mechanism appears to
be basically different from the spiral growth mechanism, although it

has been clezimed that the growth of the layers may originate in a

pair of opposite handed screw dislocations,

e) Structure sensitivity of growth ratest- The growth rates of

some substances have been found to vary considerably at low supere
saturations., This variation in rate has been attributed to structural
defectss Thus, Hillig11 studying the effect of crystal perfection

on growth kinetics of ice crystals, observed that imperfect crystals
have a very much higher growth rate than perfect crystals: wviz. 300
times higher for imperfect erystals at 0,03 deg C supercooling than
for perfect ones, and that damage to a crystal could also enhance its

growth rate.
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TEMPERATURE PROFILE ACROSS

THE

FACE OF A GROWING CRYSTAL.
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1.4 Relalion setween zurioce reaction :nd fco® nssnsfer mroccsses

—— 2t e,

R —_— T s

The liberation of the latent heat of fusion at the interface of
the growing crystal rvesults in an increase of the interfacial
temperature (Ti) over that in the bulk of the mel: (T}, with a
resulting redustion in growtch rate, Therefore an understanding of
the kinetics of the surface reaction demands a knowledge of this

surface temperature,

Referrving to figure 1, in general the surface reaction rate, Rn’

may be expressed in the form;
Rn = f (Ti - Im e a e v, (9)

where Tm is the melting point of the material and £ is an unspecified

function,

The rate of heat transfer, Q, can be expressed by

where h is the heat transfer coefficient normally assumed toc be
independent of (T - T1)°
In texms of growth rate (10) may be written

h
R = rye (T - Ti) ........................................... (11)
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go that thke wholz process Is govexned by the pair of equations

nn I (Ti"Tm)

and R_ = -~ (T =T.).

In priuciple if kh and £ () ave known, T, ma be eliminated
between equations (9) and (11) and the taumperature dependence of
growth rate determinad. The coefficient of heat transfer couid in

rinciple be determined by independent measurements.
P p y

As already explezined;, under many conditions ‘1‘i will be inter-
mediate between T and Tmo Two extreme cases can also be envisaged:
if heat transfer is rapid and surface reaction slow then T, —» T, and

<

tha rate of growih approaches
R — f£(T-T)
n m
the system is 'surface rate controlledt,

[

If heat transfer is slow and surface weaction rapid then T, - Tm

and growth rate will be given by
b}
R — = (T -1T)
the system being then said to be under ‘*heat transfer contrcl®,

Increase in stirring rate will of course increase the rate of

-
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heat twansier, so that T, tends to ilacreasc aal Lo appioach n° under

i
these circumstannes a limiiting reaction rate will sometimes be

" . . 12
cbserved at high vates of stivring. Thus Butler™ observed an
initial increase of growth rate of sodium thiosulpuate crystale with
agitatlong bu” bewona 20 rep.m. no further increase of growth rate
was observed. This is one of the ouly examples quoted in the
literature where the resisiance due ¢ a transport process has been
shownt to Lave been reduced br sgitation ho a degree when it ccases
to be of importance in determining overall rates: in this case the
controlling process is one of mass twansfer vather than of heat

transfer,



Chapter 2

NUCLEATTON

2,1 Introduction

It has been suggested by a few workers in the past that the
introduction of s seed crystal to a supercooled mclt or a super-
saturated solui:ion could not only result in the growth of the
parent crystal but under certain circumstances lead to the
formation of a new crystal nucleus,. This form of heterogencous
nucleation which has been termed 7breeding® by Mason and
Stricl:land-Constable,l3 differs from other forms of nucleation in
that it requires the presence of a crystal., Among the rare

references to this phenomenon can be cited the following:-

14
Miers was one of the earliest workers to refer to this form

of heterogeneous nucleation, which McCabel5 claims to be among the
most important methods in industrial practice, Ting and M’cCabe16
made a short study of one aspect of breeding in well stirred
supersaturated solutions of MgS04.7H,0 and the meéhanism by which
this process occurs has been studied in much greater detail by
Masonf' Van Hook17 also concluded that breeding in well stirred
supersaturated solutions of sucrose could be due to the detachment

of irregular growths,

No experiments on breeding from melts have ever been described.

Experiments on breeding from benzophenone melts were therefore



undertaken, and are described below,

2.2 Appavatus

perinents were conducted in a constant temperature bath
which consisted of a glass tank 9% n 7% anl iv% deay with distilled
water to a depth of 15%, FKeat was supplied through an lmmerazion
heatex regulai.ed by a Sunvic control witich in “urn was actuated by
a mercuryetolueng switew fitted with a Sunvic proporticniang anead,
The heuat suppry could be varled continuously from about 50 waits
to a maximum of 1 kilowatli; by iniroducing a rheostac in series
with the heater. A double-bladed propeilor, 3% in diameter
rotating at approximately 60C r.p.2. provided the agitation
required to ensure uniformity of temperature throughout the bath.
With this arrangement: the final overall control was found to be
better than ¥ 0.01°C, uader “%e experimentil conditions, A

second tank to a similar specification was brought into use for the

production of seed crystals with treated surfacesc

2,3 Materials a-.! purifia.tion

The material used for this investigation was diphenyl ketone
(benzophenone), and phenyl salioylate (salol) was also used ia the

subsequent study of growth., A great deal of reseaxch has already
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been done on ithese materials; the main advantages they have to
offer apart from their velative inertness being ready purification,
luw meliting points, measurable growth-lates over a wide range of
supercoolings and the ability to stand large supercoolings for
long periods wlthout the complications arising Xrom the event of

homogeneous nucleation,

Benzophenone, supplicd as & General Purpose Reagent by Hopkin
and Willlams was purified by double distiillation under reduced
pressure, The materials so purified meited to a clear transparent

liquic a% 48.0°C,

2,4 Morvhology of beanzorhenone and salol

Figure 2 is a diagram of an ideal crystal of benzophenone

g
whose mcrnhology has been described by GrothyS

The crystal beiongs
to the orthorhombic sphenoidal class and is characterised by

three mutually perpendicular diad axes of symmetry. It has four
prominent prism faces (110) , but for the most part this

investigation has been centred on the small, fast growing, ({21}

face,

1€
Groth has also described the morphology of szlol, which

belongs to the orthorhombic holohedral class, with three diad axes
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mutvraily at right angles. Figure 3 is a disgram of an idealised
crystal of salol, which is a thin tabular crystal with two
prominent and equivalent (0i0) fazes, The behavicur of these

faces have been studied under a variety of conditions.

.3 _Seed cxystals

PR P

Seecd crystals of benzophenonc for use in both nuclestion and
growth studies were prepared by solidifying a smear of benzophenone
melt on a giass rod foliowed by development of these cxystals to
a length of 3 - 5 mme by immersion in its supercooled melt at
36°C., These crystals were detached from the glass rod and stored

for subsequent use as and when required.

Benzophenone crystals were mountéd for use by touching the
(001) crystal face (Figure 2) with a warm glass spike. The slow
growing (110) were found to be unsultable fox mounting, as these
faces exhibit a marked increase in the tendency to produce more
crystals from the point of attachment, with an oxrientaticn
different to that of the seed on re~immersion in the supercooled

melt. (Compare photographs 2 and &.)
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2.6 Innoculation of supercooled benzophenone melts with

*gntreated? seed crystals

25 ml, samples of the purified benizophenone melt, contained
ir. sample tubes of 3 cmo O.D, were first superheated by warming
in a water bath for approximately 5 minutes, prior to cooling down
to the experimental conditilonss Once temperature equilibriuvm was
attained the crystal was mounted as described in section 2,35 and
loweired on its supporting glass rod tn g position just below the
surface of tho melt., It was then held in this position by
clamping the glass rod and subsequently withdrawn for examination

under a pularising microscope,

The crystal continued to grow on its mount as a single
crystal when lowered into a melt whose supercocling was less than
3.5°C, and showed little tendancy to wmcleate elsewhere in the
melt, When on occasion it did the new nuclei formed were
jnvariably found floating on the surface of the melt, complctely
detached from the sead. The numbers of such crystels were smallg

seldom in excess of twoe

Examination under a polarising microscope revealed that the
new growth on the seed crystal had the same optical properties

as the parent material and that the interface between the original
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seed and the new crystal materianl wac “rce of growths with a

crystallographic orientation different to thai of the seed.

At slightly higher supercoolings ( ATVs of 7+9°C) the seeds
sti1ll contiunued to grow as a single crystal, but wi*h an increase

of the tendency to produce fresh miclel ai the surface of the meli,

Microsvoplc examinaticn of the interface hetween the parent
seed and the new layers of growth deposited under conditions of
7 - 9°2 buik supercooling, employing transmitted polarised light
revealed some small areas which had a different extinction angle
and therefore a difiesent crystallographic orientation to that of
the parent material. These areas weve eventually covcred over
with material of the same optical nature and crystallographic

orientation as that of the seed, suggestive of some form of

'surface aealing?,

At supercoolings in excess of 11°C, i.e. beiow 37°C, needle-
like growths appeared (see Photograrhs 1 « &) seemingly from the
surface of the seed crystal, These needles developed in size for
upto 2 = 3 minutes and then detached themselves from the parent
crystal, probably on account of their weight, Fnotograph 4 siow
two newly formed crystals which have detached themselves from the

parent crystal falling away. Very soon after this phkotograph was



taken the tube became opaque as these crystals grew very rapidly
along the sides of tihe glass containers Photographs 2 and &
illustrate the diiference in behaviour between Cwo crystals
mounted on differenc faces but grown under the same conditions of
bulk supercooling; the crystal mounted on the fast growing (001 )
face producing fewer needle=like growths than one mounted on the
slow growing (010) face. Through the temperature range of 37°C
to z0°Z, increase of supercooling prcduced a corresponding
increase of the density with which such growtlis appeared on the

surface of the innoculating seed,

Crystals grown rapidly at these large supercoolings were
relatively opaque and therefore not quite suitable for conclusive
microscopic examination under polarised light, Nevertheless,
examination as before of some of these needleclike growths formed
around 37°C indicated that the crystallogcaphic orientation of
these growths were different from that of the lnncculating seed

and from one another,

2.7 _Innoculation of a supercooled benzophenone melt with

pre-treated seed crystals

Following the above work it was found that if the crystal wae

pre=treated for some time at very low supercooling ( AT £ 1°C),



then subsequent immersion in a melt at high supercooling gave

wise to results quite different from those “escribed in section 2.5

Preostreatment or the 'healing' of the suxface of the
innneculating benzophenone seed cyystal was effcoted by liolding a
crystal suitably mounited above the melt at 47°C (AT = 19C) for
10 minutes to allow the crystal to warm up, followed by 10 minutes
immersion in the meit to permit some growth and then withdrawal
to a pnsition just above the melt for approximately 10 minutes to
ensure solidification of all traces of the melt adhering to the
crystal surface. Th= crystal with its suiface so healed was quickly
transferred to a position cbove another melt, under the test

experimental conditions.

Innoculation of a supercooled benzophencne melt with 2 seed
crystal treated in this manner resulted in the growth of the seed
as a single crystal, Photographs 5 and 6 are those of a cuystal
with a preetreated surface growing as a single crystal from a melt
supareooled 21,5°C, and illustrates the absence of the phenomenon

of breeding under these conditions of growth.
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2.8 Digruralion

These experiments show that the breu:ding of new crystals by the
innoculation of supercooled benzoplienoue wmelits is almoct certainly due
to the presence of microcrystalline pariicles or dusts on the surface
of the seed. These crystailites which do not form au’integral part cf
the parent benzophenone seed crystal are responsilLie for the
production of the crystals tound flcating on the surface of the meit
as well as the needle-like growths observed on the crxystal surface at
higher supercoolings. These particles must have a wide spectrum of
sizes as the number of these needle growths increases with the degree

of supercooiing at inuoculation,

Working in aqueous solutions M’ason4 observed a similar phenomenon,
where breeding was due to the presence of microcrystalline dusts on
the surface of freshly added crystals; but he ajso observed other
mechanisms which enabled the breeding process to continue after the
original dust particles had falled off: tiiese latter mechanisms were

not observed in the present work with melts.

