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ABSTRACT

The melting of small particles of bismuth and tin
has been studied, in situ, in an electron microscope. A
special technique has been used to measure the specimen

temperatures accurately,

The melting of bismuth crystallites was investigated
on amorphous carbon, and molybdenite substrates. A
platelet form and a polyhedral form of crystallite obtained
on the carbon substrates, both exhibited‘a time delay
phenomenon before melting (as also observed by Peppiatt,
1973, 1975). The time delay of the polyhedral particles
obtained in an initial solid deposit degreased to zero as
the sizes of the particles increased beyond 1400 R. Under
certainlconditions, it was found that the characteristic
time of melting of the polyhedral particles obtained by
recrystallizing the liquid layers, varied inversely as the
surface area of the particles. On the molybdenite
substrates, needle-like platelets were obtained, which also
exhibited the time delay phenomenon in melting, For the
crystallites on both substrates, the time delay was found

to be a well-defined function of temperature,

The melting of tin crystallites was investigated
mainly using carbon substrétes, but also in a few experi-
ments using molybdenite and graphite substrates. The
crystallites were in the form of thin platelets having a
variety of shapes. In this case, no time delay for the
melting of the platelets was observed. The melting point

of the platelets was found to decrease with decreasing



ABSTRACT (Contd,)

platelet thickness. By using a liquid skin melting model,
a value of 70+7 ergs cm™? has been obtained for the

solid/liquid interfacial energy (Ysi) of tin,

Other properties of small particles of bismuth and
tin investigated were:
1, The amount of supercooling in the liquid droplets

of bismuth and tin on carbon, molybdenite and graphite

substrates,

2. An anomalous behaviour of tin platelets close to
the melting point; +these showed a sudden change of shape
though remaining solid - a phenomenon previously observed

"+ for bismuth crystallites,
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CHAPTER 1

INTRODUCTION

1,1. Melting

i,1.,1, Melting as a Surface Phenomenon,

The phenomenon of mélting by which a substance
changes from the solid to the ligquid phase at a reproducible
and well-defined temperature is one of the best known of
phase transformations, The sharpness of the melting
temperature for a pure substance has made its use invaluable
in highly accurate staﬂaardisation of temperatures and also
in chemistry as a test of purity of substances, This is in
contrast to the reverse process of solidification which may
occur at widely differing temperatures due to the
phenomenon of supercooling, Although melting is a well-
known occurrence. the actual mechanism of melting is far from
being clearly understood. This apparently simpléﬁwr
phefiomenon has caused many theoreticians to postulate
correquhdingly simplé.mechanisms. The majority of these
however, consider only the properties of the solid in
determining the temperature at which the crystal 1attiée
becomes absolutely unstable (see, for example, the theories
of Lindemann, 1910; Born, 1939; Lennard-Jones and Devonshire,
1939; RKuhlmann-Wilsdorf, 1965; Vladimirov, 1969;Cotterill and
Pederson, 1972; Jensen et al., 1973), While these models
describe properties of melting which are either thermodynamic
(such as volume change) or statistical (loss of long range
order during the phase transformation), they do not considerx

either the kinetics of melting, that is, the mechanism by
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which the melting interface moves into the solid, or the
importance of the iﬁitial nucleation of the liquid,
Experimental evidence (described below) indicates that melting
involves nucleation, in partiéular on crystal surfaces,

Above the melting point, the liquid phase has a lower free
energy than the solid, Therefore, once the liquid has
nucleated at suitable sites, the solid/liquid interface is
able to move through the - reémaining solid as this results in

a progressive lowering of the free energy of the system,

The importance of the crystal surface in melting
was recognised by Tammann (1909-10), who carried out
experiments on the rates of melting and crystallisation of
organic crystals, ‘He suggested that melting and solidification
were reverse processes, and therefore that the properties of
the two should be very similar., - Solidification is
essentially a surface phenomenon, the solid/liquid interface
moving into the melt; therefore melting should also be a
surface phenomenon, In his book QStates of Aggregation"
Tammann (1925) sfates, "Melting takes place on the surface
of a crystal in a uniform manner..,.,," His view that
melting process starts at the crystal surface has some
supporting evidence. ‘For example, when a suitable impurity
is added to the melt of a solid/liquid system which is
in equilibrium, the solid immediately dissolves in the melt

(see, for example, Block et al,, 1931),

Cormia et al, (1963) and Ainslie et al. (1961) showed



that bulk quart:z and-phosphorous pentoxide (PZOS) crystals
could be superheated by 300 and 50K respectively, due to the
slow propagation of the viscous molten interface into these
solids, Melting was found to begin on the surface of the
crystais, in particular at emerging dislocations or
imperfections. The melt would then propagate into the bulk
solid, In order to avoid nucleation of the ﬁelt at the
surface, Khaikin and Benet (1939) heated the ins;de of a

tin single crystal while keeping the surface cool, This
resulted in the superheating of the solid core, They
explained the results in terms of the absence of "centres

of fusion" inside good crystals, which, they state are always
present at the surface of a cfystal, Volmer and Schmidt
(1937) observed, during their melting experiments on care-
fully grown single crystals of gallium, that melting always
started at isolated points on the surface. They interpreted
this as being due to local impurities which had induced
strains and become centres of defects, resulting in a lowering
of melting point in these regions, They also found that
well-formed érystal faces rarely produced these initial
melting regions, Irregularities, especially edges along
definite crystallographic directions were often observed
where the liquid appeared, They state, ",,,,,.melting is
not disintegration of the lattice, but starts at favoured
positions”, Stranski et al, (1963) have taken the same view
as Tammann (19Q9-10) and considered melting as the dissolution

of a solid in its own melt, . They consider melting as a



function of crystal surfaces; they postulate that melting
is initiated on high index crystallographic faces, the low
index faces being stable at all temperatures to the melting

point,

Burton et al, (1951) have calculated a "transition
temperature" of the order of one-half of the melting point,
for the surfaces of simple cubic crystals, This they
interpreted as a form of “surface‘melting"} Stark (1965)
has postulated that "vacancy concentraﬁion" at the surface
builds up faster than in the bulk; when a critical
concentration of vacancies is reached, - melting:. -
is nucleated at the surface, A few workers have attempted
experimental observations of surface melting of crystals at
temperatures below the bulk melting point,> However their
results are conflicting. Pavlovska and Nenow (1971) claim
to have observed sﬁrface mélting (below the bulk melting
point) in diphenyl. However, low-enexgy électroh diffraction
(LEED) studies of Gdodman and Somorjai (1970) on theAmelting
of low-index faces of single crystals of bismuth, lead and
tin, they say indicated no surface melting. The different
surfaces seemed to disorder at the respective bulk melting
.temperature, Henrion and Rhead (1972), in similar LEED
investigations of lead overlayers on copper, claimed to have
observed a order-disorder transforﬁation in the layers at
temperatures close to, but below the bulk melting point,

While ascribing this as a two-dimensional order-disorder,



transformation, they also suggest it to be surface melting,
by analogy with the behaviour of three dimensional crystals.
However, the importance of the Henrion and Rhead work is not
the reduction in melting point (which Qould be expected for

a monolayer), but the fact that the solid diffraction pattern'
could be seen "through" the liquid, thus casting doubts on

the conclusions of Goodman and Somorjai,.

The conclusions arrived at in the present work do
not come from a study of the surfaces of crystal (such as,
for example, loﬁ— or high- energy electron diffraction), but
from observations‘of ﬁhe effects caused by the presence of
the surface. A study has been made of small crystallites
in the neighbourhood of the melting point., Small particles
have large surface area relative to their volume, as
compared to bulk specimens, The influence of this surface

on the melting properties of the small particles has been

investigated,

1.1,2. The Melting of Small Particles.

For small particles of a size suitable for viewing
in the electron microscope, the amount of surface free energy
associated with each partice is significant, As the volume
terms are proportional to the cube of the linear dimension
and the surface terms are proportional to the square, the
influence of the surface is greater the smaller the

particle, The significance of the surface energy for small



particles has been observed in several ways. For example,

it is well-known (see, for examéle, Hollomon and Turnbull,
1950) that liquids can be cooled considerably below the
melting point before solidification begins; in this the
formation of a small nucléus of the stable solid phase is
hindered by an energy barrier dueAto the surface energy. Also
Sambles (1971) in a test of the Kelvin equation which by
considering the effect of surface enefgy, relates the vapour
pressure of a particle to its size, found a substantial

increase in the vapour pressure for microscopic particles,

The dependence of the phase equilibriﬁm of a bne
component'system on the size of bhe of the phases was first
suggested by Thomson (1888) with reference to the solubility
of small particles, Kiirster (1906) predicted that the
melting point of a material is lowered with a reduction in
gfain size, and, a few yeérs later, Pawlow (1908-9, 1909)
obtained an eqﬁaﬁion relating this lowering of the melting
point to the radius of the solid particle which he assumed
to be spherical, His theoretical conception of the lowering

of melting point was later extended by Hanszen (1960),

The first experimental measurements on the melting
point of small particles were carried out by Takagi (1954).
She used an electron diffraction technique to determine when,
upon heating, layers of bismuth, tiﬁ and lead changed from
the solid to the liquid state; the melting point was

determined as the temperature at which the sharp crystalline



rings changed into the diffuse halos of the liquid, However,
the particle sizes were deduced indirectly and are, therefore
subjéct to large error, Blackman and Curzon (1959) (see

also, Curzon, 1960) observed the melting point of small
particles of tin by the electron diffraction technique which
combined with a subsequent electron microscopic study of the
particle sizes gave the variation of melting temperature with
‘particle radius. A similar method was later used by Wronski
(1967) again using particles of tin; Coombes (1969, 1972)

with bismuth, lead and indium; Gladkich et al,(1966) with
copper, silver, aluminium and germanium; and Boiko et al,
(1969) with indium, The electron diffraction technique has
the advantage that good diffraction patterns are more easily
obtained than, for example, by x-ray diffraction. -- It also
has an advantage over a direct electron microscope method, as
the beam heating of the specimen is hegligibly small, Another
advantage is that as very small particles with correspondingly
large changes in melting point are obéerved, the temperature
control does not need to be highly accurate, This method

can be used with particles ranging in size from a few tens,

to upto, 1,0008,

However, the electron diffraction technique has
several disadvantages. It necessarily involves an averaging
of the particle size over an entirelspecimen; only the
temperature at which a proportion of the number of particles

present have melted could be determined. Clearly because the



particles were not of a uniform size the melting point is not
the same for all particles; the choice of a particle size to
corfespond to the measured melting temperature was therefore
to some extent arbitrary. Also, if there were an additional
effect, such as shape or strain effects in the particles
which may influence the melting point, these could not be
detected and the results would accordingly be in error. To
obtain more information, it is therefore necessary to observe
the melting point of individual particles rather than complete

layers.,

Pocza et al, (1969) seem to be the first to have
observed the melting of individual particles, Using a
selected area diffraction pattern in an electron microscope,
they monitored the melting of a few particles of indium within
the area of the fine electron beam, in a residual vacuum
of 2 % 10”2 torr. . Their temperature measurements, however,
may be considerably more»inaccurate than they suggest due to
the elecfron beam heating (see Gale and Hale, 1961). Hanszen
(1966) observed, again using the diffraction pattern, the
melting of layers of bismuth in an electron microscope in
a residual vacuum of 10”7 torr. ‘His results, which were
purely qualitative, showed.that each deposit melted over a.
range of temperature. Hanézen vaguely ascribed this to a
size effect, Also his temperature measurements are again
greatly in error due to the heating effect of the electron
beam, Stowell et al, (1970) also observed the melting by

diffraction pattern of thin layers of lead, evaporated



i;ll ' o 18

"in situ" in an electron microscope. They state that 'the
deposits did not melt completely at one temperature, so a
dependence of the melting point on size may be inferred, but
there was not a good correlation of the melting point with

size',

The experiments of Sambles (1971) on the melting of
small particles of gold in an electron microscope are the
first in which the problem of eleétron beam heating was
overcome, While studying the rate of evaporation of gold
particles, he noticed that for some particles, the
evaporation rate altered abruptly, giving rise to a
discontinuity ('kink') in the particle radius versus time
graph, He interpreted this as due to the melting of the
gold partiéle at this radius, the kink being caused'by?a
difference in the évaporation coefficients of the so0lid and
liquid. As the temperature of the particle was known
accurately from the evéporation rate at a large radius, he
obtaihed a plot qf particle size against melting point for

radii between 508 and 4008,

Although the above method could be applied successfully
to the melting of gold which has a high vapour pressure.at
the melting point, it is, however, not applicable to materials
with a low vapour pressure at the melting point, Clearly
for such materials the evaporation rate would hot be appreciable
until the materials have mgltéd. Sambles (see Blackman et al,

1972) subsequently developed an ingenious method to study



the melting of sméll particles in an electrdn microscope
overcoming the problem of electron beam heating. This method
employed the fact that small particles if uncontaminated can
in general be supercooled by over a hundred degrees, In

this method a specimen layer was heated in the absence of

the electron beam, to a temperature at wﬁich some particles
are expected to melt. The layer was then cooled by about

50K and the electron beam could then be switched on for
observation. As the specimen temperatufe could be determined
by é carefully constructed heater/thermocouple arrangement
(while the electron beam is switched off), the experimental
temperature will be accurate within the accuracy (i 1K) of the
thermocoﬁple calibration, This method hgs previously beenv
used by Peppilatt (1973, 1975) and Peppiatt and Sambles

(1975) to study the melting of individual particles of

bismuth and lead., In the present work, it has been appliéd

to study the melting of small particles of bismuth and tin,

Vaiious other methods have been used to investigate
the variafion of melting point with size, Fujiki and
Suganuma (1953) studiéd optical properties of thin films of
bismuth during heating and report a "structure lbosening"ﬁ
temperature for bismuth. This was probably a rearrangement
of the solid film (see Lisgarten et al, 1974, see also,
Peppiatt, 1973), rather than melting, Palatnik and Komnik
(1960) used a similar optical method to study the melting

point of thin layers of tin and bismuth. However, no attempt
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was made to examine the actual nature of the deposits using
a replica or stripping technique with electron microscopy;
rather the sizes of the crystallites were inferred from the
mean thickness of the deposit and certain doubtful assumptions
concerning the mode of growth of the filmsv— see the comments
of Fisher (1967) and Fisher and Anderson (1968). Petrov
(1965) investigated the melting of small particles of bismuth,
antimony and lead using an x-ray analogue of the electron
diffraction method, The particles were suspended in varnish
for irradiation and therefore the results could be
influenced by contamination, and pressure effects (as the

melting is at constant volume).

3

" The Melting of Small Particles of Bismuth -

The meltihg of thin layers of bismuth was first
carried out by Takagi (1954); by usihg the eléctrdn
diffraction technique in reflection. The.bismuth layers
were deposited on. the cleavage faces of single crystals of
zine blende, galena, molybdenite and silicon carbide. She
quotes a depression from the bulk melting point (544K) of
23K for a film of mean thickness 508 with a corresponding
particle radius of 398. The thickness was estimated from
the amount of material evaporated and the particle radius
_from supercooling data, and therefére neither are very
accurate, Also the shapes of the particles were not known,

Hanszen (1966) investigated the melting of thin layers of



bismuth, deposited on a thin carbon film ﬁin situ" in an
electron microscope. He observed the morphology of the
layers between successive melting and recognised the melting
point using the diffraction pattern, His results are
mostly qualitative and his temperature measurements are

probably greatly in error due to the effect of electron beam

heating of the specimen,

Coombes (1969) performed detailed experiments on .the
melting of small particles of bismuth. He used the electron
difftaction technique in transmission and obtained an estimate
of the particle size from the transmission electron
micrographs of the‘specimens. By using a carefuilymconstructed
furnace, he determined temperatures to within a degree. He
found that the bismuth partitles with radius betweeﬁ ~1508
and 2508 in the initial deposit could often be . spperheated
upto 10K above the bulk melting point before melting was:
complete (figure 1.2.1}). He also found that particles of
greater than 1008 radius formed by resolidifying liquid
droplets, to melt close to, but not above the bulk melting
point, In both cases, the melting point decreased with
particle sizes below 1008 radius, Peppiatt (1973) repeated
part of Coombes experlments by using the same electron

dlffractlon ‘technique, and confirmed the results obtained

by Coombes,

Peppiatt (1973,1975) (see also, Peppiatt and Sambles,

1975) in additdon to his work on lead, also carried out
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FIGURE 1,2,1,

The variation of melting point with size for small

particles of bismuth (Coombes, 1969).
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experiments on the melting of individual particles of bismuth,
"in situ" in an electron microscope, in a residual vacuum
of ~5 x 10~/ torr, Thin films of aﬁorphous carbon were used
as substrates, The specimen temperatures were measured by
the method devised by Sambles, as described previously, He
obtained three types of bismuth pafticles and classified them
according to their morphology and origin as follows.

(1) Platelet (Type I) particles:

These were thin'crystallites, formed by heating
bismuth film of the order of 1008 thick, They all had six

sides, containing angles of 1200, but otherwise their shapes
) g g

ranged from elongated to regular hexagons (figure 1.2,2a),
(ii) Polyhedra (Type II) particles:

These were the regular hexagonal particles, obtained
by melting and resolidifying the above platelet type particles,
Apart from the faceting, these crystallites were roughly

spherical in shape (figure 1,2,2b.),
(iii) Polyhedra (Type III) particles:

These particles were obtained by resolidifying the
liquid droplets formed by depositing the layers as liquid,
They were similar in appearance to the above polyhedra type
particles (figure'l.Z,Zc). Their melting properties, however,

differed from the polyhedra (Type II) particles,

The most striking effect observed by Peppiatt in the

melting of the above types of particles, was the presence of
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a time delay in meltingi when an aggregate of crystallites

was heated to the same temperature several times (beiﬁg

cooled for obsefvation between each period), it was observed
that a number of solid particles melted on each occasion,

I1f each particle had a definite meltiﬂg temperature, none
would be expected to melt after the firsti heating, An
example of this from a typical experiment on platelet (type I)
particles, is shown in figure (1,2,3,). In this, the
fraction ofparticles remainingvsolid ( %; ) , where N, is the
initial number of solid particles, has been plotted on a
logarithmic scale against the total time (t) that the specimen
was maintained at a given temperature, The later stages of
each experiment generally showed a good exponential decay in
the number of particles remaining solid; the initial melting
rate was often found higher than the final constant value as
seen in the curvature of the graphs (see figure 1.2,3,). The
linear portion of the graphs'could be represented by the

equation
.t
N = No exp ( = by )

where t1- is the chafacteristic time of melting, Peppiatt
found that the characteristic time was a.fairly well~defined
function of temperature within experimental error; also the
results for the three types of particles were found’to be
distinctly different (figure 1,2,4,), In particular, the
platelet (type I) form had a sufficiently large time delay

even above the bulk melting point, to cause some of these
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Graph showing the variation in the number of bismuth type I
platelets remaining solid (N) with time (t), plotted on a

logarithmic scale (Peppiatt,

1973),
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Variation of the characteristic time {t) with temperature
(T) for the three forms of bismuth particle, plotted on a
logarithmic scale (Peppiatt, 1975),
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crystallites to be superheated by upto 7K. By performing
additional 'beam-on' experiments in which the crystallites

in a layer (held at a constant femperature) were photographed
at regular intervals, the presence of the time delay was still
observed. This indicated that the heating and‘cooling cycle
required for an accurate temperature measurement, did not
affect the time delay, The characteristic times for type

II and type III polyhedra were found to be independent of the
particle size involved €1508 to 6008 in diameter). For the
platelet (type I) particles, however, the characteristic
timés were found to be largest for particles which upon
melting formed liquid droplets with diameters of the order

of 4OOR. Both larger and smaller particles had smaller
characteristic times. Also the melting behaviour of the
platelets was seen to be independent of their shapes and
thicknesses. In an attempt to determine the time taken by
the melting process, further experiments by Peppiatt using a
cine camera have shown that bismuth particles, a fraction of

a micrometer in diameter, changed completely from the solid

to the liquid in less than 0,04 sec.

As part of the experiments described in this thesis,
the work‘of Peppiatt on bismuth has been extended, In
particular, the time delay in the melting of particles with
sizes greater than those studied by Peppiatt has been
investigated, In addition, the possible influence of a

crystalline base on the formation and melting behaviour of the
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bismuth pérticles.in the neighbourhocod of the bulk melting

point has been studied by using single crystalline flakes of

molybdenite as substrates; see chapter 5,

1.3, The Melting of Small Particles of Tin.,

Although the transition from solid to liquid tin had
been observed by electron diffraction by Jenkins (1935),
Sayama (1941), Richter (1943) and Pines and Bublik (1954), the
first experiments on the melting of small particles of tin-
were agéin carried out by Takagi (1954). She used the
electron diffraction technique in.reflection and crystailine
- faces as substrates. She quotes a depression from the bulk
‘melting point (505K) of 30K for a film of mean thicKkness
SOX, with a corresponding particle.radius of 438 estimated

indirectly from supercooling data.

