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Abstract

In large liquid volumes a variety of residual catalysts can limit the attainable undercooling. With a liquid droplet dispersion an
effective nucleant isolation has yielded the largest undercooling for solidification and conditions where the nucleation process is
the rate limiting step. Calorimetric measurements provide an effective means to determine the nucleation frequency in droplet
samples. Since droplet samples are polydisperse in size, a full kinetics evaluation requires also a consideration of the size
distribution which often obeys a log—normal relationship. With this information, the isothermal solidification rate constants may
be determined to distinguish between a volume dependent process and a heterogeneous surface area dependent mechanism. An
additional study of heterogeneous nucleation kinetics is possible in droplets containing well-defined solid catalyst surfaces in
contact with the liquid which undercool to a clear nucleation onset. Suitable two-phase liquid + solid droplet samples may be
generated in eutectic and peritectic alloys following thermal cycling and allow for a further analysis of the rate controlling
kinetics. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of the kinetics of crystallization of under-
cooled liquids has been an area of continuing interest
[1]. While there have been numerous studies of the
nucleation kinetics only relatively few have been of
sufficient depth to provide the kinetics information
needed to model the controlling process. Foremost
among these studies has been the classic work on
mercury by Turnbull [2]. Succeeding investigations
[3,4] on nucleation kinetics have followed essentially
a similar analysis technique and method. The results
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of a detailed kinetics analysis have confirmed the
essential form of classical nucleation theory. However,
a number of discrepancies have arisen between the
predictions of theory and the experimental results.
Moreover, theoretical analyses and model simulations
of nucleation phenomena continue to attract a strong
interest [5—7]. These developments as well as
advances in extending the range of maximum under-
cooling for many metals and alloys [8] point out the
need for a further effort in the experimental study of
the nucleation kinetics of undercooled liquids.

For the most part the experimental study of the
kinetics of crystal nucleation from the highly under-
cooled liquid state has focused upon the use of a droplet
dispersion sample configuration. Turnbull [2] devel-
oped the generation of droplets by emulsification of
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liquid metals in a carrier fluid. To maintain the inde-
pendence of each droplet, a surface coating was
provided in a controlled manner by dissolving a small
amount of surfactants in the carrier fluid. With this
approach, internal as well as extraneous nucleant
effects could be controlled. The improvement of the
droplet partitioning technique to develop a less cata-
lytic and stable surface coating has resulted in an
extensive amount of undercooling before the onset
of copious crystallization for several pure metals [8].
The maximum undercooling results by themselves,
however, could not be considered sufficient to prove
that the operating nucleation kinetics is the homoge-
neous nucleation. For the further identification of the
controlling nucleation kinetics it was necessary to
demonstrate that the nucleation rate is proportional
to the liquid droplet volume or droplet surface area.

Under most conditions, solidification is initiated by
a heterogeneous nucleation event. While the study of
homogeneous nucleation requires a sample free from
all external nucleants, the study of heterogeneous
nucleation requires a sample which contains only well
known and characterized nucleants. A proper exam-
ination of nucleation catalysis requires the full identi-
fication of the catalytic site and solidification product
structure as well as a characterization of the potency of
the catalytic site in terms of the interaction energetics
(i.e. contact angle) between the nucleus and catalyst.
In bulk systems, these requirements are extremely
difficult to satisfy with certainty, since there exists a
variety of potentially viable heterogeneous sites dis-
persed throughout the volume. To circumvent the
difficulties encountered in bulk systems, a droplet
technique has often been utilized to examine nuclea-
tion catalysis. Most of the studies have been conducted
on binary alloys which are suitable to determine the
catalytic effect of a primary solid solution phase on the
nucleation of the liquid. For most experimental
arrangements, including the droplet technique, contact
angles are not possible to measure accurately, but it
has been demonstrated [9,10] that each characteristic
contact angle between the nucleant and the liquid will
yield a discrete, well-defined nucleation undercooling
which can be used to describe catalytic potency. An
essential component of the experimental approach is
the development of an evaluation procedure that
allows for the confirmation of specific nucleant site
activity [11]. It is important to note that in all other

similar types of studies nucleant identity was, for the
most part, assumed, rather than confirmed by any
experimental test. With an established nucleant iden-
tity, careful analysis of the kinetics allows for an
evaluation of nucleation site models to be carried
out which in turn allows for an assessment of the
active site.