Crystals heated so as to eliminate suriace contaminazlon grow
from melts at high supercoolings as single crystals and cause no

breedingo
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CHAPTER 3

GROW{H RATES OF SINGLE FREE‘GROWENG CRYSTALS FROM
STIRRED AND UNSTIRRED MELTS

3.1 Introduction

Experiments are described in this chapter in which the growth
rates of benzophenone and salol crystals were determined while
suspended on glass rods, under boith stirred and unstirred conditions

in the super:ooled melt,

Rates of growth from the melt (ref. 20) of various crystals are
given in the table below. The velatively extremely low rates
reported for benzophenoune and salol suggest that they are specialiy
suitable substances for this research where it is desired that the

growth process be as far as possible suxrface reaction controlled.

Supercooling Maximum crystaliisation
Substance (°C) Velocity (mm/min)

Naphthalene - oc {spontaneous crystallisation)
Cyclohexane - oc ( o " )
Carbon tetrachloride 2«7 o«

Acetone 9-24 e

p - dibromo benzene 27 7500

1,3,5 trichloro benzene 25 7000

Benzophenone 27.7 60

Salol 21.7 Lol
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3.2 Benzophenone (001} face, unstirred melts

[oog R AU shngrpg o s <

a) Experimental:~ The displacement of a crystal face normal to
itself was observed Ly following the crystal profile through the
cross~wires of a cathetometer fitted with a vermnicer scale graduated
in divisions of 10‘3cm. The growih ra;e was the siope of the

resulting displacement-time plot.

By rotating the eyepiece of the cathetometer telescope, which
was fitted with a polaroid disc, and by determining whether the
crystal under obsexrvation had a single extinction angle or not for
transmitted light, it was possible to say if the profile under

observation was that of a single crystal.

Growth rate determinations were made with approximately 75 ml
of the melt contained in a 100 ml erlenmeyer flask, which in turn was
immersed in the constant temperature bath described in section 2,.1.
At the end of each run the melt was regenerated for use by heating

this flask in a boiling water bath for about 5 minutes.

The rubber bung which stoppered the mouth of the flask had three
holes drilled in it to introduce the stirrer, the crystai mounting
and the thermocouple wires. A glass sleeve was also fixed between

the stirrer and the bung to permit free rotation for the stirrer.
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The surfaces of the crystals on which rate measurements were madeg
were first iveated by a process of slow growth at 47.0°C { AT = 1°0),
as described in section 2.5, to eliminate the possibility of 'breeding®
gud the compilcated heat effects arizing therefrom. The crystal was
then lowered cu iis mount into a melt at the requived degree of
supercooling, and clamped when in position to insure against any

accidental movement.

All meesuremeonts were macde on the small fast growing (001} face
of the benzophéanone scad aryrtal {see figure 2), growing downwards
into a melt, purified as in secticn 2,2, and mounted on n giess sgplke
with its z -~ covstaliographic axis in the vertical phane, This face
was selected for study as it was identifiably differeat from the
other faces of the crystal and because it had a measurable growth

rate throughout the experimental range of supercoolings.

The duraition of each run varied £rom apporoximately 15 minutes
for determinations ac large supercoolings, 0 2 « 5 hours £for runs
of supercoolings of 1°C or less aad the total displacement obscrved

on the (001) face varied from about 0,3cme to a maximum of about 2 cm.

b) Results:~ Growth rate measurecments on the (0()]) crysitallographic

face of the benzophenone crystal growing under these conditions are
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tabulated in table 1, Appendix I, as a function of the supercooling
in the Lulk of the melt, and are 1llustrated by figure &, Statistical
analysis of these results for unstirred growchs lead to the empirical

L

=5
equation Ry= (5.88 1 1.12) x 107" cm/sec, with a

correlation ccefiicient of + 0,9,

o

»3 _Benzopaenone 031) face, stiveed melte

a) Experimentali- In each of these determinations a ‘treated® seed
crystal was lowered into a melt superconled to a preselected degree
and allowed to grow for approximately 15 minutes under unstirred
conditions before the ciystal was spun. This aliowed the crystal to
grow firmly over the crystal mounting providing a better mechanical
support, and also ailowed sufficient time in which to make a
determination of the unstirred growth rates, for subsequent direct

comparison,

Agitation was provided by rotating the crystal on its mount at
speeds ranging from 10 r.pe.e o a maximum of about 150 r.pom. In
the experimental range of supercooclings, a 2 or 3 fold increase of
growth rate, over that of the unstirred growth rate under the same
bulk supercooling, was observed on spinning the cyrystal at 48 - 50

r.p.me. but further increase of the rate of rotation did not produce
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a corresponding increase in the growth rate. Figure 5 which is a
displacement-time plot illustrates this cffect for growth at 4700°C,

i,e0 1 deg € supercooling.

Apitation of the melt with an independent double<biaded stirrer,2%
cw from tip to tip votating ai 650 r.pom., produced the same increase
of growth vate szs observed on stirying the crystal at 48 r.pem. in the
stagnant melt, Stirring the melt with the paddie rotating at 659 r.p.me,
as opposed to rotating the crystal at 30 - 150 ropemmey produced a
marked increase of tlie terdency to mucleate elsewhere in the melt,
limiting the time of observation to ihe time lag before new crystal
nuciei were observed, Consequenily. the rotating crystal method of

providing agitsiion was selected far further work on benzophenones

b) Results:~ Rate determinations for stirred runs are tabulated in
table 1, Appendix I and are also illustrated by figure 4. As with

the unstirred runs, the growth rates were found to incyease very
rapidly with supercooling and a statistical analysis leads to an
empirical relation of the form Ru = (2,18 % 0.77) = 10"4 (ASKT)1°S7 Z 0433

crn.sec"'l with a ccrrelation coefficient of + 0.%7, for tne kinetlcs

of the surface reaction controlled mechanism of growthe
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3.4 Zone refined benzophenoune

a) Introduction:~ As already explained the increased growth rate
¢baerved on stirring could be due o gn increased value of the heat
transfer coefficient, But it appeared also to be possible that the
difference mighit be due in part at least to the presence of impurities
in the melt: if these impurities were capable of reducing the surface
growth rate, the retarding effect would be greater in the unstirred
case. Aun ctitempt was therefore made to purify the melt even further

by a process of zone-vefining,

b)  Experimental:- A sample of benzophenone, purified by double
distillation ar descyibed in gzection 2.3, was placed in a porcelain
boat 9cm in length, and drawn through a horizontal pyrex tube 3Zcm in
diameter at a speed of lem/hour. A meited zone of approximately 2cm
width was maintained electrically in this boat, with the aid of a
nichrome wire heater wound round the pyrex tube. Eac¢h specimen of
benzophenone was passed twice through the tube, in the same direction.
A plug of benzophenone at the leading edge of the bocat served as the
centre initiating growth at the start of eachi pass through the

neated section of the tube., The benzophenone used for the subsequeﬁt
experiments was taken from the centre of the porcelain boat, the

material 2cm from either end being recjecteds This material melted
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in a capillary at 48.0°C.

Rate measurements were made with the zone~refined benzophenone
in a tube 3cm dismeter containing approximately 25 ml of the bengophenone
melt, The seed crystals and the melt used in the surface *healing?
procass were made with the zone-refined material, and the melt was
regenerated at the end of each determination, as previously, by
warming the tube with its contents in a boiling water bath for about

5 minutes.

c¢) Results and discussion:~ The results are tabuiated in table 2 of
Appendix I and are plotted on figure 4 for a direct comparisvn with

the runs on benzophenone purified by distillative methods alone. The
reasonably close agreement of rates for the two samples under both
stirred and unstirred conditions of the melt, leads to the inference
that the observed differences are not due to the presence of impurities.

It may therefore be inferred that they are due to heat transfer effects.

3.5 Salol (010) face, unstirred melts

a) Introduction:- At this stage a study was made of the growth
characteristics of the large and consequently slow growing Q10 face

of a salol crystal. Its gfowth rate was considerably smaller than
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that of the (00i) benzophenone face under comparablc bulk supercoolings
and it therefore seemed possible that the resistance to growth due to
heat transfer could be reduced to ithe extent where the kinetics of

the surface reactisn could be observed,

b) Expevimental:~ Salol was purified for experimental purposes
from material supplied by Hopkins and Williams as a General Purpose
Reagent; by filterving its superheated melt through a Whatman No 1
paper followed by two slow (overnight) recrystallisation operations
from absolufe ethyl alcohcl. The procduct, after drying in a vacuum,

melted at 42,0°C to a clear iranspavent liquid,

Seed crystals were prepared from salol purified in this manner
by the wmethod described in section 2.3 for the preparation of the
benzophenone seed crystals., The only modifications to this technique
were that the seed crystals were developed by immersion in a melt
at 32 - 33°C, and mounted for use by touching the (100) face with a
warm glass spike. As observed with the benzophenone crystals, the
large (slow growing) faces were unsuitable fcr mounting, when the

seed was subsequently required to grow as a single crystal,

The surfaces of these crystals, mounted on a glass spike, were

then *healed! by re~-immersion in a melt at 40¢5°C (DT = 1.5°C) for
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approximately 15 minutez, in the manner d=scribed in section 2.4 for
healing seed crystals of benzophenone, and lowerad on its mount inio
the melt at the required degree of surercoolings The bulk super~
saturation was kept constant for the cuvation of each rum, but several
runs were made in the temperature range 40.4°C to 34.2°C (AT = 1.6 to

7.8°C),using a different seed crystal for each determination.

Displaceusnt measurements were made on the glow growing (010) face
of a salol crystal growing horizontally, f.e., with the z -~ crystallographic
axis vertical., The meit was contained in an erienmeyer flask, which
in turn was immersed in a constant tuwperature water bath, as in the

experiments praviously described.

The duration of each experiment varied from about three hours for
the runs with supercoolings of less than 2°C, decreasing progressively
with increas2 of supercooling until periods of approximately 10 mioutes
were employed for growth from melts whose bulk supercocling was in
excess of 6 deg C» In this period of time the displacement observed on

the (010) face ranged from O.2cm to about Q.bcnis

¢) Results:- The results of these experiments which are tabulated
in table 3 and plotted on figure 6, illustrate that the growth rates

increase more than linearly with supercooling and that they were
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approximately 8 - 10 times slower than that of the (001) benzophenone

face growing from an unstirred melt under the same bulk supercooling,

3.6 Salol {010) face, stivred melts

a) Introductioni- Once these rates from unstirred melts were
determined, the rates of growth from well stirred melts were required,
as before, to establish the relative importance of the heat transfer

process in governing overall kinetics.

b) Experimental:= The experimental procedure was identical to tgét
employed for the rate determinations from unstirred melts, except for
the agitation of the melt which was provided with a dauble~bladed
propellor described in section 3.3, The crystal was kept stationary
and held in position by clamping the glass mount, The stirrer was
positioned so as to keep the tip of the propellor out of contact with
the crystal, generally 1 « 2cm away from the crystal edge at nearest
approach. The propellor was rotated at approximately 650 r.p.m., and
this ensured the maximum agitation possible for this system, withoug

actually sucking in air into the melt.

¢) Results:= Agitation of the melt produced a &4 to 5 fold increase

in growth rate over that of the unstirred rate, and these results are
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also tabulated in table 3 and are illustrated in figure 6. In the
determinations £rom the melts whose supeircoolings were 3 deg C and
below, increase in ihe rate of stisring from 400 to 650 r.p.m.
produced no detectable change in growth rate, but the figures quoted
for the runs whose bulk supercoclings were in excess of 4 deg C are
thcse observed only at the highest rates of stirringe It is therefore
possible that the heat transfer effects have aot been altogether
eliminated from the runs with supercoolinge of more than 4 deg C. The
experimental range of observation could not be extended beyond 6 deg C
supercooling, (36°C), due to limitations imposed by the tendency to
"breed! new crystal nuclei, under these conditions of very high

agitation,

3.7 Salol (100) face, unstirred melts

a) Introduction:~ These cxperiments were con-ucted with a view to
determining the growth characteristics of the fast growing (100) face
of a freely growing crystal of salel from unstirred melts, and
subsequently to compare these with the capillary growth rates (see

Chapter 6) .

b) Experimental and Results:~ The experimental procedure adopted

was identical to that described in section 3.5 for the determination
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of the unstirred rete of the {(010) face.

