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ABsTRACT

Tho formation of dislocations from condensed vacancios has boon re-
examinod.  Conditions  for transformation - of vacancy clusters into
disloeation loops aro analysed, taking into account an entropy contribution
of atoms in tho dislocation core. Now ovidenco in the literature for a
vacancy concontration beyond that of equilibrium at tho advancing solid-
liquid intorface is used to caleulate an excess vacancy concentration trapped
in tho solid as & function of freczing welocity. This oxcess leads to an
ostimation of the nucleation froqueney of loops and supports the condensation
mechanism as the source for dislocations. The critical stage for dislocation
formation in growing erystals is also shown to depend upon the temperature
distribution in the solid. JResults of this analysis are applied to the
formation of dislocations in 4 genoral f.c.c. metal, and specifically in lead,
aluminium and copper, for which experimental information is available.
Striation formation is discussod for these metals ; it is concluded that the
original mechanism proposed by Teghtsoonian and Chalmers (1951) and
oxtended by Frank (1956) cannot be discarded.

§ 1. INTRODUCTION

I~ most exauninations of vacancy condensation it has been assumed that
any excess concentration arises solely through temperature change; for
melt-grown crystals the initial vacancy concentration is then assumed to
be the equilibrium value at the melting-point. Considerations by Schoeck
and Tiller (1960), proceeding from this assumption, showed that it was
improbable for dislocation arrays (striations) to form in melt-grown
erystals through the vacancy condensation mechanism. Webb (1962)
departed from the assumption and considered the trapping of vacancies for
erystal growth in gencral. TFor growth from the melt, in one instance
he assumed a diffuse interface, and suggested that growth-trapped defects
due to a vacancy excess at the solid-liquid interface might still be a
contributing factor in the formation and evolution of a mosaic sub-
structure. '

Most recently, Rastogi and Mukherjec (1970) have shown that high
purity lead quenched from the melt has a vacancy concentration greater
than that of equilibrium at the melting point.  Such a result had been

T On leave from the Departamento de Metalurgia, Comision Nacional de
Encrgia Atomica, Buenos Aires, Argentina.
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obtained for aluminium by Thomas and Willens (1964), but as discussed
by Rastogi and Mukherjee (1970) there was argument about these
experiments, and although the original work was subsequently supported
{Thomas and Willens 1966) it remained in some controversy.  Now it
seems that both investigations were vorrectly interpreted and they prompt
a re-examination of the formation of dislocation loops from condensod
vacancies. The work by Rastogi and Mukherjee (1970) is especially
valuable since it provides data for lead ; Sekerka, Bolling and Tiller (1960)
had investigated dislocation array formation in high purity lead, in order
to test some of the assertions made theorctically by Schoeck and Tiller
(1960), and a plausible argument is available for the minimum excess
vacancy concentration required at the melting point.

In the present appraisal, only dislocations formed by vacancy con-
densation will be considered, for it seems that the original suggestions
(Teghtsoonian and Chalmers 1951, Frank 1956) can be correct and do
provide an acceptable mechanism for forming sufficient dislocations to
explain all the experimental observations. 'T'his finding doed not proclude
subsequent examinations of other means for dislocation production, such
as those suggested by Jackson (1962b) and Jaffrey and Chadwick (1968),
but they 1nay be unnecessary.

Our procedure will be to examine the magnitudes and forms for
precipitation of vacancies in §2, regardless of how an excess arises, and
then to consider the reasons and possible magnitudes for a vacancy excess
created at the melting point during freezing, in §§38.1 to 3.3, In §4 the
nucleation of dislocations is examined, first in the abstract and then as
affected by vacancies trapped during freezing; a ‘general f.c.c. metal’ iy
taken for these first calculations since a critical result may be illustratod
without relying upon one metal or upon particular observations. Section i
provides a description of solid-liquid interface width for the general fLe.c.
metal and particularly for lead, copper and aluminium. The goal of
discussing dislocation array formation is reached in §6 where the critical
example of lead is chosen ; calculations arc also given for aluminium and
copper where pertinent information exists, and for the gencral [.c.c. metal.
Finally, the discussion of § 7 is centred upon a clarification of the critical
assumptions we use throughout the analysis,

§ 2. PRECIPITATION O VACANCIES
2.1

In a material with an excess vacancy concentration there will bo clusters
of vacancies (see Jackson 1962a). 1t is not known what shapes thesce
clusters will take ; however, at high temperatures, the change from some
particular cluster shape to any other shape of lower free cnergy should
oceur very rapidly. TForthese high temperatures (i.e. low supersaturations)
it can also be shown that the critical sizc for a stable cluster in the form
of a spherical void or a void of some other regular shape would contain w
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greal. number of vacancies,  Simple void formation is then improbable
and smaler irregular clusters are of concern in this range of super-
saturation.

