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Investigation of cluster growth in Al-Zn-Mg systems with analysis of time-scaling properties
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The decomposition of Al-Zn-Mg alloys is investigated by diffuse neutron scattering, and the
structure function S(d,¢) is analyzed with respect to scaling properties. Beginning after the first
minutes of decomposition, S(q,¢) shows time-scaling behavior within the g range investigated over
a time interval where the total clustered volume increases by a factor of 5. Moreover, the present re-
sults may be described by Gibb’s capillarity equation for the droplet equilibrium during the whole
decomposition process; i.e., a proportionality between critical radius and mean radius of gyration is
observed. Both properties are not in contradiction with the basic assumptions of the Lifshitz-
Slyozov theory on the evolution of the cluster distribution function, whereas the well-known R o ¢!/3
behavior for the asymptotic real-time evolution of the cluster growth, however, could not be found
in the present alloy. The experimentally observed time dependence expressed in power laws R oct*
shows exponents much lower than most theoretical estimates. In principle, this discrepancy may be
removed if, within the Lifshitz-Slyozov description, a time-dependent diffusion constant is assumed.

I. INTRODUCTION

The decomposition of alloys quenched into a two-phase
region has been the subject of numerous recent theoretical
and experimental investigations.!~!> The transformation
of a uniform mixture of 4 and B atoms to well-separated
A- and B-rich domains is characterized by an ordering
wave with k=0. In contrast to ordering processes with
finite wave vectors, i.e., order-disorder transitions, in the
case of clustering, transport of matter takes place over
large distances, and therefore diffusion plays a predom-
inant role. The description of the diffusion process is a
main difficulty in understanding clustering phenomena:
The quenched alloy is in a two-phase nonequilibrium
state, and therefore the use of the diffusion constant ap-
pearing in Fick’s law, which describes small deviations
from a single-phase equilibrium, may no longer be ade-
quate. Moreover, the influence of the defect structure
specific for each material and its history, e.g., vacancies,
dislocations, grain boundaries, elastic distortions, etc.,
should be taken into account. For instance, the existence
of impurity-vacancy and divacancy complexes induces
nontrivial dependences of the diffusion on alloy composi-
tion.'*=18 On the other hand, the discovery of dynamical
scaling properties for the late stages of decomposition re-
vealed time-independent characteristics of the structure
function, i.e., time is scaled out and the structure function
remains self-similar during its evolution towards equilibri-
um.2~7 The influence of diffusion is then implicitly con-
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tained in a time-dependent scaling parameter R(?).

The dynamical scaling is visible in the structure func-
tion, S(g,t), which can be obtained directly by diffraction
experiments. This was first observed for the late stages of
decomposition with computer simulations on an Ising lat-
tice,* and was subsequently confirmed in various real

cases (binary and ternary alloys,!'~'>!° glasses,” and
fluids!®), so that one may write®~
S(gq,t)=R*t)F(gR (1)) , (1)

where F is a time-independent scaling function [¢ denotes
the length of the wave vector, ¢ =(41/A)sind]. However,
in the computer simulations and some real experiments,
the structure function S(g,t) was normalized as®!!

S (q,t)= __’f(_ﬂ"_fl_: (2)
> ¢°S(q,1)8q
q
in order to obtain relation (1). The sum was taken over

the § points where appreciable intensity was observed.
This leads to

S(g,t)=J(t)F(qR(1) , B

where J(¢) is defined by combining (1) and (2). It has
been shown recently that, in the case of computer-
simulation results, R and J/R? are proportional to mean
cluster radius and total volume of clusters, respectively.19
This interpretation, verified in the case of dilute alloys, is
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consistent with the classical works by Guinier® and

Gerold.2! During the final stage of decomposition, how-
ever, where dynamical scaling is supposed to occur, the
total cluster volume J/R3 should have nearly attained its
equilibrium value, and should remain constant'® so that
Eq. (3) is equivalent to (1).

The shape of scaling function F(x) is found to be simi-
lar throughout different classes of substances,'® although
discrepancies have been reported recently in the case of a
magnetic alloy.'?

