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ten years, however, it has 5een shovn by several workers
that ice will adhere to ice at temperatures as low as —3OOC.
fhe first investigation into the effect of temperature
on the adhesion of ice pariticles was made by Nakaya and
Matsumato {1954). In these experiments the force‘required
to_separate two ice spheres of about l% mm in diameter was
measured as a function of temperature in the range 0° to
-16°C.  The spheres were frozen from distilled water and
suspended on cotton filaments; one of the spheres could
be moved by means of a screw;motion. The whole assembly
was contained inside a metgl box, the temperature of which
could be varied between 0° and -16°C. On bringing the
spheres into contact, care was taken to avold any appréciable
.pressure between them. The spheres were kept in contact
. for about a minute and then separated by means of a tension
force appliedlalong one of the cotton filaments. The fﬁrce
ofadhesion was calculateé from the measured values of the
‘masses of the spheres and the inclination of the filament
v‘when the spheres separated. Al?hough the results showed
conéiderahle fluctuation,-the force of adhesion was found
tb decréase with temperature from ébout 5 dynes at -2°C

$o 1 dyne at -15°C.
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CHAPTER 2

THE THEORY OF SINTERING

2.1 Introduction

Two parﬁicles in contact at a point form a system
which is not in thermodynamic equilibrium as the total
Tfree surface energy is not a minimum. Provided that
sufficient motivation exists, bonding will take place to
decrease the total surface area, even though the temperzture
may be lower than the melting point. This phenomenon‘of
bonding between solid particles is termed sintering.

Fine powders of moét metals, and many other substances,
will sinter when they are heated above about three—quarters
of their melting point on the absolute scale. Permenent
adhesion between the particles then takes place and the
Whole mass becomes less ?orous and, in genéral, its properties
change towards that of the dense material. Mosttsintering
experiments have been'performed on powder compacts and
consist of measuring the overall density of the compaof as
a function of time and temperature of sintering. In systems
such as this the details of the geometry of the contacts

between particles and their effect on the density are so
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complex'that a quantitative pre%iction of resulés tecomes
impossible. Inr the present work attention has been concen-—
trated on the relatively simple cese of the bonding beiween
tw6 spherical particles. A theoretical snalysis of this
system will now be given and the results of this will
subsequently be compared with experiments on the sintering

of two ice spheres.

2.2 Wotivation for sintering

Although two spherical particles in contact at a point
are thermodynamicelly unstable, transfer of material into
the neck region will only take place if sufficient driving
force is availabie to overcome the activation energy
associated with the mechanism of transport. There are
two possible motivating forces, they are pressure and
sﬁxface tension. Two particles which are pressed together
by an external force can yield to tﬁe‘force‘by growing
toéether. However, a comparison of résults on the sintering
6f pressed and unpressed‘métal powders reveals that the
basic course of sintering is not modified by compression.
Moreover, in the present experiments only the slightest

pressure is applied on bringing the particles into contact,
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subsequent rates of sintering are measured in the absence
‘of any applied force. It is, therefore, only necessary
to consider the effect of surface tension as the motivating
fofce in s;ntering.- |
Before developing the theory in detail it is useful
to consider the order of magnitude of some of the quantities
involved. Ice has a surface tension, ¥, of about 100 erg/
cm2. The interiox oﬁ a particle of radius r will be under
a pressure due to the surface tension of magnitude 2¥/r.
For particles of diameter 100u this gives a pressure of
4 x 104 dynes/cmz, or approximately 4 x 1072 atmospheres.
Tensions of about two orders of magnitude higher than this
might be expected near the neck where the two particles
have started to sinter together, since the curvature in.
this region is concave outward and much sharper. The
lowering of the free energy accompanying the complete
sintering of two spheres considered above is of the ordexr
10—2 ergs. Finally, the vapour pressure, gp, over a
concave surface pf radius/o is related to that over a plane
surféce, Por by>Kelvin's'equatioh
p°=2_b’_§i .. o (1)

ln —
B KIp
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Where,'53 is-the molecular volume, k Boltzmann's constant,
‘and T the temperature. If’o is taken as 10‘2r, for
sphefes of diametef 1oqp, equation (1) gives po/%’ equal
to 1.003.