The results which are tabulatec in table 4 of Appendix I and
iilustrated by figure 7, show an approximate Alnear increase of rate
with supercooling. In this vespect it differs from the unstivred

growth charactexistics of both the (001} henzophenone face and of the

010> salol face.

The growth characterisiics of the (001) face of a benzophenone
crystal have been studied as a function of the bulk supercooling in
both unstirred and stirred melts, and empirical equations have been

derived to describe their interdependence.

Impurities have been ruled out as a possible cause for the
differences in rate between the st®rred and unstirred runs as zone
refinement of the sample of benzophenone had no effect on either rate.
It must therefore follow that thegse differences in rate were due to

heat trangfer effects, despite the very low growth rates.

Rate measurements made on the slow growing (010) face of a salcl
crystal show a similar difference in rate between stirred and

unstirred growth runs, Consequently these rates must also be



‘75-90

controliasd to a congiderable extent by hest transfer. However, if
heat gransfer was important, it would be difficult to see how these

rates couid increase more than lineariy with bulk supercooling.

A brief desoription is also given of the growth kinetics of

the fast growing (10C) face of the salol crystal fyom unstirred melts,

3.9 Conclusicas

a) The stirved rate of growth is very much larger than the unstirred.

Therefore, heat transier is important.

b) The increase of the ueat transfer due to natural convecition is

oy 1525 .
1) *°"", wheweas the unstirred

rate of growth of tle benzophenone face is a function of ( A T)l"a0

sometimes considered to vaxy as (A
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CHAPTER &

DIRECYT MEASUREMENT OF HEAT TRANSFIR COEXFICTENTS

4,1 Introduction

In view of the conclusions at the end of the preceding chapter it
appearzd desirable to try to measure the heat transfer coeificients in

benzopitenone and salol melis by a direct and independent methode

Aoz Apparatus

These direct measurements of the coefficient of heat tvansfer, h,
were made with an electricaily heated copper vessel of height 1.6 cm,
diameter 0.95cm and wall thicknezss 0.32cm (see figuve 8), A 6,%ohm
coil of nichrome heating wire was wound round a pyrex capillary tube
in the ceutral cavity of cais vessel, to which curvent waz supplied
from a variable current source (see figure 9), by means of two copper

wires of negligible internal resistance.

40-gauge constantan thermocouple wires were soldered onto the
external suzface of the copper vessel to enable the thermceleciric e.mofa
generated between this junction and another in melting ice to be
rccorded with the use of a Pye precision potentiometer reading to a
microvolt. A mnull deflection method of recording was cmployed with a
Pye suspended coil microvoltmeter. The vessel itself functioned as

the common copper component of each thermocouple junction,



The copper vessel was held in position by clamping the supporting
pyrex glass tube, which in turn was fastened to its upper surface with
araldite, and the measurements were taken while it was totally immersed
in the melt contained in a 10C ml erlenmeyer flask., Heat losses from
the upper sucface of the pot were neglected under steady state
cauditions as the thermal conductivity of copper (1,03 g.calosecal,

em 2 oc™!

cm"'z OC-’ 1ollm) [

ocm) exceeded dy far that of pyrex glass (C¢0026 g.cal, sec"l°

Heat transfer coefficiants at the soppersmelt interface were
determined by measuring the energr supplied to the heater and the
corresponding rise in temperature at the surface of the copper vessels
All the coefficients given in the text will be understood to be in

-2 wl ol
calecm ~ sec = OC o

4.3 Unstirred benzophenone (fast growing (001 face)

The coefficlient of heat transfer from a copper suxface into
unstirred benzophenone melts increased f£wrom 2,567 x 10‘=3 for an
interfacial difference of 2,4°C to 4.93 x 10“3 for a teuperature
drop of 16,7°C in an approximately linear manner, In each of these
determinations the temperature in the bulk of the melt was maintained

at 48.0°C. Results are tabulated in table 5 of Appendix I and are
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illustrated by curve III in figure 10,

The measured fiim coefficients; h, are compared with the
coefficients h* (curve I}, which would be vequired tu account for the
observel rates of growih of the fast growing {001) face of the
bLenzophenone crystal, essuming that these growth rates were vholly
heat transfer ccntrolled, i.e. h* is defined by

*
h = observed rate of growih xP X

where T ~ T is the gverall supercooling.

It will be seen that che value of h varies only slightly with
supercooliﬁg, as would be expected. On the other hand the curve of
h* varies as a steep function of AT: and In fact the h* curve Crosses
the h curve at about AT = 3 and increases so rapidly that at AT = 9
the value of h* 1s over 5 times that of h, This result is altogether
surprising since it would at first sight appear that h should always
be less than h*, and that h would only become equal to h* in the
limiting case of complete heat transfer contxol, 4 possible
explanation however is that a part of the heat generated by deposition
of material on this fast growing face is conducted away into the

crystal and dissipated into the melt through the slower growing faces.



That some heat can be transferred in this manner was abundantly
confirmed by the thermocouple experiments which will be described in
section 5,2, It is hcwever still difficult to understand how such a
large amount of heat could be dissipated in this way,and some further

explanation ¢ still being souglht,

4.4 Stirred benzophenone (fast growing (001) face)

The melt was agitated with the stirrer deseribed in section 3.3
and the coefficients of heat transfer, h, were determined experimentally

for stirring speeds of 475, 625 and 870 r.p.ms

These results are tabulated in table 5 and shown in figure 10
*
curves IV - VI, tcgether with tie values of h (see table 6, curve II )
defined above but based in this case on growtherates from melis with

the crystal rotated at 48«50 repome

The values of h are much greater than in tha case of unstirred
melts, and are seen to increase rapidly with stirving speed, These
values of h were higher than those of h* at low superccolings, but
for supercoolings above about 6.5°C the apparently ancmalous situation
in which h*> h was once again encountered. This again suggests that

only a part of the heat generated by deposition of material on the (001)
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face conld be dissipated across the interface, even in well stirred
melts, aad the remainder must be conducted away from the crystal

surface through the solid,

4,5 Unstirred salol (slow growing (C10)} face)

The coefficients of heat transfer from the surface of the copper
vessel into unstirred melts of salol were determined in the manner
described in seciions 4.2 and 4.3; the temperature in the bulk of the

melt being held at 42,0°C,

The heat transfer coefficient so determined increased from

2.64 x 1072

for a temperature drop of 2,6 deg C across the interface
to 5,02 x 10’3 for a difference of 16.2 deg C in an approximately
linear manner (see figure li,table 7). These values being almost

identical with the corresponding results with benzophenone,

The corresponding values for :he coefficient h* (figure 11,
table 8) for the (010) face of salol ranged from 0,203 x 10"3 at
1,6 deg C supercooling to l.44 x 10-3 for a grow:h raie of 4.12 x 10'”4
cm.sec"1 corresponding to a bulk supercooling of 7.8 deg C. These

values are considerably lower than those determined experimentaily

for the heat transfer coefficients, (h), and compatible with a



mechan?sm which is partly controlled by hezi transfer and partly by

the surface reaction.

The heat transfer coefficient determined by the thermocouple
Lechnigue to be described in Chapter 5, from direc: measuremeni: of
temparatures at the {010) surface of a growing crystal of salol was
2,50 x 10”3 for temperature differences upto 3.5 deg C. This is in
very good agreement with the experimental values (h) stated above:
and this would arpear to provide mutual confirmation of the validity
of the thermocouple techniquz and the copper pot technique. The
continuous increase of temperatur. observed even after the thermocouple
has been complately enveloped by the slow growing (010) face, though
not with the relatively fast growing (100) face, confirms the deduction
made on the fast growing face of the benzophenone crystal that a part
of the heat generated on the fast growing face is dissipaited into the

melt through a slower growing face,

4,6 Stirred salol (slow growing {010) fece)

These coefficients of heat transfer from the copper surface into
agitated salol melts were determined at stirring speeds of 415 ropems
and 810 re.po.me, described in section 4,4, but with a temperature of

42,0°C in the bulk of the melt, The coefficients so determined were



39,

once again found to increase with /AT. They were of course strongly

dependent on the rate of agitation (figure il, table 7).

The values of the coefiicient h* are shown in figure 11 and
table 8, These are considerably lower than the walues of the
expevimentai coefficient hy, and so are ccmpétible with an actual
mechanism of growth governed partiy by heat transfer and partly by

surface reaction kinetics.

The heat transfer coefficients h deterruned by the thermocouple
technique, which will be described in the following Chapter, were not
constant with 2AT, but inireased in a random manner; and ranged from
4456 x 10"3 to 17.1 x 10"3. These measurements were made at a
supposedly constant stirring rate of 450 r.pem., but the wide
variations in the heat transfer coefficients are possibly to be
ascribed to the fact that the crystals were not always mounted in a
constant positicn with respect to the stirrer. Despite this
haphazard variation, these values are quite comparable in magnitude
with those determined by the copper pot technigque, with a stirring

speed of 415 r.pe.m, (table 7).
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4,7 Suomary

The rates of growth from unstirred melts observed on the (001)
face of the benzophenone crystal are higher than would be permit£ed
by the rates of heat transfer observed in the copper pot. This may

 be explained by assuming that a part of the heat generated on this
face is conducted away and dissipated into the melt through a slower

growing face.

The same is true for the growth of the (001) benzophenone face
from the stirred melt at relatively high growth rates, corresponding

to bulk supercoolings in excess of about 6.5°C,

Heat transfer coefficients determined with the copper vessel in
unstirred melts of salol agreed very closelv with those determined on
the (010) face of a growing crystal with the use of thermocouple. |
This agreement: tends to confirm the validity of the thermocouple

technique and of the kinetic measurements derived therefrom.

In stirred melts the magnitude of the heat transfer coefficient
determined with the thermocouples appeared to vary in a rather random
manner but were of the same order of magnitude as those determined

with the copper vessel, h.
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The copper pot experiments on the whole tend to confirm the idea
that resistance to growth is partly due to heat transfer limitatioms,
which is operative in spite of the very low surface growth rate of
salol, In addition, these experiments have emphasised the possibility
of the transfer of heat through the crystal, and also the possibility
of non-uniformity of temperatures of the crystal surface. The question
was therefore pursued further with the thermocouple technique described

in the foliowing Chapter.
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CHAPTIR 5

THERMOCOUPLZ TECHNIQUE OF MEASURING THE INTERFACIAL

TEMPERATURY. CHARACTERISTICS OF A FREE-GROWING SALOL CRVSTAL

5.1 Introduction

Experiments are deseribed in this chapter in which the surface
temperatures of a growing salol crystal are measured with thermocouples
in both stirved and unstivred melts. The kinetics of the surface
reaction are situdied in this manner, free of the effecis due to heat
tracsfer, and many of the experimental results described in Chapters

3 and 4 are explained in the light of these findings,

J02 Temperrture cliaracterisiics at the (010} surface of a growing

salol crysial

a) Experimentali~ A crysital of salol mounted on a glass spike and
with its suriace treated as described in section 3.4, was lowexed into
an unstirred welt so that it was dizrectly above the 40 gauge wires of
two copper constantan thermocouples. The thermocouples were arranged
in such a manncr with respect to the crystal (sec figure IZA), that

it subsequently grew over the thermocouples with the (010) face

normal to one thermocouple and parallel to the other, This enabled
the temperature profiles of both the slow growing (010) face and that
of the relatively fast growing (100) face to be measured on the same
crystal. Thg surface temperature of the crystal face was taken to be

that recorded by the thermocouple as the crystal advanced over the
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thermocouvple junction and tha distance of this crystal face from the
junction was measured with the cathetometer. The growth rate was

obtained from the slope of the resuiting displacementstime plot,

The stirrer was switched sn (at approximately 450 r.p.m.) for the
stiired runs, only after the crystal had growan over boti thermocouple
wires in the stagnant melt, The technique of growing the crystal over
the thiermocouple wires and towards the junction had to be employed in
preference to an altexnative method of growing the crystal directly
in front of the thermocoupic junction, to avoid f*breeding' by attrition

between the thermocouple and the crystal,

b) Results and discussion:~ Figure 12 (see table 9), shows the
temperature profile across the slow growing (010) crystal face as well
as that of the (100) face cf a crystal of salol grouwing from a melt
under both stirred and unstirred conditions at 39.,5°C9 i.es a bulk

supercooling of 2.5 deg C.