The interpretation of the time evolution of R(t), how-
ever, is essentially dominated by diffusion effects. Al-
though an ab initio formulation has been given by Binder
et al.,? the resulting equations may not be solved in gen-
eral, and assumptions concerning the - diffusion process
and growth mechanism (coagulation, coalescence, etc.) are
necessary. Depending on these assumptions, various
forms are derived for the asymptotic time behavior of
R(?) expressed generally as power laws R (?) o« ¢ where a
may take values between + and 5, in agreement with
computer simulations.* General discussions were given
recently by Binder’? and Furukawa,”?> and the seminal
work on the subject is the study by Lifshitz and Slyozov
(LS) giving a=+.2

The exponents obtained experimentally vary consider-
ably from one substance to another,'~1° and even for a
given alloy with a change in temperature.!! The values of
a are often comparable to the theoretical values,'? but are
sometimes also much lower than expected.!®!!

In fact, despite the enormous experimental literature on
decomposing alloys, only a few experiments have been
carried out for critical comparison with theoretical calcu-
lations. The major problems are the data evaluation when
only a few small clusters are present in an alloy, and also
the difficulty of comparing time scales between the
theoretical calculations and different experiments, because
the kinetics, and therefore the relevant time scales, may
vary by many orders of magnitude through a small
change in temperature or alloy composition, and also
from one substance to another.

We have carried out an experiment on the decomposing
alloy Al-Zn-Mg, designed to follow the decomposition
over the widest possible time interval. The alloy has been
chosen because of the similarity to Al-Zn, which has been
used widely as a model system.>* Mg is added to control
the kinetics, so that the early stages of decomposition may
also be observed. As both Zn and Mg participate in the
decomposition through the formation of Guinier-Preston
(GP) zones,”® Al-Zn-Mg is considered here to be a pseudo-
binary Al-(Zn,Mg) alloy.

The structure function has been measured using diffuse
neutron scattering on quenched samples, Al—2.41 at. %
Zn—1.30 at.% Mg and Al—2.36 at.% Zn—3.01 at. %
Mg, annealed at different temperatures with aging times
ranging from 5 min to 4.5 yr. First, the dynamical scal-
ing behavior of the structure function is investigated and
the results are analyzed with respect to the various scaling
theories. An additional time-scaling relation between the
mean cluster radius and the supersaturation, which may
also be obtained from these data, has already been pub-
lished in a letter.?® These results are used to derive a gen-

eralization of the usual scaling equation (1) accounting for
decomposition in Al-Zn-Mg over nearly the entire time
interval investigated. Finally, the diffusion-controlled
properties are analyzed via the time evolution of R(z) at
different temperatures. In particular, an analysis of the
data using the Lifshitz-Slyozov concept?’ is carried out in
which a time-dependent diffusion constant is needed to
obtain agreement between theory and experiment.

II. EXPERIMENTAL DETAILS

The samples were two sets of platelets of polycrystalline
aluminum-zinc-magnesium alloys with compositions as
indicated in Table I. The platelets were homogenized for
several hours at-460°C. In order to change the number of
the initially quenched-in vacancies, three different
quenching procedures were applied. Some of the platelets
were quenched directly in ice water (quench 1), while oth-
ers were removed from the furnace, held for 10 sec in air,
and then dropped into ice water (quench 2); a third group
of platelets was first dropped into boiling water and after
10 sec finally quenched into ice water. The neutron-
scattering measurements were done at liquid-nitrogen
temperature on the D7 spectrometer for diffuse scattering
located at a cold-neutron-guide position of the Institut
Laue-Langevin, Grenoble. An incident-neutron wave
length of 4.9 A was used, and a ¢ range from 0.25 to 1.5
A~! was investigated. The diffuse neutron scattering was
measured as a function of annealing time for three tem-
peratures: 25°C, 50°C, and 70°C.

For comparison, some additional measurements were
carried out, using a conventional x-ray small-angle-
scattering spectrometer with Cu K, radiation (A=1.54
A), on samples of Al-Zn-Mg of longer annealing times at
room temperature, showing no significant difference in
the scaled structure function, as well as in the R-versus-¢
behavior, when compared to the neutron-scattering mea-
surement, so that the pseudobinary approximation
Al-(Zn,Mg) seems reasonable.

III. DYNAM/ICAL SCALING

Diffuse scattering of all samples was measured between
0.25 and 1.5 A~!, and showed after background correc-
tion, in all cases, a flat portion in the g region around 1
A~!. This was interpreted as being the sum of incoherent
and Laue monotonic scattering, and this constant was
subtracted from the scattered intensity. The intensity
curves were then normalized for sample volume, and, as
described in Ref. 19, double-logarithmic plots of S(q)
versus g of the so-obtained structure functions S(q) were

TABLE I. Composition of investigated Al alloys.