The first attempt to correlate directly the melting
.point of a given tin crystallité with its size was madeby
Blackman and Curzon (1959) (see also Curzon, 1960). The
melting temperature (Tm) of a layer of crystallites was
determined by the électron diffraction method in transmission,
A histogram of the sizes of particlés was plotted by measuring
the radii éf the'particles in the transmission electron
micrographs of the specimen after it had cooied and transferred
to an electroh microscope, From the histogram, the melting
radius (r ) corresponding to T, was defined such that 80% of

the crystallites in a given layer had radii equal to or less



than Tne The accuracy of the crystallite radii measurements
was only pa 10%, By assuming the tin particles to be spherical,
their results showed that the depression in melting point of

a given tin particle varied inversely with T (figure 1,3,1).

Wronski (1963, 1967) later extended the work by
Blackman and Curzon, to study in detail the dependence of the
melting point of tin on crystallite size, He increased
the number of observations considerably and used a modified
method to obtain the mean radius of a given set of particles
in a layer. The melting temperature (Tm) of a given
specimen was taken to be the lowest temﬁefature to which the
specimen had to be heated such that the photograph of the.
diffraction pattern of the specimen was‘indistinguishable
from a similar photograph taken at 505K, the bulk mélting
point of tin, To determine the melting radius (r,),
Wronski carried out some subsidiary experiments. In these,
the diffraction pattern from a known weight of solid tin was
superimpoéed on the diffraction halos produced entirely by
a known weight of liquid tin (at 505K) on the same photographic
plate, By using the size distribution of the particles in
the two specimens, he considered T to be such that 85% of
the crystallites in a layer had radii equal to or less than
T Wronski's results show that the melting point of a
given tin crystallite of fadius T does not precisely vary
inversely with Tt in contrast to the results obtained by'

Blackman and Curzon, see figure (1.3,1.), Thin films of
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Graph of melting temperature (T ) against reciprocal of
melting radius (rpy) for small particles of tin (assumed
spherical). '



amorphous carbon and siliconmonoxide (Sioﬁ) were used.as
substrates, although no effect of a change of substrate on the
results was found (see figure 1,3,2.). The results also

show that a melting temperature could be assigned to a given
particle within a narrow tempetature range due to the small
scatter in the melting temperatures measured, see figure

(1.3.2.).

| Although the above authors gave results differing in
the variation of the melting temperature with the sizes of
the tin barticles (see figure 1,3,1,), they made similar
assumptions regarding the shapes of the particles in their
experiments, Evidently, since the melting experiments
- were not performed in an electron microscope, but the particles
were only observed in an electron microscope after each
experiment, thé actuai shape and morphology of the particles
as deposited, could not be known, 'HenCe, for simplicity,
they assumed the tin particles to be spherical and accordingly,
made theoretical treatment of their results by taking the

particles to be spherical,

Iﬁ the present experiments, a study has been madé
of the melting of sméll particles of tin "in situ" in an
electron'microscope; Not only the melting'point,of
individgal crystallites could be determined accurately, but
also morphology of the particles. Besides using thin films

of amorphous carbon as substrates in a majority of experiments,
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the effect of crystalline substrates on the melting of tin
crystallites was also investigated in a few experiments by
using thin single crystalline films of molybdenite and

graphite; see Chapter 6,



CHAPTER 2

THEORY

2.1. The Theories of the Melting of Small Particles.

2.1.1. The Size Dependence of the Melting of Small Particles.

A small particle has a very large surface area relative
to its volume. Due to the change in surface energy and density
upon melting, the free energies of the initial small solid particle
and the final liquid particle will be different fram the free
energy of the bulk material, and the melting point will be altered
v}it'h respect to the bulk value.

According to the second law of thermodynamics, for any
thermodynamic = process at constant volume and temperature, the
free energy will remain constant or decrease. For normal pressure,
'constant volume' can be replaced by constant pressure. It follows
that the stable state of the system has the minimum free energy.
For a bulk solid, the melting point is the temperature at which the
free energy of the solid equals that of the liquid of the same
mass. Above this temperature, the liquid is the stable phase,
while below it, the solid becomes the stable phase. Similarly, a
"thermodynamic melting point" may be calculated for a small
crystallite by equating the free energies of the initial solid and
final liquid particle. This is different from that of the bulk
material due to the increased effect of the surface energy for small
particles. For a small spherical particle of radius Ty the

thermodynamic melting point (Tth) is given by
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(Peppiatt, 1973}

where To is the bulk melting point; L is the latent heat

of fusion per unit mass, vy the surface energy per unit area
of the material in contact with the vapour, p the density

of the materiai, and the subscripts's and % refer to the
solid and liquid respectively, With normal values of the
physical constants involved, one finds, from eéuation
(2.1.1.), a depression in the melting point, inversely
proportional to the radius of the solid crystallite.
However, the thermodynamic melting point does not take into
account the actual process by which a particle will melt
{see section'zfl.z.) Several possible processes have been
put forward by Various authoré as described below.

A relation between the melting point of a small particle
and its radius seems to have been first derived by Pawlow::
(1908-9, 1909). He considered the equilibrium of a small
spherical solid particle and a liquid particle of the same
mass, immersed in a common vapour, He identified as the
melting point of the solid particle, the temperature at which
there is an equilibrium in the solid-liquid-vapour system.

His theory was later extended by Hanszen (1960). The Pawlow.

melting temperature (Tp) is related to the radius (rs) of the
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Rie (1923) developed a theory concerning the
equilibrium of a spherical solid particle within an
infinite (bulk) liquid and obtained the following expression

for the Rie melting temperature (TR)

T
R 2
To LpsrS s
T - T o
R o .
- T . (2.1.30)
-0

where Ysg is the surface energy per unit area of a solid/

liquid interface.

Curzon (1960) devéloPed the theory of the "liquid
skin". This was suggested initially by Reiss and Wilson
(1948) to explain the process by which a small prystaliite
is expected to melt. Curzon considered the solid particle
to be covered by a thin skin of liquid, even at temperatures
below its melting point, The liquid skin exists in
equilibrium with the solid core over a range of temperature,
until the 'skin melting temperature’ (TSK) is reached at
which it becomes unstable and dissolves the solid core. The

skin melting temperature (TSK) for a small spherical solid
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particle is given by
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valid for r >>8 (2.1,4,)
" (Sambles, 1970j:

0

where ry is the radius of the solid core of the composite

particle and & the thickness of the liquid skin,

Wronski (1963) developed a similar theory to that of
Curzon, considering the possibility of the formation of a
~liquid cap on a spherical particle, rather than a com?lete
liquid skin, ASFWronski's theory is merely a more
complicated variant of Curzon's theory, it will not be

further considered.

2.1.2. Discussion of the Theories of Melting.

‘Table (2.1.1l.) shows the change in melting poiﬁt from -
the bulk value for various sizes of tin particles (assumed
spherical), calculated from each of the above expressions by
»taking reasonable values for the physical constants (See
appendix A.4.) involved. The differences between‘the
depressions in the melting point from the theories arise from
the differences in the criterion used to define the melting
point. In all cases, however, the melting temperature is

below the bulk melting point.

Pawlow's method of formulating the melting point of a small



T *
s ToTen T "o o TR ToTsx
(&) () (X) (K) (K)
- 50 78.80 52.53 26.02 18.76
100 . 39.40 26.26 '13.01 9,38
1,000 3,94 2.62 1.30 0.93
10,000 0.39 0.26. 0.13 0.09

Table 2.1.1.

The Theoretical Melting Point of Small Tin Crystallites,

The change in melting point from the bulk value for small
spherical tin crystallites as predicted by various theories.

~The values of the physical constants used are listed in

appendix A.4.

* Neglecting the thickness (6) of the liquid skin, compared

to the radii of the particles (equation 2.1.4.).
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particle is an inadequate representation of the melting
experiments performed, As was pointed out by Rie (1923),
(Seé also Reiss and ﬁilson, 1948), Pawlowfs definition of
the melting point of a small particle corresponds to the
'triple  point' for the bulk phase and does not necessarily
defihe the melting‘poinf of a solid sphere because when
melting occurs, the solid is not in contact with the vapour
but with liquid. Thus, this theory fails to;consider the

actual process of melting.

Rie's theory is also inapplicable to the melting of
the small particles studied in the present experiments,
because it cannot be assumed that the particles are
surrounded by a large quantity of liquid at the melting

point,

The thermodynamic ﬁelting point, although defining the
rélative stability of the solid and liquid at this temperature,
does not include the actual process of melting, as previously
mentioned. The solid particle can only melt at the
thermodynamic melting point (Tth), provided there is a
suitable process by which the free energy of the solid can
be progressively lowered, or else, there is sufficent time
for a very large fluctuation to occur for lowering the free

energy.' Thus, the particle remains metastable as the

temperature is raised, until it melts either by the emergence
of a suitable melting process or by overcoming the activation

energy barrier (similar to that of supercooled liquid droplets,



see section 2,2.1.) by a small fluctuation . In the
present experiments, small crystallites of bismuth and tin
are found to melt at temperatures. much higher than those
calculated for Tin (equation 2.1.1.). Thus, as Peppiatt
amd Sambles (1975) point out, 'the melting temperature‘is
apparently > determined by the actual process of melting,
rather than the relative.stability of the solid and liquid'.
The thermodynamic melting point is however the lowest

posSible temperature at which a solid particle can melt.

By comparison with Pawlow and Rie theories, Curzon's
liquid=-skin theory for the melting of small particle can
be considered as a better approach as it attempts to introduce
a possible melting mechanism for the particles. This
theory has the virtue that it assumes the liquid to be
already present, covering the particle, even at temperatures
below the skin melting temperature (TSK) of the particle.

A fuller description of this approach is given in section

(2.2.4.) -
khkhkhkhhkhhhkkhkhhhkhhkkhkhhkikk

All the above mentioned theories for the melting of
small particles assume the initial solid pérticle to be
spherical and therefore, derive the melting temperatures
as a function of a single radius of curvature - equivalent
to the radius (rs) of the solid particle. However, the
surfaces of the solid barticle will almost certainly consist

of facets, and surfaces with various radii of curvatures.
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It may be expected that melting would start on the particle
at points with large curvatures rather then at those with
smaller curvatﬁres (see section 2.3.2.). Thus, a
derivation of thd melting point formula should also take
into account the influence of the variations of curvatures

on the melting point.

2.2. Nucleation in a Condensed System and the Application

to the Melting of Small Particles.

2.2.1.Homogeneous Nucleation in a Supercooled liquid,

In order that a supercooled liquid may transform to

the solid phase at some temperature below the equilibrium
- temperature (T ), a small number of atoﬁs or molééﬁles

in theAliquid must come together to form a solid nucleus,
The formatioﬁ of the solid nucleus in the interior of the
liquid requires an initial incréase in the free enefgy of
the system due to the surface energy associated with the
»relativelylsmall solid nucleus. Once the solid nucleus
reaches a critical size, gaining atoms from the‘liquid
(by a statistical fluctuation), further_transformation
results in a continuous decrease in the free energy and so
will proceed spontaneously (Turﬁbull and Fisher, 1949).

It follows that crystals larger than the critical size will
almost certainly grow. Most theories of homogeneous
nucleation are concerned with the problem of calculating

the probability of formation of nuclei having the critical

size.
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Hollomon and Turnbull (1950) have studied nucleation
for the case of a supercooled liquid both theoretically and
experimentally (For a general review of the nucleation
theories, see Christian, 1965; Chapter X.). They obtained,
for homogeneous nucleation'ét’témperature T, the rate of
production (If of solid nuclei per unit volume inside a
liquid as:

* 4+ AF
_ nkT _ (AF a)] _

Here, n 1is the number of atoms of liquid per unit volume,
h is Plank's cénstant, k is Boltzman's constant and AF* is
the height of the energy barrier which the solid nucleus
must 6vercome to cause solidification of.the liquid. In
their treatment, Hollomon and Turnbull consider Af%fas the
activation enerqgy for éelf diffusion in the liquid, AF*,
that is, the activation energy required for the solid

nucleus of the critical size, they calculated to be

161722 Tg
AF* = —5 5 5 - (2,2.2.)
30, L (AT)

fwheré AT = T-T represents the amount of supercooling. It
follows from equations (2.2.1,) and (2.2;2.), that to achieve
a significant rate of nucleation, the liquid must be supér-
cooled by tens -of degrees to make the activation energy

(or the height of the energy barrier), AF*, smaller; for

very small supercooling, the time required to form the

critical nucleus (by statistical fluctuation) and hence, to



resolidify the liquid, would became too great to be observed

experimentally.

2.2.2. Heterogeneous Nucleation in a Supercooled Liquid

In the theory of hamogeneous nucleation, it was assumed
that the critical solid nuclei have an equal probability of forming
at any point within the volume of the supercooled liquid. However,
it may be seen fram equation (2.2.l1.). that the nucleation rate, I,
is very sensitive to changes in AF* which will drastically alter
the temperature at which the nucleation rate will be appreciable.

In heterogeneous nulceation where crystal formation is catalysed by
- dmpurities, it is supposed that the probability of nucleus form-
ation is greater at the interface between the liquid and the foreign
surface. It is shown (see Volmer,. 1925; Turnbull, 1950; and Pound
(1958) that the nucleation rate (I') per unit volume in a hetero~
geneous nucleation is given by |

~(AF*' + AF)
=3, £ exp — (2.2.3.)

where, the free energy, AF*', for the formation of the critical

- nucleus is given by

3 2

16wy T 2
AFRY = ; ;2 ) 2.(2+cose) (1-coso) (2.2.4.)
3o L (AT) 4

Here, 0 is the equilibrium contact angle between the crystal
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nucleus in the form of a spherical cap and the nucleating

surface (See figure 2.2.1.) and is determined by the equation:

’ '
Yo =Yg * Ygy cos(0) (2.2.54)
where, yi is the surface energy per unit area of the suxface
]
between the liquid and the nucleating surface, and Yg is

that between the solid nucleuns and the surface.

When 6 is equal to 180°, that is the solid does not
at all 'wet' the surface, equation (2.2.4.) reduces to
equation (2.2.2.) and the surface will have no effect upon
the nucleation.‘ If o is less than l80°, AF*' will be
lowered; for example when 6 is egual to 900, the value of

]
AF* will be half the corresponding value for homogeneous

nucleation.

In equation (2.2,3.). the pre-exponential factor
of equation (2.2.1.) is modified, as the number of probable
nucleation sites is now limited to sites on the surface of
the liquid, Here, V is the volume of the liquid, with N
the total number of atoms in this volume in contact with

the nucléating surface.

2.2.3., Applidation of Nucleation Theory to Melting of Small

Particles: Surface Melting and the'Wetting Condition.

Although nucleation theory has been successfully

applied to the supercooled liquid system (and to the



condensation of vapour), its application to the process of
melting encounteré serious difficulties in explaining the
sharﬁness of the transformation and the rarity of superheating
in solids. The reason for this is that there is an
essential asymmetry between the kinetics of the two processes:
whereas all substances will supercool, under suitaple
conditions, the examples of superheating under ordinary
conditions are extremely rare (éee, for example,thaikin

and Benet , 1939; also see, Peppiatt, 1975). The theory

of homogeneous nucleation cannot explain this; it predicts
that the rate of production of liquid nucléi should not
become appreciable until the solid is superheated by an
amount comparable to the supercooling heeded to resolidify
the'liquid. Also a similar critical size of a spherical

liqﬁid nucleus for hoﬁogeneous nucleation 6f melting would

be predicted.

An alternative explanation for the relative absehce
of superheating in solids can be formulated on the basis of
the heterogeneous theory of nucleation, Under normal
conditiohs, melting should always begin at the surface,
which is able to act as its own heterogeneous nucleating
agént. If the liquid nucleus forms a contact angle of less
than. 180° on the solid surface, the activation energy.for
the formation of the nucleus would be lower on the surface
than one in the interior of the solid, even neglecting the

strain energy due to the change in density of the material



on melting, This will favour the formation of the liquid
on the surface of the solid. The activation energy for
the formation of a spherical liquid nucleus on the solid

surface (by analogy with equation (2.2.4.) can be written

as
16173 . T2 (2+cosez)(l—cose'z)2
AF% = 5 g =, . (2.2.6.)
. 3pi'L (AT) 4

where e2 is the equilibrium contact angle between the
spherical liquid cap and the solid surface (see figure 2.2.2.)

~and is given by the relation

- - | F
Yo = Yy F vg,C08(8,) (2.2.7- )

From equation (2.2.7..), to produce non-zero contact angle

92, we must have
| . -8.‘
Yg Y, ¥ Ygy o | | (2.2.8...)
This will mean that an activation energy, AFE’ determined

by the amount of 8,7 will be needed for the formation of the

liquid nucleus. The liquid will not completely wet the

solid. The liquid nucleus below a’ certain critical size
will be unstable with respect to the solid even at temperatures
above the bulk melting point, and will therefore, recrystallize.

This will result in a time delay effect, and a finite

length of time is necessary for a sufficiently large

statistical fluctuation +to occur to form a nucleus above the



critical size which is then able to grow.

if, however; the condition of equation (2.2.8..) is

not met, i.e.

there will be ¢omplete wetting of the solid surface by

the liquid. The contacﬁ angle ez will be zero and, therefore,
there will be no energy barrier in forming the liquid
nucleus on the solid surface.. Equation (2.2.9.)i is the

'‘wetting condition', This means that it is energetically

favourable for a liquid-ékin to form on the free solid
surfaée, since there is no activation energy barrier
préventing the process occurring spontaneously. There will
be no intermediate state of higher total free energy between
the all solid and solid plus liquid skin stage. Indeed

the inequality in equation (2.2.9.).. suggests that the
formation of the liquid skin is possible even at temperatures. -
below the bulk melting pointl(To); the small gain in free
energy due to the presence of the liquid skin below T  will
be more than balanced by the reduction in free energy
achieved by reducing the solid of some of its free surface
energy. This is the basis of the liquid-skin melting

model of particles; see section (2.2.4.).

. Another reason favouring the formation of the
liquid nucleus on the surface of the solid is that, for a

liquid nucleus to grow within the interior of a solid, it
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would require a strain energy as an addition to the
activation energy of the formation of the liquid nucleus,
due to the change in density on melting. If the initial
liquid nucleus is formed on the surface of the solid, the
change in volume will not cause a strain energy. This is
in contrast with the formation of a solid nucleus in the
interior of a supercooled liquid. The change in volume
of the liquid which forms the solid nucleus does not involve
any additional strain energy in the activation energy, as
the liquid is able to flow freely. It therefore seems
that in melting, the initial liquid nucleus will form on

the free surface of the solid,

2.2.4. The Liquid-skin Melting Model.

The liquid—skin theory attempts to introduce a possible
process for the melting of small particles. The liquid-
skin is able to form even at temperatures below the bulk
melting point, as previously mentioned. However, if the
skin were thick enough to have bulk liquid properties, it
would inevitably resolidify below the melting point; it
must therefore be assumed to be thin (for example, in the
form of a two dimensional monolayer of liquid )v without
bulk liquid properties at the initial stages of formation.
Once formed the skin will then grow in thickness with
increasing temperature, eventually becoming unstable, and
dissolving the éolid at the skin melting temperature. The

liquid-skin melting model therefore, consists essentially of
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two processes: first, the formation of the two dimensional
monolayer liquid skin and second, the growth of the skin

leading to the eventual melting of the particle.

Two mechanisms have been suggested (Peppiatt, 1973)
by which the two-dimensional liquid skin can nucleate
and grow, either of which might occur depending on the

material.

(a) Nucleation on the surface: In this case, the
two dimensionél liquid nucleus may form on the surface
(figure 2.2.3a.) and subsequently grow, either by the
aggregation of adatoms or by the activation of atoms
directl& from the solid. In the case of high adatom

concentration, it is likely that the former will dominate,

(b) Nucleation in the surface: 1In this case, the
liquid nucleus can only‘form and grow in the surface
(figure 2.2.3b.) by the direct activation of atoms from

the solid surface into a liquid like configuration.

Which of these two mechanisms:. dominates
pgobably depends on the material. . Nucleation 6nvthe
surface seems more likely on kinetic grounds, as the
gggregation of adatoms seems more likely than the sudden
activation of a group of surface atbms. -However,i
nucleation in the surface appears more favourable
thermodynamically as it involves a smalier activation energy.
The former process will dominate when there is high adatom

concentration; while the latter seems more favourable at
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low adatom concentration, In both cases, suitable nucleation
sites, for example, dislocations, stacking faults or grain

. boundaries would help the nucleation.