This fllustration which is typical of the temperature profiles
show a continuous increasec of temperature even after the (010) face
completely envelopes the thermocouple junction. It also illustratés‘;'
the noneuniformity of surface temperatures over different faces of

the same crystal, from which it follows that the interfacial supercooling



would also vary f£rom facc tu face. Tn this instance the interfacial
supercooling available for the growth of the {1C0) face from an
unstirred melt with a bulk supercooling of 2.5 deg C, was 1.2 deg C,
while the supercooling at the (010} face was lo& deg Co The
corresponding values for the stirred melt at the same bulk supercooling

of 2.5 deg C were 2.1 and 2.3 deg € respectively,

The marked differences in the growth rate of the (010) salol face
from unstirred and stirred melis described in sections 3.5 and 3.6,
can now be explained on the basis of thke widely diffevent interfacial

supercoolings available for growth while at the same bulk supercooling.

The apparantly znemalous situation which arose in sections 4.3
and 4.4 on the rates of growth of the (601) benzophenone crystal
face from both unstirred and stirred melts when h*‘> h, is now
explained on the basls of experimental evidence for a mechanism whereby
heat is conducted through the crystal. The existance of a temperature
gradient within the crystal is made possible due to the non-uniformity

of surface temperatures.

" 5,3 Growth rate as a function of true surface supercooling. Salol

(010).Stirred and unstirred

a) Experimental:~ The procedure adopted in measuring the temperature
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at the cxrystar surface was similar to that described in section 5,2
and the growtii rates were determined from displaccement~time
measuremenis as in geection 3.5, In the stirred runs a stirring
speed of appronimately 430 vopeme wis adopted and the rate deter=
minations were made within a bulk supercooling range of 1.25 te 5.50

deg C (40,75 to 36.50°C).

b) Results and discussionte Taole 10 of Appendix I give growch
rates as a function of the surface temperatures of the (C10) face of
salol crystal under koth stirred and unstirred conditions in the melt.
These results are illustrated in figure 13 in which growth rates are
plotted against surface superconlings for bosth stirred and unstirved
melts., These raies are seen tc be quite independent of whether the
meit was stirred or not and to be functions only of the txue surface

supercoolings,

A statistical analysis of the results of the thermocougple
experiments leads tn an empirical result of the form R,= (3,66 l

3 + -
0.48) x 10 3 ([}'1‘,‘)2'06 hd 0°14cmusec 1

with a correlaticn cevefiicient
of + 0,99, for the kinetics of the surface reaction mechanism of

growth at the (010) salol face, in both stirred and unstirred melts.

These rates which give growth rates as a function of the

temperature of the crystal face are believed to provide for the first
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time the true kinctics of the surfacc reaction for the unvestricted

growth of a crystal face from the melt,

Figure 14 comparves tha vates of growth of ihe {2:0) saloi face
ay is a function of overall cuperaooling in nastirce] melis {ex.

table 3 auc Figure 6},

b) As a {unction of overall cuspercouling in stirred melts {ex, table

3 and figure 6).

¢) As a function ol the ivuc curfoce supercociing in both stirred

and unstirred melts (exotable 10, figure 13),

The close agreement of rates with and without thermocoupies present
in boih sitlrred and unstirred runs shows that the presence of

thermocouples does not affect the wates of growth of the ciystal face.

This comparison shows that the effects due to heat transfer have
not been altogether eliminated from the stirred runs described in
section 3.6 despite the low raites of growth (10-90 x 1O°5cmnsec"1),
coupled with the high stirring rates (650 r.pom.)e Navertheless they
have been substantially reduced; viz. at 3 deg C interfacial supex~
cooling, the rate of growth determined by the true surface kinetics

is approximately 35 x 10-5cm.sec-1, while the rates of the stirred and
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unstirred runs at 3 deg C bulk supercooling are about 25 x 10'“5 and

8 x 10"5c:m(,se('.w1 respectivelye.

5.4 Heat tyansfer coefficients

Coefficients for heat transfer lLetween the o¢vvstal face armi the
melt were calculated on the basis that the thermal driviung force was
the diffevence between the interfaclal temperature and that in the
bulk of the melt, {T;-~ T). UYigure 16 (table 10) illustrates :he
relation between (T;~ T) and the rate of growth of the (010) salol
face from an unstirred meli. The coefificleat of heat transier
calculated fxom the slope of this plot was 2,50 x 10“3, whick compares

with about 2.64 x 10”3 for the copper vessel,

These results and also those from the stircved melts have already

been discussed in sections 4,5 and 4.6,

5,5 Summary

None-uniformity of surface temperatures of a growing crystal
explains the existance of temperature gradients within 2 crystal,
This makes it possible.for a part of the heat liberated on a fast
growing face to be dissipated through a cooler and relatively slower

%
growing face, and account for the observation that h > h.



The growth rates of the (010) salol face in a freely suspended
crystal have been shown to be dependent on the interfacial temperatures
alone, and otherwise independent of whether the melt was agitated or
note The true kinetics of the suriace reaction determined by this
thermocouplc technlque explain vather well the divergence of the
observed rates in the stirred and unstirred melts which were described

in Chapter 3 as a function of bulk supercocling.

The heat trensfer coefficient calculeted from the interfacial
temperatures of the growing crystal agree with the values predicted

by the copper pot technique,
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CHAPTER 6

Lt KM 253 N i

LEINEAR CPYSTALLISATION VILOCTTTES IN THIN CAPILLARIES

6,1 Introduction

Yhis study was undertaken to exiend the existing wange of
determingtions on the capillary growth rates of a benzophenone crystal

. 21 ; . é”
made by Pickardt, and also the measurements on salcl made by Pollatschek™™

23 .

followed by Neumann and Micus.” It was then hoped to make a direct
comparison of these rates with that of freely gwowing single crystals,
in order to evaluate the uzefulness of the far less labourious

capillary technique of measurement as a method of obtaining surface

veaction rvates,

Rather unexpected results were obtained for capillary growth
rates at low rupercoolings. A mure detailed study served to demonstrate
the great importance of surface structure in determining rates of

growth,.

6,2 Apparatus

A series of thin pyrex glass capillaries ranging in size from
about 4mm., down to O.3mm, I.D. were employed for determining the
capillary growth rates of both benzophenone and salol., These
capillaries were cleaned out with chromic acid, washed thrice with
distilled water and dried prior to f£illing with a meit, purified as

already described.



6.3 Preliminary experiments on capillary growth rates of benzophenone

a) Experimental:- These runs were conducted with the undegassed
benzophenone melt contained in a capillary (3.3 = Oc.4mm. I.D.), sealed
at one end (see figure 19). A sclid plug of benzophenone was first
formed at the closed end of the capillary by initiating growih at the
open end of the capillary with a benzophenone crystal and permitting
rapid growch down the capillary at about 20°C9 i.eo 28°C supercooling,
This was wo ensure that the crystal was dzposited with the fast growing
face paralles to the caplilary axis. A small narrow coal gas £lame
was then dirvected towards the capillary and the crystal melted,
commencing from the open end of the capillary; to a predetermined mark
leaving a plug of approximately 2cm of the crystal in the capillary,
at the sealed end, The incidence of capillary fracture during the
remelting process was minimised by melting the crysital down from the
open end, as it allowed room for expansion arising from density

differences between solid and liquids

The capillary was then immersed in the constant temperature bath
described in section 2.1, clamped in position, and each run started off
from just above the above mentioned mark on the capillary wall. The
displacement of the crystal surface was followed with a cathetometer,

equipped with a polaroid disc within the eyepiece which served to
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render visible the interface, which was otherwise difficult to locate.
The duration of each run ranged from about 60 seconds for the highest

crystallisacion velocities to about 15 minutes with the slowest,

b) PResulis and discussions= The capillary crystallisation velocities
of z benzophenonc melt are given in table 11 and illustrated by

figure 17 for a number of bath temperatures ranging from 45.9°C to
14.8°C, 7In this range of observation (£ T%s from 2.1°C to 33.2°C) the
crystallisation welocity increased from 0,0486 x 102 cmosec™! at

2.1 deg C supercooling to u« maximum of 96.7 x 10°3 emusec™! at 22,5 deg C
supercooling, and gradully decreased thereafter at a rate which was

dependent on “he diameter of the glass capillary.

The results obtained by Pickardt which are also illustrated on the
same figure show good agreement as to maxinum crystallisation velocity.
But at supercoolings below that of the maximum the rates obtained by
Pickardt are generally rather lower than those described here; and
at supercoolings in excess of the maximum Pickardt observed a fairly
uniform rate independent of supercooling, in contrast to a marked f£all
in rate observed in our own experiments. This difference in hebaviour
is very similar to that between the findings of Pollatschek and those

of Neumann and Micus on the capillary growth of salol, Now Neumaun
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and Micus amployed capillaries of Oldnm dinmeter wharcas Poliatschek
used 7rm diameter tubes: and it was thought that the difference in
the benzophenone results may be due to a similar difference in the
diametevs of the tubes employed, Whether this is really sc romains

a matier for surnise, as Plckavdt magkes no mention in his paper of the

cross sectional diameters of the tubes he employed,

A mPsL unexpentpd £3 ud*ng of tbis exneriment was that the capillary
gro%th rateq fwa‘ch were ~roaab1y those of the fastest growiiig (001)
face), were much smaller vhen the fre~ growth rates of the (001) face
at superccolings of < 4°Cs wviz. at 2.1 deg C supercooling, a capillaxy
growth rate of 0.04856 x 10"3 c.m.;sec'1 compares with free girowth 1ates
of 0,21 x 107> and 0,54 x 10°> cmesec™ ' from unstirred and stirred melts
respectively. With bulk supercoolings in excess of & deg C, however,
the reverse is true; in a melt supercooled 6 deg C the capillary growth

rate was 9,82 x 1073 cm.ser“l, while the free growing rates from the

unstirred and stirred melts were 1.35 x 10"'3 end 3,42 x 10™3 cm.sec-l

respectively.

6.4 Preliminary experiments on capillary growth rates of salol

a) Experimental:-~ The experimental procedure adopted was similaw

to that employed with benzophenone, described in section 6.3, except
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for the following modifications:

A 0.6mm X.Do capillary was filled with the purified salol and
degasscd in situ by three vepeatead cycles of sciidification followed
by remelting under a vacuum of zbout IO—me mercury vrovided by an
FEdwards High Vacuvm pumpe The cpen end of the capillary was then
attached to a water pump and maintained under this vacuum while rate

measurements were being madea

The dur:ticn of each w¥un varied from 10 nminutes .to about 45

minutes.

b) Results nd discussioni~ The results of these experiments are
tabulated in tavle 12 and illustraied by figure i8. A fall in growth
rate is observed on increasing the supercooling beyomd 19.6 deg C, but
these rates were higher than those observed by Neumann and Micus,
though less than those repcrted by Pollatschek, These diffevences can
probably be ascribed to the differences in capiilary diameters, as

mentioned in section 6.3,

This fall in growth rate at high supezcoolings observed in fine
capillaries appears to be connected with the nature of the solid
phase deposited, At these large superccoiings the crystal grows

along the capillary as an opaque polycrystalline front rather than as

.
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a single crystal. There appesrs to ba gomo congiderable variation in

the rate of growth of each crystallite, with some regions on the

crystal front growing faster than others; the net result being a
continuous change in the shape of the crystal front and a discomtinuously
variable rate of advancement along the capillary. The larger the
diameter of the capillary the greater the chance of the presence of a
rapid growing crystaliite, and cousequently the observed rates in the

larger tubes are higher than those in the finer capillaries,

At supercoolings below that of the maximum crystallising velocity,
the results were in close agreenent with those reported in the

literature (see figure 18).