The usual methods of generating droplet disper-
sions involve the production of a distribution in dro-
plet sizes. The analysis requirements associated with
droplet distributions and the application of a suitable
analysis method are important to the critical examina-
tion of nucleation kinetics in undercooled liquids.
Similarly, with known nucleation sites an effective
model of the catalysis is essential in understanding and
controlling the reaction kinetics for heterogeneous
nucleation.

1.1. Kinetics analysis model

Droplet samples prepared by emulsification of
liquid metals have a size distribution. The nucleation
probability of each liquid droplet is proportional to its
size. The isothermal solidification rate data of liquid
metal droplets, therefore, represents the time depen-
dence of the size distribution of liquid droplets at a
given temperature. For the proper analysis of the
isothermal solidification kinetics data, the size distri-
bution of liquid droplets must be associated with the
experimental measurements [2—4]. A differential
scanning calorimetry (DSC) technique, which has
advantages in temperature control and sensitivity,
has been selected as the basis for the analysis of
nucleation rate measurements.

When droplets are produced by shearing, it is
expected that due to the random nature of the droplet
shearing the droplet size would display a log—normal
distribution. For log-normally distributed droplets, the
probability distribution [12] is given by

P(V) e 1 exp _<1nVi - lu’v)2 (1)
Y ewiV2n 202

where v; is the volume of a droplet belonging to a size
group i, o, the standard deviation and g, the mean
value. An example of the log—normal distribution
characteristic based upon droplet surface area is pre-
sented in Fig. 1 for a Hg droplet emulsion sample.
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Fig. 1. Cumulative probability plot for surface area distribution in
a Hg droplet sample.

When a fine liquid droplet sample is solidified in a
highly undercooled condition, the nucleation step
becomes a solidification rate determining step [2].
Therefore, the nucleation rate is equivalent to the
solidification rate. Since the nucleation event in each
droplet of size v; is a single independent event [2], the
first order reaction law can be applied as follows:

dN(V,', [)
dr

where N(v;, t) is the number of liquid droplets belonging
to the ith size group at time ¢ and k; the nucleation
frequency. For a volume dependent homogeneous
nucleation, k; = J,v;, where J, is the volume dependent
nucleation rate and v; is the volume of a droplet
belonging to the ith size group. For a surface area
dependent heterogeneous nucleation, k; = J,a;, where
J,,is the surface area dependent nucleation rate and a; the
surface area of a droplet belonging to the ith size group.

= —kiN(v;, 1) @)

1.2. Analysis of calorimetric data

When liquid droplets with a size distribution are
solidified isothermally, the number of droplets, N1(%),
remaining unfrozen at time ¢ is obtained from the
integrated form of Eq. (2), as follows:

Nr(t) = N(vi,t = 0) exp(—kit) (3)
i=1
and the latent heat contribution of unfrozen droplets
is:

Q([) = AHvzn:N(Vi,l‘ = 0) exp(—kit)vi (4)

i=1

where AH, is the heat of crystallization per unit
volume. If the liquid droplets are undercooled uni-
formly to the nucleation rate measuring temperature,
T,, the initial log—normal size distribution can be
applied directly to describe the size distribution of
liquid droplets during the isothermal nucleation pro-
cess. The general features of the evolution of the
droplet distribution are illustrated schematically in
Fig. 2. For a given nucleation rate, the largest droplet
sizes freeze first and the distribution mean shifts

T

Fig. 2. Illustration of the isothermal nucleation of a droplet
population for a volume dependent process.
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downward with reaction time. Hence,
N(vi,t =0) = Nr(t = 0)P(v;) (&)

where Nt(t = 0) is the total number of droplets in a
sample. By substituting Eq. (5), O(f) becomes:

Q(T) = AHV/leT(l‘ = O)P(V,) exp(—k,-t)v,- (6)

With a DSC method direct measurements can be
performed for the isothermal heat liberation rate,
dQ(r)/dr = Q, as a function of time when a droplet
sample is held at T,. Based on the experimental Q
values the determination of the first derivative of the
heat liberation rate, dQ?(¢)/ds* = 0, and Q(?), is also
possible.