Now consider a solid particle which is being heated
from below the skin melting temperature, Providing the
wetting condition (equation 2.2,9,.) holds, as the temperature
is increased, there would be a reduction in surface energy,
together with a smaller gain in the volume ehergy, by the
formation of a thin liguid skin. The variation of the
change in free energy (AF) of the system, on forming the
liquid skin, with the thickness (§) of the liquid skin as .
the temperature is being increased, is shown in figure
2.2.4. When the temperature (T) is much less than the bulk
melting point (To) , the solid is the stable phase (figure
2.2.4a.) .When- the temperature equals the thermodynamic
melting temperature (Tth) (figure 2.2.4b), the liquid
becomes the stable phase, but the solid remains unstable
and therefore will not melt within a reasonable time scale
(See section 2.1.2.). At some temperatufe (T#)} a thin
stable 1iquid skin is able to form on the particle - the
thickngss (seq) of this skin, at equilibrium with the solid,
is given by the minimum near §=0 (figure 2.2.4c.). As the
temperature is raised further, the liquid skin grows thicker,
i.e. the miﬁimum moves towards the right, Also the
maximum in the curve, which represents the activation
enexrgy preventing the Particle from melting at Tth’ moves

towards the left, until at the skin melting temperature
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FIGURE 2,2,4,

The variation of the change in free energy (AF) of a solid particle,
on forming the liquid skin, with the thickness (§) of the liquid skin,
on increasing the temperature.




(TSK), the maximum and the minimum coincide. This results
in a point of inflection (figure 2.2.44d.). At this stage,
the liquid skin becomes unstable, as the particle would
progressively iOWer its free energy by allowing the liquid
skin to completely dissolve the solid. Mathematically, the

K’ will be defined as the

skin melting temperature, TS

temperatute, for which,

(EE) =0 (2.2.10,)
3 6=61 '

at T = TSK.

This means that at the skin melting temperature, as soon as
the liquid skin is formed, it moves into the solid without
requiriné an activation energy for the process and dissolves

the solid completely.

A gobd approximation may be made for the skin melting
temperature purely from thermodynamics, by making the
reasonable assumption that the thickness of the liquid skin
up to the point of insﬁability is much smaller than the size

of the particle. This has been done for various cases in

the next section.



2.3 Calculation of the Skin Melting Temperature (TSK)

for Various Shapes of Crystallites,

2.3,1, A Spherical Crystallite.

Consider a spherical solid particle of radius Xor
which on melting at the surface, formg a liquid-skin of
thickness §. Let R be the radius of the composite particle
(figure 2.3,1.), R will be different from . due to the

change in density upon melting,

Let fs(T) and f (T) be the Helmholtz's free energy
per unit mass at temperature T of the solid and liquid

respectively. Now, for the composite particle,

| o _ 4 3
the volume energy, Fvol-— 5 ¥ (R-6) psfs(T)'"”

(2.3,1a..

‘the surface enerqgy, F 41R272+41(R—6)27

surf = s

(2.3.1b,
Therefore, the total free energy of the composite particle,
which is a function of the liquid skin thickness:

F(8) = Fvol + Fsurf

3w (r-8) % £_(T) + 5 {r3-(r-5)3] o £, (T)

il

2 2 -



'FIGURE 2,3,1.

Liquid skin formed on a spherical particle,
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" FIGURE 2.,3.2,
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Liquid skin formed along the length of a rod or needle-

like particle.

skin
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Also the change in the free energy from the initial state

of a very thin skin is

F(8) - F(3=0)

8 a1 - e

AF ()

R 3 [41(R2~r§)yz + 4x {(R—-G)z-ri} Ysy (2.73.3.)

where the first bracket represents the change in volume

energy and the second that in surface energy in the formation

of the liquid skin,

The particle will melt at the skin melting temperature,
determined by the equation (2.2,10,) . Therefore,
differentiating equation (2.3.3, ) with respect to § and
substituting 6=0, and also remembering that when 556;‘ RA

equals_xé, we get

{fz(T)—fs(T)} pzqzréys§'+(%%) 5=0 2(72+Ysz).=_° (2,3.4.)

/Also, since the mass of the particle remains unchanged on
forming the composite particle, we must have mass of the

initial solid particle = mass of the composite particle.

Therefore,
4 3 4 3 -
Irgi Py = 3 I(R:G_)__3ps + % T{R3—(R"5) } o, 7 (2.3.5,.,))

Differentiating equation (2..3..5.) with respect to & and

taking § = O,



-@-) - 257 (2.3.6.)

(36 §=0 Ps

Also, £ (T) - £ (T) = L.1n@ ) (2,3.7. )
o]

(see appendix A.l.,equation(A.1.10.)
At the skin melting temperature, from equation (2.2,10.)

T = TsK

Therefore, substituting equations (2,.3.6. ) and (2;3,7.')
in (2.3.4. ), and simplifying, we have, for the skin melting

temperature of the spherical particle

P ‘P '
SK 2 S
To Lpsrs SR L Py

or, to a first approximation

2To ' | ps)] ' ,
To” Tsx ¥ Lo, [Ysz + v, (1- » (2.3.8b..)

(c.f. Peppiatt and Sambles (1975), equation (6)).

2.3.,2. A General Expression for the Skin Melting.

Temperature (TSK) of a Curved Surface.

Consider the formation of a thin liquid skin on a
curved solid surface having two principal radii of curvature,
Ry and Rz. Providing the solid surface is completely
wetted by the liguid (equation 2,2.9,.), then above the skin

melting temperature (TSK), the liguid skin, once formed,



would melt the rest of the solid at this £emperature, by
progressively moving thfough the crystallite without
requiring an activation enexrgy. The skin melting temperature
for such a curved surface is given by:

P | ’ P
SRy . -1 __ (1,1 - =
in ('T_:)' Leg (Rl+ Rz) [YS"+ v, (5 )] (2:3.9. )

.o 2

(see appendix A.2.)

This expression can be considered to be the general
equation of the skin melting temperature for various shapes
of crystallites; For example, in the case of a spherical
crystallite, the two principal radii of curvature (Rl,Rz)
are_equal to the radius of the spherical crystallite (rs).
Therefore, substituting r_ for both R; and R, in equation
(2.3,9. ), the relévant expression (equation 2.3,8. ) for
the skin melting temperafure of a spherical particle is

obtained.

In the following two sections, approx1mate exPressions
for the skin melting temperaturers of a rod or needle-like
crystallite and adisc-type crystallite will be derived, by

applying equation (2, 3.9.), for the skin melting temperature

of a curved surface.

2.3.3. A Rod or Needle-like Crystallite.

A rod or needle-like crystallite may melt in eithex

of the two ways, (i) the liquid skin may form along the
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i

length of the crystallite, so that the composite particle has
a cylindrical solid core surrounded by a cylindrical shell
of the liquid skin, or (ii) the skin may form at one end of
the crystallite and progress through it at the skin melting

temperature and eventually dissolve it.

(1) Liquid skin formed along the lengthvof the
crystallité. ' |
Consider a rod or needle-like crystallite of radius
Lol and length 1, along which a liquid skin of thickness §
is formed (figure 2.3,2.), For this composite parﬁicle;

the two principal radii of curvature will be:

(2,3.10.)

(along the length of the crystallite)

Therefore substituting equation (2,3.10.) in (2.3.9..), the

skin melting temperature for the crystallite in this case

will be
’ T o) . .
SK 1 S.
To) Logrg S2 . )

Thus, in this case the depression of the skin melting “
temperature from the bulk value is half that of a spherical

particle (equation 2.3.8. ).
(ii) Liquid skin formed at one end of the crystallite.

Let a liquid skin of thickness § be formed at one

end of the crystallite (radiusvré) in the form of a spherical
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_ FIGURE 2,3,3,
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iquid skin
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(sectional view)

Liquid skin formed at one end of a rod or needle-

like particle.

FIGURE 2,3.4.

A disc—-type particle,
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cap, as shown (figure 2.3.3,). By assuming that the
cap-like liquid skin has approximately the same radius of
curvature as the crystallite, the two principal radii of

curvature. will be

Rl [-3 Rz (-4 rs ’ (203.12.).

By substituting equation (2.3,12,) in (2,3,9. ), the skin
melting temperature for the rod or needle-like crystallite

can be obtained as

T P
SK 2 s
in (.___)= - ——e ['Y + v (1~ ..._.)] (2.3,13,)
To Lpsrs s2 2 pz

Here the skin melting temperature is the same as that

of a spherical particle of radius ry (equation 2.3,8, ).

2.3.4. A Disc-Type Crystallite.

| Consider a spherical solid disc of.radiuSg;s and
thicknesst, and having a flat top surface and a curved edge
(figure 2.3.4.a). It is unlikely that the melting will be
initiated fromAthe top flat surface, as this surface has an
infinite radius of curvature, Consequently fhe liquid skin
would probably form afound'the curved edge, and at the skin

melting temperature, would melt the crystallite.

Now, from figure (2.3.4b.), we have for the two

- principal radii of curvatures of the curved edge:



R, E I
1 s :
and (2.3.1%.)
2R2 = t :
or ? Rz = '%

Therefore, éubstituting equation (2.3,14,) in equation

(2.3.9.), . the approximate expression for the skin melting

temperature of the disc will be
T | p
SK) oL (1 42 -2 i

s L

or, to a first approximation

T e ] .
. O ;1.._ 2 - _S
S s [} , .
2,4, The Change in Skin Melting Temperature due

t3 Other Effects,

.

As stated pfeviously, a solid particle will melt

at the skin melting temperature (TSK) determined by

BAF) - © equation (2,2,10)

Here, AF(T) is the change in the total free energy of a
solid particle which on melting at the surface forms a liquid
skin of thickness 6. However, 1f there is én additional
effect, for example,a strainor dislocation, which alters the

free energy of the solid particle or the liquid skin, the skin



ﬁelting temperature will occur at a different temperature,
T'SK: This temperature can be derived in a similar manner
to that used for the normal skin melting temperature (TSK),
For example, consider the effect of a uniform strain energy
in the éolid of E per unit volume on a curved surface of
principal radii of curvature Rl and RZ' If the.surface

melts to a thickness §, then the strain energy released

per unit area would be ES§,

Therefore, in the presence of a strain in the curved

surface, the change in free energy on melting is
AF' = AF - Eé (254111)

" Melting will begin at the surface at the skin melting

temperature, TSK" given by

E@_é__?') =0 (2,4.2,)
38 /s=s,

Hence, from equation (2,4.1.)

(_9__4_@"_ -E=0 | (2,4,3,)
\38 / s=5, - |

Following the derivation of the ﬁormal skin melting temperature
(TSK) for a curved surface (see appendix A,2,) with the
inclusion of an additional term due to the strain energy,

we obtain for small changes of melting point

| - r. . ‘ P
Tsk' " %o w1 [fi, 1) Yvg, vy, (1-2) s E] (2,4,4,)
Log Ry R Pe

To



For a discussion of the effect of strain due to the
bending of the tin platelets observed in the present

experiments, on the melting temperature of such particles,

see section 8,1.3.



. CHAPTER 3.

APPARATUS

3.1 ' General.

The experiments were carried out in a J.E.M.6A
electron microscope, using a 80kV electron beam. The
resolution of the microscope with the specimen heater-

stage in position, was approximately 208,

The specimens were prepared by "in-situ" evaporation
of the material under inﬁestigation, onto thin substrates
mounted on a molybdenum grid in the heater cartridge. In
order to improve the vacuum in the vicinity of the specimen,
and therefore reduce the contaminating effects of the
residual gases, a liquid nitrogen cold trap was incorporated
between the evaporator unit and the heating stage (scee section

3,2, and figure 3.1.).

The observations were recorded on "Ilford, Special |
Lantern Contrasty” photographic plates, by using the
normal plate camera of the'microscope. The plates were
outgassed for several hours, in a special chamber, using a
diffusion pump separate from the main pﬁmpiné unit, before

" inserting them into the microscope.

Magnifications in.the microscope of up to 50;000
diameters were used, For analysis, the micrographs were
printed on bromide photographic paper, with a further

magnification of the micrographs.
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3.2 The Cold Trap and Evaporator Unit.

A vacuum of the order of 4xlo-7 torr was obtained

in the microscope column without any extensive alferations
being made to the épecimen chamber arrangement (as for.
instance, Poppa, 1965), . This was achieved b§ the
incorporation of a liquid nitrogep trap, as previously‘
mentioned. The cold trap was placed as close to thé
specimen as possible, The arrangement of the cold trap
and the relative positions of the evaporator unit and the

heating stage is shown in fugure 3.1. '

The cold trap consisted of two sections, a large
reservoir (capacity 0.5 litres) and a smaller one of about
0.1 litres. The smaller reservoir was placed immediately
above the specimen heating stage, and had a central
cylindrical apertﬁre allowing the passage of the electron
beam and the evaporant. (A'detail description of the cold
trap has aiready been published, see Peppiat & Samblés 1975) . By
placing the larger reservoir at a slightly higher ievel
than the smaller one, the latter was constantly full of
liquid nitrogen passing from the larger reservoir. To
increase the cold surface, and hence improve the pumping

Speed, fins were added to the smaller resexrvoir.

The specimen was evaporated "in-situ" from a spiral
filament, by resistance heating. The filament was mounted,
off centre, on a rotating vacuum seal, so that it could be

moved into the line of ‘the specimen for the deposition, and
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FIGURE 3.1,

Arrangement of the cold trap and evaporator unit in
the electron microscope,



out of line of the electron beam for observation. A viewing
window was attached to the evaporator unit, (see figure 3.1.),
to facilitate the alignment of the evaporator filament with
the substrate in the heater cartridge. The residual gas
pressure was . measured by a hot ion gauge mounted on oneside

of the evaporator unit.

By wrapping.the external surfaces of the cold trap
and evaporator unit with "Heat by the Yard" tape and baking
them overnight at a temperature of 60 to 70°C, a vaduum of
the order of 4x10"7 torr was generally obtained during an

experiment.

The substrate provicdes some protection to the specimen
(resting on top of the substrate) from being contaminated by
the o0il vapours streaming up the microscope coluﬁh”from the
plate chamber. The major source of confamination of the
specimen (even when the cold trap is being used) is probably
~ the residual gases streaming downwards, from the electron
gun chamber, along the path of the electron beam, In order
to reduce the amount of these gases streaming downwards to
the specimen, the condenser lens aperture was coated with a
thin film of carbon. To avoid the deposition‘of the
- evaporant on this film, a copper foil was attached above the
evaporator filament (see figure 3.1.). Although this
produced a lower intensity image by slightly scattering the
electron beam, no noticeable change was found in the

resolution of the microscope.
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3.3 The Méss—Spectrometer.

The ibn—gauge in the evaporator unit (figure 3.1.),
could be replaced by a mass-spectrometer head to examine
the residual gases within the microscope vacuum, The
spectrometer, a CENTRONIC AIG 50, could also be employed
to measure the total pressure in the microscope column.
The readings from the mass-spectrometer were recorded
directly on a chart recorder and are described in section

7.4.

3.4 Specimen Heating Furnace,

The specimens were heatéd in the microscope using

JEOL transmission furnaces, The standard furnaces were
adapted to measure the specimen temperature as accurately

as possible, following the original design of Sambles (1973).
In this,k1c0pper-constan£a1thermocouple was sandwiched
between two halves of a double tantalum washer and was
mounted above the specimen in the heater cartridge (figures
3.2. and 3.3.). A second tantalum washer was placed below
the specimen. The speciﬁen grid was then tightly sandwiched
'between the two washers using a tantalum screw. The
apertures in the washers and the screw were made as small as
possiblé ( 0.5 mm), to minimise the heat loss by radiation,

and therefore achieve a uniform temperature across the

specimen.

The thermocouple wires were led through the centre

of the furnace, to terminals- constructed on the top of the
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furnace (see figure 3,3,)., The terminals were made of
copper and were insulated from each other and the furnace
using thin mica sheets and alumina ceﬁent - shaped to fit
the top of the cartridge. To help ensure that the specimen
was at the same temperature as the thermocouple, very thin
thermocouple wires (»+0.0610mm dia) were used to prevent the

heat loss by conduction.

The fu;naces were supported by a JEOL ceramic heating-
sﬁage. The thermocouple terminals iocated into contacts
built onto the heating-stage. The respective copper and
constantan wires were led away from these contacts, out of
the micfoscope column using copper and constantan lead-
throughs. The external junction was maintained at the
temperature of melting ice, and a digital voltmeter was

used for the measurement of the resultant thermal e.m.f.

The heating current was supplied by a stabilized
power unit (SOLARTRON AS 1218).. The current was measured
using a milliammeter, to an accuracy of i3mA, a maximum

of 0.8A being used.

In order to avoid specimen contamination ', two
separate heater furnaces were used for the experiments on

bismuth and tin respectively.



CHAPTER 4,

EXPERIMENTAL METHOD.

4.1. The Melting Experiments,

4.1.1. Determination of the Melting Temperature,

The main problem in the accurate determination of
the melting témperatures of the specimens in an electron
microscope is‘the effect of the localized heating by the
intense electron beam, .The amount of beam heating will
depend principally on the intensity and energy of the beam
and the type and thickness of the substrates used. By
using thin (mlOOX) carbon films as substrates, it was
observed that the temperatures of the specimen regions
under the 80kV electron beaml(in<the present experiments)
were raised by 20 to 40K. For accurate temperature
measurements of the spécimens, therefore, the effect of

electron beam heating in the microscope has to be avoided.

A method in which all the relevant temperature
measurements were made while the electron beam was not in
operation and using the fact that liquid dropleté can be
supercooled by tens of degrees below the meltiné point, was
devised by Dr.J,R., Sambles in this labbratoryf}ééﬁﬁiattfand
:Sé@p}éé},l975). - This method was succeséfully aﬁblied by
?eppiatt (1973, 1975.).in the ihvestigation of ﬁhe melting
of the small particles of bismuth and lead and is also

followed in the present work, as described below,

The specimen film was deposited (see section 4.2.2.)

and heated immediately (at a'heating'rate of 20X min—l) to
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within SOR of the bulk melting point, see figure 4.1. By
adjusting the heater current, the depésit was stabilized at
this tempefaturg for about two minutes. This temperature
was below the annealing temperatures to be used in the rest
of the experiment, During the heating and the stabilization
of the temperature, the electron beam was switched off.

The specimen was next cooled by about 50K, and again
stabilized, and at this stage, the beam was switched on for
observation. Asg ﬁhe beam heating is no more than 40K under
these conditions, the deposit will still be below the first
annealing temperature. The measuremen£ of this temperature,
hence, will not be invalidated by the beam heating and this
temperature could be determined by the thermocouples

within the accuracy of their calibration.

~

A suiﬁable region of the specimen close to a grid bar
(see section 4.3.1.) was chosen and a number of micrographs
were taken around this area. . These.micrographs were taken
around an easily distinguishable mark in the substrate (for
example, a crack or a dust particle on the substrate) so that
the same area could be photographed repeatedly on the
subsequent heating and coolin§ of the specimen. The beam
was next switched off and the deposit heated to a temperature
at which some of the particles were expected to melt. The
temperature was stabilized for about two minutes, and the
specimen was again cooled by SOK_for the observation, The
particles which melted would remain as supercooled liquid

droplets and the solid partic¢les still present would not be
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"FIGURE 4.1,
Graph showing experimental method used in the

melting of small particles.



melted by beam heating. The specimen region previously
observed was re-photographed, so that any particle which
had melted, could subsequently be identified. The
experiment was continued either by heating the deposit to
one particular temperature for various lengths of time, or
by gradually increasing the temperature used. The deposit
was finally comp;etely melted by heating to above the

bulk melting point.' The volume of the particles could be
determined by medsuring the diametersof the resultant

liquid droplets.

4.1.2. Analysis of the Micrographs:

For analysis, the best set of micrographs from each
experiment was printed on photographic paper. The micrographs
from the‘experiﬁents on bismuth particles were enlétged by
a factor of four; for the experiments on tin, aﬁ enlargement
of about twenty was used, in order to increase the accuracy
of the measurement of the areas of the tin platelets.

Pypical series of micrographs from aﬁ experiment on the

melting of tin platelets is shown in figure 4.2.

To determine on which subsequent micrograph each -
individual solid particle had become molten , a method
identical to that employed by Peppiatt (1973), was used. A
grid, consisting of a few vertical and horizontal lines, was
drawn in identical positions on all the prints. By using
the grid td identify each solid particle in each of the

micrographs - corresponding to each stage of an experiment -
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the point at which the particles melted was noted on the

last micrograph containing the liquid droplets only. This
was continued until all the solid particles were marked on

the last micrograph. The number of particles melting at.
each stage of an experiment could then be found from this
micrograph. The diameters of the marked droplets were
measured to the nearest half - or quarter millimeier using
a transparent ruler. It was then possible to plot ahistogram
of the sizes of the particles melting at each stage of the

experiment.,

In order to find the thicknesses of the tin platelets,
it was necessary to measure their visible areas. T#e areas
of the elliptical tin platelets (for example, particle‘A,
figure, 4.2(c)) were determinea.using'the expression . %ab
for the area of ahbellipse (where 'a' and 'b' aré the major
and minor axes), while a planimeter was used to measure
~the areas of ‘the irreqularlyshaped platelets (for example,
particle B, figure 4.2(c)). By neglecting the change of
density upon melting, the thicknesses of the platélets could
be determined by dividing the volumes of the liquid droplets
by the above areas of the platelets. In determining the
volumes of the liquid droplets, a corréction was made
allowing for the fact that the liguid droplet, resting on
a substraté, is not a complete sphere but forms a hemisphere,
For this reason, 80% of the volume of a complete sphere, as
found from the diameter of a liquid droplet, was taken while

determining the thicknesses of the tin platelets.
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4,2, Preparation of the Specimen Films.