Thoe formation of a dislocation loop from an unknown cluster of vacancices
will occur as long as the excess free énergy due to the dislocation is less
than that for the cluster, cach having eliminated the same number of
vn(-‘ln('u-.s Two real cascs can be differentiated for any given small
qupmmtul ation: either the size of the dislocation loop is large enough
when it is formed from vacancies so that it may grow freely by climb and
teduce the [ree energy of the system ; or it is sub-critical when it is formed
from vacancies and can only grow in the manner of a dislocation ecmbryo,
being ill-defined as a dislocation loop because it is so small.  Tf the former
case were true, the nucleation of dislocation loops would be a complex
combination of vacancy cluster probability and cluster transformation.
[t will be shown that the latter case of small loops scems reasonable and
therefore that the nucleation of dislocation loops can be treated in a
simple fashion.

2.2
First, the energy of a dislocation loop must be considered. For a
cireular form this was given by Franz and Kroener (1955), and may be
written as '

G

l—v)

lf/(lwz( b'2r ,:ln —+7}+7r7"2y, N
where " is the appropriate Burgers vector, b the interatomic distance,
r the loop radius, v the Poisson ratio, G the appropriate shear modulus,
and y is the energy of the stacking fault enclosed by the loop.  As shown
by Schoeek and Tiller (1960) Z is o constant number (Z =~ 2) which takes
into aceount the strain energy in the core of the dislocation. There is
however a contribution to the entropy of a crystal from the atoms in the
dislocation core as pointed out by Cottrell (1953). This can be written
a8 ode por alom plane of the dislocation; Cottrell shows that « <3, For
dislocations of appreciable length, this entropy torm will develop only o
negligible contribution to the free energy of a erystal compared to the
strain energy term, but for smallloops it becomes considerable,  Thercfore
the free encrgy of a circular loop is written as

!
Fy=1 ¢ b'%r I:ln- +7:| + iy — iy U (2)
(1—1w) b

The value of « will be slightly dependent upon loop size, but will be taken
as a==3 in caleulation for o circular dislocation loop with Burgers vector
APTT ] in the fie.e. structure.  The cireular loop is not a restriction ; an
equivalent equation could be derived for any polygon using the formulae
set out. by Yolfe (1960) for planar loops with straight sides
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2.3
Now the condition for transformation of a vacancy cluster can be
examined. A dislocation loopwould eliminate (7r2/0?) vacancies and the
cluster to be considered must contain the same number.  The radius of a
spherical cluster would be r, = (§#26)13, and would transform to a disloeation
loop whent

Y

1 G
(1=

ber:ln g + Z:‘ + 7Py — 2o ;—.cxlc’J' L4n(3rih)¥y o 0 (3)
h

Here y,, is the specific surface free energy of the cluster, assumed to be
isotropic or otherwise a sphere would not form.  An equivalent expression
would be derived Tor an octahedron or other form if the appropriato surface
free energies were used.

An evaluation of eqn. (8) for the conditions of interest (using the numbers
to be given in §4.2 and a reasonable value for y,) shows that loops would
form at sizes small enough that the notion of a dislocation is suspect;
(i.e. /b~2). The results are not surprising and may be compared to
those of Schoeck and Tiller (1960) who examined the collapse of vacaney
dises. It is therefore concluded that the cluster of lowest free encrgy
resembles a dislocation loop.  This is consistent. with the results expectoed
if the constraints due to long-range forces in metals could bo necurately
handled for small clusters; for example, as shown by Naburro (1940) the -
elastic strain around precipitate particles is least for discs.

It has not yet been established whether the size at which a cluster
transformation oceurs is one at which the dislocation is cither growing or
embryonic as discussed in §2.1. Kven though condition (3) is fulfilled
at such small sizes that it seems the dislocation loop cannot be more
than embryonie, further support is needed and will be given a posteriors
in §4.3.

L}
§ 3. Excmss VACANCIES DURING FREEZING
3.1

A rigorous mathematical treatment of the excess vacancies trapped
during freezing requires a better knowledge about the nature of the
interface than is yet available. Even on the basis of existing models,
it appears difficult to take into account the presence of any vacancy-type
defects developing across the interface. Thus, only a simple analysis
may be performed in which no interfaco models or growth mechanising
will be assumed, except for the implicit choice of a diffuse mtmiuoo
following Cahn (1960) or Temkin (1964).

If there is to be any degree of local order in the liquid, at least in the
liquid immediately adjacent to the interface, so as to make the degeription

T The Burgers vector for a faulted dislocation in the f.c.c. structure (eqn. (2))
has heen replaced by b, using b'2=§b2.
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of a vacancy meaningful, then at equilibrium the vacancy concentration
at the interface will vary from its characteristic value in the solid up to
somo value churacterizing this immediate liquid. We take the latter value
to be theliquid free volume, but by-pass the problem of describing vacancies
in the liquid.