1.3. Volume dependent nucleation

For the case of homogeneous nucleation, the
nucleation frequency is proportional to the volume
of a liquid droplet. Under this condition, Eq. (6) allows
0(1) to be expressed as follows:

Q(t) = AH,Nr(1)v(1) (7)

where v() is the first moment of the distribution [12]
at time ¢ and N1(7) the total number of liquid droplets at
time ¢. From Eq. (7), we get

Q= AHV(—JV)/HINT(I = 0)P(v;) exp(—J,vit)v?
(®)
Q = AHV(_JV)NT(I) [V(t)]z )

where [v()]” is the second moment of the distribution
[12] at time 7 related to the undercooled liquid dro-
plets. Experimentally, Q values are obtained directly
as a function of time by applying a DSC technique.
Therefore, the nucleation rate (J,) can be determined
from the experimental Q value at a given time and
corresponding distribution parameters, Nr(f) and
[v(r)]*, which have been determined independently
based on the measured droplet size distribution. It
is also necessary to measure the first derivative of the
heat liberation rate, as follows:

0 = AH,(-J,)* / ' Nr(t = 0)P(v;) exp(—J,vit)v?
i=1

(10)

0 = AH,(—1,)* N+ (0)[v(t)]’ (11)

where [v(1)]’ is the third moment of the distribution
[12] at time ¢ related to the undercooled liquid dro-
plets. Experimental Q values represent the instanta-
neous slope of Q Therefore, the volume nucleation
rate (J,) can be determined again _from the relevant
distribution parameters, Nr(r) and [v()]’.

A dimensionless parameter that is useful in distin-
guishing a volume dependent nucleation from a sur-
face area dependent nucleation can be derived from
o), Q and Q values as follows:

00 _ v ()] (12)

0 (bop)

The left-hand side of Eq. (12) is determined exp-
erimentally from DSC measurements while the
right-hand side is determined by the independent
size distribution information. If the equality of
Eq. (12) is established from data obtained by the
isothermal heat liberation rate measurements on a
particular droplet distribution, the nucleation process
is controlled by a volume dependent nucleation
kinetics.

1.4. Heterogeneous nucleation

One important property of the log—normal distribu-
tion is that if the fraction of droplets of any one size is
distributed normally on the logarithm of the volume
then the fraction of droplets of any one size is dis-
tributed normally on the logarithm of any other multi-
ple dimension of the droplet size [12]. It is useful to
note that the surface area log—normal distribution
parameters are related to the volume distribution
parameters by simple relations [12].

1, = % 1, +log(6+/7)] (13)

3
Oy = %a‘, (14)

In a heterogeneous nucleation, the nucleation fre-
quency is proportional to the area of the active cata-
lytic site such as the surface of a droplet. Proceeding as
for the case of a volume dependent process, the total
latent heat of the undercooled liquid droplets at time ¢,
the heat liberation rate, the first derivative of the heat
liberation rate and the dimensionless parameter are
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given by the following equations:

0(1) = 5= AH.Nr(0)alo)] ()
0= %ﬁAHx—Ja)NT(r) la(r)? (16)
0= %AHV(—J(;)ZNTU) la())"" (17
00(1) _ [alt)] Pla(r)

o T —— (18)
¢ (law”?)

where J, is now the rate of nucleation per unit area
of the droplet surface. The heterogeneous nuclea-
tion rate, J,, can be determined from the experimental
Q or Q values with relevant distribution parameters
once the conditions represented by Eq. (18) are satis-
fied.