4.2.1. Preparation of the Substrate Films.

In a majority of the melting experiments in the
present work, amorphous carbon films of about 1008 thickness
were used as substrates., The carbon films were prepared,
in a vacuum of 10~ torr in a vacuum evaporation plant, : -
by carbon-arc evapofation onto air cleaved mica substrates.
The films wére subsequently floated off in distilled water
and were mounted on molybdenum microscope grids. Molybdenum
grids were chosen because this high melting point metal

 diffuses little at the temperatures of the present

experiments and would therefore, not contaminate the specimens.

In addition to the amorphous carbon films, thin single

cfystalline films of molybdenite (MoS:) éﬁd of graphite
were occasionally used as substrates. These substrates were
obtained as thin cleavage flakes, using the tecﬂnique of

Pashley et al.(1964), In this, they were repeatedly cleaved
 between two strips of "Sellotape" and were subsequently
removed from the sellotape by dissolving the adhesive in
chloroform. The flakes were washed in several charges.of
chloroform, followed by washing in ethyl alcohol, and finally
in warm distilled water, Sﬁitable flakes were collected
onto a cleaved mica substrate which was then coated with a
thin film of carbon in an evaporation plant, The composite
film was floated off in distilled wéter and the individual

areas containing the flakes were collected on molybdenum
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grids. In this way, the crystalline flake was sandwiched
between the grid and the amorphous carbon film, ensuring
better adhesion to the grids and.hence, improving the thermal

contact with the furnace.

4.2.2, Preparation of the Specimen Films.

Thin films (v 1008 - ~ 2008) of bismuth and tin were
prepared by 'in-situ' condensation of the material onto thin
substrates mounted in the heater cartridge of the JEM-6A
electron microscope, The condensation was carried out by
using a helical evaporator which had been previously outgassed;
a tungsten filament was used for making bismuth, and a
tantalum filament for making tin specimensﬁ(Holland,1956).
Before each deposition, the furnace was heated to about
700K to remove any volatile contaminants from the substrate,
To reduce the contaminating effect of the residual gas wvapours
on the specimen films, the deposition was generally carried
out with the substrates held at temperatures above room
temperature, following the suggestions of Ennos (1954) and
Pashley et al (1966). By avoiding examination of the
specimen films with the electron beam immediately after
their depositon, and heating them rapidly to the first
annealing temperature (usually 50K below the bulk melting

point), a further reduction in the contamination rate was

effected.

In all of the experiments, "Spec-pure" materials

were used for deposition.



4.3. The Calibration Methods.

4.3.1. Calibration of the Thermocouples:.

The ' thermocouples were calibrated for temperature
measurements, 'in-situ', in the heater furnaces in conditions
identical to the melting experiments. In this method, a
very thick deposit was melted, using the normal heating and
cooling cycle of a melting experiment. The deposit,
approximately O.luym thick, was obtained by evaporating a
full evaporator filament, which was normally sufficient for
several experiments. Such a film could be assumed to melt
very close to the bulk melting point. Starting from an
annealing temperature of about 20K below the bulk melting
point of the material, the deposit was heated in successive
stages, with the temperature being increased by 1K at each
' stage of heating. The temperature at which general melting

of the deposit occured was taken to be the bulk melting point,

within a degree.

The thermocouples were calibrated in both the bismuth
and the tin furnaces, and aléo, the three substrates -
amorphous carbon, crystalline molybdenite and graphite -

were used separately in the calibrations.

The method of melting a very thick specimen film also
provided information about the presence of a thermal gradient
across the substrates. It was observed that parts of the
deposit farthest from the grid bars melted abopt.ZK higher

than those close to the grid bars. This indicates that the



parts of the substrate away from the grid bars were lower
in temperature by two degrees.than those close to them.
For this reason, melting experiments were performed by

selecting specimen regions close to the grid bars.

4.3.2. Calibration of the Microscope Magnification,

The calibration of the microscope magnification was
done by the method devised by Skinner (1969). This method
required'the use of a copper mesh with known spacing, which
when photographed in the microscope, gave a direct
‘magnification calibration. The copper mesh employed had
previously been found by spectroscopic methods to have a
mean spacing of 8.45um. With the mesh placed in the
specimen position in the microscope, the lowest magnification
(about 1,800 diameters) was determined by photographing the
mesh and measuring the mesh image with_a travelling microscope.
Seven other standard magnifications were then calibrated
with respect to this maghification by measuring the relative
sizes of bismuth and tin particles (remaining after a given
experimeht) on the micrographs. Magnifications of 1,800;
9,000; 11,000; 18,000; 30,000; 39,000 and 50,000 diameters

were used as the standard magnifications.

The accuracy of the calibration was of the order of
4% as determined by the comparison of micrographs of ncminally

the same magnification.



CHAPTER 5

RESULTS OF THE MELTING OF SMALL PARTICLES

OF BISMUTH,

5.,1. ;ntroduction.

The time delay in the melting of small particles
of bismuth has been found by Peppiatt (1973, 1975) to
depend upon the method of formation and fhe morphology of
the crystallités (see section 1,2,), In particular, he
foﬁnd that a platelet form had a characteristic time
sufficiently large at temperatures above the bulk melting
point (544K) to allow several crystallites to be superheated
by about seven degrees, He also foﬁnd that the cbmpact
polyhedral particles formed hy melting and resolidifying
the platelets exibited the time delay phenomenon but, at

temperatures below the bulk melting point.

In the present experiments, a study has been made
of the existence of é possible time delay in the bismuth
crystallites larger than those investigated by Peppiatt
who generally carried out experiments with particle sizes
ranging from 4008 to 1,0008 in diameter. It was found
that the particles above 1400R in diameter melted 'sharply®
at the bulk melting point, and therefore the characteristic
time of melting for these particles could not be determined
within ﬁhe time scale of the present experiments (section
5.4.1.). In these experiments, it was also found that the

polyhedral particles present in an initial solid layer have
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similar characteristic times to those of the resolidified
polyhedra, The characteristic time of the resolidified
polyhedral particles was found, at some temperaﬁures, to

vary inversely with the surface area (section 5.4.3.).

Although the majority of the melting experiments
were carried out with carbon substrates, experiments were
also performed to investigate the effect of a crystalline
substraée on the melting of bismuth particles, The
crystal&ites obtained on the 001 cleavage flakes of»

- molybdenite again showed the time delay. The crystallites
on this-subsfrate'however; could only be superheated by
about two degrees (section 5,4.4.), For each form of
crystallite on carbon and molybdenite subétrates, the
characteristic time was found to be a wéll—defined function

of temperature (section 5.4.5,)

5.2." General Observations On the Bismuth Melting

Experiments.

5,2,1, Bismuth on Carbon Substrates.

for most experiments, bismuth films of thicknesses
from about 1008 to 2008 were deposited on carbon substrates
at room temperature. The deposited>layers usually consisted
of a continuous, mottled film (figure 5.2.l1la). producing
highly textured diffraction patterns (figure 5.2.1b),
consistent with the basal (000,1) plane (in the hexagonal
description) of a large proportion of the deposit lying

parallel to the substrate. The texturing was found to



(a) (o)

FIGURE 5,2,1,

A bismuth deposit (v 1008 thick), at room temperature, and
the corresponding diffraction pattern.

FIGURE 5.2.,2,

A bismuth deposit (v2008 thick), at room temperature, and
the corresponding diffraction pattern,




increase with increasing thicknesses of the deposit; figures
5,2.2a and 5.2.2b show such a deposit of 2008 thick and the

corresponding diffraction pattern which is almost completely

fibrous.

When the layers were heated to within 50K of the bulk.
melting point, pronounced diffusion occurred (see figure
5.2.,3.), causing the deposit to break up into islands, At
this stage, sharp edges have formed together with many 120°
angles characteristic of a basically hexagonal structure
viewed along the (000,1l) direction, Upon further heating,
the misshapen crystallites tended to either split into
separate crystallites, or to grow into a more perfect crystal,

causing the particles to become thicker.

The crystallites, after melting and resolidification,
formed as compact polyhedra (figure 5,2.4a), The diffraction
pattern from such a layer is what would be expected from a

completely randém layer (figure 5.2.4Db).

The crystallites obtained in a layer are classified
according to their origin and morphology as follows:
(i) PLATELET (TYPE I) PARTICLE.

These are in the form of thin blatelets,
transparent to the 80KV electron beam and having
shapgs ranging from elongated to regular hexagons
(for example; particle marked A, figure 5,2.5a).
These crystallites all have six sides, containing

angles of 120°, Their heights are small relative
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The break-up of a layer of bismuth

[ ] A . 15
O . ® ® . .‘. . slall
(NS el Ta ® * ® ®
2 . e e (9 P Q.
. s .. ® .. L ° |
.. .C . . ® ®
% I RS TR ® o
*- Re, .-..o-. ) 3 ® .',0.
e o9 ® - sl ®ig C3h T SANR
L] NS . ® [ 2
® .9 . e ® ° ® . .
..'. 0 o5 . -0 L . i® . ..
e @ . @ ® * A
| P U o® : ® '...'. .
g ee » [ 4 . -
. 3 ) .
.o )% o (N RO O O .0.-. s
e - o" o .o laNEEENL .9 o€
o. , ..' '... .-.Q ‘9 © v o
Laiee S, ;‘ o &' MnitL LRSS ‘. .. °
o e . G/ * i
L 0,4um 1 (a)

FIGURE 5,2,4,.

The bismuth crystallites in a layer which had been melted
and resolidified, and the corresponding diffraction pattern
from the layer,
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to their basal dimensions, as may be inferred‘from
the size of the spherical liquid droplets formed
upon melting (figure 5.2.5b). The shapes of these
crystallites remained unchanged on heating, till

finally melting into spherical liquid droplets.

These particles are identical to those termed platelet

(type 1) particles by Peppiatt (1973, 1975), and in the

present work the same nomenclature is retained, The

characteristic time of melting of these particles has been

determined by the author in conjunction with the polyhedral

particles obtained in a single layer, (see sections 5.4.1.

and 5.4.2.)

(ii) POLYHEDRA (TYPE I) PARTICLE,

Particles obtained by heating layers of
2008 or more thickness, were initially irregular
in shape, having several re-entrant angles, many
of which vanished on further heating near the bulk
melting temperature (figure 5.2.6; see also figure
5.4.l1a), Thesg are thick crystallites, with a
height-to-radii of the liquid droplets ratio in
the range 0.6 to 0.8. . The maximum liquid droplet
diameter from such particles was about 65002, while

the minimum was of the order of 14002.

(iii) POLYHEDRA (TYPE II) PARTICLE,
Particles obtained by melting and resolidifying

the above platelet (type I) and polyhedra (type .I)
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particles, are nearly spherical in shape, These
particles, however, could only be distinguished

from their liquia droplets from the faceting on

the side faces, The sizes of such particles

ranged from a few hundred angstroms to a few thousand

angstroms in diameter of the liquid droplets,

These particles, obtained similarly and referred to as
polyhedra (type II) particles by Peppiatt (1973,1975), will

also be termed polyhedra (type 11) particles ,

(iv) POLYHEDRA (TYPE 1I") PARTICLE.

These are similar in morphology to the above
polyhedral partiéles, except that they occurred in
an initial solid layer (for example, particle marked
B, figure 5,2.5a). They were found in layers
with thicknesses intermediate between 1008 and
about 2002,_6ccurring together with the platelet
(type I) éarticles, and had sizes upto a few hundred

Rngstroms in diameter,

5.2,2, Bismuth on Molybdenite Substrates.

For the experiments on the molybdenite substrates,
the films were always deposited on the substrates at temperatures
a few degrees below the supercooling temperature, In most
of the experiments,Athe deposits were not examined after the
evaporation, but immediately heated to the experimental
temperature in the absence of the electron beam, Figure

5.2.7a shows a layer of about 1008 thickness, which however
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FIGURE 5,2,5,

A layer of bismuth (~+1508 thick) containing platelet (type I)
and polyhedra (type II*)particles (b) after heating the
layer (a) as abgve for 2 minutes at To- 4K,
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FIGURE 5.2.6

A bismuth layer (n200R) containing polyhedra (type I) and
platelet (type I) particles,
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was observed after being deposited, The layer consisted of
a large number of elongated ("needle-like”) oriented
crystallites, joined with each other at an angle of ~60° into
a 'mesh-like' pattern. The diffraction pattern from the
layer indicated a large proportion of these crystallites to

be oriented with their (000.1) pléne parallel to the substrate.

When the above layer was heated to within 30K of
the bulk melting point, the mesh-like pattern broke up into
individual crystallites (figure 5,2,7b), Many of these
still retained their needle-like shape, while some were found
to be irregular in shape. In general, these particles had
the ratio of their heights to the radii of the liquid droplet
in the range 0.4 to 0,6; the ratio of the length to the
diameter of the liquid droplet of the needle-like particles
varied between 2 and 5.  Upon melting . . the crystallites,
the liquid droplets were always located at one end of the
crystallites. By reSolidifying the liquid droplets, nearly
spherical particles were obtained. Due to the lack of any
distinguishable faceting in almost all of these particles,

no melting experiments on such particles were carried out,

Films thicker than those above were found, for the
most part, to be almost continuous, containing a few
irregular holes. These layers did not break up into
individual crystallalites when heated to temperatures
close to the bulk melting temperature; instead oriented

hexagonal holes developed, These layers melted at the bulk

melting point.



(a)
(b)

(b)

FIGURE 5,2.7

A layer of bismuth (v1008 thick), on molybdenite
substrate (substrate temperature, 425K);

The same layer after heating for two minutes at 30K
below the bulk melting point (544K). (The arrow
indicates a 'decorative' step on the substrate).

92
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5.3. The Experiments on Time Delay,

By heating the crystailites in a layer of bismuth
to the same temperature several times, the variation in the
number of crystallites remaihing solid was determined as a
function of time. 'Decay curves were then plotted in which
either g; or -1ln g— was plotted against the total time, ¢,
for which.the layerlgas heated,. From these curves, a value

of the characteristic time (1) of melting at the given

temperature was determined using the equation

= --t-
N =N, exp (- =)

where No'is the initial number of solid particles, N(t) is

the number remaining solid when heated at a given temperature
for the total time t. For those experiments with very large
or very small characteristic time, however, a value of 1 was

estimated from the small portion of the decay curve obtained.

It was often found possible with layers having large
particle density, to repeat the heating process by increasing
the temperature in stéps of 1K, providedasufficient number
of particles still remained solid at the‘énd,of one experiment.
By this, values of 7 could be determined at several
temperatures by using the same specimen, This was continued

until the number became too low (less than 50),



5,4, The Characteristic Time of Melting for the Various

Types of Particles.

5.4,1, Absence of Time Delay in the Polyhedra (Type I)

particles,

When the polyhedra (type I) particles were heated to
different temperatures below the bulk melting point,_for‘
various periods of time, it was observed that none of these
particles mélted at these températures,  All these
particles, however, melted at the bulk melting temperature
when heated to this temperature for about two minutes which
was the maximum time required to stabilize the temperature

over the entire specimen,

Figure 5,4,1a shows a series of micrographs frqm.a~
typical experiment in which the layexr also cqntained.the
platelet (type I) particles. A histogram of thé size
distribution (given as the diameter of the liquid droplets)
is shown in figure 5.4,1b. The minimum size of the.

- polyhedral particles in the layer is & 1,400R ‘in diameter.

The layer was heatéd to temperaturers of 4K, 2K and 1K below
the-bulk melting point for total time of 20, 10 and 10 minutes
at each temperature respectively. The layer was finally
heated at the bulk melting temperature for 2 minutes. At
temperatures‘ be1ow the bulk melting point, the number of
platelet type particles only decreased steadily each time the
layer was heated. The polyhedral particles gradually became

thicker and grew into regular hexagons but otherwise remained
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and platelet

A typical series of micrographs from a time delay experiment

on a bismuth layer containing polyhedra (type I)

(type 1) particles.




solid ‘during this period, The polyhedral particles melted
at the bulk temperature, while a few platelets still remained
solid at this temperature. The situation is shown

graphically in figure 5.4.2.°in which 3~ , the fraction of
) (@]

particles remaining solid is plotted against the total time
(t) for the two types of particles. ' The temperaturesS. are

. also Shown along the abscissa. Since none df the poly-
hedral particles melted at the temperatures. below the bulk
melting point, the graph for these particles remains parallel
to the abscissa. The slope of the graph, however, changes
abfuptly at the bulk melting point when all of these particles
melted, In view of the ‘'sharp’ melting of these particles
at the bulk melting temperature; vt for these could not be
determined; also at temperatures- below the bulk melting
point, v 1is too large to be determined in the present
experimental time, Values of t for the platelet type
particles could be determined at each of the experimental

temperatures.- -

Thus, even if a time delay in the melting of the
polyhedra (type I) particles'does exist,‘the t of such
particles is so high (at temperatures' below the bulk melting
point).and so low (at the bulk melting point) that it could |

not be determined in the time scale of the present experiment.



97

. (To- 4K g (To=2)k |, (To-1)k ,Tq
1.0‘ ¢ -—— .—.———0——-—-———0—-.——-..——1.
:: polyhedra (type I)
o\o
0.8
I~ o\
N *\\
NO } (- .
0,64 \\\

plateletsq\

(type I) *\\

[~ . 0,

0.4 | $\\\

[+]

0.2f
<
0] 1 1 1 1 1 3 1 .I !
5 10 15 20 25 30 35 40 45
(time (t) (minutes)
FIGURE 5.4.2.
Graph showing the variation in the number of bismuth
type I polyhedra and type I platelets remaining solid (N)
with time (t).
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FIGURE 5.4.1b.

Size distribution of the bismuth type I polyhedra and
type I platelets, shown in figure (5.4,1l1a),



5.4,2, The Characteristic Times of Platelet (Type I)

*
Plus Polyhedra (type II) Particles in a Single Layer.

Figure 5,4.3. shows the decay curve from a timeldelay
experiment on a layer containing the platelet (type I) and
polyhedra (type II*) particles. In this, =~ 1n %; is
plotted against time, t;. The graph is curved in the initial
stages of heating, before approximating to a straight line.

A value of t was determined from the straight line portion of
the curve. A lower value of t is, however, represented by

the initial curved portion of the decay curve, indicating a

higher melting rate (which is %) at this stage.

It was observed that a large number of the polyhedra
(type II*) particles melted during the initial heating period,
compared to the platelet (tYpe I) particles (for example,
see‘figure 5.2.5.). In figures 5,4,4a, and 5,4,45. decay
curves have been drawn separately for the polyhedra and the
platelet type particles. .The curves approximate to straight
lines in each case and thérefore,:values of t for both types
of particles could be determined, | It is found that these

curves jointly give the decay curve of figure 5,4,3..

5,4,3. The Characteristic Time of Polyhedra (Type II)

Particles as a Function of Surface Area,

The polyhedra (type II) particles in a layer were
divided intb suitable size ranges (usually in intervals of

SOR), so that a large number of particles (at least 150) was
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FIGURE 5.4,3,

Variatign in the number - of bismuth type'l platelets and
type II" polyhedra remaining solid (N) with time (t),
plotted on a logarithmic scale.
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Variation in the number of bismuth type II polyhedra
remaining solid (N) with time (t).
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(b) FIGURE 5,4.4.

Variation in the number of bismuth type I platelets
remaining solid (N) with time (t).
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included in each size range, The characteristic times of
melting of the particles in each size range was determined

at different temperatures.. This was done using either

the particles in different specimens at different temperatures
or using specimens with large particle density, by heating

the particles at a higher temperature from the previous one,
provided a large number of particles in each size rangé

still remained solid at the end of the firstAexéerimental

temperature,

It is found that at temperatures within a few degrees
of the bulk melting pbint, the characteristic time of the

particles depended inversely on their surface area. The

. . 2 _
- surface area was taken as being proportional to =, where r

is the radius of the liquid droplet. ‘ Figure 5,4,5, is a
plot of 1 versus ;%— ét a temperature. of 3K below the bulk
melting point. At temperatures much lower than the ébove,
very few of the larger particles melted; and consequently

T is very high forbthese particles at such temperétures

At these temperatures, there was a departure from linearity
of the characteristic time with the surface area, and the
graph curved upwards at the larger particle end of the graph
(figure 5.4,6, curve (a)), Upon heating the same particles
at a higher température, the linearity of the characteristic
time with the surface area of the.polyhedral particles was

observed once again (figure 5.4,6, curve (b)).
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Variation of the characteristic time (t) with the surface

area (r2) of the polyhedra type Il particles (r is the
particle radius),
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Variation of the characteristic time (1) with the surface

area (r2) of polyhedra type II particles at two different
temperatures.,
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FIGURE 5.4.7.