In Appendix I we use the concept of a diffuse interface to derive the
trappod vacancy concentration at the melting temperaturet. This is a
first approximation made up to be a lower bound for the vacancy
concentration. It is calculated for the case of no sinks other than the
liquid. Set in another form (from eqn. (A 6) it is exactly that derived by
Webb (1962)

c,—-C
C,=0Cg+ _'_'—DE, P €3
L+ 57
whore (};is the equilibrium concentration in the solid, Cy, the ‘concentration’
of free volume in the liquid at equilibrium, D the diffusion coefficient
of vacancies in the solid, V the growth velocity, and d the interface width
discussed in §5.

If a non-diffuse interface wore assumed (its width limited to b, say),
then an abrupt change in the vacancy concentration function should
occur at the interface. Since C,<C),. an accumulation of ‘vacancies’,
or some form of excess free volume, would arise in the liquid closely
adjacent to the interface for any rcasonable growth velocity. This
alternative is provided for in the Appendix, but not expanded at all.
I4 iy suggosted here in the text that a fictitious interface of effective width
d’ must bo adopted in this extreme. Within d’ the excess in the liquid
layer would be accommodated, and so forth ; but this would lead to & form
just like eqn. (4) using an unknown d’ rather than an unknown d. Since
wo shall eventually develop values of d based on Temkin’s model (1964),
the alternative of a non-diffuse interface is discarded.

3.2
The equilibrium concentration of vacancies in a solid, at any temperature,
in givon by
Co=Bexp— (BT, . . . . . . . (b)

where K, is the energy for vacancy formation and 8=cxp (8,/k), S; being
the self-ontropy of a vacancy.

It will prove convenient to define a parameter g which specifies the
concentration (J,, by an expression similar to that of eqn. (5)

O,=Boxp— (N, JgkTy). - - . . . . . (.6)

1 The variation of (/, with distance from the interface due to the thermal
gradients along the solid is negligible.
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At the melting temperature we obtam
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3.3

Rastogi and Mukherjee (1970) and Thomas and Willens (1964) have
shown how much smaller €' is than the change in volume on freezing (C'y,)
and have discussed why it affects properties only to a minor degree. Both
investigations also show that the value of C, increases as the quenching
temperature increases. Jackson (1965) used this observation as one basis
for doubting the interpretation of Thomas and Willens (1964); but later
Thomas and Willens (1966) stated the common experience that their splat
cooling brought about faster solidification when higher initial temperatures
were used for the melts, perhaps because of better thermal contacts with
substrates, thinner splats, etc. The increase of C, with quenching
temperature is large for lead and can be compared with the difference in
the thermal expansion of the liquid and the solid at the melting tomperature
(Wilson 1965). Simple calculations, where the vacancy volume is chosen
as one-half that of an atom, show that a major fraction of the expansion
difference can be accounted for by the ‘ vacancies’ in the liquid in the tem-
perature range investigated by Rastogi and Mukherjee (1870). This seems
reasonable since the atomic binding forces in lead should differ very little
from solid to liquid in the range up to 1 ?0°C above the melting temperature.

~1
~

so that

§ 4. NUCLEATION OF DISLOCATIONS
4.1

In the absence of non-uniform fluxes the chemical potential of a vacancy
may be approximated by
’ C

Mv=kThl’Og’ e )]

where C is the equilibrium concentration of vacancies in the solid at
temperature 7. Hence the free energy increase of the crystal upon the
formation of a dislocation loop is obtalncd from eqn. (2) and a loop/disc of
nr?[b? vacancies as
2

AF = b%‘[ln +7]+7T7‘2'y 271' a/cT Ty (10)

Yy
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From this, the critical loop size at which the loop will grow may be calculated

frotn the condition 0AF [0r = 0, yielding the maximum frec energy increase
Al

oARl e 7 2okl 2mr
R — Y /| 2 —_—— e =0, 11
or 3(1 -v)b I:nl) A ]+ Y b pe Hv 0. (1)
r*/b is caleulgted from eqn. (11).  Or substituting for p, in eqn. (10):
Gb ¥k r¥
AFb*= —— | In—+Z-1|—amkT—. . . . (12
’ 6(l—v)b[nb+J ] g 1z

4.2
I it is now assumed that the embryonic dislocation loop forms the
critical nucleus for dislocation growth, a simple nucleation rate equation
may bo written following Turnbull and Fisher (1949).

