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Using a microscope, we have studied the formation and growth of nuclei in a supercooled binary liquid mixture of
2,6-1utidine and water close to the critical point. The results have been compared with a recent theoretical prediction

by Langer and Schwartz. Although the observed growth is in good agreement with the diffusion model they used,
their predicted nucleation rates remain untested. Our most important finding is the clear experimental evidence of
the effect of critical slowing down on the phase-separation process in the nucleation regime. These observations thus
account for the anomalously large supercoolings reported in liquids and binary mixtures near the critical point.

I. INTRODUCTION

Phase separation in alloys and glasses may pro-
ceed either by spinodal decomposition or by nu-
cleation. In the former process the system
evolves from a totally unstable initial state which
is usually reached by quenching the system to well
below the phase-separation temperature and into
the spinodal (i.e. , unstable) region of the composi-
tion-temperature phase diagram. Nucleation is
associated with metastability and the existence of
a thermodynamic barrier to the formation of drop-
lets of a second phase. Pure fluids and binary
mixtures are better suited than solids for the study
of the kinetics of nucleation, because fluids can be
highly purified and they support no internal strains
or defects. Working near the critical point has
the added advantages that the droplets of critical
size are of macroscopic dimensions and that the
nucleation takes place over conveniently measur-
able times.

A number of experiments on the onset of nu-
cleation in fluids and binary mixtures near the
critical point have been performed in recent
years. All these measurements in the critical
region show anomalously large supercoolings,
contrary to theoretical predictions. ' Recent the-
oretical ideas' ' suggest that nucleation theory
itself may not be at fault.

Theories of nucleation ' ' ordinarily predict the
rate of formation of stable embryos, i.e., drop-
lets, of an emerging phase. This rate is a function
of the degree of supercooling 5T in an initially
homogeneous metastable system of fixed composi-
tion. The calculated rate varies very rapidly as a
function of 6T, with the result that nucleation is
observable only in a narrow range of this param-
eter. We may refer to this narrow range as the
limit of metastability. This is the limit measured
experimentally and found to exceed the predicted
value by factors of 2 or more in the critical re-
gion. A resolution of this paradox was offered by

Binder and Stauffer. " They argued that the ex-
perimentally meaningful quantity is not the nu-
cleation rate itself, but the time required for the
reaction to go to completion. One must then con-
sider droplet growth as well as formation. Since
the nucleation experiments have been performed
in systems with locally conserved order parame-
ter, the growth is diffusion controlled —and diffu-
sive processes over critical length scales become
very slow near the critical point.

The Binder-Stauffer program was carried out
in great detail by Langer and Schwartz" (LS).
They predicted the complete sequence of states of
a phase-separating fluid starting from the quench
into a supersaturated state and ending with the
completion of the reaction.

In this paper we report detailed microscopic ob-
servations of nucleation and growth near the criti-
cal point in a supersaturated binary liquid mixture
of 2, 6-lutidine and water (LW). In these experi-
ments the samples were off-critical in composi-
tion. This system has an inverted coexistence
curve, unlike the typical phase diagram shown in
Fig. 1(a). Thus, a "quench" into the two-phase
region is an upward jump in temperature from an
initial state T =T, & T„to a final value T, as il-
lustrated in Fig. 1(b). Here T„is the temperature
at which the phases with compositions C„andC~
coexist in equilibrium. The degree of supercooling
(superheating here) can be expressed in terms of
the quantities bT and 6T shown in the figure. This
ratio 5T/nT was varied in the interval 0.1-0.5.

Phase separation was observed photographically
using a 35-mm camera attached to a microscope
with the magnification usually set at 50. A typical
sequence of pictures is reproduced in Fig. 2. It
shows droplets growing over an interval between
1 min and 1-,' h after the quench. For this run,
4T =44 mK and 6T = 8 mK. The smallest division
on the scale appearing in the pictures is 20 p, m.
Because the droplets are not so clearly resolvable
at small t, they have been inked in at the earliest
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FIG. 1. The coexistence curve (solid line) and me-
tastabQity limit (hatched) for a normal system (a),
and the coexistence curve for one with a lower crit-
ical point (b), such as 2, 6-lutidine water. The re-
levant quant|t|es defined in the text are shown in (b).

times, viz. , at 58 and 127 sec f Figs. 2(a) and 2(b),
respectively]. Note that the nuclei are uniform in
size at small t. The average radius of droplets
in Fig. 2(b) is 4.7+ I pm. Figures 2(c), 2(d),
2(e), and 2(f) are photographs at 5.5, 13.4, 33,
and 78 min after the quench. These pictures pro-
vide detailed information regarding the time de-
pendence of the droplet size distribution, the drop-
let density, and the supersaturation. Three sam-
ples with nT„=~T„-T,

~

of 5, 35, and 97 mK
were studied at various quench depths.