Variation of the characteristic time (1) with the particle
radius (r) of type 11 polyhedra, plotted on a logarithmic scale,
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A more quantitative idea of the dependence of the
characteristic time of the polyhedra (type II) particles on
their surface area can be obtained from the graph of figure
5.4.7. in which 1 is plotted against r on a logarithmic
scale. The slope of the straight line is approximately 2,
suggesting surface area dependence of the characferisiic

time of melting for such particles,

5.4.4. The Characteristic Time of Melting of The Particles

on Molybdenite.

The time delay in melting is found to be present
in bismuth particles on molybdenite substrates. In figure
5.4.8, fhe fraction of particles remaining solid %; with
time at a given temperature is plotted on a logarithmic
scale against the total time (t) for which the particles
were heated, The layer consisted of both the needle-like
and the irregularly shaped crystallites. It can be seen
that the later stages of the decay curve generally show a
good exponential decay in the number of particles remaining
solid; the initial rate of melting, however, is higher
than the final constant value, as demonstrated by the curvature
of the graph, ‘A value of t was deduced from the linear

portion of the graph.

The higher melting rate at the initial stages of
heating was found to occur with both the needle-like and

irregularly shaped crystallites. Figure 5,4.9. shows the
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FIGURE 5.4.8.

"Variation. in the number of particles remaining solid (N)
with time (t), plotted on a logarithmic scale.
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FIGURE 5.4.9.

Variation in the number of needle-like and irregularly
shaped particles remaining solid (N) with time (t) plotted
on a logarithmic scale.
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two decay curves dra&n separately for the two type of
particles present in the same layer, Although the initial
melting raté for both types of particles Were greater than
their respective final.constant values, the final melting
rates for both the particles, however, were often themselves

generally found to approximate a single constant value.

The maximum temperature at which some particles
still remained solid was about 2K above the bulk melting
temperature, so that a value of the characteristic time of
melting (t) could be determined at this temperature. Almost
all the particles melted on heating above this temperature.
Values of 1t were determined at different temperatures, . from
about 6K below the bulk melting point to 2K above it.
The characteristic time of melting was found to be a well-

defined function of temperature (section 5,4,5.,).

5.,4,5, Temperature Dependence of the Characteristic Time.

The variation of the characteristic time of melting
(t) with temperature (T)'has been plotted (on a logarithmic
scale) in figure 5.4,10.. for the bismuth platelet (type I)
and polyhedra (type I17) particles and for the particles on
molybdenite substrate, Also drawn in the figure are the
experimental graphs of ?eppiatt (1973, 1975) for the platelet
(type I)‘and polyhedra (type II) particles. The experimental
points obtained in the present experiments on the platelet

*
(type I) and polyhedra (type II ) particles generally agree
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with the graphs of Peppiatt for the platele£ (type I) aﬁd
polyhedra (type II) particles respectively. The graph
for the particles on molybdenite substrate has been drawn
independently from those of Peppiatt, It will be seen
that the graphs approximate to straight lines, suggesting
an exponential dependence of the characteristic time on
temperature.  . This, however, is probably an artifact

due to the narfow temperature rangeover which it was

possible to investigate,
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CHAPTER 6

'RESULTS OF THE MELTING OF SMALL PARTICLES OF TIiN.

6,1. Introduction,

The melting of small particles of tin has been
studiéd by severél workers who, because they were unable
to make direct observation, assumed the particles tq be
spherical (see section 1. 3.). In all cases, a depression
in the melting ﬁoint from the bulk value with decreasing
_ﬁarticle size (given as the radii of the 'spherical' particles)
has been observed‘in accordance with the theories of melting
of small particles. In particular, due to the small
scatter found in the melting temperatureS:-of particles of
eqﬁal size,the results of Wronski (1976), (figure 1.3.2,)
suggest a definite melting temperature fbr each particle
size. By treating the results theoretically, Wronski
deduced a value of the solid/liquid interfacial energy.
The préseht e#periﬁents, performed in the electron micro-
scope, have shown that when tin is deposited on amorphous
carbon, molybdenite ér graphite substrates, the particles
were.in fact inAthe form of thin platelets which, on
melting, form the spherical liquid droplets (figure 6.1.1.).
By assuming that these platelets melt by forming a liquid
skin along facets or curved surfaces round the platelets,
a dependence of the melting:ﬁoint of the individual platelets
on the respective thicknesses would be expected (see 2.3.4.).

For comparison with previous workers, the dependence of the
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(b)

(a)

(b)

FIGURE _6,1,1,

A layer (mloox thick) of tin on carbon
(substrate temperature <330K) ;

The deposit of figure (a) when molten,

0.4um

substrate

112
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melting point on the radius of the final liquid droplet has
also been plotted, although no theoretical conclusions may

be drawn from this.-

The existence of a time delay in melting as observéd
for the bismuth particles (Peppiatt, 1973,1975) was also
investigated in the melting of the tin particles. However,
no such obvious time delay effect was noticed within
experimental error (section 6.3.).  Therefore, a definite
melting point could be assigned to the individual tin

particies, which is not possible for the bismuth particles.

6.2, . The Deposition and Appearance of the Tin Particles.

Thin layers of tin, with mean thicknesses ranging
from about iooﬁ to 2008 were deposited on substrates,
maintained at temperatures . a few degrees below the maximum
supercooling temperatures . observed (see section 7.3.). In
a majofity of the expériments, substrates of amorphous
carbon were used. Immediétely after evaporation, the
deposits'were.quickly heated (at a rate of about 20Kmin™ 1),
with the electron beam switched off, to 50K below the bulk
melting point. By this method; the amount of hydrocarbdn
contamination (due to the'crécking of the residual oil vapour
by the electron beam) was kept to a minimum, as the layers
were only observed at temperatures well above room
temperature. .Two such layers of mean thicknesses of 1008

and 2008 on carbon substrates are shown in figures 6.2.1
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and 6.2.2. respectively, together with the diffraction
patterns from these deposits. The diffraction patterns are
characteristic of random orientation of the polycarystalline
deposits} except for figure 6.2;2. which is slightly
oriented with the (OlO)lfibré axis perpendicular to the
substrate. These layers consisted of individual particles,
unlike evaporated films of bismuth, which would be continuous.
The tin crystallites can be grouped into two size ranges

- one of 508 and less, and the other of lOOR.and above,

The large crystallites are surrounded by clusters of smaller
particles. For the smaller particles, it is very difficult
to aistinguish between the solid and liquid, and hence, only

the large crystallites were analysed.

The large crystallites are in the form of thin
platelets, having a variety of shapes, The platelets
have linear dimensions parallel to the substrate approximately
two times greater thah their heights (section 6.4.1l.).
Although a majority of the platelets in the thicker layers
_(figure 6.2.2.) are irregular in shape, in the thinner layers
(figure 6.2.1l.) they were found, in general, to be nearly
circular or elliptical. Faceting of the side faces in
the platelets is much less marked (particle A, figure 6.2.1.)
“than in the platelets of bismuth, However, some of the
platelets in :the thicker layers have straight edges;
occasionally a few can be seen to be squére in appearance

(particle A, figure 6,2.2.). With the exception of a few
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FIGURE 6,2,1,

A layer (v1008 thick) of tin and the corresponding
diffraction pattern.

AR
hi’""tc

< F

L O.5um (a) (b)

FIGURE 6,2.2,

A layer (~200R thick) of tin and the corresponding
diffraction pattern,
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irregular parficles , Very little or no change in the shapes
of the platelets was observed on further heating at a

higher temperature, until melting occurred when they form

the spherical liquid droplets., The solid platelets could
therefore be readily distinguished from the respéctive ;iquid

droplets.

Many of the platelets in the thicker layers have
grain boundaries in theﬁ, but grain boundaries are completely
absent in the platelets of the thinner layers. These grain
boundaries are observed to disappear on heating the layers
closé to the bulk melting temperature, This is shown in 3
the particle A (figure 6.2.3a.) of an initially deposited |
layer., On heating at 12K below the bulk melting point, the
grain boundarieé in this compoéite platelet (consisting of
two  separate grains), have been removed. A single
crystallite is formegqd, haviﬂg the shape of the original
platelet (figure 6.2.3b.). Also some of the platelets are
" seen to have dark bands across them, A few such platelets
are indicated by circles in figures 6.2.1. and 6.2.2, These
bands are bend~contours resulting from sirains in the
‘crystallites. Dark bands occur whenever a part ofvthe
crystallite is at a Bragg reflection angle to the electron
beam. Although bend-contours are found to be already
present in the initially deposited platelets, some are
noticed to be generated on heating the platelets to higher
temperatures.. For example, particle B (figure 6.2.3a.)

has only one bend-contour in the initially deposited layer



FIGURE 6.2.3.

Particles of tin, showing grain boundary and bend
contour in a layer after its deposition at ~330K;

The same layer after being heated for two minutes
at 12K below the bulk melting point (505K) (the
arrows indicate the bend contours).
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on carbon substrate. On further heating for two minutes
at 12K below the bulk melting point, another bend-contour
~appears in the particle,, at a distance of about 1008 from
and parallel to the first. Still further heating of the
layer to higher temperatures did not produce any more

bend—-contour in the particle.

The particles deposited on molybdenite and graphite
substrates were similar in appearance to those on carbon
substrates. Also, no orientationvof the particles on thése
bases were observed despite alterations to the substrate
temperatures and rates of evaporation. Therefore, only a

few melting experiments were performed with these substrates.

‘When liquid tin droplets were recrystaliized by
cooling, spherical particles were formed with no apparent
faceting in the resolidified particles. Even prolonged
‘heating at various temperatures below the melting point
did not produce any facet in fhem. Due to the difficulty
in distinguishing the solid from the liquid, the melting
points of the resolidified particles could not be determined

'in the present experiments.

Although in a vacuum of 4}«:10_7 torr, the occurrence
of some contamination of the specimens is possible, no signs
of this were visible either in the micrographs or as extra

(oxide) rings in the diffraction pattern.
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<3. Absence of a Time Delay in the Melting of Tin

Particles.

A few experiments werevperformed with the tin
particles to investigate the existence of a time delay in
melting. These were carried out by heating the particles
in a layer of tin at a given temperature for various
lengths of time. If it is assumed that a time delay does
exist in the melting 6f the tin crystallites, then the
number of particles remaining solid at the end of each
heating period should decrease with time,  Instead it was
observed that although a number of the solid particles
melted on heating the first time at a given temperature,
very few particles or none at all melted on the second or
‘subsequent heating of the layer to the same temperature,

The result of a typical experiment is described below.

A layer of tin containing about five hundred
particles, after being initially heated at SOK below the
bulk melting point, was heated (with the electron beam
switched off) to 10K below the bulk melting temperature.
The layer was heated at this temperature for successive
periods of two, five and ten minutes (being cooled down
after each heating period for obsérvation). The first
period at the higher temperature caused approximately fifty
solid particles to melt, the second only six and the third
none at all. = On increasing the femperature by 2K and by

repeating the process, about thirty of the remaining solid
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particles melted, but only two melted during the rest of
the heating period. The fact that a few particles melted
on the second heating at a given temperature is probably
due to the inaccuracy in stabilizing the temperature, so
that a s}ightly higher temperature could have been obtained

during the second heating.

Thus the existence of a time delay in melting for
tin particles has not been observed. If a time delay does
exist for these particles, it must have a characteristic
time of melting (1) of several hours or less than a minute;
and would therefore not be observed in the present
experiments. In the absence 6f;a time delay, therefore, a

definite melting temperature can be assigned to individual

tin particle.

N

<4. Thickness Dependence of the Melting Point of

- Small Particles of Tin.

6.4.1. The Thicknesses of the Tin Platelets,

The tin particles were in the form of thin platelets
with their linear dimensions parallel to the substrate a few
.ﬁimes greater than their thicknesses. An estimate of the
thicknessess of the platelets can be made by comparing
the visible areas of the tin particles before and after
melting.in the micrographs of figure 6.1.1. (The method to
determine the thicknesses of the individual platelets is
described in section 4.1.2.). It was found that an

approximate linear correlation exists between the thicknesses
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The variation of the tin platelet thickness with
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of the platelets and the radii of the final liquid droplets
(figure 6.4.1l.). From the slope of the curve it can be

seen that for most of the crystallites

0.6> f 50.5 | (6.4.1.)

where t is the thickness of the platelet which on melting

forms the liquid droplet of radius r.

6.4.2. The Thickness Depéndence of the Melting Point

of Small Particles of Tin,

As mentioned previously, if the tin platelets are
assumed to melt by the formation of a liquid skin round
their curved edges, the melting temperature of the platelets
would be expected to depend on their thicknesses. In figure
6.4.2., the melting point of the platelets is plotted as>‘
a function of the platelets thickness (t), for platelet
thickness ranging from about 508 to 1,0008. The melting
temperature of the platelets. on the three substrates is
included in the graph. No significant difference between
the melting temperatures of the platelets on the three

substrates was observed.

Figure 6.4.3.. 1is a plot of melting point depression,
_AT(l=T-TO) from the bulk melting.temperature (TO), of the
platelets, against thé reqiprocal of thickness (t) of the
plételets. The curve is approximately a straight line
but has a slight curvature for platelet thicknesses less

than 60%. The slope of the straight line portion of the’
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Graph of melting temperature against thickness .t,
for platelets of tin on amorphous carbon, and
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curve is (1.469+016 ) x 103KR' - An accurate plot, however,
would require a logarithmic plot of the depressioh in the
melting temperature (ln% ) from the bulk melting point (To)
against the reciprocal o% the platelet thickness (t)

(see figure 6.4.4.). Once again the curve approximates to

a straight line in the region of platelet thicknesses

greater than 60%.

For a discussion on these results, see section

8.1.

6,5, Comparison with Previous Work on the Melting of

Small Particles of Tin.

For comparison with previous work, the melting
temperature of the individual tin platelets has been plotted
as a function of thé liqﬁid droplet radius (figure 6.5.1.).
Since the solid particles formed byvrecryStallizing the
liquid droplets were spherical, the above method of plotting
the graph would be idéntical to that of Curzon (1960) and
Wronski (1967). The particle_sizes, as measured by these
authors were, in fact, répresented the radii of the
recrystallized solid particles. 1In the present graph, the
melting temperature of the platelets on the three substra;es,
has been shown. ' The smallest particles whose solid and
liquid states could be distinguished with confidence were
'of the order of 608 in radius. The curves obtained by

Curzon and Wronski are also included in the graph.

The results are discussed in section 8.1.5
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CHAPTER 7

OTHER EXPERIMENTAL OBSERVATIONS.

7.1, Diffusion in the Tin Platelets near the Melting

Point.

In a melting experiment in which the crystallites
are gradually heated from below their melting points, a
certain amount of atomic diffusion in them can occur. This
diffusion may result in some of'the crystallites changing

their shapes into more compact solid forms.

In the present experiments, the change in shape of
the tin platelets in the neighbourhood of their melting
points, has been observed by two methods.

(1) In the first method; the platelets were
heated and observed at each stage of a normal
melting experiment.  The heéting and observation
was continued until all the crystallites in a layer
were seen to have melted. . The micrographs were
then.analysed to see if any change in shape of the

platelets had occurred‘during the heating process.

(ii) In the second method, the platelets
were continuously observed while being heated neax
the melting point. For this, a layer of tin,

immediately after deposition, was heated at about

1

20K min - (with the electron beam switched off) to

within 50K of the bulk melting point. The heating

rate was then reduced to about 3K min~ % and the
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layer observed continuously. The heating rate was
further reduced to 1K min-l, as soon as some of the
crystallites were seen to melt, By using the

normal internal plate camera, a series of micrographs
was taken, usually at an interval of 5 sec. with the
photographic plates exposed to the electfon beam

for about a second, This was continued until all

the crystallites were seen to have melted.

In the normal meltingtexperiments, the majority of the tin
crystallites once deposited did not change their shapes until
they melted. A few irregular platelets however did display
a certain amount of atomic diffusion, In particular, upon
heating, the re-entrant angles vanished and the platelets
assumed a more compact form (figure 7,1.1l.). The diffusion
process by which material from the side faces of the initial
platelet buildsonto the top (and perhaps the bottom) surfaces,
is rather slow, often lésting up to 30 minutes, the total
tiﬁe of a normal melting experiment, However, in the second
method of heating and observing continuously, an unusually
enhanced form of diffusion (termed "sﬁapping“, see Biackman
et al, 1975) often occurred in some of the platelets by
which they changed their shapes abruptly into more compact
solid forms. This was seen as the appearance of double
images on micrOgraphs. For example, in figure 7.1.2., the
initial thin form of the platelet ( the larger outline) has
'snapped’ into the more compact form (the inner outline),

during the exposure time (~ 1 sec) of the photographic plate.
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FIGURE 7.1.1.

'Slow diffusion in irregularly shaped tin particles in a normal
melting experiment . (a) and (b) show the particles before and
after the heating respectively,

0,2um

FIGURE 7,1,2,
Symmetrical 'snapping' in a tin platelet.

FIGURE Derylleg e

Symmetrical 'snapping' and melting in two tin platelets.



131

This abrupt change in shape has occurred almost symmetrically,
ﬁith material being transferred from all the side faces,

The shapped plafelet often retained some of the original
facets, while developing some new facets (see figure 7.1,2.),
The centre of mass of the platelets moved only slightly in
the final particle, so that on melting, the liquid droplet
formed in position with little change of the centre of mass
of the original solid platelet, For example, particle A

(figure 7.1.3.) has melted, while B has snapped symmetrically,

Although the snépping in the tin platelets was
generally found to occur symmetrically, occasionally some of
the irregular platelets were seen to snap asymmetrically.

In these, more material was transferred preferentially from
some sides (figure 7.1.4.), On melting, the liquid droplets
in such cases were seen to be located at these sides of the

original platelet. Occasionally some of the tin platelets

exibited a double snapping in which two abrupt shape changes
occurred, separated in time by approximately half a second.

In figure 7.1.5., several outlines in the platelet can be

seen.,

Snapping in the tin platelets was seen to occur in
the deposits on carbon substrates, but was absent in the
platelets on the molybdenite and graphite substrates. The
tin platelets on these substrates were found to become
severely contaminated during the 15 minutes normally required

in the continuous observation of the platelets.

The results are discussed in section 8.4.1.
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A tin platelet which has 'snapped' asymmetrically.
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FIGURE 7.1,5,

'Double snapping' of a tin platelet,
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T.2. Diffusion in Bismuth Films on Molybdenite Substrates.

- When bismuth film of thicknesses of n 1008 were
" condensed onto molybdenite substrates (heated to 425K),
films comprising of a network of needle-like crystallites
were obtained (see figﬁre 5.2.7a.). On further heating
(at a rate of 5K min~Y) these films, the network of the

broke up into individual crystallites.

A different kind of behaviour was observed on
similarly heating bismuth films of thicknesses greater than
1008, Two such films of 2008 thickness are shown in
figure 7.2.1.. 1In each case, the layers after deposition
on molybdenite substrates, maintained at 425K, consisted
of many irregular holes in an otherwise continuous layer.
The layers produced highly textu;ea diffraction patterns,
consistent with the basal (000.15 plane (in the hexagonal
description) of‘the layer parallel to the substrate. On
heating (at a rate of 5K min *) to 10K below the bulk
melting point, these layers did not break up into individual
crystallites. unlike a similar thickness of bismuth film
on carbon substrates. Instead many of the irregular
holes were observed to transform,.by an atomic diffusion
process,_intd'Oriented hexagbnal‘ voids with sharp edges
and corners (see figure 7.2.1, a-and b f; ‘In some cases ,
a few triangular voids (figure 7.2.1.b) were also seen to
have formed. Small crystallites of bismuth can be noticed

in some of the hexagonal voids,
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IGURE 7.2.1,

e

Oriented veoids in bismuth condensed on M°SZ‘
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On heating close to the bulk melting point,’ these
layers btoke up into irregular particles and eventually

melted (without any 'snapping') at the bulk melting point,

7.3. Supercooling of Small Liquid Droplets.

In addition to the experiments on melting, a few
experiments were performed on the sﬁpercooling of the liquid
‘droplets formed during the melting experiments.  These
;experiments were also carried out with liqgid droplets
formed by depositing the 1ayers.as ligquid on the substrates
heated near the bulk melting point. As these layers were
deposited at temperatures much higher than room temperature,
the liquid droplets would be expected to be less contaminated
by the residual gas vapouré than those” obtained in a

melting experiment.

The amount of supercooling in the liquid droplets
was determined by the methods described by other workers

(Stowell, 1970; see also Peppiatt, 1973),

(1) In one method, thé 1iquid layer was
slowly cooled down (in steps of aéproximately 5K),
and the diffraction pattern from the layer was |
continuously observed by using a low intensity
electron beam to reduce beam heating. Also the
regions of observation in the layer was frequently
changed to avoid localized beam heating. The

temperature at which the halo diffraction pattern
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characteristic of the liquid layer changed into sharp
crystalline rings was noted,

(ii) In another method, the liquid droplets were
continuously observed with a reduced beam

intensity, while gradually cooling down the layer.
Also, as before, the regions of observation were
continuously moved. The temperature at which

a large proportion of the liquid droplets began

to form crystal facets by solidification was

nbted.