Most often a droplet sample contains a distribution
of nucleants either internally or on the droplet surface
which can become active during cooling. The droplet
fraction which is free of such nucleants can be eval-
uated from the Poisson distribution function [6]. For
example, in a droplet sample containing m; number of
surface catalysts per unit area with droplet volume v;
and corresponding surface area a;, the fraction, X,
free of such nucleants is given by:

X, = exp(—m,-a,-) (19)

Under these conditions, the number of liquid dro-
plets of size i that remain in a distribution after cooling
from T, to T, can be obtained as follows:

]\7(\/’1'7 t) = NTP(Vi) exp(—miai) exp(—kit) (20)

where Nt is the total number of droplets and P(v;)
is the log—normal distribution function. The isother-
mal solidification of a droplet distribution is then des-
cribed by the total number of unfrozen droplets at ¢, Nt
as the summation of nucleation events over all size
classes,

Nr(t) = Nty _P(vi) exp(—mja;) exp(—Jait) (1)

In practice, Nt can be obtained through calorimetric
or dilatometric measurements.

As mentioned, it is often found that samples contain
multiple nucleation catalysts, but these effects can also
be treated on the basis just described. For example, in
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Fig. 3. Series of schematic thermograms for the determination of
the fraction of droplet sample solidified in each of three exotherms
by a thermal cycling treatment.

Fig. 3 a sample melting at an equilibrium tempera-
ture 7T, exhibits three crystallization exotherms A,
B, and C upon cooling. The procedure is outlined
in Fig. 3 to isolate the relative contributions of the
droplet population to each of the crystallization
exotherms, based upon a Poisson distribution of sur-
face catalytic sites as given in Eq. (19). For example,
in dealing with peak A it is possible to assess its
relative magnitude in terms of the fraction of the total
droplet population, P(r) not containing site A or P'(r)
as given by:

P'(r) = P(r) exp(—mja;) (22)
so that
Jo"ViP'(r)dr  AH, — AH,

50 = (23)
Jo ViP(r)dr AH,

where V, is the volume of a droplet with radius r.
Similarly for peak B,

P"(r) = P'(r) exp(—mpa,) (24)
where a, is the catalyst area and
Jo VP (r)dr _ AH,

SR A — 25
Jo VP (r)dr  AHj 25)
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Fig. 4. The influence of thermal cycling and isothermal holding on the undercooling behavior of pure In droplets.

Finally, peak C may be derived by considering the
difference between A and B so that the unfrozen
droplet fraction at the start of exotherm C is:

P"(r) = P(r) exp(—mia; — myaz) (26)

In this case, the nucleation catalysts exhibited
discrete, well-separated exothermic crystallization
events, but there are other circumstances which yield
a more continuous spectrum of crystallization and
catalytic behavior as shown in Fig. 4 for a pure
sample. When the cooling process is arrested as shown
in curve A of Fig. 4 at a temperature below the melting
temperature and the cooling process is restarted, a
clear step is observed indicating a series of overlap-
ping crystallization processes terminating in a final
crystallization exotherm as shown at the lowest tem-
perature part of curve A. The trace in curve B further
illustrates the continuous crystallization and also the
fact that the final exotherm at the lowest temperature
point is separate from the continuous crystallization.
In order to treat the continuous crystallization induced
by surface nucleants of variable potency, it is possible
to consider regions of surface catalytic sites. The
relative potency of these sites can be assessed by
noting that the critical nucleus radius, r* as a function
of undercooling AT is given by [8]

—20Ty
P (AT) = 27

= AH,AT @7

where ¢ is the liquid-solid interface energy and T, is
the melting temperature. For a surface site of radius
R > r*, the site can become active when:

—0Tysin 0

r(AT) = —3pAT

(28)
where 0 is the contact angle between the nucleated
phase and the catalyst. When R is less than r* embryos
can form, but they will not reach the critical nucleus
size. Thus, with increasing AT, sites of decreasing size
become activated in a continuously varying manner.
With this approach a continuous heterogeneous
nucleation with increasing undercooling can be
described and used to separate out any individual
crystallization events such as that illustrated in
Fig. 4 at maximum undercooling.