The rate of droplet formation is so strongly de-
pendent on the supercooling that from one quench
to another it was reproducible only within an order
of magnitude. Thus a rigorous test of nucleation
theory itself was not possible. However, the ob-
served growth of the nuclei could be understood,
using the diffusive growth model of Lifshitz and
Slyozov. ' The essential ideas of Binder and
Stauffer were borne out, ' although the most im-
portant predictions of Langer and Schwartz" still
remain untested. Perhaps our most important
finding is the clear experimental evidence of si-
multaneous occurrence of nucleation and growth
due to critical slow down, and that the anomalous
results previously reported + are unequivocally
due to this effect. The remainder of the paper is
divided as follows. Section II contains a brief re-
view of the theory of Langer and Sclnvartz (LS}.
Special emphasis will be given here to the scaled
quantities which enter any theoretical description
near the critical point. Experimental details are
presented in Sec. III. The results are discussed
in Sec. IV and the work is summarized in Sec. V.

II. THEORY

FIG. 2. Microphotographs of nucleating sample at
a magnification of 50. The smallest division on the
scale is 20 pm. For this run, 6T =44 mK and
BT=8 mK. (a) and (b) are inked reproductions of
the original pictures taken 58 and 127 sec after the
quench. (c), (d), (e), (f), respectively, are photo-
graphs at 5.5, 13.4, 33, and 78 min after the quench.

The problem addressed by Langer and Schwartz
is that of calculating the time evolution of the sys-
tem which is initially (t =0) placed in a metastable
supersaturated state. In Fig. 1(b) this state is
represented by the coordinates (C„T).In classical
nucleation theory, ' the metastable phase is con-
sidered to contain "embryos" of the nucleating
phase. [In the case of a binary mixture as in Fig.
1(b}these would be droplets of composition C~ but
of various sizes. ] An embryo may grow by accre-
tion or it may shrink. Once an embryo exceeds a
critical size, it is identified as a nucleus of the
new phase, which then grows rapidly. The critical
size is determined by the condition that the in-
crease in the thermodynamic potential from the
formation of the interface is equal to the decrease
of the thermodynamic potential from the formation
of the volume of stable phase (i.e., the nucleus).
The starting point in the LS model is a Becker-
Doring-type theory as developed by Zeldovich,



22 KINETICS OF NUCLEATION IN A BINARY LIQUID MIXTURE 2149

discussed by Frenkel, and applied to the critical
region by Langer and Turski. This model gives
the rate of formation of critical embryos (i.e., the
nucleation rate) as a function of supersaturation.
Langer and Schwartz coupled this "droplet birth"
model with a growth model first proposed by
Lifshitz and Slyozov. ~2 The model considers dif-
fusive growth of, say, a spherical droplet of radius
R and uniform concentration C~ immersed in the
A-phase with a small supersaturation. [See Fig.
1(b) ]

Following LS, we define the parameters which
enter such a formalism. In dimensionless units
the supersaturation is

x(t) =—2 5C(t)
(2.1)

where P is the critical exponent associated with
the shape of the coexistence curve given by

b.C =[BC]g (2.2)

The square brackets denote critical amplitudes.
Similarly the reduced temperature associated with
the quenched state is

e=txT/T, =
~IT

—T, ~I/T, . (2.3)

dR D 5C (t) 2d0

dt R aC R
(2.5)

where D is the diffusion constant and do is a capil-
lary length proportional to the surface tension o.
The capillary length is d(, =-$, where $ is the
correlation length. " The critical radius R* is that
for which dR/dt=0, whence

2gR*=2d p' nC Px x (2.6)