In the second method, a few liquid droplets were seen to
become solid long before the remainder; this was presumably
due to "seeding" of the liquid by specks of impurities, and
these were therefore neglected, This method could not be
employed for the liquid droplets of tin, due to the absénce
of any distinguishable faceting in the resolidified liquid
droplets. = Both of the above méthods, however, produced
jdentical results- within experimental error of a few degrees.
This suggests that the effect of electron beam heating is

negligible in this case.

For both bismuth and tin, no significant difference
was noticed between the amounts of supercooling of the liquid
droplets formed during a melting experiment and those obtained
by depositing the layer as liquid. The normal pressure

7

during the experiments was ~4x10 ' torr. The amount of

supercooling for liquid droplets of bismuth and tin was
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Particle Size, Substrate Amount of Supercooling,

&) | (K)
300 ' Carbon 155-162
300 Molybdenite 110-115
300 _ Graphite 120-128

TABLE 7.,3,1.,"

Results for the supercooling of liquid droplets of

bismuth. Bulk melting point = 544K,

Particle Size, : Substrate Amount of Supercooling,
(x) (K)
300 Carbon 160-170
300 | Molybdenite , - 100-115

300 | Graphite 130-133

TABLE 7.3.2.

Results for the supercooling of liquid droplets of tin.

Bulk melting point = 505K,
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determined on carbon, molybdenite and graphite substrates
and are shown in tables 7,.3,1, and 7,3.2, respectively,

The results will be discussed in section 8,3.

7.4, Mass-spectrometer Scan of the Residual Vacuum,

.Figure 7.4 shows the combined scan of the residﬁal
vacuum both before and after the cold trap was filled with
liqﬁid nitrogen. The partial pressures on this graph are
only approximate. They are given according to a unit
sensitivity for nitrogén at the spectrometer setting employed,
Beéause the sensitivities vary considerably with the
conditions the partiél pressure values are only accurate to
within a factor of 3. Specific consideration was given to
the partial pressure of oxygen (p.p 02) and it was deduced
that under normal operating conditions p,p O, was 8 Yo x 1078
torr. |

From a comparison of the two scans it is apparént that
the cold trap has reduced considerably residuél oil vapour

and water wvapour, leaving the nitrogen and oxygen almost

undisturbed,
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"Cracking” pattern of residual vacuum in the electron microscope.
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CHAPTER 8

DISCUSSION
8.1. The Melting of Small Particles of Tin.
8.1.1. | Introduction. |

The small particles of tin obtained by vapour
deposition onto substrates were in the form of thin platelets.
The diffraction pattern from layers of 1008 or less in
thickness. were characteristic of a random orientation
of the platelets., In the thicker iayers, the platelets
were slightly oriehted with (100) type planes parallel to
- the substrate. The grain boundaries observed in some of
the platelets were seen to be removed from the crystallites
upon heating to a few degrees below the respective melting

point (figure 6.2.3.).

Brbad, dark contours have been observed in some
'.of the platelets, These almost certainly occur when a
platelet is bent in such a way that part of the crystal is
at a Bragg angle to the electron beam. The diffracted
beam will be removed by the objective lens apérture,
resulting in a higher contrast image for this region than
the remainder of the crystallite, The bending in the
platelets may have resulted from the differential expansion
between the platelets and the substrate. Upon heating the
tin platelets would have expanded to a much larger extent
than the substrate used, If a good adhesion existed between

the tin and the substrate at some points on the platelet/
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substrate interface, the bottom surface of a platelet
would not have been able to expand freely, while the top
surface would expand considerably. The platelet would
therefore become distorted, The effect of strain energy
due to the bending in the platelets on their melting points

has been discussed in section 8,1.3.

The results for the melting of the tin platelets
have been interpreted .assuming a dependence of the melting
point of a platelet on its thickness, This is in contrast
with the earlier work of Biackman and‘Curzon (1959), and
Wronski (1967) who performed the experiments in an eiectron
diffraction camera, and therefére had to assume that the

crystallites were roughly spherical. A liquid skin melting
model has been used to interpret the éresent results; in
this the effect of the two principal radii of curvature dn
the melting point of a platelet has been considered, see

section 8.1.2. below.

8.1.2. Effect of Thickness on the Melting Point of
a Platelet, ‘

The melting point results confirm that there is a
melting point dependence on the tin platelet thickness,
The melting point of the platelets decreaseéd from the bulk
value, To’ (505K) with decreasing platelet thickness (see
figure 6.4.2.). The results show that to a first
approximation, the depression in the melting point (AT)

varied inversely as the platelet thickness (t) (figure 6.4,.3),
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Also the results of a few melting experiments on molyb-
denite and graphite substrates did not differ significantly
from those experiments on amorphous carbon substrates, The
scatter in the melting point for the tin platelets of equal
thickness was of the order of 2K, Therefore, the melting

point of a platelet can be taken to be a definite function

.of the platelét thickness.

As describéd in section 2.1,2,, the theories of
melting of small particles as given by Pawlow (1908-9,
1909) and Rie (1923) cannot explain the present results,
The physical conditions defining the melting point of a
small particle (assumed spherical) in these theories are not
consistent with the present experiments. Also the melf—
ing point depressions from the bulk value are much smaller

than those given by the thermodynamic melting point of a

small particle.

It seems that the only way in which a crystallite
can melt below the bulk melting point is by the formation
of a liquid skin on the crystal surface.‘ By assuming
that the liquid skin completely wets the surface (see
section 2.2.3.), then the liquid skin, once formed, will be
able to progress through the solid and dissolve it at the
skin melting temperature without reguiring an activation
energy. However, an activation energy may be needed in
the initial nucleation of the liguid skin, as the liquid

skin must itself grow from an initial two dimensional
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nucleus (section 2.2.4.) of the critical size. In the process,

a time delay in melting may result (see section 8.2.1.). Since

no time delay has been observed in the melting of the tin platelets
it seems that the liquid skin has little difficulty in forming at
the appropriate temperature.

Since the tin crystallites were in the form of tl'u_n platelets,
therefore it seems that they can melt below the bulk melting point
only by forming the liquid skin on the curved side faces of the
platelets. It is unlikely that the top or the bottom surfaces of
the platelets can melt below the bulk melting point. Since these
surfaces are flat, therefore they have an infinite radius of
curvature and will melt at the bulk melting point. Considering the
platelets to be spherical discs of thickness t and radius Tor the
depression of the melting point from the bulk value can be given by,

to a first approximation (see section 2.3.4.):

=0 & 42 _2s
T - T = AT . (rs+t) [Ysz +y, (1 %)1 (8.1.1a.)

Now by considering the volume of the disc before and after melting,
we have

2 t = 0.8 x%— - (8.1.2.)

where r is the radius of the corresponding liquid droplet (Here 80%
of the volume of the droplet is considered, see section 4.1.2.). By
using r = 2t (equation 6.4.1.) in equation (8.1.2.) and simplifying,
gives

s

r = 3t (8.1.3.)

Hence substituting equation (8.1.3.) in equation (8.1.l1l.) gives

. 2.33 Ps
AT = ot e +y, @ og)] (8.1.1b.)

Therefore, the slope of the linear portion of the AT vs. -1]-;-
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graph (figure 6.4,3.) gives the value of the surface energy
coefficient in equation (8.1.lb.). Using the data of

appendix A.4., we have

2

P _ .
+y, (- 35) = 52+6 ergs cm (8,1,4,)

L

Ysp

p _
Then with =2 = 1,029,and y,= 552 ergs cm 2 (nang, 1973),
£

the above result gives

Ygp, = 68f6° ergs em™2 ~ (8.1.5.)

The exact form of equation (8,1,1.) reqﬁires a logarithmic
plot of the melting temperature against the reciprocal of
the platelet thickness. This is done in figure 6.,4.6,, and

again the slope of the curve yields,

Ygg = 70+ 7 - ergs cm 2, (8,1,6.)

Equation (8,1.6.) gives the accurate value for the solid/
liquid interxfacial energy'(ysz) of tin, This value will be
compared and discussed with the values obtained by other

workers by different methods, see section 8,1.4.

In order to verify that the basic assumption of
the liquid skin melting model, that is, the complete melting

of the solid surface by the liguid skin, given by

Yg 7 Yyt Ygy | (8.1.7.)

where Yg and Y, are the interfacial energies of the solid
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and the liquid in contact with the vapour, is satisfied for
the tin, crystallites, it is necessary to compare the sum
of Y, and Ygu with Yoo Extrapolation of the available
data of Yg for tin, using

-2_-1

T =»— 0,068 ergs cm K

' (zadumkin, 1959), gives for y_ of tin at the melting point

683.7 ergs cm” 2 Greenhill and McDonald (1953)
679.5 ergs cm 2  Mykura (1955)

671.7 ergs cm ®>  Shebzukova et al, (1972)

For tin, vy, = 552 ergs cm™2 (Lang, 1973),. Therefore, using
the value of 70 +7 ! ergs cm"2 for Yoy obtained as above,

it can be seen that for tin

>
Ys 7 Yy F ¥gy

Therefore, as théAwetting condition is satisfied, the
formation of the liquid skin on the curved surfaces of the
tin platelets is energetically favourable at temperatures

close to the melting point.

8.1.3. Effect of Strain Energy due to the Bending in
the Tin Platelets on the Melting Points,

The strain energy due to the bending of a tin
platelet alters the free energy of the crystallite or the

liqguid skin; the platelet melts at a different temperature
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lower than the normal melting temperature (section 2.4,).

If E is the strain energy per unit volume of the crystallite,
then considering the tin platelets to be discs:..of thickness
t and radius r, we have, as before, for the depression of

the melting point from the bulk value,

T p
e 2 [, v van g (6.1.8.
S 2
OX
AT' = AT + AT ' , (8.1.9.)
BEND

where AT is given by equation (8,1.3.)

and b :
AT = 2 E (8.1.10.)

BEND Leg

is the lowering in the melting point from the normal melting

point due to the strain energy.

By an analogy with the bending in a beam, the strain
" energy per unit volume (E) in a tin platelet of thickness t,
length £, which is bent through an angle of 26 (figure

8.1.1,) can be given by

2 .
1.2t

where y is the Young's modulus of the material of the beam.
The angle of bending (26) can be determined by considering
the distance between two bend contours observed in a tin

platelet (for example, see figure 6,2,3,) as follows.

As previously noted, the broad dark contours in the
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image of a platelet occurs when the platelet is bent in
such a way that a crystal plane is at the Bragg reflecting
angle, eB' given by

6, = sin—1 A

(8.1.12)
B 2dpyy

Here, X is the wavelength of the electron beam used and
dhkl is the lattice spacing of the crystal plahe having

the Miller indices (hkl). By considering the figure 8.1,1.,
if'a’ is the distance between the two bend contours and R

is the radius of curvature of the bent beam,imeasured from
the centre of curvature to the 'neutral surface' in the

beam, we have

BB =

(OIf=

(8.,1.13)

wio

The neutral surface should have the same length as the
original beam, but the fop and the bottom surfaces of the
beam will be extended and compressed respectively, From
figure 8,1.1,, the angle of bending, 26, is given by

- 4
20 = ¢ (8.1,14,)

Therefore, substituting in equation (8,1,14) the value of R

from equation (8.1,13,) and simplifying

- £
e - a BB . (8.1.150)
L i =~1 A .
or, f = = sin T oT— (8,1,16,) f£from equation (8.1.12,)
2 2dpk1

Therefore, substituting equation (8,1.1l6) in equation
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T
X

Bend Contour

—]
N /e
\

eutral surface

FIGURE 8.l.l.

" The bending of a crystallite,
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(8,1.11,), we have, for the strain energy per unit volume

of the beam

E= Ly (sin”! 5zt &) (8.1,17.)

Now, consider, for example, the tin platelet of figure
6.2,3. The distance between the two bend contours is
approximately 1008 and the thickness of the platelet is
approximately 3008, Therefore, by assuming that the bend
contours ére due to the reflections from one of the close
packed planes, say, (200) planes of tin, and by using

» = 0,0438 for 80kV electron. beam used, strain energy
per unit volume (E) can be estimated from equation (8.1,17.)
to be of the order of 10’ ergs cm >, The corresponding

lowering in the.melting point (AT ) can be calculated

BEND
from equation (8.1,10) to be of the order of 0,3K, and is
therefore negligible, Similarly, from calculations for

reflections from the other planes in tin, it can be shown

that the effect of strain energy due to the bending in the

tin platelets on their melting points is negligible,

8.1.4. Comparison of the y_, Value of Tin with those
of the Other Workers. ’ )

The values of the solid/liquid interfacial energy
(Ysz) of tin have been determined by various workers either
from the melting point results of the small crystallites of

tin or from the observations of the maximum supercooling in
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~ the liquid droplets of tin. For comparison with the Yau

value of 70 +7  ergs cm.—2 obtained from the present melting
point experiments, the values obtained by the other workeré,
by using the melting and.the supercooling results, are listed
in tables 8.1.1l. and 8.1.2. respectively. The Yoq values
obtained from the melting results should depend on the
crystallographic orientation of a particular plane on which
the melting is initiated. In the absence of any knowledge
about this plane, the values of Ygy should refer to some

sort of an average of the Ygu values of the different crystal
planes. The results obtained from the supercooling
experiments should be considered‘similarly . However, in
the present experiment, the resolidified liquid droplets

were found to be spherical, and are therefore, presumably
isotropic. The anisotropy of the solid/liquid interfacial

energy of tin is, however, yet unknown (Jones, 1974).

The values of Ygq obtained from the melting
experiments of small crystallites of tin differ significantly
from those obtained from the supercooling results.  These
results are based on the éupposed homogeneous nucleation of
solid from a supercooled liquid. A considerable amount of
evidence has been obtained which indicates that the values
may be in error. In several cases, the supercooling
required to cause nucleation has been found to be substantially
larger than those reported by earlier workers (see, for

example, Stowell et al., 1970; Takahashi and Tiller, 1969)
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Reference

Yoy (exgs cm “)
Present work 70 +7.
Wronski (1967) 62 + 10
Blaékman and Curzon (1959) 73 + 7
(see also Curzon, 1960) .
Takagi (1954) | 66

Table 8.1.1, The values of the solid/liquid interfacial

energy (Ysz) of tin determined from the melting results of
small crystallites of tin,

*

This value has been calculated by Blackman and Curzon

from Takagi’s melting results,

Reference vy, (ergs cm”?)
Peppiatt (1973) 57.5

Pound and La Mer (1952) 58,5 + 1,0
Turnbull (1950) | 54,5

Table 8.1.2. The values of the solid/liquid interfacial

enerqgy (Ysz) of tin determined from the supercooling results

of the liquid droplets of tin,
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indicating heterogeneous nucleation in the earlier studies.
Therefore, the Ysq values obtained from the supercooling
results can only be taken to be a lower limit, rather than

an actual value even for the later results (see section 8.3.).

The Ygq values obtéined from the melting results

- of small crystallites of tin by Takagi, Blackman and Curzon,
and Wronski differ from that obtained from the present
melting experiments performed in an electron microscope.

As the above authors were unable to observe the tin
crystallites in their electron diffraction experiments, the
crystallites were assumed to be spherical for simplicity
in the theoretical treatment of the results, In the light
of the present experiments, this assumption in the case of
the tin crystallites obtained by vapour deposition is nbt
justified. It is therefore not too surprising that ﬁhe

present value of Yoy differ from those obtained by the above

authors,

There are several other methods which have been
employed to determine the solid/liquid interfacial energy |
of a material (for a review of the methods, see, Jones, 1974).
Besides the above two methods, no other method seems to
have been used for‘tin. In the absence of any such
determination, the present value of Yoy for tin appears to

be the most reliable obtained so far.

8.1.5. Comparison of the Melting Point Results with those

of the Other Workers,

To allow a direct comparison with the melting point

results of Blackman and Curzon (1959) (see also, Curzon, 1960),
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and Wronski (1967), obtained by using the electron
diffractioﬁ method, the depression in the melting point
from the bulk value in the present experiments has been
plotted as a function of the crystallite size taken as the
liquid droplet radius (see figure 6.5.1,), As previously
noted (section 6,5.), éince the recrystalliied liquid
droplets were found to be spherical, the present plot would
be identical to those of the above authors, These authors
measured the particle sizes after cooling the specimens

at the end of a melting experiment (section 1.3,). The
results of neither Palatnik and Komnik (1960), nor Takagi
(1954) are included, as discuésed in sections 1.1l.2 and

1.3. respectively.

| It can be seen that the present results are
consistent witﬁ those of Blackman and Curzon, and Wronski

in that an increasing depression in the melting pointbfor
the smaller crystallites has been obtained." Furthermore,
Wronski's reéults show that the substrate has no effect on
the form of the meiting curves, He obtained identical
results for tin on both carbon and silicon monoxide substrates
(see figure 1.3.2.). Also -in the present experiments,
similar results were obtained on amorphous carbon, and
molybdenite and graphite substrates. The melting curves

of the above authors generally lie at the upper limit of
the'experimental points in the present work. This would
be expected, as the electron diffraction method used by these
authors necessarily involved an averaging of the crystallite

size over a complete layer of crystallites, rather than an
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individual crystallite in the electron microscope work.
The crystallite sizes determined by the electron diffraction

method are therefore considerably in error.

The present.results.generally show a scatter of
approximately 2K in the melting point for the tin crystallites
of equal size, and compares to those obtained b& Wronski.
However, these results are in contrast to a scatter of
the order of 20K observed by Peppiatt (1973, 1975) in his
results of the melting point of small lead crystallites.

The scatter was attributed tb the presence of imperfections,
in particular plane dislocations observed in the lead
cfystallites. Such faults are not.expected to be present
in the tin crystallites which have a tetragonal structure.

No impéffections were visible in the tin platelets. Also

as previously discussed (section 8.1.3.), the effect of
strain energy due to the bending in the tin crystallites on
their melting point is negligibly small, and therefore cannot
veXplain‘the scatter in the melting temperatures. As the

scatter is small, this may be due to errors in the temperature

measurements.

Blackman and Curzon, and also Wronski made a
theoretical treatment of their melting results by assuming
the tin crystallites to be spherical. This assumption is
not justified for the tin'crystallites observed in the present
experiments. Therefore, no theoretical conclusions can
be derived from the results of plotting the melting

temperatures as a function of the radius of a spherical

crystallite.
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- 801.6. Surnmar!-

The melting temperatures have been determined
for thin tin platelets (v 508 to lOOOR), obtained by
vapour deposition onto amorphous carbon, molybdenite and
graphite substrates, The melting temperature of a
platelet was found to decrease with decreasing platelet
thickness, No significant difference was observed between
the mélting temperatures of the platelets on the three
substrates used, The results have been interpreted by a
liquid skin melting model. A melting temperature
dependence on the platelet thickness can be obtained by
considering the 1iquid skin to form on the curved side faces
of a platelet. From the slope of the depression in melting
temperature against the reciprocal of the platelet thickness
curve, a value of 70 +7 . ergs cm™2 has been obtained for
the solid/liquid interfacial energy (Ysz) of tin, This
vélue has been compared with those of the other workers

obtained by different methods.

The tin platelets were found to melt without a
time delay in melting, The melting temperatures determined

were therefore a definite function of the platelet thickness.

The effect of strain energy due to the bending in
the tin platelets on their melting points have been estimated.

This is found to be negligibly small,

The melting point results have been compared with

those of Blackman and Curzon, and Wronski, by plotting the
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melting temperatures as a function of the radius of a

spherical crystallite, However, in the light of the present

eXperiménts on the tin crystallites obtained by vapour -

deposition, no theoretical conclusions has been derived

from these results.
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8.2, The Melting of Small Particles of Bismuth.