Alloy I composition Alloy II composition

(wt. %) (at. %) (wt. %) (at. %)
Zn 5.65 - 2.41 5.55 2.36
Mg 1.13 1.30 2.63 3.01
Si 0.008 0.008
Cu 0.006 0.006
Fe 0.003 0.002
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FIG. 1. Double-logarithmic plot of all measured scattering
curves S(g,t) in directly quenched (quench 1) Al—2.4 at. %
Zn—1.3 at. % Mg (alloy I) aged between 5 min and 4.5 yr at
room temperature. Scales are reduced, with the values of J and
R indicated in the figure so that F(x)=S(q,t)/J(t), x =qR(t)
[Eq. (3)]. The solid line is the fitted scaling curve, which is in
very good agreement with computer-simulation results (Refs. 4
and 19). The dashed line represents the Gaussian approxima-
tion at small wave vectors.

made. In order to test the data for dynamical scaling
behavior, an attempt was made to superpose the structure
functions by shifting the logarithmic scales. This was
indeed possible for all measurements, except for the as-
quenched samples, which showed, in the g range investi-
gated, a nearly flat intensity. Following Ref. 19, we ob-
tained by this method a scaling description of the struc-
ture function as given by Eq. (3). The time-independent
scaling function F is normalized!® so that R may be iden-
tified with the classical Guinier radius®® obtained by fit-
ting S(q,?) to a Gaussian,

Rz(t) 2
5 q

S(g,0)=J(t)exp | — : )

_in the appropriate g range. The Guinier radius, which is a
mean radius of gyration, is related to the mean radius by a
constant factor (~1.3), as shown in the case of computer
simulations.’® F(x) also shows 1/x* decay at high x
values, in agreement with the Porod law?’ and calcula-
tions by Furukawa.> The scaling function F(x) obtained
by the superposition method is in excellent agreement
with the scaling function obtained by computer simula-
tions in the case of an A—5 at.% B alloy at
T/T,=0.59.* This is seen in Fig. 1, where data for the
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FIG. 2. Scaling function F(x) (solid line in Fig. 1) in a (a) Po-

~ rod and (b) Guinier plot. The domain of validity of both ap-

proximations, i.e., F(x) «c 1/x* and F(x)~e ~*"/°, respectively,
may be seen.

alloy I annealed at room temperature between 5 min and
4.5 yr are shown, together with the scaling function from
Ref. 19. The domains of validity of the Porod and the

-Guinier laws [Eq. (4)] are shown in Fig. 2. The present

experiment confirms dynamical scaling in Al-Zn-Mg for
both alloys studied, three temperatures, and different
quenching procedures from the maximum of the structure
function until high g, including the regions of the
Guinier- and Porod-law behavior. No data could be ob-
tained, however, in the very-small-q region characterizing

. T —T

*_ ¥  70°C
20 /
> %
*
S
g 10 . «— 507
& e
=X 20 25°C
2 30 ”*"-/‘E,’/u"’
= = '
q l./
@ 20 o* /"/
8 //‘./A quench
~ e 12 3
3 10] . o?: e ® 4 alloyl
Ta o o a4 alloylIl
.
10 102 103 106 105 106
TIME (min)

FIG. 3. Integrated intensity J/R?> versus logarithm of time
for all measurements, i.e., at 25°C for both alloys and three
quenching procedures, and at 50°C and 70°C for alloy I. An
additional normalization to the same total content in Zn and Mg
has been performed in order to permit a comparison of both al-
loys.



the cluster interference.’ Moreover, in contrast to the
usual scaling concept,>~® scaling was observed in the
present experiment even at early times of decomposition
and over a time interval where the total volume of clus-
ters, V, first increases by more than a factor of 5, reaching
a nearly constant value after a few weeks (see Fig. 3),
whereas dynamical scaling formulation has generally been
considered to hold for the asymptotic time-evolution
period where V is already close to its final value.?®

IV. THE CAPILLARITY EQUATION

Once the Laue scattering has been subtracted from
S(q,t) the total cluster volume V(¢) is, for low supersa-
turation,?! proportional to

[, s@,09%dg=J0)/R*@) [ Fix)xdx

[Eq. (3)], and therefore to J(¢)/R3(t). Since V(t) varies
throughout the decomposition process, it provides an in-
trinsic parameter for the advancement of the phase
separation. It therefore may provide an inner time scale
of the system. In a recent paper,?® referred to as I, it has
been shown that R and V verify, for Al-Zn-Mg, a relation
independent of the quenching procedures, even though
different time evolutions of the cluster radius R were ob-
served. For both alloys and all temperatures, it was
shown in I that