With p=3 ~

Equations (2.4), (2.5), and (2.6) form the basis
of the Lifshitz-Slyozov theory, which is applicable
to the late stages of phase separation. The essen-

Note that C~ and C~ are the equilibrium values of
C for two-phase coexistence at T, M =C~ -C„is
the miscibility gap, and 5C& ——C& -C~ is the initial
supersaturation. The supersaturation 5C(t) de-
creases to zero with increasing time, and 6C(0)
=BC,. The lever rule gives the volume fraction
occupied by the B-phase droplets in terms of ini-
tial (x,} and intermediate (x) supersaturations. The
result is

-', P[x, -x(t)] -=,'xR'(t}N(t)-, (2.4)

where N is the number of droplets per unit volume
and R is their average radius.

A spherical droplet of radius R and uniform com-
position C~, immersed in the A-phase with a small
supersaturation 6C(t), will grow at the rate

4~OR*' 6rodo
kT 3kT 3kTP x x (2.7)

The temperature-independent parameter xo is sys-
tem dependent, but should be of order unity. '"
The nucleation rate according to Langer and Tur-
ski is given by

d =P[(x/xp) xp, 5,D] exp[-(x, /x)'],

w)th d having the units of droplets/cm' sec. The
dependence of J on the supercooling x is mainly
contained in the exponential term. In addition,
LS introduce a droplet size distribution function
v(R), which contains a growth term and a birth
term j(R), to which we will later refer.

Assuming that only droplets of size R & R* are
to be counted as part of the B phase and using a
simplified approximation for the radial growth
velocity, LS proceed to calculate x(t), R(t), and
N(t}, where

(2.8)

N= v(R)dR.
gQ

(2.9)

Near the critical point these quantites are conven-
iently scaled in dimensionless units as follows:

Dxo
24$

(2.10)

~x

2$

x — x =1
2$ x y'

y =x/x, ,

64@n= 3 $N,
xo

(2.11)

(2.12)

(2.13)

(2.14)
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FIG. 3. Scaled density of droplets n; as a function
of scaled time ~, computed by LS. The initial super-
saturations y &

are indicated for each curve.

I

tial input in the LS model is the nucleation rate.
The decay of the metastable state is governed by
an activation energy, which is given in the conven-
tional spherical droplet model as
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FIG. 4. Computed LS values of the relative super-
saturation y as a function of v for various initial val-
ues of y& as indicated.

where ~ is the time, p the mean radius, p~ the
critical radius, y the relative supersaturation,
and n the droplet density.

Figures 3, 4, and 5 show the time (7) dependence
of n, y, and p, respectively. These theoretical
results will now be compared with our experiments
carried out in the critical region.

HI. EXPERIMENTAL

A. Experimental arrangement

The sample cell was located at the center of a
temperature-controlled, rapidly stirred water
bath. The bath temperature, which was monitored
by a quartz thermometer, ' was stable to within
A.4 mK over 24 h and %.2 mK over the 2-3 h
time span of a single run. The sample was illu-
minated by a Fiber-Lite high-intensity illurnina-
tor" (Series 180). Phase separation was observed
with a low-power microscope' of a large working
distance (15 cm). Over the range of magnification
used (X12-X50), the depth of field was larger than
100 p, m. A 35-mm camera ~ with an automatic

exposure control was attached to the microscope.
The photographs were taken using Kodak Plus-X
Pan film with a film speed of 125 (ASA).

B. The sample cells

The LW samples were on the water-rich side of
C,. They were mixed from commercially available
components~ and sealed under atmospheric pres-
sure. The purity of the components was 98fc
(2,6-lutidine) and 99.9% (water). The nominal
critical parameters' ' for this system are C,
=28.70 wt% of 2,6-lutidine and. T,=33.863 'C.
Figure 6 shows the design of the quartz sample
cell. The reentrant cell is shown in its cross sec-
tion (a) and front (b) views. The sample was illu-
minated from the direction shown in the figure
and the microscope is focused upon the thin portion
of the sample which is 0.1 mm in depth. When
viewed along the line of the arrow, the cell is cir-
cular in cross section; its diameter is 2 cm. The
quench was achieved by rapidly elevating the bath
temperature through application of voltage pulse to
a bare nichrome heater emersed in the water bath.
With this heating scheme, trustworthy data ap-
peared roughly 10 sec after the bath quench.