The above considerations suggest two possibie ways
by which material might be transferred into the neck from
‘elsewhere in the system. Firstly, there will be transfer
through the'vapour phase 'due to the differehce in vapour
pressure (po - gp) between the ice saturated environment
and the region adjacent to the sharply concave neck.
Secondly, diffusion will take place through the ice lattice
under the influence of the deficit in pressure in the fegion
of the neck produced by the surface tension forces. Both
these effecté may be described in terms of the gradient in
chemical potential existing‘between various portiohs of
the surface of the particles.

Consider the case of a crystal which is perfeqt except
for occasional interstitial molecules and lattice vacancies.
Let Nh and N be the number of lattice defects and the number
of molecules reséectively in a given volume v. If F is
the Helmholtz free energy of a region, the chemical potentizal

P of the moleculks and)&h of the lattice defects are defined by
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(SN)N sTyvystrain (2)
and,
Pn = (§§£)N,T,v,strain . (3)

When vacancies or interstitial molecules migrate into a
given region N and Nh change by equal and opposite amounts.
The change in the free energy of the region is therefore
equal to the number of molecules entering or leaving it
multiplied by Qp —Iph). Now, a transport of matter will
only occur from one region to‘another ify, as a result, the
total free energy of the crystal is lowered. This will
only be the case if there exists a gradient of Qs-p%)
within the crystal.

Under the assumption of a free interchange of wvacant
lattice sites and interstitiai molecules between a surface
and the region immediately feneath it; Herring (1951) has
shown that the difference in chemical potential of a
molecule and of a lattice vacancy immediately beneath a
curv;d surface of principal radii of curvature Rl and RZ

is giveh by
2

1, 9% 37
SRR CAE RIS = T8 =t N I



44

where,‘po is the value of Qp -‘Ph) corresponding to a flat
surface (Rl, R, =00), 33 is the volume per molecule and n,
ana n2 correspond to directions on the surface associated
with R, and R,.

1 2
If it is now assumed that ¥ is independent of the
orientation éfthe surface, equation (4) reduces to
pr o= Fux | (5)
where u' is the value of (p - )lh) - g, on a surface of
curvature K. In equation (5) X is taken as positive when

the surface is convex outwards and negative when it is

concave outwards.

2.3 Sintering by evaporation-condensation

In deriving an expression for the rate‘of gro&th of
the neck due to the transfer of wvapour through the
environment, it is necessary to consider two distinct.cases
which will now be dealt with in turn.
Case (i): Direct Transfer

In a system in which the mean free path of the molecules,
As 18 large compared with the radius of the neck, molecules
will be transferred directly from the surfaée of the spheres

to the concave region of the neckQ This transfer, will take
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 place under ; pressure difference (po - %0) at a rate given
by Langmuir's equation. These conditions are likely to
prevail, for example, when all air is excluded from the
environment and the spheres are in contact with their own
vapour phase. An expression for the rate of sintering
between two spheres under these conditions has been derived
by Kuczynski (1949) as follows.

The vapour pressure.pK of an ideal gas in equilibrium

with a surface of curvature X, is related to its chemical

potential‘pK by the expression

Pg = P, ©XP _K_:_Eg) (6)

kT

If the gas is in equilibrium with the surface of the crystal
there will be no change in the free energy of tﬁe systen
when molecules are removed from the vapour and added to

the cfystal, therefore

Combining equations (5), (6) and (7)
3 . .
Py = P, XD SkgK (8)

which is Kelvin's equation.

The geometry of the system under consideration is
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illustrated in fig. 7 where the spheres are taken to be

vof equal radius, r, and the radii of the neck; after
sintering foritime %, are x (convex) and p (concave).