Rate measurements made at supercoolings below that recorded
previously produced some interesting observations both in the nature
of the crystai front advancing along the capiilary and on the resulting
rate of growth. At a temperature above 37°C, i.e. with supercoclings
of less than 5 dcg C, the growth within the capillary advénces as &
single crystal front, Below 32°C (AT > 8 deg C), the crystal gr&Ws
primarily along the capillary walls with a hollow centre which only
subsequently fills in with solid; the leading erystal frent has a
serrated edge and is polycrystalline in appearance, Between 34 and

379C, either form of growth is possible, the deciding factor being
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the initial nature of the cxryetal £xont,. Tho rate of growth of this

polycrystalline front being approximately twice that of the other.

If these capillary growth rates (which probably correspond to
that of the fast growing (100) face) are compared with the free growing
rates of the same face (see table 4), it will be seen that the
capillary rates are the smaller of the two at low supercoolingg;‘vizc
at 37,8°C i.c¢. 4,2 deg C supercooling, the capillary growth rate was
0.15 x 10.3cm.sec-1, while the free growing rate from the unstirred

melt was approximately 0,42 x 10"'3 Cm;secnl.

6.5 Capillary growth rate of the slow growing (010) salol face

a) Introduction:- 1In the capillary growth runs so far described there
was no information as to the identity of the advancing face of the
crystal, Consequently, at this stage the following experiment was

carried out:

b) Experimental:~ A crystal of salol mounted and treated as
described in section 3,5, was lowered into the melt in the widened
end of the capillary (illustrated by figure 20), so that its (010)
face was directly opposite the capillary mouth. The crystal was then
allowed to grow into the capillary (1.5mm I.De} at a bulk supercooling
of 4,35 deg C.
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c) Resultssn Aftes a short pexiod af geowsth within tha capillary
. "5 "1 o~ Ofv s
the growth rate was 0.43 x 107 cm.sec = at 37.65°C ( AT = 4,35 deg ),
compared with 15 x 10“5 and 50 x 10"5 cn-nasecm1 for its free growth
rate from unstirred and stirred melts respectively, at the same

supercooling,

The growth rate is a2t least 30 times smmller In the capillary

than in the bulk melt,

d) Experirental modificationsi~ Attempts were made also to grow the
(010) salol face into the side arm of a capillary T-piece by growing
the (100) face down its main limb past the junction of the capillaries.
It was then found that the {0i0) face showed very little tendency to
grow into the side limb at low supercoolings, and on further increase
of supercooling a fast growing face, (which was probably the (100)
face) was seen to grow aloang this side arw. These experiments were

not pursued further.

6.6 Capillary growth rates of the fast growing (100) salol face,

at low supercoolings

a) Introduction:- In view of the unexpected nature of the above

result further work was undertaken along the same lines,
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b) Experimentali~ A crystal of salol, mounted and treasted as in
section 6,5, was lowered into the nielt at the widened end of the
capillary so that its fast growing (100) face was directly opposite
the capillaiy (see figure 20). This was to ensure that the (100)

face would subsequently grow down the capillary axzis.

The duration of each run was lengthened to periods ranging from
4 hours tc 4 days, and the experiments were conducted with both

undegassed and degassed melis,

¢) Results and discussion:~ OUnce the crystal had grown into the
capillary, its rate of advance was found tc decrease with time. This
is 1llustrated by figure 21 (table 13) in which the rate of growth of
the (100) face, at a bulk supercooling of 1.9 deg C; is expressed as a
function of the time of observation. These rates were obtained by

drawing tangenis to its displacement time curvee.

The erystal grows within the capiilary as a single crystal and
after a period of about 4 hours growth, the rate is seen to fall to
about a third of its initial value of 13.9 x 10"5 cmqsec'l. Remelting
a part of the newly deposited crystal material within the capillary
produced initially an increase in the growth rate, which subsequently

fell as before (not shown in table). Under comparable conditions of
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bulk supercooling *he frec unstirred growth rate of the (100) salol

face 1s about 14 x 107 cmesec L,

A modified experiment using a degassed melt produced the zame
retardation obsexved previously with the undegassed meit. Figure 22,
(table 14) is a displacementotime plot for such a yun, supercoocled
3,6 deg C, wherein aftgr 52 hours growth, the average rate for the

i

43 hours fnllowing was found to be over 1000 times smaller than tte
i ﬁ{ ”

free (unstirred) arowth rate of about 26,5 cme,sec"1 for the (100) wiB”

face, under comparatle conditions, of bulk supercooling,

Discussion of the significance of the results of all the
experiments described in this chapter will be reserved till Chapter 7

section 3,

6.7 Capillary giowth of benzophenone at low superecolirgs

a) Introductioni= Experiments were then undertaken on benzophenone

to see if this phenomenon was observed with substances other than salol,

b) Experimental:- These experiments were conducted in a Q.6mm
capillary using benzophenone purified by distillction, but undegassed
and under atmospheric pressure, The pericds of observation ranged

from 1 to 4 hours and measurements refer to the (001) face of the crystal,.
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c) Resulis and discussions- No appreciatle retardation of growth
was observed above a supercooling of 4 deg C, when growth within the
capillary did not correspond to a single crystaly, but was opaque in

appearance and had a jagged surface for the leading edge of the crystal

(see figpure 23, table iﬁ)a

LR

At lower supercnolings; however, the crystal advanced along the

| capiliary axis as a single crystal front and the retavrdation was

\
|

clearly observed, as illusirated by the rua at 1,7 deg C bulk super-

\L/3001in8. In this run the rate £ell cortinucusly to a twentieth of the

\ initial rate of 1.0 x 3.0"'4 cm.sec“l in a period of 50 minutes, At
slightly higher supercoolings {but below & deg C, AAT) the general
tendency is for a fall in the growth rate, but instead of a continuous

£all in rate ihere are some discontinuities in the vate plot (figure 23).

These correspond to periods of mnre active growths

6.8 Trace impurity eifects on capillary growth

a) Introduction:= One explanation which seemed likely on the basis
of several observations reporied in the literature, was that the
growth retardation was due to impurities which accumulate in advance
of the growing face, In order to determine whether this was really

so two types of experiments were conducted, In the first the
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impurities werc either frozen solid or bodily moved away from the
growing interface and a study wade on the impurity fieed melt. The
alternative method was an irrigation technigue which employed forced
ecirculation within the capillary, just ahead of the growing crystal,
By this means i{ was hoped to avold an undue build-«up of the impurity
concentration level and to maintain the composition of the melt as
close as possible to that in the rate determining xuns on the growth

of free singie crystals,

b)  Experimental and resuliste A eryztal of salol was grown down a
capillary of I.D; lmm.; from a melt supercoocled 4.5 deg C, purified by
repeated recrystallisation fyom ethyl alcohols Once the crystal ceases
to grow the capillary was withdrawn from the bath and the balance of
the melt solidified by a large increase of supercooling. Any impurity
which may have accumulated ahead of the growing interface is frozen
into a region which is cleavly demarcated £rom the rest of the crystal
by a change in crystal appearance; the region corresponding to slow
growth while immersed in the bath was clear and transparent, whilst
the region where growth was rapid and which must have :ontained any
impurity present, was opaque. The transparent crystal material was
then melted to within about 5mm of this interfare, with the solid

plug serving to prevent back diffusion of any impurity present.
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Starting from this point a veverse growth run was made through the

purified column of melt.

Figure 24 (table 13), illustrates a xun conducied with the
capillary immersed in a bath at 37.5°C (AT = 4,5 deg C)» Once

again a continuous decrease of growih.rate 1s observed:

In the next series of expevimeats the melt was purified by a
process of zone~refining within the capillary itself, This was
effected by 1epeaied cycles of growth follewed by melting back to a
predetermined mark on the capiliary, wherefrom all rate measurements

wexre made.

Figure 25 (table 17) illustrates that there was in general no
tendency for the rates of crystallisation to increase as the melt
becomes purer by successive recrystallisation. This was to be
expected if contaminents were the cause of thz observed retardation

of rates.

The irrigation technique consisted of applying intermittent
pressure on a diaphram attached to a fine capillary situated in the
liquid phase within the main capillary, in order to force the melt
past the growing crystal surface and avoid the concentration of any

impurity present at the interface, This method too failed to yield
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a unlform rate of growth, az illustrated by figure 26 (table 18).

b) Discussioni- None of these methods of showing up impurities as
the possible cause for the retardation of growth within a fine
capiilary, succeeded in producing a constant rate of interfaclal
displacement at low supercoolings or even produced an effect different
from that observed with ordinavy <zrecrystallised salol, It therefore
seemed most likely that impurities could not have caused this

retardation.

A point of interest is that the initial rate of wrowth commencing
from a seed cwxystel which bLad itself been deposited by a process of
slow growth within the capililary, was considerably lower than one in
which the seed had been deposited more rapidly. Thus an initial rate
from a slowly deposited crystal of 0,0735 x 10“4 chsec”l (gsee figure
24), compares with about 3 x 10"4 cm.secnl at the same supercooling of
4,5 deg C in figure 25 and 4,9 x 10™* cmasec™t in figure 26 at e bulk

supercooling of oniy 3.8 deg C.

6,9 Surface structure sensitivity of capillary growth rates

a) Experimentali:= All these observations on the retardation of
growth in capillaries suggested that growth might be a function of

the perfection of the crystal surface, For instance dislocations
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initially present might grow out to the walls of the capillary and
leave a more perfect surfaces This idea led to experiments in which
imparfections were avtificially induced cn the erystal surface within
the capillary. Experimentally this consisted of touching the

surface of a crystal which had prastically ceased to grow with a £ine
glass spike. The capillary employed had an internal diameter of
145mm and the cdiameter of the spike vas approximately 0,6mm. The
surface uader observation was that of the (001) face of the

benzoph:enone cyrystal,

b) Results and discussionsi- A large increase of growth rate is
observed when the crystal surface is touched with a glass rod, but
thernafter the rate falls progressively back again in the usual way
to the low rate from which it started, The figures are given in

table 19 and are illustrated in figure 27,

These observations are consistent with the view that growthe
rates in capillaries are surface structure sensitive and that the
observed fall in rate is probably due to the grcwing out of surface

defects,
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6,10 The effect oFf o suvrface disturbance on the free growth rate

of the (010Y fsce of a salcl crystal

a) Introduction:i~ Surface defects were artificially induced on the
surface of a freely growing crystal in oxrder to determine whether an
effect similaxr to that observed in capillaries was present in the

growth of free single crystals.

b) Experimental:~ The {C10) surface cf a crystal of salol growing

freely from a melt in the manner described in section 3.5 was touched
with a glass spike, The bulk supercooling of the melt was kept below
2 deg C and the crystal was touched after an initial period of growth

of about 1 hour,

¢) Resuits and discussiocni« HNo cbservable change of growth rate is
registered on touching the crystal. This is indicatad by figure 28
(table 20). As discussed later a likely explanation for the difference
in behaviour is that the surface structure of a freely growing crystal
under these conditions of supercooling is far from ideal and has
already a sufficient concentration of surface imperfections for the

added deformation to have no further influence on the rate of growth.



6s11 Summazw

At low supercoolings the caplllary growth rates of both
benzophenone and galel were found to be surprisingly lower than that
of their respective free growth rates, under comparablie conditions.
A more detailed examination shows that the capiiliarxy rates of growth
at very low supercoolings £all ovar a considerabie period of time
after entry into the capiilary, until growth is almost completely
arrested, Further purification of the melt does not help to yield a
uniform rate capillary growth, thus eliminating impurities as a
possible cause for growth retavdation, These rates are then shown to
be sensitive to mechanical surface disturbance in contrast tc the
growth of free single crystals which do not exhibit this sensitivity

under the experimental conditinms,
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CHAPTER 7

DISCUSSION

7.1 Nucleation

In this investigation ihe meclianism of breesding has been studied
in supercooled benzophenune melts under unstirred conditions; it is
believed that this is the first investigation of breeding in supercooled

melts,

The tendency to breed on the introduction of a crystal into a
supercooled nalt, which is quite small at low supercoolings, increases
rapidly in melts whose supercooling exceeds about 9 deg C, These newly
formed crystals which take the form of needle-like growths originate
at the surface of the seed crystel, grow for a short period, and then
detach themselves from the seed, probably on account of their weight.
On.y one crop of needle-like growths are observed on the surface of
the seed, and these newly formed crystals dé not appear to be capable
of further breeding except by a collision process which will be

discussed later.