R, V(t)
=1— , 5
R(?) Ve ©®)
where R, and V, are temperature- and alloy-

composition-dependent constants. A discussion of this
R-versus- V' curve has shown that at the beginning V in-
creases with nearly constant R, which may indicate
predominant nucleation. At the end, however, ¥ reaches
a constant value, whereas R still increases, indicating the
presence of a coarsening regime. This leads to an inter-
pretation of R, as a critical radius at the beginning and
V, as an equilibrium volume fraction at the end of the
decomposition. Furthermore, it was shown in I that in
the case of low supersaturation, which is a good approxi-
mation here, Eq. (5) may be transformed, using the lever
rule, to
R(D=Ry 222

H=Xo 8c(2) ’ ©
where 8¢ is the supersaturation and 8¢, its initial value.
This is basically Gibb’s capillarity equation, defining the
equilibrium of a droplet in a surrounding phase due to its
surface tension, which, however, is written here for the
mean cluster radius.

The results of I allow one to derive an extension of the
classical scaling equation (1) for the structure function.
Replacing J(¢) by V(t)R3(¢) in Eq. (3), and using (5), one
obtains

1 _p3 R
S(g,t)=R"°(¢t) |1 R

% F(gR(1)) . (7

0

In the limit of large R, where classical scaling should ap-
ply,>~% (7) reduces again to the usual scaling equation (1).
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With this correction of (1), it is then possible to describe,
within the g range shown in Fig. 1, the decomposition of
Al-Zn-Mg over a wide time interval, and even at the be-
ginning of cluster growth, when R(t) starts with small
values close to Ry.

V. TIME EVOLUTION OF THE MEAN CLUSTER SIZE

The two time-invariant results of the preceding sections
may be related to basic results of the Lifshitz-Slyozov
theory of coarsening.?® The capillarity equation (6) found
in this experiment is in accordance with the equality of
the mean and critical radius, which is a main result of the
LS theory.”> The time-scaling behavior of the LS cluster
distribution function would also produce a scaling of the
structure function. The time evolution, however, of the
cluster size within the LS assumptions, is expressed as

%(R3)=%DROSCO , ®)

where D is the diffusion constant and R and 8¢, are de-
fined in Eq. (6). With D constant, an integration of (8)
leads to the well-known R(t) « ¢!/* behavior. The experi-
mentally observed values of R are plotted versus ¢'/° in
Fig. 4 for both alloys and all temperatures investigated.
However, no straight line is observed, even for the very
late times of decomposition, so that no ¢'/* behavior is
found in this experiment.

We then tried a description of the time evolution of R
as a power law in the form

R(t)=(At)*. )

For alloy I and three temperatures, R has been plotted
versus time on double-logarithmic scales in Fig. 5. When
straight lines are fitted to the data, the same exponent,
a=~0.08, is obtained for all three temperatures. The
values of the temperature-dependent constant A are indi-
cated in the figure. .
The classical theoretical ¢!/? behavior was derived by
LS theory, assuming bulk diffusion. Within the same
framework, but assuming diffusion along grain boun-
daries or dislocation pipes, exponents of + and +, respec-
tively, were later obtained.?®?° More recent treatments of
cluster growth during decomposition led to exponents be-

% Time (min)

L . .
010213 10t 108 . ) 108
Time (min)

t1/3

FIG. 4. Mean radius versus for all measurements. The

symbols are defined as in Fig. 3.
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It may be argued that one does not yet observe the
asymptotic time behavior and that there is still strong nu-
cleation of clusters. In the present case, however, the total
cluster volume (Fig. 3) does not increase significantly be-
tween 1 and 4 yr of aging at room temperature, so that
strong nucleation seems very improbable at this stage.

As discussed in the case of highly degenerate sys-
tems,'!® a slow increase of R(t) (i.e., a logarithmic
behavior) may arise from the fact that the driving force
for coarsening (i.e., the surface tension) becomes ineffec-
tive. However, the finding that the capillarity equation
(6) holds during the entire decomposition process of Al-
Zn-Mg does not support such a hypothesis in the present
case.

