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Small-angle x-ray scattering has been used to monitor the decrease in supersaturation with time in
Al-Zn alloys following quenches into the metastable miscibility gap. The results demonstrate that the
Langer-Schwartz model of nucleation and growth is accurate provided a time-dependent nucleation rate

is included.

The nearly 60 year old classical theory of nucleation'-?
predicts that the rate of formation of minority phase
droplets depends strongly on the quench position within
the miscibility gap of a phase-separating solution. The
dependence is in fact so strong that one can define a
unique, critical undercooling, or cloud point, where the
nucleation rate increases by many orders of magnitude
from a near zero value. An obvious test of classical nu-
cleation theory would be the comparison of measured
and predicted values of the cloud point. Somewhat
surprisingly, past experiments on liquid systems have
demonstrated serious discrepancies between theory and
experiment.> ¢

That the negative result of experiments need not indi-
cate a fundamental flaw in classical nucleation theory was
pointed out by Binder and Stauffer (BS).” These authors
argue that, since the nucleation rate depends very strong-
ly on supersaturation (or undercooling), one cannot over-
look another mechanism, besides the formation of stable
nuclei, which depletes available solute from the matrix
phase. The second competing mechanism is the growth
of droplets. Since growth and nucleation cannot be
viewed as independent mechanisms, BS point out that the
meaningful quantity with which to test theory is the time
dependence of the decrease in matrix supersaturation.

The ideas of BS were placed on a quantitative footing
by Langer and Schwartz® (LS) in 1980. The main results
of their computation are presented in Fig. 1. The quanti-
ty 7. denotes the time required for the supersaturation to
decrease to one-half its initial value. The solid line of
Fig. 1 shows the LS prediction for the half completion
time versus the initial supersaturation and the dash-
dotted curve depicts the classical theory result. The
latter curve being nearly vertical illustrates the cloud
point phenomenon alluded to above.

46

14 266

The quantities plotted in Fig. 1 are in fact scaled pa-
rameters. In the LS treatment, the time 7 is given by

7=(Dx} /24EM)t (1)

where D is the solute diffusion coefficient, £ is the correla-

8 v
[
) Q—
Tk LS
LW - Modified LS
6l i O SAXS Results
I
i
i
e |
o
&4 !
=) 1
- 1
i
i
i
2 1
1
i
1
1
0 | [ |
0 0.2 0.4 0.6

Initial Relative Supersaturation y,

FIG. 1. Log of the half completion time 7. vs y, as predicted
by classical theory (CT), the Langer-Schwartz model (LS), and
the LS model modified to include a time-dependent nucleation
rate (dashed line). The data points are results from Al-Zn alloys
using small-angle x-ray scattering.
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tion length, and ¢ is the real time. Also, y denotes the
scaled supersaturation and is written as

y =28¢ /BxyAc (2)

where B is the critical exponent associated with the shape
of the miscibility gap, Ac is the width of the miscibility
gap at the aging temperature, and 8c is the real supersa-
turation. The quantity x,, which is nearly unity for most
systems, is given by

xo=Ha /KT, )'? 3)

with o denoting the the surface energy, T, the critical
temperature, and k Boltzmann’s constant.

Although the basic ideas of the LS model have been
confirmed in liquid systems,’ !? to date, few conclusive
studies on solids or alloy systems have been per-
formed.!>'* In 1984 Simon, Guyot, and Ghilarducci de
Salva'* tested the LS theory on Al-Zn alloys using small-
angle x-ray scattering (SAXS). The results of 7, vs y;
showed serious discrepancies with theory including one
data point which seemed to confirm the classical predic-
tion. Inclusion of the effects of heterogeneous nucleation
into the LS computation does not appear to explain the
difference between the model and the Simon, Guyot, and
Ghilarducci de Salva results.!> The purpose of the
present work is to further investigate nucleation and
growth kinetics in Al-Zn alloys and provide a more accu-
rate test of the LS model.

Alloys of five average compositions (17, 17.5, 18, 18.5,
and 19 at. % Zn) were rolled and strain annealed to pro-
duce an average grain size of ~1 mm. The grain size was
approximately the same as the beam spot size used in the
subsequent SAXS experiments and thus all complicating
effects due to the presence of grain boundaries were negli-
gible. Disks of 3 mm diam were punched from the rolled
material and further thinned by electropolishing to an
ideal thickness corresponding to the reciprocal of the
linear absorption coefficient.

SAXS experiments were performed at the 10-m line at
the National Center for Small Angle Scattering Research
located at the Oak Ridge National Laboratory. The sys-
tem features a rotating anode source (operated at 100 mA
and 60 kV in this experiment) and an area detector. A
complete description of the apparatus can be found else-
where. !¢ The x-ray energy used was Cu K a.

The samples were heated and cooled by adjusting the
current which passed through a steel ring in thermal con-
tact with the specimen disks. Temperatures were cali-
brated with the known boundary of the metastable misci-
bility gap.!” Each sample was solutionized for approxi-
mately 0.5 h at 340°C and subsequently quenched to a
temperature in the vicinity of 260°C (=0.9T7,.). The
duration of the quench was about 30 sec, which is slow
compared to other studies of phase separation in alloys'®
but is, in this instance, must faster than the kinetics being
observed. Also the relatively slow quench rate has the
desirable effect of helping to eliminate the high-
temperature nonequilibrium concentration of vacancies.
Excess vacancies are known to have a significant effect on
the measured nucleation kinetics. !
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SAXS is the ideal experimental technique with which
to test the LS model because the supersaturation as a
function of time can be measured directly. Gerold® has
shown that the integrated intensity in the small-angle re-
gion is given by

I(t)=[8c;—8c(t)][cp—c()]AZ*/V, , @

where 8¢, is the initial supersaturation, cp is the solute
concentration within the nuclei, ¢ (¢) is the matrix con-
centration, AZ is the difference in atomic numbers of the
two species in solution, and ¥, is the atomic volume. To
a good approximation the cz —c(¢) term can be replaced
by Ac, independent of time, and I becomes directly pro-
portional to the supersaturation. It is then a simple
matter to extract the half completion times from the in-
situ SAXS data.