Examination under the polarising microscope showed that these
needle=-like growths have diiferent extinction angles from that of the
parent crystal and from one another, from which it would follow that
they do not constitute a part of the lattice of the parent crystalj

this would also explain the ease of their detachment,
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The view that these needle~like growths originate from active
dusts on the surface of the parent crystal is confirmed by the finding
that a crystal grown for an initial period at a very low supercooling
would subsequently grow as a single crystal on re-immersion in a highly

supercooled melt without showing any tendency to breed.

These dusts, which are probably microcrystalline particles of
benzophenone;, may have been produced while the parent crystals were
being dislodged {rom the rod on which they were initially produced or

in the subsequent process of storage o even during ¢he process of

mounting on the glass spike,

Mason4 has made a detailed study of the mechanism of breeding in
supersaturated aquecus solutions of magnesium suiphate heptahydrate.
He concluded that bfeeding in this system could be due to the presence
of microcrystalline particles on the surface of the parent crystal
which produce an initial crop of new nuclel, as observed by us with
benzophenone. Mason also obserwved several other processes by which
breeding can continue beyond the initial crops these processes were

not observed in the case of benzophenone.

All the discussion on breeding given above refers to isolated

crystals growing out of contact with other solids, It was observed
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by us in the casc of benzophenone that when the fast growing (001)

face makes contact with the walls of the vessel several crystals are
observad to grow ouitwards in all divecztions from this point of contact.
This phenomenon is vecy similar to the coliision breeding observed by
Mason, in which breeding occurs due to collisions between the crystals

themselves or between the crystal and the wails of the containing vessel,

7.2 Tree® growth rates

Once tae mechanism of Liezding In supercooled melts was understood
(and subsequently eliminated by the use of ?surface healed® seeds), it
became possible to grow cuystals Lrom the melts over a wide range of
bulk supercoolings and gtudy the kinetics of growch of a single crystal

free from unwanted zecondary nucleation,

Méasurements showed that the rates of growth of the fast growing
(001) benzophenone face from the melt increased more than linearly
with increase of supercooling in both stirred and unstirred melts. The
rates in stirred melts were, moreover, very considerably larger than
the unstirred rates: this effect was shown not to be due to impurity
build up in front of the growing face, and it was clearly due to heat
transfer effects, which are applicable even in the case of such slow

growing materials as benzophenone and salol.
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From the very laxge jacrease of rate obscrved on stirring it is
evident that the heat transfer control of the unstirred run must be very
consiaexrablej to quote a rather typical example, the stirred rate of
growth at & bulk stupercooiing of 1.8 deg C is 46.2 x 3,0'"5c':mqsec:m1 while

. »5 o]
the corresponding unstirred rate was 17.6 x 12~ omesec .

It can be argued that if rates werc substantially heat tiransfer
contrcllad, then it is to be expected that growth rates should increase
with increase of bulk supeicooiing in a manney similar to that of the
anticipated change in t£he rate of heat transfer, It is, however, found
experimentally tbat the observed unsiirred rates of grvowth would require
the heat transfer coefficierz to increase with supercooling as O TO'S,
wnitle the actual rate cf increase of this coefficient due to natural

5
convection is nsually taken to be only as AT,

A similar difference In rate between stirred and unstirred runs
was observed even on the slower growing (010) salol face; for
jnstance, at a bulli supercooling of 1.6 deg C the stirred vate was
almost 6 times that of the unstirred rate of 1,19 x 10ms cmasecul,
showing the importance of heat transfer even at these very low growth

ratese

Copper pot experiments:- In order to investigate further the above
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results, 1t seemed to be desirable to obtain independent measurements
of the heat transfer coetfficient, under varying degrees of agitation in
the liquid phase, and thesc were obtained with an electrically heated

copper pot:

In unstirred melts of benzophenone this coefficient inecreased only
slightly with interfacial temperature differencey, as illustrated in
figure 10, curve ITI. As would be expected agitation produced a
marked increase In thic coefficient as illustrated by curves IV - VI on
the same figure. However. what seems ¢ifficult to understand is why
this coefficient should, at constant Reyrolds Number, initially increase
so sharply with AT as showa on the curves: the coefficient is usually

assumed to exhibit little or no dependence on /AT in stirred fluids.

Very similar results iilustrated in figure 11, have been obtained

for the coefficient of heat transfer in meits of salol,

Further anomalies are encountered if the heat transfer coefficient
derived by copper pot measurement are compared with the observed growth
rates: for instance as shown in tables 5 and 6, figure 10 the
experimentally observed unstirred growth rate of benzophenone is about
5 times as fast as the maximum rate permissible by the experimentally

determined coefficient of heat transfer,
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Possible explanééions cf this discrepancy may be enumerated as

follows:=

a) The size of the copper vessel was much larger than that of the
erystal; the length of a benzophenone crystal was 5 = i5mm with the
{(001) face never exceeding 1 ~ Zmm side, while one side of the,goéﬁer:
vessel was 16mm in lengthe The application of dimensional analysis
predicts that the coefficient of heat transfer would, for given Reynolds
Number, vary inversely as a characteristic dimension of length of the
surface across which heat is transferred and therefore a factor of 5
between the coefficient operative on the (001) face and that determined

on the copper pot would noi seem unreasonable.

.4b) Another point of difference between the two coefficients is an
unknown factor due to inherent differences in shape and orientation.
Under the experimental conditions = the benzophenone erystal grew
downwards with the leading (001) face flat and horizontal while a large
proportion of the heat transfer surface on the copper vessel was curved

and vertical.

Thermocouple experimentsi- These difficulties of interpretation of
the results of the copper pot experiments led to a further method of

investigation in which thermocouples were used to determine surface
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temperatures: the results of these experiments were considered to be
far more meaningful than those of the copper pot technique. From the
non-uniformity of the surface temperatures obsexved in the experiments
it became evident that a part of the heat generated on a fast growing
face could be conducted through the crystal and dissipated into the
melt through a slow growing and consequently cooler face, Such a
mechanism would provide yet another explanation as to how the observed
rate of growth could exceed that imposed Ly heat transfer limitations

based on a coefficient of heat transfer obtained with the copper pote.

Furthermore the thexmocouple measurements showed beyond doubt

that the unstivred rates were substantially heat transfer controlled,

The iutroducticn of thermocouples into the system did not appear
to have an appreciable effect on growth rates, and the heat transfer
coefficient calculated from the surface temperatures of the slow growing
(010) face of a salol crystal determined with thermocouples, agreed
with that measured on the copper pot. This agreement tends to confirm

the validity of both methods of measurement,

However far the most important result of the thermocouple
experiments was the production of the unique growth curve (figure 13)

in which presumably heat transfer effects were wholly eliminated,
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This in turn led to a staiistical analysis of the results, which showed
that the rates of growth of the (010) face of salol could be expressed

by the empirical result R, = 3.6 x 107> (LlTi)Z'Ocmosec'le

[xperimental data currently available on crystallising velocities
fron, the melt have mostly been determined in capiilaries. The
introduction of a capillary has been shown in the present work to
reduce the growth rate cnormously as compared with the bulk growth rate
at low supercoolings and it is therefore suggested that the expression
given above for the growth kinetics of the (010) salol face is likely
to be one of the few that are valid Zor the free growth of a crystal

outside of a capillary,

Hiliig and Turnbull24 have derived a theoretical equation for the
growth of a crystal from the melt by a screw dislocation mechanism.
According tc this equation the rate is proportional to £§T2° This
is clearly in complete agreement with the experimentally observed

result for the (010) salol face, quoted aboves

7.3 Growth rates within fine capillaries

The rates of growth in fine capillaries are genevally considered
to approximate surface reaction rates on the assumption that heat

could be conducted away more easily from the growing surface in a
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fine capillary than from the plane surface of a free growing crystal.
Hence it was thought desirable to obtain by this means, confirmation

of the surface reaction rates determinced by the thermocouple techniques

a) High supercoolings:~ At supercoolings below that of the maximum
crystallising velocity but in excess of &4 deg C, the capillary rates of
growth illustrated in figure 17 were in fair agreement with those of
Pickardtzl, On further increase of supercooling a fall in rate is now
observed whereas Pickardt weported a fairly uniform rate. This
difference is attributed to possible differences in the diameters of the
capillaries in which measurements were made, It has been generally
observed that at high supercooliings rates decrease with decreasing
diameter, This last relationship which is contrary to expectation
from considerations of heat transfer can be explained on the basis
that growth under these conditions of large supercooling is
polycrystalline: that is to say the solid phase is pulycrystalline,
and the front advances by the nucleation of a succession of micro;
crystals at the front (this is visually obvious). The rate of advance
of the front will be subject to very complex laws, but may well depend

on diameter in the way suggested above,

A similar result has been previously reported by Neumann and

Micusz3 by compasring their results on the capillary growth rates of
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3 - 22
salol with that of the carliexr work by Pnllatschek™ o« These
observations by Neumann and Micus have also been confirmed in this

present study,

b) Low supercoonlings:=- Under conditions of low bulk supercoolings
it is found that the capillary rate was far smaller than the bulk rate,
Furthermore if a bulk crystal was allowed to grow into a capillary it
was found ichat the rate of growth kept on decreasing with time of
observation uitii eventuaily growth was almost completely arrested.

In explanation of these obseiwvations appeal may be made to the
theories of Frdnkzs, who posiuiates that the rate of growth of crystals
is Yrequently determined by the presence of scrEW'dis1ocations, and
that a dislocation free crystal would only grow extremely slowly. These

dislocations are self-perpetuating, and provide continuing growth

centres in the face of a growing crystal.

It would therefore be easy to understand that any dislocation
initially present in a crystal growing in a fine capillary might grow
out towards the wall and cease to exist, Provided at the same time
it is assumed that fresh dislocations are not created, the growing
surface would soon become dislocation free, ard according to Frank,

cease to grow.
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Such a hypothesis reccives congiderable suppori from the observation
that the mechanical introduciion of a gross suriface deformity on a
crystal surface had the immedlate effect of reactlvating the growth
process in a crystal which had previously ceased to grow within a

capillary,

It is believed that this very strong decrease of growth rate
within a capiilary at lcw supmecoolings has not been reported before,
However, this phenomenon is probably related to the observation that
has frequently been made to the effect that gross distortions of
crystais appear to have very marked effects on growith rates: to quote
one example only Hillig11 has observed that imperfect crystals of
ice grow from supercooled water about 300 times faster than perfect

ones, at 0,03 deg C supercooling,



Table 1: (Figure 4)

APPENDIX I

Experimental Resulis
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Growth of the (001) benzophenone crystal face from supercooled

nelts

°C

39.3
4042
4i.0
41.0
41,1
42,0
42.3
43.0
43,2
43,2
44.0
bGh,7
44.7
45.0
45,7
46,2
46,2
46,6
47,0
47.0
47.2
47.5

b
5
(9]

8.7
7.8
7.0
7.0
6.9
6.0
5.7
5,0
4.8
4.8
4.0
3.3
3.3
3.0
2.3
1.8
1.8
1.4
1.0
1.0
0.8
0.5

Unstirred growth-rate :@ Stirred growth-rates

-1
Cillo 5eC x 10

745
400
203
211
340
135
166
97.1
86.0
83.0
66.7
41.0
4h.4
30.5
2404
17.6
13.6
1401
7.75
8.78
9.94
6.67

5

=1
CmeSec

X 105
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Table 2: (Figure 4)

Growth of the (001) bLenzophenone cryctal face from a zone-

refined melt,

Unstirred growth-rate @ Stirred growth-rates

TC | AT 5 cmosec™! x 107 ! cmesec™! x 10°
426 1 5.6 117 § 193

42,6 5.6 i 117 -

446 i 34 55,6 : 91,0

45.9 1 2. 30,3 : 55.6



Table 3: (Figure 6)

Growth of thke (G10)

T°C

34.2
35,3
36,2
37.1
37,2
37.3
37.6
38,0
38.3
38.8

39.2

40.0

4044

3,2
2.8
2.7
2,0

1.6

czlol crystal fece from supercooled melts

. Pastirred growihe-rate ! Stirred growth-rate

-1
Cnl, sec x 10

£1.2
34:4
27.3

13.9

1402

11.9

8-23

2,85

5 5

cmosec™ F x 10

8345

66,7

52.0

47.6

27.8
31.3
13.5

6.69
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Teble 4: (Figure 7)

Growtk from unstirred melts of the (0C)face of a phenyl salicylate

crystal.
Bach temperature T°C | Supercooling ATI°C ' Gruwth-rate cu.sec™ iy 15
35.9 § 6.1 § 45.5
36.7 § 5.3 : 376
3746 bhols 2746
38.0 40 : 27.7
39.0 : 3.0 ; 21.7
39,4 : 2.6 § 17.8
4007 : 1.3 : 9.40

40,8 i 1.2 : 9.07



Table 35 (Figure 17

Experimental coef¥
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sclents of £ilm heat transfexr into unstirred

benzophenone melts,

0.160
0,190
0,220
04250
0,300
0.340
0380
0.420
04460
0,500
0.540

1,10

6.0419
0,0618
0,6785
0.101
0.147
0,186
0.235
0.283
0.343
04407

0.476

H
i

: ) i ;Thermocoupleg
1 (amps):v (volte):Q {Cal.=cd ):
. . ]

VANNTA

103
132
165
200

263

376
439
505
374
642

AT (90 !