1.5. Application of the kinetics analysis

1.5.1. Crystallization at high undercooling

In the application of the analysis model, the size
distribution of liquid droplets is determined as a
function of the parameter T = Jt. When 7 = 0, the
liquid droplet size distribution is log—normal as
plotted in Fig. 2 for volume dependent kinetics. As
time passes, larger droplets are depleted from the
undercooled liquid population faster than smaller
ones. Hence, the initial distribution characteristics
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of liquid droplets changes as shown in Fig. 2. The
resulting size distribution parameters obtained as a
function of 7 can be associated with experimentally
measurable quantities: the total number and volume of
liquid droplets at 7 is the result of the summation of
N(v;, 7) and v;N(v;, 1) over all volume elements. The
ratio of the total volume at 7 to the original volume of
the sample gives the volume fraction of liquid at 7, X
which is equal to the ratio of the latent heat of the
liquid at 7 to that originally available at T = O..sz the
experimental dimensionless ratio, Q- Q(#)/Q", is
plotted as a function of X, at any nucleation tem-
perature, equivalence with the ratio of appropriate
moments of the distribution is required if the mechan-
ism is either a volume or a surface nucleation.

In order to illustrate more clearly the use of the
kinetic model an abbreviated summary of the analysis
of nucleation in Hg is considered at maximum under-
cooling [13]. The undercooling and the melting
characteristics of an emulsion of mercury droplets
produced in a mixed alcohol carrier are presented in
Fig. 5 fora 5 °C min~' temperature scanning rate in a
Perkin-Elmer DSC-2 or DSC-7. The maximum under-
cooling to the onset of sensible nucleation is 89 °C
which is equivalent to 0.38 T;, and similar to that
obtained by Turnbull [14] for volume dependent

kinetics. The thermal characteristics displayed in
Fig. 5 were possible to maintain in carefully prepared
samples during repeated thermal cycles of melting and
freezing which are required to determine a tempera-
ture dependence of the nucleation rate.

A summary of the thermal treatment schedule fol-
lowed during each isothermal crystallization rate mea-
surement is presented in Fig. 6. Following step 1, the
emulsion is completely liquid and is cooled to a
temperature 4 °C above T, (step 2) to equilibrate the
system. In step 3 the sample is quenched to 7;, and
maintained until the decay of the heat release merges
with the baseline. The sample is then cycled in step 4 to
above the melting temperature for a succeeding run at a
different value of T,,. The additional cycle shown by the
dotted trace in Fig. 6 represents the calibration step that
is used to ascertain the total heat released during the
crystallization, which is essential in order to determine
the fraction crystallized with time. The isothermal heat
liberation rate as a function of time was measured in a
temperature range of 146.5 to 149.2 K over which the
nucleation rate becomes experimentally observable
(107 to 10" nuclei cm > s71).

The volume or surface area dependence of the
nucleation rate can be determined by comparing the
experimental dimensionless ratio value Q - Q(t)/ Qz,

+4 —
COOLING, 5%min
TEMPERATURE (K)
% ol 1 | i i i
140 160 200 220 240
HEATING, 5%min
4L

Fig. 5. DSC thermogram of super purity (99.99999%) Hg droplets.
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Fig. 6. A summary of the thermal treatment schedule for nucleation rate measurements.

obtained as a function of X with the corresponding
ratio value of the appropriate distribution parameters
as indicated in Fig. 7. The experimental ratio values
were obtained as a function of X based upon calori-
metric results while the expected ratio values of dis-
tribution parameters are derived from the initial size
distribution and the nucleation kinetics model. It is
significant that not only the separation between the
surface and volume dependent kinetics is resolved
clearly, but also the experimentally determined values

of the dimensionless ratio versus X coincide closely
with surface dependent nucleation behavior.

The significance of the agreement with surface
dependent nucleation is emphasized by the fact that
the experimental determinations of the dimensionless
ratio are not required to follow either of the predicted
kinetics paths. The predicted surface area or volume
dependent path is established from independent
stereological size distribution measurement. Thus,
the close correspondence between two independent

TEMP (K) TEMP (K)
T 1463 o 1471
146.6 & 1472
30k =
Q 1469 d 1473
o 1470 QO 1478
20 VOLUME NUCLEATION
¢q
(©F
10 } SURFACE NUCLEATION
0 1 1 L L 1
0 0.2 0.4 0.6 08 1.0

ISOTHERMAL VOLUME FRACTION TRANSFORMED

Fig. 7. Comparison of the experimental dimensionless ratio with the calculated value.
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measurements from the same droplet sample provides
a high degree of confidence in the outcome of the
analysis which also agrees with the previous method
[2]. When the possible uncertainties involved in each
portion of the measurement are considered together,
the relative uncertainty in assigning an experimental
value for the dimensionless ratio is not expected to
exceed 20%.