Figure 2 shows the integrated intensity in arbitrary
units vs the aging time for three different quench temper-
atures for the Al-18 at. % Zn sample. The increase in in-
tensity from zero (8¢ =8c;) to a constant value (8c¢=0) is
consistent with the Gerold result, Eq. (4). The vertical
lines in Fig. 2 show the half completion times for each
run. Naudon and Caisso?! included a contribution to the
integrated SAXS intensity at high values of the scattering
vector k. The procedure employs a Porod extrapolation
of the spherically averaged intensity and, since the inten-
sity in the present case is anisotropic (see below), such an
averaging procedure was impossible. Nevertheless, we
have assumed that the high-k contribution is small and
that the change in integrated intensity with time due to
this correction is small compared to the time dependence
of the measured intensity in the small-k region.

To convert from the real times of Fig. 2 to the scaled
time and supersaturation of Fig. 1 one must obtain the
various material parameters given in Egs. (1)-(3). Both
the correlation length £ and the critical temperature T,
have been measured in a study of Schwann and
Schmatz.?? The diffusion coefficient for Zn in Al is fairly
well known, ?* as is Ac at any temperature.!” It should be
noted that, of the above parameters, the diffusion
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FIG. 2. Integrated intensity vs time for three experiments.
Vertical lines show the half completion times.
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coefficient is the most imprecise. However, errors in D
appear only in the conversion to the scaled time, which is
then plotted on a logarithmic scale in Fig. 1. In terms of
the uncertainty of the data points plotted on the semilog-
arithmic representation of Fig. 1, the surface energy es-
timation is by far the most important and in fact renders
any experimental imprecision in all other parameters
insignificant. The surface energy was estimated by using
an empirical free-energy model,?* the known gradient en-
ergy coefficient for Al-Zn,?’ and an expression for o orig-
inally derived by Cahn and Hilliard.?> The free-energy
model is clearly suspect but, as possible justification for
its use, the resulting value of the surface energy (4.7
ergs/cm?) is close to that for the coherent 8 nuclei in
Al-Li.?® The value of xo [Eq. (3)] with the above surface
energy was found to be =~1.75, however, the uncertainty
in o represents the largest uncertainty in the data and x,,
was thus taken to be in the range 1.5-2.0.

The experimentally measured half completion times
are plotted as open circles in Fig. 1, where the error bars
result from the uncertainty in o discussed above. The
upward arrow on the data point at the lowest y,, indi-
cates that the plotted 7, is a lower bound; the actual half
completion time for this value of y, may very well be
infinite. The data seem to confirm an important aspect of
the LS model, namely that the onset of nucleation occurs
at higher values of the initial supersaturation than pre-
dicted by classical theory. However, the results also indi-
cate that the LS model underestimates the half com-
pletion time at high y,.

Elastic strain energy increases the work of formation of
a critical nucleus and therefore lowers the nucleation
rate. Thus lattice mismatch between particle and matrix
may be a plausible explanation for the discrepancy noted
in Fig. 1, but in Al-Zn the elastic strain is small and
LeGoues, Aaronson, and Lee?’ have shown that such an
effect is most prominent at low supersaturations. In Al-
Zn alloys the Zn-rich precipitates nucleate as spheres
and, after growing to a certain size, become plates along
{111}.22 The platelike morphology suggests that the
growth mechanism for spheres used in the LS treatment
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is not strictly valid. This complication does not drastical-
ly effect the results of Fig. 1 since the half completion
times occurred when nearly isotropic (i.e., spheres) SAXS
spectra were observed.

Alternatively, one could attempt to explain the un-
derestimation of the LS result by invoking a more sophis-
ticated model*® which avoids some of the assumptions
used by LS. However, we feel the most plausible explana-
tion for the discrepancy of Fig. 1 is due to the use of a
steady state, rather than a time-dependent, nucleation
rate in the LS computation. That is, an incubation time
has been neglected.

Shi and co-workers®® have recently solved the time-
dependent nucleation problem using a singular perturba-
tion approach. However, to simply illustrate that the in-
cubation time is important in interpreting the present re-
sults, we have found it most convenient to use an approx-
imate form of the time-dependent nucleation rate
developed many years ago in the metallurgical litera-
ture.?! Here the nucleation rate is given by

J(t)=exp(—7'/1)J (5)

ss ?

where J is the steady-state nucleation rate and 7' is a
time constant. Based on previous work’? 7’ has been es-
timated to be 1290/y? for the Al-Zn data of Fig. 1. It
should be noted that Kampmann and Wagner®® also dis-
cussed the inclusion of a time-dependent nucleation rate
into the LS theory.

Modifying the LS model to include the nucleation rate
of Eq. (5), one obtains the 7. vs y, behavior given by the
dashed line in Fig. 1. Clearly the time dependence of J
explains much of the difference between model and exper-
iment. In summary then, the LS treatment of nucleation
and growth appears to be accurate provided a time-
dependent nucleation rate is included.
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