8.2.1. The Time Delay in the Melting of Small Particles

of Bismuth,

The most interesting observationvmade in the
experiments on bismuth was the existence of a time delay
in the melting of an aggregate of small particles (section
l.2,, and Chapter 5), The time delay phenomenon observed
strongly suggests the existence of a free energy barrier to
the.production of the liquid phase.‘ If a particle is held
at a constant temperature, this barrier will only be over-
come by a sufficiently large statistical fluctuation. The
fact that the bismuth particles have beeh observed to melt
below the bulk melting point (TO), suggests that the theory
already discussed of melting (see for example, section
8.1.2.) by forming a liquid skin covering the whole, or
suitable parts of the solid surface must apply to thé‘
bismuth particles., Therefore, if a time deiéy exists in
thé process, it must be in the formation of the initial
liquid skin. This is possible because the liquid skin can-
not appear spontaneously, but itself must grow from an
initial liquid nucleus. In the case of bismuth, there is
a great difference between the 6pen structure of the solid,
and that of the liquid which is more closely packed than
the solid resulting in a volume contraction of 3% upon
melting. Thus, for the liquid skin to forxrm, an activation

energy will be required due to the substantial rearrangement
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of atoms necessary on melting. As suggested in section
2.2.4., the liquid may grow on the crystal surface from an
initial two dimensional liquid nucleus formed either by
activating atoms directly from the surface, or by an '
aggregation of adatoms on the surface. A small, th
dimensional liquid nucleus on the crystal surface will only
be able to grow, if it is above a critical size. The
formation.of such a liquid nucleus will require the
activation energy necessary for the rearrangement of atoms
on melting, and also an activation energy due to the edge energy
around the perimeter of the nucleus (Peppiatt, 1975)., Once
a nucleus of abbve critical size has formed by a statistical
fluctuation, the nucleus would be able to grow into a

ligquid skin either by the absorption of adatoms, or by
activating atoms directly from the surface. This woqld
result in a time delay, similar for example to ' that in
supercooling (Hdllomon and Turnbull, 1950). Providing

the temperature is above the 'ékin melting temperature'

the liguid skin, once formed, is able to advance through the
remainder of the solid as this results in a progressive

reduction of the free energy of the system, and so dissolve

the solid,

The absence of time delay in the melting of small
particles of lead (Peppiatt, 1973) and tin (section 6,3,)
suggests that the initial liguid nucleus had little difficulty

in forming compared to the bismuth - particles. As adatoms
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aré likely to be present in all these cases, the difference
probably lies in the substantial rearrangement of atoms
necessary between the solid and liquid bismuth which does
not occur in lead and tin. However, the adatoms are likely

to play a major part in the formation of the liquid skin.

On the basis of the above discussion, the time
delay observed in the melting of the bismuth particles would
be expected to be‘greatly dependent on the following
parameters.

1. The size, surface area, and the morphology
of the crystallités:

| The skin melting temperature (TSK) below which
the time delay cannot occur, will approach the bulk melting .
point for large particles while showing a great reduction
for small particles (section 2.3,), Also, by'assuming that
the initial liquid nucleus can form at all sites on the
solid surface, an increase in the size of the particles
increases the number of possible hucleation siteé. If the
specimen is held at a constanﬁ temperature above the skin
melting temperatures of the particles in a laYer, the
particles having the largest surface area would be expected
to have a shorter time delay than smaller particles (see
section 5.2.3,). However, if the available surface area
is limited by the possibility of the liquid nucleus forming
only on certain crystal planes of a particle, the shape of

the particle would affect the time delay.
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2. Imperfections in the crystallites:

The production of the liquid nucleus will be
influenced by the imperfections present in the crystailite.
Given the difficulty in forming the liquid nucleus due to
the rearrangment of atoms on melting, the imperfections
will provide suitable nucleation sites for melting as.the
liquid nucleus requires less activation energy to form in
these regions, The imperfections.will also act as sources

of adatoms for the formation of "the liquid nucleus.
3. The temperature of the crystallitesg: -

An increase in temperature favours the production
of the liquid, and also increases the concentration of
adatoms. Therefore, the time delay would be expected to

be lower the higher the temperature, section 5.4.5,

8.2.2, @ Effect of Size of the Particles on the Time Delay.

(1) Absence of Time Delay in the Polyhedra

(Type I) Crystallites,

The polyhedra (type I) crystallites (sedtion
5.2.1.) having sizes greater than 14002 were found to melt
without a measurable time delay when heated close to the
bulk melting point (sedtion 5.4.1.)., Upon heating a layer
of bismuth comprising of the type I (polyhedra) and type 1
(platelet) particles for various lengths of time .from
temperatures below the bulk melting point to near the bulk

melting point, the number of the polyhedral particles
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remaining solid did not decrease with time until at the bulk
melting point,'all the polyhedral particles in the layer
were seen to have melted. During this time the number of
the platelet (type I) particles decreased steadily, and
therefore a characteristic time of melting (t) (see, ééction
1.2.) could be detefmined at each temperatue, For t@g
polyhedral particles, even if a time delay does exist at

the bulk melting point, the characteristic time of mé;ting

would be so small that it could ndt be determined within

the time scale of the present experiments,

As previously noted, the skdn melting temperature
of a crystallite increases with the size of the crystallite;
for large crystallites it approaches the bulk melting point
(To). The equation relating the skin melting temperature

(TSK) of a crystallite to its size is given by (section 2.3.).

2T

T N T - 0 [ + v (1- —pf-)] (8,2,1)
SK — ‘o Lo ¥ Tse ¥ Yy 5 et

5's L

(Here the relation for the case of a spherical

crystallite having radius r_, has been used, This seems to

s
be appropriate for the polyhedral particles, as these were
seen to assume a more compact.spherical form on annealing
near the bulk melting point, see figure 5,4.l,a). Then by
using the values of the physical constants of bismuth listed
in appendix A.4., the skin melting température for the

smallest (14008) and the largest (65008) polyhedra (type I}

particles observed in the present experiments, can be
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calculated to be approximately 2K and O0,5K below the bulk
melting point (544K) respectively. Also, as these particles
are large, it is possible that a large number of imperfections
may be present in them. It is these imperfections which
would enable these crystallites to slowly regrow into a more
compact spherical form, This cmurasts the platelet (type 1)
particles in' the layer which remained stable despite the’
heating, and therefore are presumably more perfect, The
imperfections in the polyhedral particles provide suitable
nucleation sites for the liquid skin. Therefore, on heating
to the bulk melting point, the polyhedral particles would

be expected to melt with the shortest time delay not

measurable in the present experiments.

(ii) The Dependence of the Time Delay on the

Surface Area of a Particle,

The characteristic times of melting (t) of the
polyhedra (type II) particles (section 5,2,1,) with sizes
ranging from a few hundred to a few thousand gngstormSin
diameters were determined at a given temperature as a
function of the surface area of the particles, The results
show that at temperatures of a few degrees below the bulk
melting point, the characteristic time of melting of the
particles in a layer vary inversely as the square of the
radii of the particles (figure 5.4.5,). As these particles
are spherical, this gives a dependence of the characteristic
time of melting on the surface area of the particles. At

lower temperatures a departure from the linear dependence
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of the characteristic time on surface area was observed (figure 5.4.6.).
At these temperatures, only the smallest particles in the layer melt,
the specimen temperature being above the skin melting temperature of
these particles. As very few of the large particles melt at these
temperatures, the graph bends upwards at the large particle end due

to the increased time delay in the large particles (figure 5.4.6.).

Now, by considering that the liquid nucleus can fomm at any

position on the solid surface, let the nucleation rate per unit area

per second be I and be given by

ep [ - 280 ] (8.2.2.)

.

Here E is the activation energy for the formation of the liquid
nucleus and is a function of temperature _('I') and size (r) of a
éxystallite.
The number of nuclei formed per second on area 41rr2=41rr2I (8.2.3a.)
After time ;r, one particle is melted. Hence, by assuming that
the nucleation is immediately followed by melting of a particle, we
have
4’ T 1 =1 (8.2.3b.)

Substituting equation (8.2.2.) in equation (8.2.4.)and simplifying

L oh T E(T r) (8.2.4a.)

T —
41rr2 kT '

Taking logarithms, we get

1.
41 KT

where the second term on the right hand side is only slowly dependent

KTln (tr?) = E (T,r) + kTln (X (8.2.4D.)

on temperature, and can be regarded as constant. In figure 8.2.1.,

kT1ln (rrz) is plotted as a function of crystallite size (r) at
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o
various temperatures. By considering 500A to be the average size of
the crystallites studied, values of E(T,x) can be evaluated fram

equation (8.2.4b) and are listed in the following table.

Temperature (K) E(T,r) (eV)
537.0 ' 0.801
539.0 | » 0.792
541.0 0.753
541.5 0.710
542.0 | 0.680
543.0 0.665
543.5 0.626

The detailed interpretation of the results, however, must depend on
a detailed nucleation theory of melting analogous to that for super-

cooled droplets. Such a theory has not so far been evaluated.

8.2.3. Effect of Morphology of the Particles on the Time Delay

On heating a solid deposit of bismuth containing the type I
(platelet) and the type II* (polyhedra) particles at a given temp-
erature, it was observed that a large number of the type IT* (polyhédra)
particles melted within the first few minutes of heating campared to
the type I (platelet) particles during the same time. This resulted
in a curvature in the graph for the total of the two types of particles
(figure 5.4.3.), the curvature being due to the higher melting rate of
the polyhedra (type II*) particle compared to the platelet (type I)
particles. If Ny and Nyps are the number and Tr and Ty are the
characteristic times of melting of the platelet (type I) and polyhedra
(type II*) particles respectively, then the graph of figure 5.4.3.
can be represented by the sum of the curves for the polyhedra (type II¥*)

(fig. 5.4.4.a) and the platelet (type I) (fig. 5.4.4.b) particles as follows.
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t t
N= N_exp (-=—) + N__, exp(~ —— ) (8.2.5.)
I Ty II Top#
where N is the total number of the two types of particles
remalning solid after time t.. From the curves for the two
types of particles, it can be seen that at a given
temperature

TL > Tors (8.2.6.).

Inbthe present experiments, ﬁhe characteristic time of

the polyhedra (type II*) particles at a given temperature
was found to be similar to that obtained by Peppiatt

(1973, 1975) for the polyhedra (type II) particles. This
is presumably due to the identical shape of these two types

of particles.

The increased melting rate (the reciprocal of T)
of the polyhedra (type II*) particles compared to the
platelet (type I} particles 1s possibly due to the difference .
in shape between these two forms of crystallites, The
polyhedral particles are almost spherical, with side faces
consisting mostly of the (1120) type plane (in the hexagonal
notation); the surfaces of the type I (platelet) particles
consist largely of the bésal (000l) plane (Peppiatt, 1973).
The observation that the type I (platelet) particles have
a larger time delay (at a given temperature) than the type II*
(polyhedra) particles suggests that the liquid nucleus is

less likely to form on the basal plane than on the other planes.,
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8.2.4. The Time Delay in the Melting of the Particles

on the Molybdenite Substrate,

The bismuth particles on the molybdenite substrates
were mostly in the form of needle-like platelets, while a
few were irregularly shaped (section 5.2.2.). ' The needle-
form of the platelets suggests that these particles had
difficulty in nucleation on the side faces during the
growth from the vapour phase, and possibly that a screw
dislocation is present along each particle. Nucleation
is more likely to occur whére the screw dislocation emerges
at each end of the particle rather than on the side faces.
The core of the screw dislocations would provide more
suitable nucleation sites for the liquid nucleus, than
the side faces which are presumably free from such imper-
fections. The liquid droplet formed on melting a particle
was always located at one end éf the particle, ‘This is
possibly due to the formation of the liquid skin at one
end of the particle where the ecrew dislocation emerges.
In this case, the skin melting temperatue of ‘the needle-
like particle would be similar to that of a spherical

particle (section 2,.3.3,).

-The crystallites on the molybdenite substrates
exhibited a time delay in melting (section 5.4.4.). The
time delay was found to be lower in the initial stages of
melting, resulting in a curvature in the graph (figure

5.4,8.). A value of characteristic time (1) was generally
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determined from the later stages of heating which showed'a
good exponential decay in the number of solid particles
remaining solid., However, no correlation could be found
between the rate of melting and the morphology of the
crystallites when the graphs were drawn separately fdr the
needle-like and the irregularly shaped particles (figure
5.4,9.)., This is in contrast to the results obtained in
the previous section. A similar higher initial melting
rate has been observed by Peppiatt (1973) for the platelet
(type I) particles on amorphous carbon substrates. It is
p;obable that the needle-like or the.irregularly shaped
particles used in the experiments were not all identical,
but had substantial differences (for example, strains,
imperfections and the sha?e of the particles, will probably
influence its properties). This in turn may lead to
 different processes by which the critical liquid nucleus
may form and grow. In this case, the particles would be
expected to have a wide range of activation energies for
melting, and therefore a large spread in the time delay.

This, however, must wait the outcome of future experiments,

It was»also observed that some of the particles
had a large time delay even at temperatures above the bulk
melting point, resulting in a superheating of approximately
éK (section 5,4.4,), This is in conktrast to the supexr-
heating of up to 7K in the platelet (type I) particles on

amorphous carbon substrates observed by Peppiatt (1973), 1975).
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If there is a contact angle for the liquid on
the solid surface (section 2.2,3.), a liquid skin would
not be able: to form below the bulk melting point without
a virtually impossible statistical fluctuation. In
such a case, a smallbparticlé would not melt below the bulk
melting point, but would be superheated above the bulk
melting point. While the particles have been observed to
melt below the bulk melting point, and therefore the wetting
condition (section72.2.3.f.must have been satisfied‘for<a
majority of particles, it is probable that for a few
crystallites, the wetting condition is not satisfied,
perhaps because of sﬁrface contamination, These particles

would not be able to melt without being superheated above

the bulk melting point,

8.2.5. Effect of Temperature on the Time Delay.

An increase in temperature favours the formation
of the liquid skin, and also increases the concentration of

adatoms which are likely to play a major part in the

formation of the liquid skin. Also an increase in temperature

reduces the activation energy needed to form the critical

nucleus. The variation in the number of adatoms (N) with

temperature (T) can be given by

= - AF, '

N = NJ exp (- 5 (8.,2,7.)
where NO is the initial number of atoms and AF is the
activation energy required to activate an atom on the solid
surface. An increase of temperature, therefore, will

increase the number of adatoms available for the formation
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of the critical nucleus; the liquid skin is therefore
more likely to form at higher temperatures than at lower
temperatures. Therefore, the time delay would be expected
to decrease at higher temperatures. The experimental curves
for the variation of the characteristic times of melting
with temperatures for thé various types of particles
studied in the present experiments havebeen redrawn,
without the experimental points, in fiqure 8.2.2, to allow
a direct comparison, The curve for the type I (platelet)

- particles has been extended into the regions beyond the
bulk melting point investigated by Peppiatt (1973, 1975).
These experimental plots produce a good linear relationship
between In(t) and T, the tempefature. The experimental
points corresponding to the type II* (polyhedra) particles
agree well with the experimental curve for the type II
(polyhedra) particles obtained by Peppiatt, The results
show a decreasing time delay with increasing temperature

as is expected, The slopes of the curves for the type II*
(polyhedra) and the needle-like particles are nearly equal.
This is probably because, although the shapes of these two
forms of particles differ, their skin melting temperature
will be determined by the relation for the skin melting
temperature of a spherical partiele, considering the liquid

skin forming at one end of the needle-like crystallite.

Now by assuming that

_ AE
T = TO eXP (kT) (802¢8-)
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an attempt can be made to explain the variation of 1n(1f
with the temperature (T) in terms of a simple activation
energy for melting, In the above equation, AE is the

activation energy, and L is independent of temperature.

Taking logarithms and differentiating equation (8,2,8,)

2

AE = - kT (1n.1) (8-2'9')

Q]Qa
H

Therefore, by using the gradients of the experimental curves
(figure 8.2.2.), activation energies (AE) of 20 and 23eV
can be determined for the melting of type II* (polyhedra)
and the needle-like particles respectively, This is in
comparison to an activation energy of 9eV obtained
similarly from the slope of the curve for the type I
(piatelet) (Peppiatt, 1973). These values are widely at
variance, for . example, with a value of AFa, (see section
2.2,) usually less than an electron volt, obtained by
equating it to the activation energy for viscous flow.
(Turnbull, 1950) -in a supercooled liquid, The reason for

this discrepancy,however, is not clear.

8.2.6. Summary,

The time delay observed in the melting of small
particles of bismith has been attributed to the difficulty
in the nucleation of the initial ligquid skin. This
difficulty is probably due to the activation energy required

for the substantial rearrangement of bismuth atoms
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necessary on melting. Also én activation energy is

needed to form the liquid skin from an initial two dimensional
liquid nucleus formed by an aggregation of adatoms, On

this picture, the experimental results on the .time délay.

have been discussed to be dependent on the following

parameters:

1, The size, surface area, and morphology of the

particles,
2, The imperfections present in the particles,

3. The temperature of the particles.
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8.3. Discussion on the Supercooling Results of Small
Liguid Droplets. '

In the present experiments, the supercooling of
bismuth and tin was observed for particles of a few hundred
Rngstromsdiameter, on amorphous carbon films and cleavage
flakes of molybdenite and graphite (section 7.3). Tables
8.3.1. and 8,3,2, list the maximum amount of supercooliﬁg
CATmaX) observed; for comparison, the results of a few

other workers are also included, The particle size and

the experimental conditions are given in each case.

The degree of supercooling on the two crystalline
bases was substantially lower than that on carbon, The
effect of a crystalline base on the amount of supercooling
in small liquid droplets has also been noted by other
workers. Stowell et al,(1970), in an électron microscope_
under a residual gas préssure of approximately lO_8 torr, found
that small (v 1008 - 3,0008 diameters) liquid droplets of
lead could be supercooled to 237K on carbon substrates, but
the supercooling was only 97K on molybdenite substrates.
This indicates that the substrate helps to nucleate ﬁhe
liquid—solid transformation, Also bearing in mind the
method of preparation of the crystalline substrates
(section 4.2.1.), it is likely that these will be more
contaminated than the carbon substrates. Consequently,
with the contaminants providing additional nucleation sites,
the degree of supercooling will be considerably reduced

from that on the carbon substrates. Traces of contaminants
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Reference T (K) AT . (K) Particle Experimental
nax Radius Conditions.
Present Work 382 162! 3008 Vacuum of 4x10 ' torr,
: carbon substrate,
429 115 3008 Molybdenite substrate.
416 128 3008 Graphite substrate.
Peppiatt 400 144 3008 Vacuum of 5x107/ torr,
(1973) ' carbon substrate.
Coombes 462 82 2008 Vacuum of 107> torr,
(1967) carbon substrate.

Table 8.3.1. Results for the supercooling of bismuth,

(TO_=‘544K)
Reference T (K) ATmax(K) Particle Experimental
Radius Conditions.
Present Work 335 170 3008 Vacuum of 4x10”/ torr,
' carbon substrate.
390 115 3008 Molybdenite substrate.
372 133 3008 Graphite substrate.
Peppiatt 351 154 3008 Vacuum of 5x10™’ torr,
(1973) Carbon substrate,
Blackman and 415 90 508 Vacuum of 107> torr,
Curzon (1959) : Carbon substrate,
Sayama 425 80 O.lcm Molybdenite substrate.
(1941)

Table 8.3.2 Results for the supercooling of tin,

(T,

505K) .
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oh the crystalline substrates have occasionally been

observed in the present work.

The amount of supercooling on carbon does not
differ significantly from that of Peppiatt (1973) obtained
in identical conditions, but is appréciably greater than
those of the other workers in a poor vacuum, The results
of Coombes (1967) on bismuth and Blackman and Curzon
(1959) (see also Curzon, 1960) on tin are probably
dominated by.the nucleating influence of gaseous and
polymerized hydrocarbon contaminants in the electron
diffraction camera, The fact that greater supercooling
can be achieved by an improvement in the vacuum condition
(see also Stowell et al,, 1970) suggests that the
environment has a significant effect on the results, It
is fherefore not clear whether homogeneous nucleation
occurred in any of the cases quoted above, or even.in the

present experiments.

[ Takagi (1954) quotes a supercooling of 192K for
tin particles of 868 average diameter on crystalline
substrates; This value is much higher than that obtained
presently in an improved'vacuum compared to that which she
could have possibly achieved in the electron diffraction
camera. The reason for this discrepancy is not obvious,
but is perhaps due to the use of far smaller particles than
used here (see Turnbull, 1950), or an inaccuracy in the

temperature measurement.]
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The liquid droplets in the present experiments
did not all solidify simultaneously as the crystalline
diffraction pattern was observed to gradually increase in
intensity over a range of temperature, quoted in tables
7.3,1. and 7.3.2, The reason might be due to the presence
of some minute specks covering parts of the substrates,
Recrystallization of the droplets would be expected to
occur in these parts before the droplets in the other parts
due to the "seeding" effect of foreign:particles. Ahother
cause méy be a size effect on supercooling (Turnbull, 1950),
which was not systematically investigated in the present
work., Blackman and Curzon (1959), by using the same
criterion to determine the particle size as used in their
melting experiments (sée section 1,3), found that for tin
particles in the size range of 608 to 2008 diameter, the

supercooling varied inversely with particle size.