_ YLy
,1=K1.(»xp~—<é—17é-,}£11‘>

e oo (13

here 7 is the nucloation rate per unit volume and ,, may be considered
as the enorgy for vacancy transfer in the matrix. The rate constant K,
can be constructed for the dislocation loop by analogy with a disc-shaped
precipitate ; however, it is sufficient to specify it here within only a few
orders of magnitude. Accordingly, K,~nkT[h>~103sec~ ecm=3; n is
the number of vacancies per cm® at the temperatures considered, near the
melting point. Similarly for our purposes, the rate I need be specified
within only a few orders of magnitude. Then, noting that for most metals
near their melting points E /i1 ~ 10, the condition for nucleation of
dislocation loops may be taken from (12) and (13) as

r¥ 1 GO, r* K v
—de |l In-4Z—-1]— =ln="-10. . . (14
5 {6(1-—1}) T I:ln 5 +7Z 1] 77'04}. In 7 10 (14)

From this equation the loop size which may nucleate at a reasonable
frequency at any temperature is given under the restriction of eqn. (11).
The chemical potential of a vacancy can be written, from equs. (7) and (9)

HE
o1 1
= e T
s k <qu T>C

E, (AT
= +((1~1)}, N ¢ X))
o q {Tm
where AT=7T -1,
Since ¢ > 1, equation (11) may then be written as ‘
b 1 G, ok yb? AT
1z =< | In— + 2+ 1 [ = b+ T —
U 7'*{(iw(1—v)fﬂvl:nb A :I Ev}+]ﬂv T

Therefore a complete solution of the problem of dislocation formation in
growing crystals depends upon the temperature distribution in the solid

(16)

m
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through the term ATT . It is apparent, in the absence of other sinks,
that the condition of eqn. (16) may be fulfilled at some A7 for any metal,
However, in order to determine a ¢ =1 as well, it is best to examine the
most restrictive conditions available.

Table 1 (¢) shows that for most metals Gb¥/LT <20 and considering
that B, /k7',, <10 a high nucleation frequency is obtuined for »*/b~8.
Taking extremes y/Gb<0-023+1, k7' /K, >0-082 and Gb[E, <25, then
g—12014—-AT/T, (from eqn. (16)) and with C\,~0-05, Cp~1074,
D ~10-5cm?/sec, d~ 2 x 10~7 cm (sec Appendix 1) and V ~ 10-2em/see, the
excess concentration is AC~0-1x 10~* which corresponds to a value
g==101. So, at AT =0-13T",, the cxcess is sufficiont to nucloate
dislocation rings of radius 8b.

4.3

The preceding estimate. applies to the question of dislocation nucleation
per se. It was assumed that the embryonic dislocation loop served as a
critical nucleus for dislocation formation. Inspection of eqn. (16) for a -
value of r*/b~2 with A7 ~0-137",, would necessitate values of ¢~1-18
with correspondingly incrcased concentration excess of vacancies at the
melting point. But such an excess, attainable with higher growth
velocities (~ 0-6 cm/sec), would allow loops of bigger radius. to nucleate
without any supercooling (i.o. immediately behind the interfice) and
eqns. (14) and (16) to be satisfied. These larger loops would grow and
eliminate the excess vacancies, thus prohibiting the otherwiso attainable
g~1:18. Therefore, it is seen that sufficient conditions are given for
favouring reasonable size dislocation loop nucleation, instead of small
suspect ones.

§ 5. Tur INTERFACE WIDTH

This section is a digression which must be made in order to evaluate d.
A brief sketch of the diffuse interface analysis performed by Temkin (1964)
is presented in Appendix LI ® The interface widths which may be obtained
for lead, copper, aluminium, etc., are large enough for us to justify the
formation of all types of dislocations and then arrays. Temkin’s modelis,
however, not applicable to the f.c.c. metals that we limit ourselves to
treat quantitatively ; but asstated in the Appendix we can use hisreasoning
to find a scaling parameter. We chose lead as a reference motal to provide
this parameter since there are experiments at the two extremes, quenching
and slow unidirectional growth. The chosen ‘interface width’ is djb~9.
We do not suppose that lead actually will display such a ‘thick’ interface,
but we do suspect that it is an acceptable width for vacancy distribution.
Arguments to support such acceptance follow those presented alroady in
§3.1.

Another justification for this procedure depends critically upon the
function used to describe interface widths in a theory for diffuse interfaces.

T Aluminium will be treated separately.
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The ‘width’ d/b~9, is largely a distributional number. If Temkin’s
paper and calculations are taken critically at face value, then the transition
from all liquid to all solid does require such an extent. However, a width
lows than half this valuo suffices (for metals in the Temkin range, d/b~2
to 10) to account for 90Y% ol the solid-liquid transition. Width, as a
concept, has & magnitude that depends strongly on the use to which it
will be put. 1Here, for vacancies the larger value seems better.

A comparison with experimental data for Pb (Rastogi and Mukherjee
1970) can be made at this point. If d is taken as shown in Appendix LI
(Temkin 1964), a value is found for Pb ofd~ 3 x 10-7cm.  Then a freezing
rate of >0-5cm/sec can be calculated (Burden and Jones 1970) for the
experimental arrangement described by Rastogi and Mukherjeef. A
proper value of 105 em?sec for D, and the value of Cy,=0-035, give

C,~Cy AC
Oy~ CUp

This is just the value derived Irom Rastogi and Mukherjee’s experiments.

4.