For all practical purposes the spheres themselves may be
regarded as plane surfaces in equilibrium with a vapour
pressure po. Also, sihce:x>}p, the curvature of the neck
hay be written as (1/70). If the vapour pressure adjacent

to the neck is gp,‘Kelviﬁ's equation gives.

e

/QkT

By =B, = 9033X . (9)
/okT

5
p, = P, o0 (=0 E

or,

If the rate of transport, G; of material from the
surface of the spheres to the concave region of the neck

is now assumed to be given by Langmuir's equation, then
1
P

¢ - (g2 (%o ™ %) (10)

where m is the mass of a molecule. From equations (9)
and (10)

- p033x
G = (5% (,okT ) (12)

The rate of condensation, G, on the area, A, of the

neck must be equal to the rate of increase in the mass of
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| FIG.7  The q‘eom@try

 of the system

- —— WA AN o . s o AT oA S B S NS g 6 4 B A R TS M B TR AN ot o S AT R Rt B T ] B, e pdh et ben e L .

a7



48

v

the neck. Therefore,
av
AG =,3dt _ (12)
where/a is the density of the solid and V the volume of
the neck at time t. Provided that O (Fig. 7) remains a

small angle the following expressions may be derived from

the geometry of the system

2

s X | (14)

T
4 » 4 o ' '
T x
and, V=52 (15)
Combining equations (11) to (15) and integrating leads to
the following expression for the rate of growth of the neck

by evaporation—condensation

3 leudp,

(% -

T ﬁQRTr

1
o
=g
e

2 (;27]1{}11‘) ’ , (26)

vhere R is the gas constant and M the molecular weight.

Bquation (16) is that derived by Xuczynski (1949) and also’
by Kingery and Berg (1955).
In deriving equation (16) it has been assumed that

all the molecules that collide with the surface of the neck



49
remain attached and thereby cause the neck to grow. Some
of the‘impacting molecules, however, may not find a suitable
site on the surface of the crystal in which case they will
re~evaporate into;thé envifonment. The coefficient of
condensation, e, is defined as the ratio of the number of
molecules condensing on a surface to the total number of
molecules colliding with the surfzce. This effeot'is
taken into account by multiplying the righ% hand~side of

equation (16) by «, to give

3. 1l2udp « 3
X o) M
) = P (Zmr) (1)

Kuczynski has also shown (see §:2.4) that for sinvering
by volume diffusion the corresponding expressibn to equation

(17) is of the form

X > + :
& =30 5 (18)

where B(T) is a temperature dependent constant. Xuczynski
then claims that it is possible to distinguish between the
mechanisms of evaporatidﬁ-condensation and volume-diffusion
by measuring (x/r) as a function of + and r and comparing
the results with equations (17) and (18). In the field

of powder metallurgy this method has become the standard
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way of interpreting experimental results on the sintering
of particles. However, it appears to have been overlooked
that the derivation of equation (17) is based on Langmuir's
equation and is therefore only applicable to systems in
which the mean free path of the vapour molecules is large
compared with the distance over which transport occurs.
Failure to appreciate this fact has led to the application

of Kuczyﬁski's equations to systems for which they are not
valid.

Case (ii): Transfer by Diffusion

When the mean free path of the molecules is considerably

less than the radius of the neck, molecules will be trans—
ferred from the surface of the spheres to the neck by a
process of diffusion through the environmental gas.
Sintering by evaporation—condensation under these conditioﬁs
has not been previously considered, although this is the
case which will normally apply when sintering takes place

in air at atmosphefic pressure. An expression will now

be derived for the rate of growth of the neck b& this
mechaﬁism of mate;ial transfer.