C. Procedure

Prior to the quench, the mixture was in the one-
phase region at an initial temperature T, roughly
2 mK below the corresponding coexistence temper-
ature. The coexistence temperature itself was
first measured by cooling the mixture from the
two-phase region until the droplets went back into
solution (keep in mind that LW has a lower con-
solute point). The coarsening rate showed no de-
pendence on 6T, -=T„-T„butit rapidly increased
with quench depth 5T =T —T„,where T is the final
equilibrium temperature.

The photographs, generally taken at a magnifi-
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FIG. 5. Scaled mean radius p as a function of
time v' computed by LS for various initial values of
y~ as indicated.

FIG. 6. Cross sectional view (a) and front view (b)
of the sample ce11. The cell is of reentrant type with
an optical path of 0.1 mm. The direction of illumi-
nation g, ) is shown. The rectangular region in (b)
represents the area typicaHy covered (1X1 mmi) in
a microphotograph.
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cation of 50, exposed a portion of the sample of
dimensions 1X1X0.1 mm as indicated in Fig.
6(b). The estimates of the droplet size were made
by comparison with the scale on the reticule, which
also appeared in the photographs (Fig. 2).

IV. RESULTS

The photographs were analyzed to obtain the
droplet size distribution and hence the mean ra-
dius and the droplet density. It was also possible
to calculate the fraction of the volume occupied by
the droplets and 'hence estimate the leftover Super-
saturation, using EIJ. (2.4). In this estimate, the
composition inside the droplets was assumed to be
that at the end of the tie line (composition Cs).

A. Droplet size distribution

Figure 7, shows the droplet size distribution at
various times after the quench for the sample with

nT,„=35mK. Figures 7(a), 7(b), and 7(c) corre-
spond to initial quench depths of y& ——0.1, 0.21, and
0.27, respectively. In these histograms we plot
the number of droplets N„(R)as a function of the
radius R, in the volume (0) of the sample indi-
cated on these plots.

The plots in Fig. 7(a) are for t =301 ( ), 722
(----), 2446 (' ' ' '), and 3831 (x~) sec. Here 0
=6.56x10 cm . The total number of droplets in
this volume, i.e., No, „I(t)=~+„N(R)at the above-
mentioned times is given in the caption.

Thus from Fig. 7(a) we note that the distribution
is initially peaked at R =4.7+0.5 p, m. The in-
crease in the total number of droplets from 51 at
301 sec to 117 at 722 sec is due to nucleation
events in this time interval. The distribution itself
gets broader with'time and shifts to larger sizes
as the droplets grow. However the total number of
droplets remains constant, within statistical
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TABLE I. Nil~her of droplets N &(R) of radius R in a volume 0(AT ~„=97+ 4 mK).

yg =0.11+0.01
0=1.01x10 4 cm~

y, =0.20+ 0.01
Q=5.1x10 5 cm3

yg =0.27+ 0.01
0=4.25xlQ ~ cm3

t (sec) 179 608 961 2150

R (pm) R (pm)

48 465 860 1435

R (pm)

58 22 V 1023

2.5
3.3
4.1
5.0
5.8
6.6
V.4
8.3
9.1
9.9

10.7
11.6
12.4
13.2
14.0
14.9
15.7

1
5

41
62
26

1 3
35' 7
59 10
42 27

5 47
33
27

2

2
5

19
17
24
27
18
12

3

2.5
3.3
4.1
5.0
5.8
6.6
7.4
8.3
9.1
9.9

10.7
11.6
12.4
13.2
14.0
14.9
15.7

12
63
54
12
1 '1

14
29
48
53
31
15

2
1

4
13
29
49
40
34

8
1

1
4
9

16
26
55
29

8
6
6
4

1.8 1
2.7 2Q

3 6 46 26
4 5 15 55
53 3 18
6.2 3
7.1
8.0

3
11
42
43
17

6
4

error, after the initial increase. Further, a com-
parison of the plots for t =2446 (' ' ' ') and 3831
(xxxx) sec, reveals the slow down of the growth
process as the reaction creeps toward completion.
This is due to the near-complete depletion of the
supersaturation in the majority phase A.