.:rr‘f.-g-- = h

ol 2

~
realegsec, cm

00267
200308
=00312
200332
«03362
+00383
+00409
«00422
« 00444
«00464
» 00485

0(_‘,"'1
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Table 5: cont?d

Experimental cocsificients of fiim heat traasfer into stirred

benzophenone melits.

Rate of stivring t~ 475 T pem,

8 _=n

i _ o1 éThermocgupieg 3 A'AXT_I w2l
i (amps) iv (volts):Q (Calezed’): b ¥ 51313(00) ical.secs em” “OC
0.160 ; 1.10 g C.0419 ; 28 é 0:65 ; 0.00981
0.250 g 1.70 g 0101 é 50 % 1.17 g 0.0133
0.35 i 2.0 | o201 | 8 Loy 0.015
0,450 | 3.05 | 0.8 | 135 © 3.6 0.0158
0.550 | 3.75 | 0493 | 1% | 46 0.0166

0.650 | 4.43 | 0.689 i 267 | 6.24 0,0169
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Table 5 conttd

Experimental coefiicients of film heat transfer into stirred

benzophenone melts,

Rate of stirring 2- 625 z,.p.m.

| oy
: ; -1 gthermocoupleg o : 1 =2 -1
i (amps):v (volts):Q (Calesec ): AV tAT (o) : calesecs em, OC
0,160 | 110 © 00419 | 15 ¢ 0.3 . 0,0183
0,200 | 1,37 | 0.0630 i 22 i 051 | 0.0186
0.250 | 1,70 oaes G 35 o8z | 0.0188
0,300 | 2.05  0.47 © 49 114 | o0.0195
0,350 | 2,40 | 0200 | 66 f 1.5 | 00198
0,400 | 2.70 | o258 | 8 i 1.% . 0.0201
0.450 | 3,05 | 0,328 | 108 i 2.5 | 0.0198
0,500 | 340 | 0,406 i 131 i 3.06 |  0.0203
0,550 | 3.75 | 0w i 159§ 3.2 | 0.0003

0.600 i 4,10 | 0.587 185 ! 4,33 i 0,0208
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Experimental coefiicients of fiim heat transfeor into stirred

henzophenone melts,

Rate of stirring :-

1 (amps): v {velts
0,160 :
04250

06350

);Q (Calosegl;g ANV}

0.0419
0.1C1
0.202
0330
0,493
0.671

870 r.p.nme

*

Thermocouple:

13
28
55
é8
132

185

\

T (°C)§ calosect tem™

0.30
0,65
1.28
2,05
3.08

422

A AT =h

Zoc-l

0.0212
0.0237
0.0238
0-0241
0.0244

0,0244



Table 6: (Figure 10}
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Calculated coefficients of film heat transfer, based on the

unstirred growih rates of the (001) benzopheaone face,

T0C

39.3
40,2
41.0
42,0
43.0
44.0
b4 .7
45.0
46,2

46 .6

ATOC

3.0
1.8

Grouwth-rate

~1
Cmosec

7445 x 1075

4,00 x 107>

2,07 x 107"

1.35 x 10“3

9.71 » 1074

6.67 x 10~%

both x 1072

3,05 x 104

1,62 x 10"4

1.41 x 1074

Heat produced

! calsseccen

0.189
0.1018
C.0527
0.0344
0.0247
0.0170
0.0113
0.00776
0.00412

0,0035S

i calusec, cm, ©C

%

= REX
FANNN
el 2,.~1

0.0218

0.0131

0.00752
0.00573
0.00494
0.00424
0.00342
0.00259
0.00229

0-00256

Calculated on the basis that growth is entirely heat transfex
controlled, and thst all the heat is dissipated across the f£ilm.
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Table 6: cont’d

Calculated coeffizients of film heat transfer, based on the stirred

growth rates of the (001) benzophenone face.

Growils vate : Heat produced h*= %EE%L

TOC é JANE % (cmosec™ 1) % (cal.seczlcm°2) % (caleseczlcm-zoc"l)
41.1 ; 6.9 i 6480 x 107 % 0.174 é 0.0251

2.0 0 6.0 i 3zx1070 10,0870 | 0.0145

13.0 0 5.0 | 247%107% ) 0.0629 . 0.0126

40 0 40 133x107d 1 0.0399 . 0.00846

45.0 g 3.0 2 8.78 z 10™% % 0,0224 f 0.G0745

6.2 0 1.8 4f2x107 1 0,018 ' 0.00653

4740 § 1.0 © 3.7 x 107 % 0.0082 E 0.00807

%*
Calculated on the basis that growth is entirely heat transfer
controlled, and that all the heat is dissipated across the film,



Table 7: (Figure 11)

123,

Experimental cozxricients of film heat transfer into unstirred

salol melts.

0.160
0.200
0,250 :
0.300
0,350 :
0,400 :
0,450 :
0.500 ;

0.550

1,18
1.48
1.33
2.20
2,58
2,93
3.30
3.70
4.05

0.047
0.074
0,109
0.157

0,216

0,291

0.368
0,460

0.562

OV

110
154
210

276

. . ol : Thermocouple :
i (amps):v (volts):Q (Calssece ):

2.59
3463
4495
6450

AN & (oc)g(calesec: cm

-iL_. = h
A AT
1 =2

0.00264
0.00296
0.00336
0.00370
0.00394
0.00416
0.00431
0.00476
0,00502

OC'I)



124,
Table 7% cont?d

Experimental cccfficients of £ilm hast transfer into stirred

salol melts.
Rate of stirring := 415 yopem.

2 . =n
A AT

. _ <1 éThermocouple? o ; 1 a2 a1
i (amps)-;v (volts)gQ (Culesec ) ApY i ATC ‘cal.sece cm OC
0,60 | 118 I 0.047 66 | 1.56 | 0.00438
0,200 | 148 | 0,07 | 85 | 1.9 | 0,00550
0.250 | 1,83 : 0.0 | 108 i 2.55 i 0.0065
0,300 | 2,20 : 0,58 126 2.9 | 0.00829
0,350 | 2.58 | 0.216 | 165 | 3.89 | 0,008
000 | 2,93 | o0.01 i 229 ' 5.40 © 0.00787
0,450 | 3.0 | 0.368 | 277 © 6453 i 0.00824
0.500 | 3,70 L o460 1 333 | 7.88 ¢ 0.00852

0.550 | 4.05 | 0,562 i 356 i 8,45 : 0.00960



Table 7: cont®d

125,

Experimental coecificlents of £ilm heat transfer into stirred

salol melts.

Rate of stirving i

1 (amps); v (volts)iQ (Calized™ )

0,160
0.200
0.250
0.300
0.350
0.400
0.450
0.500

0.5350

1.13
1.48
1.83
2.20
2.58
2,93
3.30
3,70

4.05

810 o Do 10,

‘Thexmocouple :

JAyN

183

220

: ATOC ‘cal.sect

0.75

0,99 :

144

1.89

Q =
A A h

1 -
C.a

0.00910
0,0109
0.0116
0.0127
0.0139
0.0141
0.0135
0.0156

0.0157

2,

C

-1



Table 8: (Flguve 11)

Calculated cozilicicats of film heat transfer based

unstirred growtherates of tiie 7010) salol faceo

T°¢

404 |
38.8 |
38.3 |
38.0 :
37.3 |
3701
o
35.3 |

3.2 |

LD ToC

1.6
3.2
3.7
4.0
bGo7

4.9

6.7

7.8

Growth rate :

(cmasec'l)

1.15
5.85
8,23
1,19
1,47
1,89
2,73
3.44

4.12

10
10
10
10
10
10
10
10

10

5
s
s
“
o
"
"
"
"

Heat produced :

S.14
7.44
9.83

1.12

X

X

10"4

1073

103

1073

103

103

1073

1073

102

-

-l
cal.sec “om

on the

2,03
4,90
6.13
8,10
8.25

210.5
212.8
%14.0

*
Calculated on the basis that growth is entirely heat transfer

controlled, and that all the heat is dissipated acrosc the film.

126.



Table 8: conttd
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Calculated coefficiencs of film heat transfer, based on the stirred

growth rates of the (010) salol face.

T°C

40.4
40.0
39.2
38.0
37.6
37.2
36.2

34,5

*
Calculated on the basis that growth is entirely heat transfer

controlled, and that all the heat is dissipated across the film,.

4.0
bals
4,8
5.8

705

Growth rate
(cmasecﬂl)
6.69 x 107>

1.35 x 107%

2,78 x 104

4.76 x 1074

5.20 x 10”4

6.67 x 102

8.35 x 10”4

1.21 x 1073

Heat produced

L -
(cal.sec.

1.82
3.68
7.58
1.30
1.41
1.81
2,28

3.30

X

X

X

X

lcm'»d)

1074

1074

1074

103

1073

10™3

1073

1073

usﬂ .Z)_.TE_
9.11 x 107%
18.3 x 10~
27.1 10™%
32,5 x 107%
32,2 x 1074
37,9 x 1074
39.2 x 10°%
64,0 x 107



'I'able 9: (Figyra 12)

128.

Temperature yvafiiles for tws crystalemelt interfaces of a salol

crystal growing from a melt supercooled 2.5°C in the bulk.

Unstirred growths of the (019) facei=

Distance of Distance of
interface interface
from . Tempera- from
thermocoupleg ture thermocouplie !
(cms) oc {cms)
0.441 39,56 G.199
0.425 39.59 0,180
0.384 39.59 o149
0.364 39,66 0,119
0,307 39.73 0.09%
0.291 39.76 0,061
0,287 39.83 0.042
0,230 40.00 0.003

Unstirred growths of

0454
047
0.39
0.32

39.85
39,91
40,01
40.14

the (100) face:-

0.25
0.17
0.10
0.03

?Tempera-
ture

oc

L 40,07
40,12
40,22
40429
40,34

L 4044

L 40,49

40,59

L 40,34
L 40,49
! 40,61
{40473

Distance of
interface
from

thermocouple :

(cms)

= 0,015
= 0,060
- 0.076
- 0,106
= 0.130
~ 0,155
- 0.198

= 0,04
- 0.10
- 0,12
- 0.20

cont?'d

: Tempera=
ture

%c

40,66
40474
40,78
400,74
40,78
40,76
40,78

40.80
40.80
40.80
40,82



Table 9:

cont 'd

129,

Temperature profiles for two crystal-melt interfaces of a salol

crystal gruwing Zrom a melc supercooled 2,5°C in the bulk,

Stirred growths of the (010) facet-

Distance of
interface
from
thermocouple :

(cms)

00115
0.096

0.077

: Tempera=-

ture

Oc

39.58
39.58

39.38

Distance of
interface
from
thermocouple :

{ems)

0,058
0,027

0,000

Stirred growths of the (100) face:=-

0.326
0.295

0.236

39,55
39.55

39.55

0.189
0.131

0,071

; Temperaw

ture

Oc

39,58
39,68

39.73

39.58
39,65
39,82

Distance of

interface
from : Tempera=
thermocouple ! ture
(cms) é °c
- 0,015 39.80
= 0,029 39,92
- 0,063 39.92
= 0.000 39,92
= 0,068 39,92
= 0,148 39,92



Table 1 (Figures 13, 14, 15, & 16)

The dependence of growth-rates on inteffacial temperatures for the (OiQ) face of the salol crystal.