The difference in concentration, AC, between the molecules

- in the vapour phase above the surface of the spheres and those
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in the vicinity of the neck is given by the gas equaition as

86 = iz (0, = 2,) (19)

This fall in concentration occurs over a distance of the
order of the radius,/o, of the neck. The concentration

gradient is therefore

C 1 ,
4}3’ - ¥, (p, —.I;Q) (20)
and using equation (9) this becomes
3
AC po8 4 :
= =— - (21)
P (pxT)

The flux of molecules F (per wiit area per sec)

produced by'this gradientlis given by Fick's equation as

F = D, %9
: F =D p083b’ (22)
or,. = D, ——x A
? . B kaT)z ‘

where DE is the diffusion coefficdient in the environment,

The rate of increase in the volume, V, of‘the'neck is

therefore
REX
(pxT) -
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where A is the surface area of the neck and oc the coefficient
of condensation. Substituting the expressions forlo, A and
V from equations (13) to (15) into equation (23) and inte-
grating gives

- ]

20553 Po® g

('}£>5= 3 N t | (24>
o kTr t

. An effect which has not been taken into account in.
deriving equation (24) is that the surface of the neck will
be at a higher temperaturg than the environment due to the
latent heat released by the condensing molecules., For
'metals this effect will be small as the latent heat will
be quickly conducted'away through the spheres. In the
case of the sintering of ice spheres, howeyer, the rise
in temperature of the‘neck may be considerable, and under
some circumstances the maximum fate aﬁ which the latent
heat can be removed ﬁill set an upper limit to the rate
of growth of the neck. A correction term for this effect
bhas been derived by Mason (1953) in éonsidering the growth
of ice crystals in'supercooled watér clouds; it is showm.
that, pfovided the latent heat of sublimatiodn, Ls’ is |

dispersed solely by conduction through the air, the

‘ expression p°33D mustbe replaced by T %0

B .
kT‘ ' , Y/B(I;nﬁ) +




where J( is the thermal cbnductivity of a2ir and m the mass

of a water molecule. Equation (24) then becomes

5 ved
& - ioﬁ, L ~ (25)
/3 p mD + 2
, o E KkT

Equation (25) gives the rate of sinfering of two ice
'spheres due to evaporation-—condensation when the mean free
path of the molecules of the sintering substance is small..
compared with the fadius of the heck. t can be seen that
equation (25) is identical inuits_depéndence on t and r
with Kuczynski's equation for volume diffusion (equation
(18) ). Hence, under these conditions, it is not possible
‘to distinguish between evaporation—-condensation and volume
diffusion merely by determining expefimentally x/r as a
‘function of + and r. If the rate of sintering is found
t0o vary as the one-~fifth power of the time,.the,absolute
rates of sintering predicted by equations (18) and (25)
must be compared with that found experimentally in order
to decide whether volume diffusion or evaporation-
condensation is predominentt Experiments on the effect

of tﬁe environment and of added impurities to +the sphere§

may also help in deciding the mechanism of sintering.



2.4 Sintering by volume diffusion

In this séction the mechanism of sintering by volume
diffusion will be poﬁsidered iﬁ greater detail and Kuczynski's
equation for the rate of growth of the neck by volume
‘diffusion will be derived.

The diffusion of molecules through a solid crystal is
rendered possible by the existence of a definite number of
vacant latticve sites within the crystal at any temperature
avae’absolute zero. These vacancies canbarise in two
ways, constituting what are known as Frenkel defects and
Schottky defects (Fig. 8). In the case of Frenkel defects
“é certain proportion of the molecules are displaced from
their normal positions in the lattice into interstitial
positions, leaving vaéant positions in the normal lattice.
With Schottk& defects, on the ofher hand, molecules leave
lattice positions in the interior of the crystal and take
up normalvpositions on the'surface.