L
§ 6. Examrrms or DisLocaTioN FormaTIiON

6.1. Separale Loops

We shall now rely upon tables 2(¢) and (b) showing calculated and
experimental results for three metals. It is most convenient to begin
with the real experimental results shown in table 2 (@) and then proceed
to the hypothetical cases in 2(b); both of these use the data of tables
1 (@) and (D).

1for lead, ealculations from eqn. (16) show in table 2 (a) the satisfactory
agreement between theory and experiment obtained with the Temkin
interface width. That is, for the slow growth rate of 2 (1), i, the calculated
undercooling is within the allowed range; and for the quench rate of 2 (a),
ii, even less than no undercooling seems necessary—we have chosen too
severe a set of conditions. Ior copper the calculations are reasonable
but not critical. For aluminium we find a reasonable but proportionately
larger undercooling necessary in order to explain the experiments of
Thomas and Willens (1964).

As we proceed to table 2(h), and the conditions for lead are relaxed,
we find that no undercooling is necessary for loop nucleation assuming
q> 1-07 giving AC > 1-1505, a degree which can be obtained at velocities
V > 0-14 ¢cm/sec. Dislocation loops of r*/b< 10 nucleate in these cases
immedintely behind the interface; and the higher the supersaturation,
the more easily theseloops should expand under the strong stresses produced
by the oxcess vacancies (Hirth and lLothe 1968). These conditions are
certainly {ulfilled in the experiments performed by Rastogi and Mukberjee
(1970).

1 The lower limit is most reasonable because it iy just at the value of fastest
cooling and freezing rates obtained by Cline and Livingston (1969) for metals
of the same conductivity, forced to freeze as fast as possible without going to
the extreme of splat cooling.
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Table 2 (a). Comparisons with experimental results

Pb
i: Unidirectional growth (Sekerka, Bolling and Tiller, 1960)
Data: A7'=32°>
V=3 x10-2 cm/sce

allowable
Calculated for this V: C /Cy=1-025; ¢=1-018; AT'yn=30°C

ii: Quenching experiment (Rastogi and Mukherjee 1970)
M

Data: (67" =85; V=0 cm/fsec (estimated)
E

Calculated: ¢, =1-15; AT, =—48° (ie. T'> 7 : allowable)

Cu

i: Unidirectional growth (Young and Savage 1964) :
(Few dislocations at V=17 x 10* cm/sec, furnace at 1180°.
More dislocations for furnace at 1125°¢; and for special conditions.
We deduce agroement and (7, /(p~1-00. Thus, for the one ingtance we

take:)
Data: AT~0 <€
V=7 x 104 '
Caleulated for this V: CJCg=1-001, ¢~1; AT ;,=108%
(i.e. no appreciable dislocations)

Al

ii: Quenching experiment (Thomas and Willens 1964)

Datas: ?—,’l =1-69; V =1cm/scc (estimated)
‘B ’

Caleulated: ¢,=1:06; A7, ;,=160° (ie. 7'< 7T, possible)

. L]
Table 2 (b). Intercomparison for quenching, A7 =0 assumed

Metal q CJl0g 14 1 loops/sec cm?®
[em/sec] .
Pb 1-07% 2-15 0-14 4 x 10®
Cu 1-08% 2:1 0-90 125 103
Al 1-10% 2:36 3-54 <108
Al 1-23 5-8 74, . 4x10%
‘fee.’ 1-14 4-5 0-35 108

+ The values ¢=1-07, 1-08 result from nucleation frequencies in accord with
average experimental conditions. Tor Al, a large stacking-fault energy forces
the value ¢>1-10. This and the consequent ring size, 7~ 10 imply that
better values of ¢ should come from the nucleation of perfect loops.
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Kor aluminium the results are ambiguous; yet Thomas and Willens
(1964) showed (oxcopt for the highest quenching temperature investigated,
above 1200°c) perfect and imperfect dislocation loops as well as “‘small
spherical black spots which could be small loops or vacancy clusters”
Our caleulation for #*/b < 10 indicates that nucleation of faulted loops is
more favourable, becoming equal to that for unfaulted loops near r*/b ~ 10.
Thomas and Willens (1964) report an excess AC/Cp=0-69 in this case,
thus allowing either loop nucleation at AT ~160°c with r*/b~6, as
calculated for rmperfect loops (table 2a)t; or no supercooling necessary
for AC/Cy; > 4-8 which can be obtained under growth velocities > 7-4 cm/sec
(table 2b). 'Thomas and Willens (1964) show the existence of a high
density of dislocations making sub-boundaries for splats quenched above
1200°c¢ which should agree with their reported faster growth for quenches
from higher temperatures (viz. ~ 10 cm/sec).