In terms of classical nucleation theory, surface
area dependent nucleation rate may be expressed as
follows:

3
I, = K, ex [— 16naf(0) (29)

3KT(AG,)?

where K, is a prefactor, ¢ the liquid—solid interfacial
energy, f(0) the contact angle function for spherical
cap nuclei [2], AG, the driving free energy and kT has
the usual meaning. Experimental J, values for the
samples examined from two sources are plotted in
Fig. 8 as a function of temperature. It is noteworthy
that the measurements of J, for each sample in Fig. 8
are in good agreement. A fairly good linear relation-
ship between log(J,) and 1/T(AG,)? is established
when the measured values of AG, are used for the
analysis [15]. According to Fig. 8, the present results
yield a composite slope which indicates a value of

af(@)”3 of 31.3 mJ m 2 and an extrapolated value for
K, of 10°°*? cm™2 s~ !. The value for K, calculated
from the classical nucleation theory for a spherical
sector is 107 cm™2s~! which is in substantial dis-
agreement with the value determined by experiments.
This discrepancy may be removed as noted previously
[2,3] if it is considered that the liquid—solid interface
exhibits a negative entropy [16,17] for a constant f(6).
With the development of a droplet kinetics analysis
that offers good resolution of the operating mechan-
ism, a further analysis of the nucleation process is now
in progress.

1.5.2. Nucleation catalysis

In the case of heterogeneous nucleation by a primary
phase, nucleation occurs at the interface between the
primary phase and the liquid. It is expected that changes
in interface morphology will be reflected in the under-
cooling behavior. A schematic illustration of the ther-
mal treatment employed to alter the primary phase
morphology is shown in Fig. 9a for the Bi-rich portion
of the Bi—Cd system. In this figure, T, denotes the
initial temperature for the liquid—solid combination, T},
is the nucleation temperature during a heterogeneous
cycle and at Ty, the samples is fully solid.

Several alloy systems, such as Bi—Cd and Sn—Sb,
exhibit multiple nucleation exotherms upon cooling.

TEMPERATURE (K)

147 148 149
N T T T
6.0 |- 1
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s 40f . 1
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g ¢ |
20 | ]
log J,= 39 - 1.62X107/T(AG,)°
0 Lyt t i i
2132 2166 21.80 2204
! x 107
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Fig. 8. Plot of log(J/,) as a function of /T(AG,)? including results from different samples.
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droplet population.
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Upon repeated heterogeneous cycling, where partial
remelting of the primary and complete melting of the
secondary phase occurs, a shift in relative peak area
between the respective exotherms is observed, indi-
cating a change in relative site density of the different
nucleation sites. For the Bi—Cd system (Fig. 9b), the
first trace exhibits one very clear exothermic signal
with only a small shoulder at high undercoolings.
During consecutive cycles, a higher-undercooling
peak develops from the small shoulder and, after only
five cycles, contains most of the total heat evolved.
After a total of 50 cycles, the initial situation is
reversed, showing a very clear peak at high under-
cooling. Further cycling showed this nucleation
response to be stable for at least 100 additional cycles
so that isothermal crystallization measurements refer
to identical sample conditions.

In several low-melting alloys, a transformation in
primary phase particle morphology has been observed
to occur simultaneous with this peak shift. While the
initial droplets typically contain several irregularly
shaped particles of the primary phase, the cycling
behavior results in a facetting tendency that ultimately
leads to a single primary phase particle with very
clearly developed facets within each droplet. It is
expected that the observed modification of substrate
shape and the development of smooth, flat liquid—solid
interfaces at the micron scale is reflected at the atomic
scale in a similar structural configuration develop-
ment. For example, a higher energy site involving
multiple or defective steps can be progressively
reduced in number with thermal cycling treatment.
The example observed in Fig. 10 supports this type of
behavior. In this sense, a quantitative nucleation
kinetics analysis can offer an interfacial probe or
diagnostic tool including dynamic effects.