The work necessary to form a Frenkel defect depends
on the interstitial volume available for the molecule,

If the crystal is.subjected to pressure this work’will be
increased and there will be a decrease in the number of

lattice defects. A tension force, however, will enhance
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the formation of defects within the crystal. The same
is true for Schottky defects. Under the conditions existing
for siﬁtering, the portions of the Erystal_in the neigh-
bourhood of the neck are under tension forces, hence the
concentra%ion of vacancies in this region will be greater
than eisewhere in the system. Thié vacancy gradient gives
rise to the diffusion of molecules into the neck, thereby
causing the neck to grow.in size.
In the case of Frenkel defects, there exists two
possiﬁle mechanisms for diffusion.
(a) By the migration of interstitial molecules
from one interstitial position to another.
(b) By molecules jumping from normal iattice
sites into neighbéuring lattice vacancies.
In this process the molecules and the -
vacancies change place. This is termed

“vacancy diffusion®.

It can be shown from energy consideratiéns,that vacancies
are moie likely to migrate fhan are interstitials. TFoxr
Schottky defects only vacancy diffusion can, of coursey
_operate. Fig. 9 illustrates a sequence of jumps by which

a vacancy first formed at By on a concave surface WXYZ,
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FIG.9 Sequence of jumps in which a

vacancy first formed beneath
@ concave surface migrates

into the interior of the crystal
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migrates by vacancy diffusion to a point E in the interior
of the crystal.

It has been shown above that the difference in vapour
pressure existing between the neck and the surface of the
spheres is related to the gradient in the chemical potential,
P.-Ph. Similarly, the difference in vacancy concentration,
%p - Co, between the neck and regions well removed from the
neck is determined by the gradient of M- }.lh within the
crystal. In this case, the corresponding expression to
equation (9) is

c0838
T Ny kT

where, qp and Co are the concentrations of vacancies beneath

(26)

a concave cylinder of radius/g and ‘beneath a plane surface
respectively. In order to calculate the contribution fo
-the rate of sintering by volume diffusion it is necessary

to estimate over what distance the concentration of vacancies
falls from %o to C .  Kuczynski (1949) considers this
concentration drop to occur over a distance of the order

Yz so that the gradient in vacancy concentration may then

be written as




59

3
c/3 - C, 008 ¥

= (27)
r kaT

The flow of vacancies I (per cm2 pef sec) produced
by the gradient given in equation (27) will bve
cC,-¢C
o

I=7D —ﬁ“———"P ' (28) ’

‘where, D' is the coefficient of vacancy diffusion. - The

rate of increase. of the volume, V, of the neck is therefore

cC,-¢C
av 3 O oy .
o = A8 4@72___ D (29)

where, A is the area from which the vacancies are diffusing

and is given by equation (14), V is given by equation (15),
and 53 is the volume occupied by a vacancy which is equal
to the volume occupied by a molecule. Substituting velues

in équation (29) and integrating leads to the expression

5 _ 20x°8%
=T

33COD'1: (30)
If 2 vacancy exists in a lattice it may migrate by

exchanging positions with any one of the near neighbour

molecules. A particular molecule, however, can only

migrate by vacancy diffusion if one of its near neighbour

lattice sites happens to be vacant. For this reason the

a



60

coefficient of vacancy diffusion, D', is much greater than

the coefficient of volume diffusion, D The relation is

V.
concentration of vacancies Df
V “concentration of lattice sites

that is, Dy = co§3D' | - (31)

Equation (30) mayktherefore be written as

5 3 .
(_;_C_) - _2_9_@.,13.& % (32)
kTr

which gives the rate of sintering of two spheres due to
volume diffusion.

The equilibrium concentration of vacancies, Co, may

. " -U/R? i !
be written in the form CO = Xe sy where X is a constant
"and U is the energy required to form a vacancy. Also,
the coefficient of vacancy diffusion, D', is of the form

-E/RT . .

D' = Ye s, where Y is a constant and E is the energy
barrier that a molecule has to overcome in order to move
into an adjacent vacant lattice site. Bquation (31) may

therefore be written as

or, D - Doe"w/RT | (34)
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where‘W = U + E is the total activation energy for volume
diffusion and D§ is a constant referred to as the frequency
factor.