Lead and aluminiam present two distinguishable cases, the first with
small values both for Gb® and y, the second with large values for these
quantities. Copper comes out as an intermediate case displaying a large
@63 value but a relatively small y. Finally, it is worth while repeating
that table 1(h) shows the values of the interface widths, d, calculated
using a consistent set of parameters for the three metals. The trend in
d that should be expected according to the Temkin analysis] (1964) for
interface extension was deduced for lead and aluminium. The value of
d for copper then was obtained by interpolation, and used to calculate V
with AT =0 (table 2b). Other f.c.c. metals could have been used as well.

2. Striation Formation

The particular lead crystals produced by Sekerka ef al. (1960) under a
high ambient temperature at low growth velocities present the critical
borderline caso for our arguments, as appears immediately from the results
in table 2 () (see also Atwater and Chalmers, 1957).

The observations of Teghtsoonian and Chalmers (1951, 1952), however,
set forth a more detailed examination of velocity effects in tin. Their
results are replotted here in a convenient manner and will be used first.
The amount of crystal grown before striations were observed is plotted
in fig. 1 as an incubation distance which is a function of the growth velocity.
It can be seen that above 8x 10-3cm/scc (5 mm/min) the incubation
distance is roughly constant; extrapolating the results to slower rates
of growth would indicate that striation-free crystals can be grown by

T Their subsccquent expansion as a consequence of the high stresses present
could facilitate a Shockley partial if possible in part of these imperfect dislocation
loops, and would Lransform them into perfect loops with a decrease in free-
energy.  This high supercooling for Al corresponding to this level of super
saturation would favour (because of the more sluggish diffusion of vacancies)
the nueleation of many loops and limited loop expansion, rather than the
development of larger dislocations forming as a consequence of loops climbing.

1 The parame for 5 y used by Temkin in his analysis has been 1dcnt1ﬁed here as 7.
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manipulating the growth rate alone. In fig. 2(«) both the distance
between strintions and their angulav misorientation are plotted against
growth veloeity.  When smoothed-curve values of these functions are
used the total dislocation concentration per em? involved in the striation
houndaries can be plotted as a function of growth velocity as in fig. 2(0).
(This was done by assuming uniform tilt boundary arrays of angle 6,
separated o distance L) Depending upon the smooth curves plotted in
2(a), or the constants used, this curve may vary slightly but will always
exhibit, a concentration ~ 107/em?, vapidly diminishing at low velocitics
and approaching a steady state at high velocitics.

These results are consistent with the proposced mechanism for obtaining
excess vacancies al the melting point.  Below velocities ~ 3 x 10 3 em/sec
(I-S mm/min) the incubation distance inereases rapidly and the dislocation
density decreases; al high veloeities a steady state is approached.  How-
ever, even though the details of striation Tormation cannot be investigated
excepl in a qualitative manner some additional points must be proved.
The reader is referred Lo the original arguments of Teghtsoonian and
Chalmers (1951), the more detailed development by Frank (1956) and the
ohjections of Schoeek and Tiller (1960).

6.3. The Climb Problem.

The deseription by Ifrank (1956) is still plausible except for the part
of the argument by Schoeck and Tiller (1960) stating that, cven if vacancies
collapse 1o form dislocations, their forward velocity of growth in the
direction of the interface will fall below the erystal growth rate before the
region of surface image {orees ix reached.  This is true for equilibrium
vacaney concentrations, but must be modified in the presence of €,
vacancies.  following Schoeck and Tiller the steady-state climb velocity
ol disloeations, vy, may be set as

Y 2) e
207 <~I~—">::1r-'-A(V’A N

20, vy b

A calenlation of the v, values for the three specified metals gives fig. 31
(this holds Tor many metals) and shows that the steady state values are
all less than the growth velocities no matter what the choice of V. We
do however have the experiments for lead (Sckerka ef al. 1960) at hand,
along with the eriteria developed here for the same metal from the work by
Rastogi and Mukherjee (1970). Considering V' =3 x 10 2em/see as a sale

T Wigure 3 was obtained first for the condition A7'=0-0537",. the only
eritical value for controfled erystal growth, as used in the experinients of
Sekerka of ol (1960). Values [or V oand the related v, were then caleulatod
for aluminium, copper and the general Lece metal at the same condition to
obtain comparable results. The obher points wre for all the metals with
AT 0 (lable 20) and Tor the two quenching experiments ({table 2 «).
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velocity for which striations would boe stable in view of figs. 1 and 2 (even
though they are for tin, not lead), and in view of the velocities since that
time used for lead by one of the present authors in experiments like those of
Sekerka et al. (1960), the criterion of climbing insufficiency scems suspect.
That is, striations containing p~ 107c¢cm™* dislocations do form in very
pure lead at V=3 x 10~2cm/sec in the experiments of Sekerka et al., when
there is no seeming reason for their systematic formation.