Inter- 2 Bulk :Interfacial : Tenperature

Bulk § facial : super~ ! super- §differen¢e\for§ Unstirred E Stirred
tempera=~: tempera-: cooling '@ cooling : interfacial ! growth~ ! growth- : :

ture : ture | LHTOC g DTy ; £11m :  rate i rate ilog, . R gloglo(Tm«Ti)

¢ | T | (TprDOCi (TpeT°C | (0D emesells 16° | omesedlx 107 :
35.50 | 39.05 650 | 2,95 i 3.5 356 - 2,550 1 0,470
36,37 © 39.42 1 5.63 § 2,58 i 3,05 26,0, - Z413 1 0.416
37,10 | 39.63 | 490 2,37 ¢ 2,53 L2320 - 5.365 0,375
37.80 | 40004 | 4420 : 1.9 2,24 ST I S R L Z.223 | 0,292
38.10 © 39.86 © 3.90 2,4 | 1.7 157 - L .19 © 0.330
38,50 | 40,21 © 3,50 i 1,79 i L7 Poza - ! .06 0,253
38,75 © 39,37 1 325 | 2,63 i 0.62 § - L3000 B.477 1 0,420
3878 : 40435 3,22} 1,65 | 1.57 L3 - D 5,053 © 04217
39.15 | 39.55 2,85 | 2445 | 0.0 § - i 25,0 Z.398 | 0,389
39.45 | 40.14 | 2,55 © 186 i 0.69 : - 1441 :Z,149 i 0,269
39,50 | 40442 | 2,50 i 1,58 i 0,92 L1003 P - t %.013 | 0,398
39.35 | 40,52 265 L4817 905 P - P 5,957 | 0.170
39.85 | 40,61 | 2.15 | L39 i 0,76 859 - L 3,934 ¢ 0,163
39.85 | 40,38 | 2,15 | 1.62 | 0.53 : - . 8.85 | 3,947 i 0,209
40,00 | 40.67 2,00 | 1,33 | 0.67 . 66s i - : 5,823 | o0.124
40.64 40473 1 1,56 G 1,27 i 0,29 L 667 0 - PS.e24 0,104
40,55 40.98 | 1.45 i 1,02 i 0.43 ¥ - : 367 1 3,563 0.009

40.75 © 40,99  1.25 | 1,01 L 0.2 R V0T S S © 3,509 | 0.004

*0tl



131.

Table 11 (Figure i7)

Growth of benzcphenone in a caplllary of Qo4mm I.D.

M.P. = 48.0°C

Tempera=- : Growth-rate Tempera- : Growth-rate ' Tempera- :Growth-rate

ture a ture ture :

(°C) g cmo.seal x 10” (“c) g cmeseal x 103 (°C) écm.seﬁl X 103
45,9 ; 0.0486 38.8 § 2767 31.5 ? 83,0
44.8 E 0.604 37.4 g 37.8 25,5 é 96,7

Gheb | 0,991 3605 458 16.6% 1 75.8

43.8 % 2.29 35.6 % 52,9 16.4 g 82.0

3.3 1 4 Bol | 5B 148" 1 715
2.8 6.2 %l i 65,3 148 | 80.0
42,0 | 9.8 33,3 1 69.4 |

3905 E 22.2 3205 % 7546 *Capillary I.D. = 0c3mm




Table 12 (Fign... i8)

Growth =7 salzl in a capillary of 0.6mm X.De

Tempera~: Growth-rate

ture
(°c)

39.8
39.2
38.4
37.8
37.1
36.4
35,9
35.6
35.3
34,7
3444
34.0

: 1 3
' cmesec x 10

0:03
0.06
0.13
0.15
0020
0.25
0.75
0.42
0.87
0.53
0.34
1.32

M.P. = 42,0°C

Tempera-:
ture
: cmosest x 10°

{°c)
33:4
32,7
32.0
30.8
3001
295
28,9
| 28,4
2705
2643
25,5

24,8

Growth-rate

1.,73
2,16
2,73
3.28
3.91
4,16
4.64
5,23
5.62
6.04
6.18

6.40

132.

Tempera~ :Growth-rate

ture

(°c)
23,9
22.4
21.8
20.7
20,2
19,3
18,5
17.0
1545
13.5
12.4

11.1

écm.sezl x 10

6.47
6.47
6.45
6440
6.37
6.34
6.19
6.09
6.01
3.71
5.42
4,99

3



Table 13 (Figure %i)

133.

Growth~rate of the (10C) face of a salol crystal within a

capillliary cf 1.5mm

Time @ Growth~rate

. [
(mins) §cm,secl x 10°

0 13.9

10 12,8
20 ¢ 11,9

30 104

Y.D., at a supercooling of 1.9°C, (Undegassed).

Time : Growth~rate

(mins) cmesed’ x 10°

40 1 9.8

50 9:3
75 8.8
100 7.9

Time :
(mins)g

125
150
200

250

Growth-rate

cm.seE1 b4 105

7.0
6.7
3.8

4.9

Average growth-rate between t = 270 and t = 1445 mins is 1.43 x lﬁscm.seE1
(Not plotted on graph)a.



134,

Table 14 (Figure 47)

Growith rale of the {1U0) face of a salol erystal within a

capillary of i.Jum Y.D., from a degassed melt supercooled 3,6°C.

Time (hours) | Displacement (cms) Time (hours} : Displacement (cms)
2,75 0.070 4725 1 1,259
5041 0,167 49,83 D L.342
22,33 04345 52425 : 1,403
28,50 0,484 95,50 L 1.434




Teble 15 (Figuoe 13)

132,

Growth vate of the (001) fane of a bennupbenons crystal within

a capillary of 0.6mm 1.D. at low supercoolingss

Temperature ,c. 45.4°C
(AT = 2.6°C)

Time . Growtherate
(mins) § cmeset’ x 104
o 9,26
0 3.96
20 2,61
30 1.66
50 1,00
65 046
75 1.26
% 0485
105 0425

Temperature ose 4641°C
(AT = 1,99C)

Time : Growth-rate
(mins) i cmesea! x 10%
0o 4438
10 0,00
20 134
0 0,55

60 0,11

Temperature ... 45.7°C
(DT = 2,3°)
Time : Growth-rate

{mins) : cmaseal x 104

o i 9,78
10 1.81
20 1.12
40 0,42
60 0.93
70 0.60

80 i 0.15

Temperature seo 46.3°C
(AT = 1.7°C)

Time : Growtherate
(mins) é cmose'é1 X 104
0 100

T 0,75

20 0.56

40 0.34

50 0.05
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Table 16 (Figurc o)

Removal of impuriftics by freezing into a solid plug.

Bath tempcrature one 37.5°C, capillary I.D. = lmm, (100) face,

M.P, = 420000

Time Growth-~rate Time :  Growthe-rate
(mins) ; cmosed! x 10° (mins) 5 cmoses! x 100
0 755 140 0,28
20 R '

40 f 327
80 5 1,67




Table 17 (Figure 23)

137,

Removal of impuritics by repeated recrystallisations

(Bath temperature sce 37.5°C, capillary I.D, =

Run 1

Time : Growth-rate
: 1 4

(mins) :cm.sec” x 10

0 I 46
0 0 2.1
20 1.5
30 3.33
s 1.85
62 i  C.18
W 1a57
120 0450

1o 0.37

18 | 0.16

Time

(mins) : cmesed! x 10

0

110
130
150

180

Run 2

Growth-rate

3,21
1.26
0.53
1,04
0.82
1.19
0.81
0454
1.98
1,22

0,72

4

lnmgSalol (100) fac

Run 3

Time Growtherat

s ; -1
{mins) { cmesec” x 1

0 i 3.9%

0§ 2.7
20 1.77
25 2.5
0 | ‘s
40 1.14
60  0.56
100 | 0.3
140 0.23

e)s

e

04



138,

Table 18 (Figure 20)

Forced civeulation within 2 capillary of I.Ds lmms

(Growth cf ihe saiol (100) crystal face; immersed in a bath at 38,2°C)

Time : Growtherate Time : Growth-rate
(mins) cm. sec L e 10"l (mins) cMme seel x 104
0 4450 40 0.74
10 2.31 60 0640
20 1,40 80 0,26
30 g 0.97 160 ; Cal7




Table 19 (Figuie .7)

139,

The effect of a2 zurface disturbance on the capillary growth rate

of benzophenone.
Bath temperature
Capi llary I.Do

Time Growth~rate
(mins)§ cmnsegl X 104
0 : 0.02
3 0.01
touched at 34 minutes
KI/N 1.19
40 0.46
45 0,21
50 0409

= 46.0°C

= 1.9mm (001) crystal face,

Time

: -l
{mins) gcmosec‘ x 10

; Growth-rate

o 0.00
40 0.00
touched at 40 minutes
405 0.33
70 0023
75 0.13

Supercooliing

= ZaOOC

Time
: =1 4
(mins) cmesec” x 10

. Growth-rate

0o 0,87

20 | 0.64
30 0045
40§ 0435
60 0024
%0 0.09
touched_at 90%'minutes
95 0.48
110 | 0.41

135 0,20



Table 20 (Figu:'e 28)

140,

The effect of a suriace disturbaace on the free growth rate of

the (010) salcl Fface.

Bath temperature = 40,1°C

Supercooling = 1,9 deg C

Time ; Displacement

0 g 0,000

5 g 0.020

16 é 0.038

15 : 0,054

20 : 0,068

crystal touched at 203 minutes

25 § 0,078

30 é 0,093

35 : 05113

Bath temperature = &40,4°C
Supercooling = 1.6 deg C

Time é Displacement
0 é 06000
5 % 0.015
10 é 0,028
15 : 0,004
20 3 0,059
crystal touchéd at 21 minutes
25 § 0.072
30 : 0,085
35 § 04102
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APPENDIX II

Physical Data

a)  Benzopheno.z:-

Melting pointa ........................................... 48,0°C
Density (soldd)™ ... ...l werr 10083 g.cm-B

Latent heat of fusionb ............................. 23.5 Calngnl

b) Salol:-

Melting point® 4240°C
Density (solid)® 125 gaem™>
Latent heat of fusion® ... 21,8 caz,mg'"1

¢) Copper = constantan thermocouplesd:-

Ref a:
Ref b:

Ref c:

Ref d:

eemef, in ’uLV with

Temperature cold junction in ice
20 787
30 1194
40 1610
50 2035

Tamman, !States of Aggregation!
Handbook of Chemistry and Physics (35th Edition)

Landolt-Bornstein 'Zshlenwerte und functionen aus Physik
Chemie Astronomie Geophysik Technik® II Band, 4 Teil (6 Ausflage)

Circular 508, National Bureau of Standards, Washington, D.C.



sat

AP

APPENDIX III

Nomeneleture

2
surface area {cm )
frequency factor
a constant for a particular crystal face

unspecified function

calculated heat transfer coefficient.

%*
Defined as h = observed rate of growth x p A

heat transfer coefficient (cal.sec‘l° cm"2

Ty = T
nucleation rate
Boltzmann constant
moleculaxr weight
mass of a molecule
vapour pressure
saturation vapour pressure
P « Pgar
Rate of heat transfes (cal.sec™t.om 2)
Gas constant
condensation rate
evaporation rate
net rate of condensation; R, =R, « R,

particle radius

bulk temperature (or absolute temperature ¢X)

142,



bulk supercociing; AT = Ty - T
melting temperature of crystal
interfacial tempurature

intexfacial supercooling) ATy = Ty = Ty
work of nucleus formation

condensation coefficient

latent hest {calagei)

density (g. em™)

surface tension

143,
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2,

Je

4
5.
6
7.
8.

10,

11,

12,
13,
14,

154

16.
17.

18,

144.
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