Following the attainment of a stable nucleation
response by repeated thermal cycling a series of
isothermal measurements has been conducted to eval-
uate the catalysis of the Bi solid for the crystallization
of Cd in a Bi—40 at.% Cd droplet sample. First the
sample was heated to a temperature in the liquid+
solid two-phase field (i.e. Thign). It was then cooled
to the isothermal holding temperature allowing for
the determination of the fraction solidified prior to the
attainment of the isothermal reaction temperature. The
heat flow from a selection of isothermal treatments is
shown as a function of holding time in Fig. 11 for

Fig. 10. Microstructure in Bi—40 at.% Cd droplets with the lighter
Bi phase and the dark Cd: (a) as-emulsified; (b) after 30
heterogeneous cycles.

isotherms between 86 and 90 °C where accurate mea-
surements are possible. For temperatures above 90 °C
the nucleation rate is low. For temperatures below
86 °C the high nucleation rate yields a significant
fraction crystallized before reaching the isotherm
hold temperature and an initial transient at the onset
of isothermal holding. The isothermal heat flow curves
in Fig. 11 appear to follow a consistent pattern. From
the measured droplet size distribution the nucleation
rate can be evaluated based upon Eq. (16). The
temperature dependence of J is given in Fig. 12 over
the temperature range of measurement. Two linear
portions are observed within the measurement range.
For the low temperature portion from 86 to 88 °C
the analysis in terms of Eq. (16) yields a prefactor
of 5.5 x 10% cm ?s~ ' which corresponds to a site
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Fig. 11. Heat flow for the first 100 s for every fifth of the isothermal treatments between 86 and 90 °C. The highest peak represents the holding
trace at 86 °C, whereas the lowest peak represents holding at 90 °C.
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Fig. 12. Nucleation rate calculated from Q for two different solid fractions, with two linear fit parameter sets for each trace.
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density of 5.7 x 10'3 cm ™2 and a value forf(@)a3 of
2.5x 107* > m~°. These values are consistent with
the classical nucleation theory. For the high tempera-
ture fit in Fig. 12 at temperatures above 88 °C, the
prefactor and the corresponding site density are anom-
alously large for a single nucleation mechanism.
Apparently, even though the continuous cooling traces
in Fig. 9b suggest that thermal cycling has removed
the high temperature peak, it is still present to con-
found the analysis of the nucleation kinetics. This
result emphasizes the importance of isothermal mea-
surements compared to continuous cooling runs to
provide the resolution to separate kinetic processes
that occur over nearly the same temperature range.

2. Summary

Nucleation is an important aspect in all transforma-
tions. Under most conditions, solidification is initiated
by a heterogeneous nucleation event. While the study
of homogeneous nucleation requires the sample free
from all external nucleants, the study of heterogeneous
nucleation requires a sample which contains only
well known and characterized nucleants. A proper
examination of nucleation catalysis requires the full
identification of the catalytic site and solidification
structure. In bulk systems, these requirements are
extremely difficult to satisfy with certainty, since there
exists a variety of potentially viable heterogeneous
sites dispersed throughout the volume.

To circumvent the difficulties encountered in bulk
systems, a droplet sample technique has been utilized
to examine nucleation kinetics. In this approach a bulk
liquid is dispersed into many fine droplets to limit the
influence of extraneous nucleants. In order to evaluate
the crystallization kinetics of droplet samples by DSC
methods, it is essential to include the sample size
distribution into the analysis of the calorimetric signal.
By using droplet samples in peritectic or eutectic

alloys that exhibit a high undercooling before nuclea-
tion and equilibrating the alloys in the liquid plus solid
two-phase field, the catalytic effect of the different
primary solids on subsequent nucleation of the liquid
can be examined without the possible influence from
a foreign substrate. With this approach, reproducible
experimental studies of heterogeneous nucleation can
be designed under well-defined conditions.
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