Since eqn. (17) has been derived for steady-state dislocation loop
climbing, it should not apply to the initial stage of loop expansion through
climbing. (Here the existing forces are larger and should be suflicient
to allow climbing to occur up to the region of surface image forces.) This
we believe to be a fallacy in the application of Schoeck and Tiller’s climb

-test, when the differences in rate of climbing and crystal growth are small.
The values of v, calculated from eqn. (17) are consistently smaller than V
by a factor of 1/5 as shown in fig. 3. The correlation is too strong for
coincidence to serve as an explanation; however, we cannot presently
develop a proper solution for the non-steady-state climb problem.

7. REMARKS
The calculations presented here have depended upon disclosing a
number of small points differing finally from those already existing in the
literature. We have paid special attention to the entropy contribution
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of atoms in the dislocation coro to the free energy of a dislocation loop.
We have relied upon the experiments of Thomas and Willens (1964) and
Rastogi and Mukherjee (1970), which show that an excess concentration of
vacancies may be trapped in the solid by rapid freezing. We have adopted
the viewpoint of Temkin (1964) that a solid-liquid interface must be
treated as a diffuse entity, whether or not this be purely statistical artifice
or completely proper interface description (see Bolling 1969). This
adoption was then extended to the degree of calculation, for we have
introdficed Temkin’s magnitudes to obtain the interface widths of this
paper. In fact, it is just the results of using Temkin’s calculations which
allow us to note the important overall inconsistency between growth
velocities and dislocation climb velocities as calculated by Schoeck and
Tiller.

None of our calculations has been critically chosen to obtain the best
justification of sets of numbers, and we may therefore feel confident about
the plausibility of generating dislocations by vacancy condensation during
growth -from the melt. It is gnother matter to assume that dislocations
naturally interact to produce striations. However, we are not satisfied
by alternative mechanisms for the production of dislocations and striations
suggested since Schoeck and Tiller (1960) seemed to eliminate the sequence
starting with vacancies. For example, when Jaffrey and Chadwick (1968)
presented some new observations on the appearance of striations they
reviewed some of the field and paid special attention to the possible effects
of foreign particles in producing dislocations. While the model they
consider is acceptable, the interpretation of information in this field seems
open to argument and docs not seem clear enough for a balance in favour
of any mechanism. TFollowing the results we present, we recommend
that the elegant mechanism of Teghtsoonian and Chalmers (1951) extended
by IFrank (1956) be reconsidered. For so many other simple reasons
(such as the question of why striation boundaries are predominantly
alternating tilt arrays: their climb preserves the arrays and eliminates
vacancies) it has always been difficult to discard the mechanism now again
sugyested possible.

APPENDIX I

In order to calculate the trapped concentration of vacancies, we assume
the existence of a diffuse solid-liquid interface. Such a gradual transition
allows us to describe the interface as constituted partly by ¢solid’ and
partly by ‘liquid’ atoms, and enables us to conceive of both free volumet
and vacancies in the transition zone. Whatever the discrete form of
vacancies, the concentration must decrease continuously from its value
in the solid to zero in the liquid. The case for free volume is not so clear.
Free volume must be zero in the solid; but, through the interface free

1 Here wo mean that quantity sometimes called ¢ excess free volume’ in
distinguishing liquids from solids. We retain the shorter name for a reason
which follows.
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volume is created as a result of the difference in density between liquid and
solid. This might allow a local increase in the amount of free volume,
above the bulk value to be achieved in the far-away liquid. Linear
convective motion should nevertheless-occur in the melt allowing it
eventually to act as a sink for any of the ‘extra’ free volume created at the
interface by the solidification (Chambré 1956). This flow depends on the
growth velocity, so that the sink is more effective the higher the growth
velocity.

In steady-state growth, the convective velocity must be constant,
and thus the divergence of free volume at any planc across the interface
plus the divergence of vacancies, must equal the vacancy cxcess divided
by the mean free life of & vacancy in that plane. 'That is, for ¢y, ns the
liquid free volume, ¢, as the vacancy concentration trapped in the solid,
cp as the equilibrium vacancy concentration, and V as the growth velcoity :

div [(or, + Aey,(2))fe.(@) V] + div [¢,(V, x)J;/s(x)V] :

cdV,x)—cple) , .

= ——*W“—fs(-ﬂ): .. (Al

where f and f7, are the fractions of ‘solid ’ and ‘liquid ’ volumos respectivoly

and all quantities are expressed per unit volume. r is the mean time of

escape within the boundary layer of a vacancy to be described for the plane

considered. The integral of eqn. (A 1) can be expressed for the intorface
region extending from zero through d (as shown in fig. 4) as

¢ fulx)
- b .
[CL+ACL(d)]V—GqV=(Gq—cE) J\O ;(55' d(l:, (A 2)
since f5(0) =/f1(d) =1 and fq(d) =fL(0)=0.
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(@) Schematics of ¢ fy+cr,f;, across tho solid, the liquid and the solid-liquid
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Bquation (A 2) has been obtained from the limit that the trapped
vacancy concentration ¢, is alwuys less than ¢ (V,z). If we then assume
that Acp,, which is the oxcoss free volume creatod at each plane and which
of course depends upon the coordinate, has a value Acg, =0, independent
of growth velocity, we also have a limiting assumption. In thisinstance a
lower bound is obtained for (¢, —cy;). The situation corresponds to a total
Chambré inflow through the interface wherever there may be any ‘liquid’.
The assumption is clearly an outer bound no matter what the detail of the
diffuse interfice description, as shown in fig. 4.