It is to be noted that the diffusion coefficient DV
iﬁ equation (32) is not strictlj identical with the self-
diffusion coefficient as measured by radiocactive techniques.
This difference ariseé from two sources. If an zppreciable
. contribution to the radioactive diffusion coefficient arises
fromba proceés,of.direct interchangé of molecules, there
will be nolcorresponding contribution to DV in equation
(32). Also, if diffusion is predominently due to the
,ﬁigration of vacancies, it has been shown by Bardeen and
Hérring (1951) that the D, defined by equation (31) is
greater than that measured by a radiocactive tracer by aﬁout
10%. This arises 5ecause a tracer atom has a preponderant
chance of making two successive jumps in opposité directions.
However, these effects are probably no greater than the
experimental error involved in measuring the diffusion
coefficieﬁt, hence for all practical purposés DV is the

same as that measured by a radioactive tracer.



29 Sintering by surfzce diffusion

In addition to the transfer of material into thz neck
by bulk édiffusion, there will be a migration of molecules
in the neighbourhood of the surface of the two spheres, °
wherethe diffusion coefficient may differ Irom that in the
interior of the crystaels. An expression for the contribution
to the rate of sintering due to diffusion of this type has
been derived by Kuczynski (1949) and his treatment, with
slight modifications, will now be given.

The radius, o, of the neck, the volume, V, of the
bridge and the conceniration gradient, <9P - CO)Ap g are
the same as for volume diffusion and are given by equations
(13), (15) ana (27), respectively. However, the region
in which diffusion now takes place is confined to a surface
layer of approximately one molecular layer; §, in depik
The limiting area, AS, to be substituted into Fick's
equation is therefore given by

A, = 2(2Mx3) = AP (35)

and the corresponding rate of increase in the volume of the

neck is



for o
av 3 £ o
=40 5 D3 (36)

where Dé is the coefficient of vacancy diffusion in the

boundary layer near to the surface of the crysial. By
substituting into the equation (36) and integrating the

following expression is obtained for the rate of sintering

£7 112253%3
( ) = 4

A TkTr

6 (37)

where DB is the coefficient of diffusion in the boundary

o

layers and is given by

(08}
(@3]
~

kS
B = Co5 B (
Kuczynski equates the diffusion coefficient DB with
the surface diffusion coefficient, DS, of the solid.
However, the concept of diffusion considered above is not
that which is normally itermed surface diffusion. It might
better be called "boundafy diffusion", for it takes place
by the usual mechanisms responsible for volume diffusion
(migration of vacancies and interstitials) but it is confined
.

to a layer just beneath the surface of the crystal. In

this boundary region it might be expected that the

-

diffusion coefficient will be greater than tne ovulk




diffusion coefficient, DV’ but less than the true surface

coefficient, D_

o

Surface diffusion proper consists of the migration
of adsorbed atoms on the surface of the crystal. The &
adsorbed atoms are formed either by condensation from the
vapour or by evaporation into the surface from kinks
existing on the surface (Burton et al.,1949). The raté
of sintering between & plane and a sphere due to surface
diffusion of this type has been considered by Cabrera
(1950) . If this treatment is extended to the sintering

of two spheres, it may be shown that

t \ (

(S]
O
~——r

= 3

n 8°D

7 8o%5° et P
Is

: 3 )

where, n is the nunber of adsorbed molecules per cm~ on

a flat surface and Y is the mean migration distance of

molecules on the surface. Equation (39) shows the same

dependence on time, t, and the radius, r, of the spheres

as the equations previosly derived for evaporation-—

condensation by diffusion through the environmental gas

and for volume diffusion through the spheres themselves.