Figure 7(b), corresponding to y| ——0.21, shows
the distribution, initially peaked around 4 +1 p, m
at 58 sec, to broaden continuously with time. After

an initial increase, attributed to nucleation events,N„„,begins to shaw a drop accompanied by a
broadening of the droplet size distribution with
time. This is contrary to the predictions of the
diffusion model used by LS [Egs. (2.4) and (2.5)].
While the LS theory predicts a decrease in the
droplet density with time (due to the dissolution of
droplets that are smaller than the critical size), it
should not be accompanied by a broadening of the

TABLE II. Number of droplets N ~(R) of radius R in a volume 0(LET~„=5+0.5 mK).

yi = 0.27+0.06
0= 9.9x10 5 cm3

y$ =0.38+0.06
0=4.7x10 ~ cm

y$ =0.52+ 0.06
0= 2.36 xlQ 6 cm

t (sec) 275 619 1950 2659

R (pm) R (pm)

167 330 905 2467

R (pm)

135 580 1539 2636

1.7 2
2.6 8
3.4 6
43 12 2 1
52 7 17 5
60 2 22 6
69 1 31 6
7.7 26 12
8.6 5 10
9.5 10

10.3 5
11.2 2
12.0
12.9
13.8
14.6
15.5

1.7
2.6
3.4
4.3
5.2
6.0
6.9
7.7
8.6
9.5

10.3

26 6
67 46
15 54

2 9
4
1

1
20 6
78 15
72 34
15' 26
1 33

11
6
2
1

1.7 1 4
2.6 33 44
3.4 50 76 3
4 3 28 25 ll
52 4 1 21
6.0 23
6.9 5
7.7 1
8.6
9.5

10.3
11.2
12.0
12.9
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distribution. It is plausible that this broadening
arises from coalescence; the differential fall rate
of droplets of differing sizes under gravity can
cause coalescence events, even when the droplet
density is not large. This limits the period of
study of the growth of these droplets. Figure 7(c)
is similar to Fig. V(b), except that the effects men-
tioned above are more apparent because of the
larger supercooling.

Tables I and II give the droplet size distribution
at various initial quench depths for the samples
with 4T„=5and 97 mK. The time evolution of
the reaction is qualitatively the same as for the
case discussed above in detail.
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FIG. 8. Experimental values of the scaled density
of droplets n as a function of time ~ for three sample
compositions and various initial values of y~ as indi-
cated.

B. Droplet density vs r

Figures 8(a), 8(b}, and 8(c), respectively, show
n vs & for three off-critical samples with 4T„
= 97, 35, and 5 mK. For each sample, the data
for several quench depths are shown. The reduced
units are defined in Eqs. (2.10}and (2.14}. The
parameter xo is assumed to be unity here, since
none of the thermodynamic amplitudes entering the
calculation of the activation energy is known for
this system. For two other binary liquid mix-
tures, ' isobutyric acid-water and perfluoro-
methylcyclohexane-methylcyclohexane, x() has been
estimated to be 1.2 and 1.3, respectively.

To express our results in dimensionless units,
we give the one-phase values for the diffusion con-
stant (in cm jsec) and the correlation length (in
cm} as quoted by Langer and Schwartz"'9:

[D]=-2x10 ',
[$]—= 2x10

and

v' =—0.62 .
consider first the measurements for the sample
with &T,„=35 mK [Fig. 8(b)]. A comparison with
the Langer-Schwartz theory (Fig. 3) indicates the
following: The plot for y& ——0.2 is in fair agree-
ment with the theoretical prediction. On the other
hand, the observed droplet density is an order of
magnitude smaller than predicted for y& ——0.27 or
0.32 but larger for y, =0.1. It was not possible to
reproduce the droplet density to better than an or-
der of magnitude from one run to another with our
experimental techniques. The reproducibility im-
proved with the sample which was more off-critical
(nT,„=97mK). In this case, the observed droplet
densities again exceeded the predictions for y&

=0.11, but were smaller for y&
——0.2 and y& ——0.27

[»g 8(a)1
Reproducible results were most difficult to ob-

tain in the experiments with the sample which was
the least off-critical (nT.„=5 mK}. This could be
attributed to the strong dependence of the nuclea-
tion rate on supercooling. For example, compare
the theoretical predictions of n vs w for y, =0.18
and 0.2 in Fig. 3. From this figure one sees that
an increase of only 0.02 in y& is expected to pro-
duce two to three orders of magnitude increase in
the droplet density. Since the quench depth 5T was
reproducible to only within +0.4 mK, the initial
droplet density was uncontrolled near the critical
point. Far from T„when both 5T and 4T are
large, this effect is less pronounced.