On the other hand, the only discrepancy between the
present experiment and the LS theory may be removed
and the experimentally observed time dependence ob-
tained, if an “effective diffusion constant” Dig is intro-
duced which is allowed to vary during decomposition.
Within this formulation, Eq. (8) defines Dyg, which is
then computed with the present data and plotted in Fig. 6
versus R. The numerical values for Ry and 8¢y have been
taken from paper I and are listed in Table II. In Fig. 6
the logarithmic scales for D;g have been shifted by an
amount Q/kgT, where Q has been taken to be 1.0 eV. By
this procedure, the data for the three temperatures fall on
the same curve so that Dyg appears as

Dis(R,T)=g(R)e 2787 (10)

TABLE II. Critical radius R, and the final volume fraction V,

FIG. 6. Using the R-versus-¢ curves (Fig. 5), Dys is comput-
ed from R using Eq. (8) (see text). The constants in Eq. (8) are
taken from Table II. The logarithmic scales for D;s have been
shifted by Q/kzT, where Q=1.0 eV (right-hand-side scale),
leading to a superposition of data at greater R for all three tem-
peratures for alloy I. The values, D,, of the diffusion constant
extrapolated from high temperature to 25°C, 50°C, and 70°C
are also indicated.

where g is the function of R represented in Fig. 6. It
should be noted that the diffusion D, at high tempera-
tures in the same alloy has an activation energy of 1.2
eV,!” whereas Q=1.0 eV. D, has been extrapolated into
the two-phase region and is indicated in Fig. 6. Dig is
higher than D, by several orders of magnitude and de-
creases strongly, when the clusters are growing, and, even
after very long annealing times, Dyg is still higher than
D,.

A result concerning a similar large discrepancy of the
diffusion constant in the miscibility gap when compared
to the values extrapolated from the single-phase region
has been found recently in Al-Zn. For an Al-Zn alloy in
which a t!/3 behavior has indeed been reported, the ob-
tained constant D;g was higher than D, by a factor of
10%, and it was not possible to explain this difference by
the amount of quenched-in vacancies.' .

(within a multiplicative constant) of

clusters, as determined in paper I (Ref. 26), as well as the initial supersaturation 8co and the solubility

¢q of Zn and Mg estimated from V, (Ref. 30).
Composition Temperature Ry Ve Cq foTely %ROSCO
Alloy (at. %) C) (A) (a.u.) (at. %) (at. %) (A)
1I 5.4 25 5.1 98 1.6 3.8 0.086
I 3.7 25 3.8 54 1.6 2.1 0.035
I 3.7 50 4.3 47 1.9 1.8 0.035
I 3.7 70 5.2 40 2.1 1.6 0.036




30 INVESTIGATION OF CLUSTER GROWTH IN Al-Zn-Mg . .. 6503

VI. CONCLUSION

The decomposition kinetics of some Al-Zn-Mg alloys
has been investigated by means of diffuse neutron scatter-
ing, and the time-scaling results are obtained and dis-
cussed in terms of the Lifshitz-Slyozov theory of coarsen-
ing.2> This theory starts with a time-scaling assumption
of the cluster distribution?® describing a situation where
the system remains self-similar between two steps in the
time evolution, when simultaneously the length scale is
changed (such scaling assumptions are also used in more
recent theories.>® Using the classical diffusion equation,
LS then derive, for the late stages of decomposition, the
equality between mean and critical radius, as well as a
time behavior of the mean radius as ¢!/3. In the present
experiment the structure function showing dynamical
scaling behavior also remains self-similar during the
decomposition. Moreover, the time-scaling relation be-
tween mean radius and supersaturation [Eq. (6)] was
found during all stages of cluster growth, which can be re-
lated to the equality between mean and critical radius in
the LS theory. However, the most well-known result of
the LS theory, i.e., the time behavior of the mean cluster

radius R(t) as ¢!/3, has not been observed. The time’

behavior of R fitted as a power law ¢¢ yields an exponent
a smaller than any theoretical estimate.?~%2%2% It should
be pointed out that these LS relations, which are indeed
verified in Al-Zn-Mg, are time-scaling relations, so that,
in fact, diffusion has been scaled out, whereas the actual
time evolution of R(?) is a diffusion-controlled property.’!
An estimate-of the diffusion constant just after quench-
ing using Eq. (8) [derived by LS (Ref. 23)] gave a value
higher than the value extrapolated from high-temperature
measurements by a factor 10*—10°. Thisis observed even
when the LS theory is applied to alloys where R(¢)
behaves approximately as t!/3, as reported by Simon
et al.’® in Al-Zn and Al-Zn-Ag. Finally, the remaining
discrepancy between LS theory and the time evolution of
R(¢) in Al-Zn-Mg may be removed if an effective dif-
fusion constant is introduced, which, after the quench, is
much higher than the value extrapolated from high tem-
perature and decreases strongly during decomposition.
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