2.6 Sintering by viscous or vlastic flow

Frenkel (1945) has supposed that under the action
of surface tension forces & solid might flow as a viscous
liquid. ,This flow was assumed to arise from the diffusion
of vacant lattice sites. Assuming that the materizl
flowed as a Newtonian viscous liquid, of viscosity 71,

Frenkel derived the following expression for the rate of

sintering
2
x 3y : -y
(I') = 2TLI. t (“‘O)
where rlis related to the diffusion coefficient DV by
ax —DV§ (41)
Q kT '

Frenkel's treatment has been criticised by Nabarro (1948)
who shows that the movement of lattice vacancies cannot,
in a single crystal, result in viscous flow.

A similar expression to equation (40) may be derived
for the case of plastic flow, apart from a different
temperature dependent coefficient multiplying the time t.
Howevér, it is thought (Herring, 1953) that surface stresses

will not normally cause appreciable plastic flow even ail

high temperatures.



2.7 Summary of equations

The equations for sintering that have bei:

o
(83

derived

in the preceding pages may be summarized as follows.

l. Sintering by viscous or plastic flow
g !

2 &
X 3

2. Sintering by evaporation-condensation

Case (i) Direct Transfer, A>f’

ol

g N
i 3 *2'\LXPO Tl

& = AN ()
/6 rre

Case (ii) Diffusion Transfer, )\</J

T .

] l{Tr3 ,8 ( adl i s )
pomDE }{km2

S

3. Sintering by volume diffusion

3
T et

% 5 20¥3
(£ =
kTr

4. Sintering by boundary diffusion

D_t
o T\'kTr4

B

(eqn. 25)

(eqn. 32)

(eqn.37)



5. Sintering by surface diffusion

3
X4 5 8Oblg3 nos DS

(=) t (eqn. 39)
¥ k‘l‘r3 ys "

All of the above equations are of the form

(& o By (42)
b o J’.‘m

where, B(T) is a temperature dependent term and n and m

are positive integers. The actual values of B(T), n and

m depend on which of the mechanisms of sintering is
considered.

In attempting to conclude which of the above mechanisms
is responsible for sintering, the theoretical equation for
the proposed mechanism should agree with the experimental
results on the growth of the neck on all of the following
. points.

(a) Time dependence

(v) . Particle size dependence
(¢) Temperature dependence
(d) Avsolute rate of growth
(e) Effect of environment

and, (f) Effect of added impurities.
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Only when such general agreement is found can the mechanism

of sintering be deduced with confidence.

2.8 Application of theory to the sintering of ice

Before describing the experimental results on the
sintering of ice, the above theory will be applied to ice
in order to deduce theoretically the mechanism of sintering
that is to be expected.

The mean free path, A, of a molecule in the vapour

phase may be calculated from the kinetic theory expression

5 1 St (43
J§ﬂszp ;

where, s is the diameter of a molecule and p the total

pressure. For a water molecule in air at atmospheric -
pressure and a temperature of -IOOC this gives a mean free
path of approximately lo-scm. Now, for spheres 1OQu in
radius,/p is of the order 10—4cm., that is about 1OA.
Sintering by evaporation-condensation will therefore take
place by diffusion through the environment {Case ii) rather
than by direct transfer (Case i). Under these conditions
sintering by evaporation-condensation, volume diffusion

and surface diffusion of the type considered by Cabrera,



O
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will a1l show the same time dependence and particle size
dependence. To decide which of these three mechanisms
is likely to predominate in the sintering of ice, the
absolute rates of sintering must be calculated for each
of the three cases.

From equations (25), (32) and (39) it can be seen that
Athe relative magnitudes of sintering by evaporation-

condensation, volume diffusion and surface diffusion are

-l

These

3
respectively, oC 9 DV, and 43 Dsno
wp  LSm ¥
X'l S )
s

ﬂ( mD. % i
Po™r  Xxp

terms may be called the "effective diffusion coefficients®
for the three cases. Assuming for the moment that the
condensation coefficient, &, is unity, at -10°C the
effective diffusion coefficient for evaporation-condensation

7

: : = 2 -1 s 25 :
is approximately 3 x 10 cm sec . For volume diffusion
the effective diffusion coefficient is simply DV which,
from radiocactive measurements on the diffusion of tritoans

in ice (Riehl and Dengel, 1962), is 1.5 x T M cmzsecml

at -10°C.