Because the initial number density dictates the
subsequent time evolution, further comparison
between the present measurements and the numer-
ical results of the LS theory is not meaningful.
Therefore, we present an alternative analysis of
our droplet growth data in the following section.

C. Mean radius vs r; supersaturation vs v.

Figures 9(a), 9(b), and 9(c) show pvs r for the
three sample compositions and various initial
quench depths of the previous figure. Refer to Eq.
(2.11) for the definition of the dimensionless radius

p in terms of R. The average radius was deter-
mined typically from a set of 100 to 200 droplets.
Only droplets of radius larger than 3 p. m could be
resolved in the photographs. As a result, initial
stages of nucleation could not be studied.

In Figs. 10(a}, 10(b}, and 10(c) we show the rel-
ative supersaturation y [defined by Eqs. (2.1) and
(2.13)] as a function of r, for the above-mentioned
runs. The supersaturation is extracted from the
photographs using the conservation Eq. (2.4).

The solid lines on the p vs v and y vs 7 plots are
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FIG. 9. Experimental values of the scaled mean

radius p as a function of time for three sample com-
positions and various initial quench depths as indi-
cated.

FIG. 10. Experimental values of the relative super-
saturation y as a function of time v for the three
sample compositions and various quench depths as in-
dicated.

the results of a simplified growth calculation to be
described here. Rather than invoking nucleation
theory to calculate the droplet size distribution
[from j(R) in the LS theory], its initially observed
value is inserted into the diffusion equation for
droplet growth, i.e., Eq. (2.5). The equation was
integrated numerically with additional constraint
of conservation of matter, given by Eq. (2.4). The
initial point was so chosen that nucleation could
be neglected. This yielded the mean radius R and
supersaturation y as a function of time. Coales-
cence was again neglected and hence our calcula-
tions are valid over a limited interval. The cal-
culations were carried out only for phase-separa-
tion experiments in which the initial quench depth
was small (y, =0.1 and 0.2), to assure that coales-
cence effects were not appreciable, except at very
long times. The results appear as solid lines in
Figs. 9(a) and 9(b) (p vs r) and in Figs. 10(a) and
10(b) (y vs r). The agreement with experiment is
satisfactory.

V. SUMMARY

Nucleation experiments were conducted in off-
critical binary liquid mixtures of 2, 6-lutidine and
water, a system with an inverted coexistence
curve. An optical microsc'ope was used to mea-
sure droplet size in the thin portion of a re-entrant
cell. The time evolution of the droplet size distri-
bution and number density were determined from
microphotographs. The data also yielded the time
evolution of the supersaturation. We find that the
following hold.

(1) The dynamics of phase separation in the nu-
cleation region depends strongly on the depth of
quench 5T but not on the initial temperature T, .

(2) The measurements could not be directly com-
pared with the Langer-Schwartz predictions due to
the experimental uncontrollability of the initial
quench depth. However, the diffusive growth mod-
el for the experimental initial conditions gave re-
sults which agreed satisfactorily with experiment,
at least for small initial supersaturations, viz. ,
yg

——0.1 and 0.2.
(3) Coalescence effects due to gravity pose a

serious limitation in the study of the dynamics of
phase separation in liquid mixtures, at least in the
later stages, and especially for deeper quenches.
In these experiments we have probed the region
which lips between the classical cloud point tem-
perature and the spinodal curve. In this photo-
graphic study it was essential to make measure-
ments near the critical point in order to take ad-
vantage of the large critical radii and the small
nucleation and growth rates.

Our observations of the very initial stages of
nucleation were severely limited by our micro-
scopic technique, the finite quench rates, and tem-
perature stability. As a result, our initial goal of
verifying the nucleation rate equation (Eq. (2.8)]
was not realized. In our view, this same failing
characterizes all previous experiments which pur-
ported to reveal anomalous supercooling. '~
Nevertheless, we believe that the method itself is
potentially capable of testing nucleation theory
near the critical point.
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