The results.oi supercooling of small liquid
droplets have been used by various authors to obtain an
estimate of the solid/liquid interfacial energy (Ysz) of a
material. This is based on the theoretical treatment of
supercooling by Holloman and Turnbull (1950), By assuming
the nucleation to be homogeneous (see section 2.2.1.), they
derived the following fdrmula relating the amount of
supercooling (AT) to the nucleation rate per unit volume (I)

2

3
‘ AF 167y T
. kT _ a _ s, _© 1 (8.3.1).
I=n (h ) eXP ( kT ) exp [ 2 ' kT]

3pSL (AT)2
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where L is the latent heat of fusion per unit mass, To is
the bulk melting point and n is the number of liquid atoms

per unit volume. Following Holloman and Turnbull, by
using the values of 10 * sec”™' per particle for I and

AFa

lO-'2 for exp S the following expressions

relating the interfacial energy (Ysm) to the maximum amount
of supercooling (ATmax) and the average volume (v) of the

particle involved can be obtained,

v, =a or_)2r[inw + 8] (8,3.2)

where

4
; B

5,34 x 10°%, B = 79.6

(1) for bismuth, A = 4.58 x 10 79.4

and (ii) for tin, A

-2

Here, v is in cubic centimetres and Ygq is in ergs cm

Thus, from the maximum amount of supercooling
observed in the present experiments, values of 58.0 ergs cm_2
and 60.5 ergs cm—2 for Yg, Can be obtained for bismuth
and tin resbectively. These values differ from 46.0 ergs
cm 2 and 54.5 ergs cm™2 respectively obtained by Holloman
and Turnbull. Their observed values of supercooling for
5 ym size particles of bismuth and tin were 90K and 80K
respectively. The discrepancy between the values of Y s
is therefore due to the greater supercooling achieved in the
present éXperiments. As contaminantion has such a great
influence,.it seems that this method of obtaining the
maximum degree of supercooling may only be used to estimate

a lower 1limit for the solid/liguid interfacial energy.
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8.4. Discussion on Other Observed Properties of the
Thin Films.

8.4.1. Diffusion in Small Particles of Tin.

(i) Introduction.

As described in section 7.1,, upon heating,
changes in shape of the solid tin particles océurred in two
distinct ways. In one, at temperatures of 1OK or more
below the respective melting point, substantial chénges in
shape of irregularly shaped platelets occurred continuously
over a period of several minutes during a melting
experiment (see figure 7,1,1.). The changes were of a
gradual character, and were consistent with normal diffusion
processes, also observed by other workers (see, for example,
Pashley et al, 1964; Peppiatt, 1973), In the second
type, at temperatures within a degree of the melting point
of the respective platelet, changes of shape occurred
abruptly by an unusually enhanced form of diffusion, termed
'snapping' (Blackman et al., 1975). Chahges_of shape of
this type has also been observed by Peppiatt'(1973) in
somewhat larger bismuth crystallites; the diffusion process
was termed "rapid solid diffusion”. Snapping in the
bismuth crystallites was, as a rule, asymmetric with more
material being transported from some sides of the crystallite
than others. In the tin platelets, snapping occurred"
asymmetrically and also symmetrically in which material
was transported from all sides of a crystallite (figures

7.14. and 7.13.). Occassionally, a few tin platelets also
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exhibited a "double" snapping with a sudden shape change

occurring twice in rapid succession (figure 7,1.5).
(11) Snapping ("Rapid Solid Diffusion"),

An éxPlanation has been proposed by Peppiatt
(1973) to interpret his observations on the snappiﬁg
(oxr rapid solid diffusion) in micron size bismuth crfstallitesf
In this, parts of a crystallite assumed to contain more
imperfections and strains than the remainder, is expected
.to melt at temperatures below the melting point of the rest
of the (less imperfect) solid particle. The speed of the
change in shape resultsvfrom the rapid movement of the
liquid portion towards the solid particle to reduce the
surface energy by forming a more ‘spherical shape. The
liquid, after covering the top solid surface, either
completly or partly, isbexPected to resolidify as the

solid is still below its melting point.

While the above theory might explain the
abruptness observed in snapping due to the rapid movement
possible in liquid, it does not seem to explain the
retention of the shape of ceftain edges of a crystallite
after snapping as observed by Peppiatt in the bismuth
crystallites, If it were to assume that the abrupt
changes in shape were due to the production and subsequent
movement of the melt, the shape of the edges after. snapping
would be expeéted to form differently by a rearrangément

of the atoms on the surfaces of the edges. As for bismuth
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crystallites, the initial shapes of the edges of the tin
crystallites were generally retained after snapping (figures

7.102’ 7.1.3' and 7.104 )0

An explanation, therefore, is proposed in which
it is assumed that the surfaces of the edges of a tin
crystallite are strained. Upon heating, it is likely that
strains will be introduced in the surfaces of edges of a
crystallite due to the difference in the thermal expansion
coefficients between the substrate and the crystallite,

‘As soon as a strained region is removed, enhanced diffusion
will occur due to the large amount of strain energy
released. As it is likely ﬁhat the crystallites are far
from their equilibrium shape, a release of the strain
"energy will reduce the energy of the system and the
crystallite will assume a more compact form during the
process. The platelet will grow in thickness and the
visible area of the crystallite will have decreased
.substantially, as has been observed. Also, in the process,
the shapes of the edges of a particle would be expected

to be retained.

As stated previously, since the snapping was
predominantly observed within a degree of the melting point
of the respective platelets, the possibility of a liquid
layer forming on the surfaces'of the edges of the platelets
might not be ruled out. The ligquid layer, however, must
be assumed to be thin, possibly a few monolayers in thick-

ness in contrast to the melting of parts of a crystallite
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assumed by Peppiatt in the snapping of the bismuth crystallites.
The liquid layer might form on the surfaces of the strained
edges, as this results in the reduction of the energy
associated with such surfaces, and therefore, in an
enhancement of the dif fusion process. As the liquid layer
is assumed to be thin, no appreciable change in shapes of
the edges would be expected to occur by the rearrangement
of the atoms on the surfaces of the edges after snapping.

' Imperfections present on the edges may dlso cause the
formation of such a liguid. However, no such imperfections
were seen to be present in the thin tin platelets in the

present work.

The tin'platelets, in the form of an ellipse
orcnth¢ were generally seen to snap'symmetrically,
while the asymmetric shnapping was more common'in the
irregularly shaped platelets with several re—-entrant angles.
The elliptical or circularly shaped platelets were therefore
presumably sStrained on all sides, whereas in the irregularly
shaped platelets only a few regions were strained. Some
of these irregularly shéped particles also exhibited a
'double! snapping.' It is not understood why, after the
release of the strain energy which causes the particle to
snap once, the same particle should snap again, as the
strain energy would be expected to dissipate at the end of

the first snapping.

Snapping in the tin platelets was observed only
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on carbon substrates, not on molybdenite and graphite
substrates, although the shapes of the particles were
identical on all the substrates, The tin particles on
these substrates were seen to be severely contaminated at
the end of an experiment, These contaminants might have

inhibited the movement in the particles,
(iii) Normal Solid Diffusion.

As described previously, changes.of shape in the
tin platelets at temperature of 10K or below the melting
point of the respective platelets occurred by a slow
diffusion process, consistent with normal diffusion processes.
By a removal of the re-entrant angles, the shapes of the
edges of the irregularly shaped particles were rounded
and the particles attained a more compact form. VSe§eral

minutes were required to attain a substantial change in shape.

The above rounding of edges in small crystallites
have been observed by other workers during the continuous
deposition of thin films in an electron microscope (Pashley
and Stowell, 1966; Pashley et al., 1964). The shape
changes observed were always such that the surface area of
a particle was decreased. This is presumably to reduce
the surface energy bf the system, The predominant process

in such shape changes 1is probably surface diffusion,

8.4.2. Diffusion in Bismuth Films on Molybdenite Substrates.

As described in section 7.2., continuous films
with misshapen holes were obtained by condensing more’

bismuth onto molybdenite substrates at approximately 425K,
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than was needed to obtain the £ilms with the needle-like
crystallites (figure 5.2.7.). On heating these layers for
a few minutes at about 10K below the bulk melting point,

the misshapen holes changed into mostly oriented hexagonal
holes (figufe 7.2.1.), while in some layers a feW'triangular

holes (figure 7.2.2.) were also seen to have formed,

. Coopersmith et al, (1966) observed the formation
of mostly oriented triangular holes, together wi£h a few
hexagonal and circular holes in their lead films deposited
onto heated molybdenite substrates in an electron microscope.
Such films were obtained when the depositions were carried
out in the absence of the electron beam, These films
differed significantly from those deposited in the presence
of the electron beém, when the films were composed of
globular (111) lead crystallites, These authors attribute
the discrepancy to the irradiating effect of the electron
beam (in the present experiments the depositions were
carried out in the absence of the electron beam). They
attribute the formation of the triangular holes to :the
coalascence of the (11ll) lead crystallites, although in such
a process more polygonal or circular holes would be
expected than those observed. This is because the energy
associated with the boundary of a polygonal or circular hole

will be less than that associated with the boundary of a

triangular hole.

In the present work, the transformation from the

misshapen to a hexagonal or triangular hole in the bismuth
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films was always such as to reduce the boundary associated
with a given hole. The atomic diffusion process by which
such a change occurs is therefore energetically favourable,
as the change results in a aecrease of the energy associated
with the boundary of a hole. The tendency of bismuth films
on molybdenite to form the needle-like crystallites might
explain the formation of the hexagonal holes. On heating
these layers, needle-like crystallites with one side form-
ing the boundary of a hole, may assume the configuration

for the formation of a hole with straight edges, Such a
groﬁth process is likely to form the polygonal holes more

ffequently than the triangular holes, as has been observed.

8.4.3. The Shapes of the Solid Particles

(i) Tin Particles,

The majority of small tin particles near the
melting point, have almost elliptical or citcular outlines.
A few particles were also seen to be square shape in
appearance, These particles were slightly oriented with
their (100) (= 010) fibre axis perpendicular to the substrate.
With the exception of a few of the elliptical or circular
particles showing slight faceting on the side faces (see
figure 6.2.1.), these particles were mostly bounded by
smooth curved surfaces on the side faces. These faceted
surfaces presumably correspond to small'cusps in a polaf
plot of the surface energy (Herring, 1950, 1952), the smooth

curved surfaces probably have almost equal surface energies.
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(ii) Bismuth Particles.

‘The bismuth particles on the carbon substrates
were obtained mainly in two distinct shapes according to
their method of production, see section 5.2.1. A platelet
form (type I) was obtained by heating a thin (n 1008 thick-
ness) initial solid deposit; a polyhedral form (type I and
type II*) was produced by heating a film of over 2008 in
thickness, while another polyhedral form (type II) was'
obtained by resolidifying the liquid droplets. The
bismuth particles on the molybdenite substrates were generally

needle-like in appearance,

The platelet form particles displayed a variety
of shapes ranging from elongated to regular hexagons
(figure 5.2.5.,), It seems highly unlikely that these

shapes or the needle-like shapes can be the Wulff equilibrium

shapes,

The polyhedral particles have almost spherical
shapes., The distinct faceting on the side faces give these
particles a regular hexagonal appearance, It seems that
these particles are much closer to the Wulff equilibrium

shape, The side faces might be the six hexagonal (112.0)

faces.
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APPENDICES

A,l. TO DERIVE [£_(T)-£,(T)] .

—————

fs(T) and fn(T) are the Helmholtz's free energies per
unit mass of the solid and liquid respectively, at a
temperature T. If the temperature of a material is raised
by an amount AT, the resultant changes in specific free

energies will be given by:

Afs-= - sSAT - P AV, (A.1.1.)

Af

g = = S,AT = p AV, (A.1.2.)

for the solid and liquid respectively, where s is the entropy,
Av 1s the corresponding change in volume each per unit mass,.
and p is the vapour pressure. Since the vapour pressure in
the present experiments is very small, the second terms in

the above equations can be neglected:

Af

g = T SgAT (A.1.3.)
Subtracting these, and taking the changes to be infinitesimally
small

af, - df, = - (sg-s,). AT (A.1.5.)

Now the differences in the specific entropies of the solid

and liquid is given by:

T(SQ—SS) = I, | (A,1,6,)
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where the latent heat of fusion per unit mass, L, is considered
constant over the temperature range involved. Therefore,

ar

4 (A.1.7.)

Integrating this between T, the bulk melting temperature
and the temperature T gives '
T
fs(T) - fi(T) - fs(To) + fi(To).= L.ln(Tb) (rA.1.8.).

However, at the bulk melting temperature

fs(TO)v:: fz(To) - : (A.1.9.)

as this is the equilibrium temperature for the bulk material,

Therefore,
| I
[fs(T) - fi(Tﬂ = L.1ln (?o) (A.1.10.)
I-Tg |
¥ L. Ty

A.2. THE SKIN MELTING TEMPERATURE (TSK) OF A CURVED SURFACE,

——

(This section is based on unpublished work by

Dr.S.J. Peppiatt.).

Let Rl and»R2 be the principal radii of curvature of
a small part of a curved surface (figure A.2.1.). The angles
subtended by this "rectangular" area at the respective
centres Ol and Oélare del and dez. Thus, the sides of this

rectangle are given by

a1, = Ryde;

(A.2.1.)

dl, = R,de,
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s?ﬁond surface

FIGURE A,2,1,
FIGURE A,2,2,

first surface
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Providing del and d62 are small, the area of the surface

is

1e

d]l.dl2

RlR2d01d62 (A.2.2.)

Now consider another surface, parallel to the first,
subtending the same angles del and d02 at 0l and 02
respectively, but at a distance x outside the first surface

(see figure A.2.2.). The area of this second surface will

be given by,

aa, =41, . dl,

(R;+x) (Ry+x) . de,de, (A.2.3.)

And the volume between the two surfaces is,

- . X
dv = [ da_| déx
=1

1e

2
X : :
{Rlex + (R1+R2)§ } deldez (A.2,4.)
(neglecting third order terms in x)

The difference in area between the first_and the second

surface is,
- ’ 2
da_-da = {(R1+R2)x+x } "doldez (A.2.5.)

Now consider a solid surface to melt uniformly to a

depth 6§ (see figure A.2,3.); the thickness of the liquid
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skin (§) will be different from §o due to the change in

density of the material on melting.

As the mass of the material remains unchanged on

melting, we must have,

Gops_= sz (A.2.6.)

Now, the change in surface energy from an infinitesimally

thin liquid skin (6°~' 0) is,

AF_ = [y {_ . 2}'
su;f s 60(R1+R2) + 60

ryy (=80 (R#R,)+(6-5) zj] .de.do, (2.2.7.)

"And the change in volume energy,

AF o1 = 41 [fz(T) - fs(Tﬂ

= [gm £ ] [ryme ) (Ryms ) 64 (R 4RY-28 )

52 ] |
5 .pldeldez (A.2.8.)
where dM is the mass of the matefial which has melted.

Therefore, the total change in free energy,

AF = AF

tot AF

+
surf vol

_ | 2
= [cy8, + Cp85 ] .do,do, (3.2.9.)

(neglecting third order terms in 60)



C; = (ay, =vg,) (Ry+ Ry) +[f (T)-£_(T)] .o RR,

2

Cp = Ygp + 0¥y BRpF Ry) (1) [£ (M -£,(T) wo g
p
and o =-=-1
)
The variation of AF ot with 8o at various temperatures

Shown in figure A.2,.4, There is a maximum for AFtot

is negative; this maximum occurs at 60 = 0 at the ski

melting temperature (TSK); at this temperature,

'aAF),

98 _Jo

(V"&F 0o

Therefore, equating the coefficients of 60 in equation

(A.2,9,) to zero, we have from equation (A,2,10,):

(@7, Ygy) (Ry + Ry) +[E (T)-£_(T)] o _RiR, = O

o
or, [y m-g,m] = & (d=+ Bt v, - 39

However, from equation (A,1.10.):

B T
[£s (T)-£, (M] = L.1n )

Therefore, substituting Tgy o ¢ 5t the skin melting

temperature, we have from equation (A,2,14):

T p
SK 1 1 1 s
1n (————)= ~———~(—-—-+ —-——)[y + v (3~ —-—.-)]
TO Lps Rl R2 st 2 pl
. Tsg = Tq
b T
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(A.2,10,)

(A.2,11,)

(A.2,12,)

is

as C2

n

(A.s2,13.)

(A.2,14,)

(A.2,15,)
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original solid surface
liquid surface

FIGURE A,2,3,

AF (T)
tot

FIGURE A,2.4.
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A.3. THE STRUCTURE OF TIN AND BISMUTH.

A,3.1, The Structure of Tin.

Two different crystalline forms of tin are known:

(1) Gray or a-tin (Bijl and Kolkemeijer, 1918,1919.)

has the diamond structure with unit cell of side
a = 6.4918.

(2) White or B-tin (Wyckoff, 1963) has at room temperatuxe

(298K) a tetragonal structure with unit cell parameters

a=b=5,8198.
c = 3.1744..

and four atoms at the positions.

3

000; O% % ; 50% ; ¥ %%,

~a

The unit cell is of such a shape that each atom is surrounded
by a distorted tetrahedron of neighbours at a distance of
3.028. and by two more only slightly farther away at 3,178

in the c~direction.

The temperature at which gray tin transforms to white
tin is 286.2K (Hedges and Higgs, 1952). Above this
temperature the white form is stable. In the present
experiments, carried out at temperatures much higher than
this temperature, the crystallites were found to posses'thé

structure. of white tin (see also Curzon, 1963.).

For white tin the intensities of diffraction are

modified by the structure factor, S, given by,



s = [Lee"t R ] [ milk+ 3] (A.3.1.)

where, h,k,l are the Miller indices of a lattice plane, An
analysis of the diffraction obtained is given in table
A.3.1l. In this, the length of a vector in the reciprocal
lattice (ahkl) is calculated from the equation+

2 - h2+k2 12

H = + hamr—ua (A.3¢2.)
hkl 2 2
At the bulk melting point (505K), the density of
solid white tin is 7.18 gmem >, while that of the liquid is
6.98 gm cm_3, so that on melting, the volume of the material

increases by about 3%.

A.3.2. The Structure of Bismuth,

Bismuth is known to occur in eight solid phases
(Strong, 1960). However, the only stable form of the

material at normal pressures ., has a structured rhombohedral

unit cell, with two atoms per cell, and cell parameter:

(at 298K):

a = 4,746%, (rhombohedral spacing)

2
i

1
57°14.5 (rhombohedral angle)

(see Wyckoff, 1963 ).

The two atoms per unit cell are situated at (uuu) and

(uuu), where

u = 0.237 (at 298K).

195
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h k1 dpyeq (B) Intensity
200 2.91 s
101 2.78 S
220 2.06 s
211 ~2.01 S
301 1.66 W
112 1,48 s
400 1.46 5
321 | 1.43 s
420 1.30 s
312 | 1.20 s
431 1.09 W
501 W
103 1.04 W
440 1.03 s

S = Strong according to structure factor.

W = Weak according to structure factor.

TABLE A,.3.1.

Analysis of the diffraction pattern produced by

a thin £film of tin,
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This structure is, in fact, very close to a simple cubic
structure, which has corresponding cell parameters of:

60°

o
‘ (cubic lattice)

i

u = 0.25

Because of this similarity with the simple cubic lattice,

bismuth is often quoted as having a pseudo-cubic structure.

The structure may equally be represented as hexagonal

with six atoms per unit cell and cell parameters (at 298K):

a' = 4.5462. (hexagonal spacing)

c' =11.8628.

(see Barrett, 1960; also, Cucka and Barrett, 1962).

Fbr thin films of bismuth, significant lattice spacing
changes from the bulk value have been reported by a few
workers; for example, Boswell (1951); Fujiki and Suganuma
(1954); and more recently, Lisgarten et al (1974). The
latter authors report a maximum decrease in a' of 0.8% and
1.3% for about 258 thick bismuth films on carbon and
formvar bases respectively. The corresponding changes in
the values of c' were found to be 1-2% from the bulk value.
For both substrates, however, the measured value of a' is
reported to approach the bulk value for film thicknésses
greater than about 100%.

The densities of solid and liquid bismuth at the

3

bulk melting point (544K) are 9.67 gm cm - and
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10.24 gm cm™3 respectively, Thus when the material melts,
there is a decrease in volume of about 3% due to the very
open structure of the solid forming a more closely packed

liquid.



(1)  TIN.

s m—caman,

(IT) BISMUTH.
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A,.4. PHYSICAIL CONSTANTS OF TIN AND BUSMUTH NEAR THE
MELTING POINT.

Bulk melting point T~ 505K
Density of solid Py = 7.18 gm em 3
Density of liquid Py = 6.98 gm cm"'3
Latent heat oflfusion L =5,8x 108erg gm“'l
.Coefficient of expansion = 2.6 X 10"'5 K"l
Young's modulus Y =4 x lolldynes cm'_2
Surface energy of liqﬁid(l) y,= 552 ergs cm™?2
Solid/liqﬁid interfacial energy(z) Ygo= 5445 ergs cm” 2
Bulk melting point T, = 544K
Density of solid pg = 9.67 gm cm™3
Density of liquid p, = 10,24 gn cm™3

Latent heat of fusion

L = 4.3 x 10%rg gm *

Surface energy of liquid(l) y, = 380 ergs cm™ 2

(1) Lang (1973).

(2) Turnbull (1950},

[From.the maximum degree of supercooling of ligquid

droplets, a value for the solid/liquid interfacial energy

(st) of bismuth of 58.0 erxgs cm™2 may be inferred. This

has been used in section 8,2,

. Although this value and the

value for tin obtained similarly by Turnbull (1950),

probably represent a lower limit of the interfacial energy,

rather than the actual value,

(See section 8.3.ﬂ
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