We then proceed by taking the function fg(x) to vary lmearly

x

Jo=1—=. . . L . (A3)

And we can obtain an upper bound for the vacancy lifetime through a
random walk approximation of the form,

@,
.D )

T=

(Ad)

where D is the vacancy diffusion coefficient and (I?), must be such that
its maximum value at z =0 should be at least d?, and its minimum value
at @ =d should be zero, and so forth. Simple considerations, avoiding the
fact that a vacancy can be annihilated at a plane inside the interface,
combined with our desire to use an integrable function, lead to a form
such as

B, =dd—z)A; A<L.

(An alternative form (I?),=(d—=x)? is less critical than the one chosen,
and is moreover non- 1ntegrablc within useful limits.) The fact that the
interface is moving at velocity ¥ 1mp1|(\q that »=[d(d —x)/AD1F(Vd|D);
but for equilibrium we can derive a minimum value of F'(Vd/D)= F(0)=1.
Use of both these extremes allows us to maintain our bound for the quantity
(¢4~ Cy) when we write

rzdd-x)AD. . . . . . . . (Ab)
Integration of eqn. (A 2) then yields
D
(er,—c)V < 3 (cg—cCm)- - - . . . . (A6)

The lower limit here is identical to the ex pression obtained by Webb (1962),
uging a far more explicit development.

1 Here it is assumed that recombination with interstitials is negligible.
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APPENDIX IT

Ternkin (1964) studied the distribution of atoms within a solid-liquid
interface by using a statistical thermodynamics. His model consists of
a simple cubic lattice, limited by the elementary considerations of nearest
neighbour atoms and equal solid and liquid densitics. Even so, his
analysis constructed in terms of the ‘solid’ fraction, fg, in plancs parallel
to the interface with eminently proper boundary conditions, leads to an
infinite set of simultancous equations in terms of two parameters. The
first of these, 8= Auyg/kT, can be taken as zero at T'=1T,, since Au;g is
the diffeience in chemical potential between the liquid and the solid and is
negligible for growth rates of interest. The second parameter is n = 4w/k7",
where w is the difference between a ‘solid atom-liquid atom’ bond energy
and the mean energy of the solid-solid and liquid-liquid atom bonds,
w can be related to the latent heat of fusion, and since for 7'=1",, the
solutions of the equations depend only upon the parameter 5, a measure
of the interface width may be obtained. Temkin presented the results
of numerical computer calculations for four different values of %, leading
"to the curve shown in fig. 5.

Fig. 5
Temkin {1964)
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Plot of » versus the interface width from Appendix II following Tewmkin’s
analysis.



Formalion of Dislocations from Condensed Vacancies 65

The metals, lead, aluminium and copper are not immediately adapted
to fit Temkin’s description. However, they are all face-centred cubic,
and it should be at least plausible that some monotonic scaling is possible
and that the solid-liquid interface width must be higher in Temkin’s model
than for any real f.c.c. metal. We thercefore chose to position the metal
lead at Temkin’s value ag shown in the figure, at the same time constructing
a reasonable scale of distances so that aluminium gives us a value for fitting.
(Although the latent heat of fusion was used for this positioning just as in
Temkin’s model it is only a rationalization, but alternative choices or
procedures scem  unjustified.) The same procedure applied without
change to copper and the average f.c.c. metal gives good values that
provide an overall consistency as discussed in § 6 of the text. Temkin’s
interface model, ag we have used it, can then be regarded as a scaling guide
or procedure with one adjustable parameter.

The ¢hoice of lead as a reference metal is based upon the fact that more
information is available for lead about crystal growth and vacancies.
However, there is a diversity among the values available for the self-
diffusion coefliceint for lead at its melting point, a number needed in the
text. We have chosen the highest value ~10-5c¢m?/sec in accord with
Oberdorfer and Grass (1970). Other values that may be derived from
Miller (1969), Resing and Nachtrieb (1961), Nachtrieb and Handler (1955),
Okkerse (1964) or Von Hevesy, Seith and Keil (1932) can give slightly
lower values for D at 327°. With adjusted parameters, these not only
satisfy the matching of experimental results we try in the text, but can
provide us with seemingly better interface widths (i.e. smaller values).
Nevertheless, we understand the concept of interface width, as stated in
§ 5 of the text, in a way that does not suffer from the use of higher values.
Thercfore, the value chosen for lead is the most recent value, as for the
other metals, and & more severely critical one.
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