In order to estimate a value for the contribution from
surface diffusion it is to be noted that Dsno may be written
-(ug + Ws)/kT

as ye waere, Y is the vibraiion frequency of
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surface molecules which for ice is about 5 x 10 "sec ,

Us is the activation energy for surface diffusion and V
is the energy required to take an isolated adsorbed
molecule from the surfzce into the vapour phase. Although
the actual value of (Us -+ WS) is not known it is possible
to state its minimum value. In order to tzke an adsorbed
molecule off the surface at least one hydrogen-boand musi

be broken, the minimum value of WS is therefore one-half

of the latent heat of sublimation of ice. This.also gives
the minimum value of (Us + Ws) since U is & positive
quantitye. The mean migration distance, I has been
measured on the basal plane of ice by Hallett (1961) and

.5 . 2 2 -4
also by Mason et al.(1963), ¥, is approximately 4 x 10

cm at —IOOC. The maximum possible value of the effective

diffusion coefficient for surface diffusion is therefore

=]
- 8@3\ X lC §

2538 x5 $10°° e By, 385 100 2 563

Z

(VS

L

45\26—(Us+ 1) 8 -
Iy : 6 x 10°° x 4 x 10

-

1T X 10-'ll cmzsec-*

The values of the effective diffusion coefficients for

sintering by evaporation-condensation, volume diffusion and

surface diffusion are therefore 3 x 10—7, 15 % lo-lL, and

1.9 X 10-1lcm2se0_1, respectively.
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made‘sufficiently sensitive to measure sintering fateé in
metals where dT/dt can be made as much as three orders of
magnitude greater than for ice.

A full description will now be given of the experimental
method that was finally adopted for measuring the rates of

sintering between two ice spheres,

3.2 Production and freezing of wniform drops of water

Uniform drops of water over a considerable size range
‘were obtained by using a resogating hypodermic needle of the
type first described by lMason et al. (1963). This. consisted
of a hypodermic needle, through which water was forced under
pressure, rigidly fixed to the diaphragm of a vibrating
hezadphone. By adjusting the frequency of the vibrations
the needle could be made to resonate. In this condition
fhe water was thrown off in a number of stable streams.
Bach stream consisted of numerous individual drops, uniform
‘in size to i?F' By varying the resonating frequency and
the pressure head of water, a 1% inch long needle of 30
gauge couid Ye made to produce drops from.2Qp to 30gp in
diameter.

Drops greater than 309p diameter were obtained by passing



80

a fine fibre of glass wool through one of the streams from
the vibrating needle. The number of dr0ps‘collected on
the fibre depended on the speed with which it was passed
through the stream; by varying this speed, drops of
diameters from 3OQp to 1 mm were obtained.

The apparatus used for freezing water drops of QQN
to'3OQp diameter into polycrystalline ice spheres is shown
in Fig. 10, Water drops thrown from the vibrating
hypodermic needle feil through a hollow metal tuﬁe two
feet long which was surrounded by solid carbon dioxide.,
The drops froze during their passage through the tube and
were collected on a clean glass slide at the lower end.

In this way it was possible to obtain hany_hundréds of small
ice spheres, wniform in size to within a few microns. The
larger drops collected on glass wool were frozen by direct
cooling in a refrigerator. Ice produced in this way was
quite often free of air bubbles, or contained Jjust one large
air inclusion. The polycrystalline siructure of these ice
spheres was. clearly revealed by viewing them with transmitted
wvhite light through crossed polaroids. Under these.
conditions the randomly oriented crystals comprising the

sphere produce a patchwork of colour (Fig. 11)
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