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The validity of current theories for describing decomposition was investigated for a number of
Cu-Ni-Fe alloys by means of neutron scattering. The dynamical scaling procedure of the structure
function during decomposition was successful only in some particular cases of decomposition. As a
measure for the size of the nuclei that are formed during decomposition of an alloy, we considered
the radius of gyration and the first and second moment of the scattering function. The coarsening
of the alloys could, except for the later stages, be described by the Lifshitz-Slyozov theory. Super-
lattice reflections were found in the diffraction pattern of Cus,NisgFeyo after annealing for 665 and
857 h at 733 K. We attribute this to the formation of an ordered NisFe-type structure.

I. INTRODUCTION

The concept of separating the miscibility gap into a
thermodynamically metastable and unstable region was
first introduced by Gibbs.! According to the early theories
there is an energy barrier to decomposition in the meta-
stable regime and the alloy will decompose by the mecha-
nism of nucleation and growth. Small nuclei of the new
phase will form upon prolonged annealing. Accordingly,
in the metastable regime there is an instability with
respect to local perturbations that are large in degree
(large composition difference with the surrounding ma-
trix) but small in extent (small nuclei). In the unstable re-
gime there is an instability with respect to nonlocal per-
turbations (spinodal decomposition) that are small in de-
gree (small composition difference with the surrounding
matrix) but large in extent (long-wavelength composition
fluctuations).

Distinguishing, experimentally, between the mechanism
of spinodal decomposition and nucleation and growth
turned out to be very difficult. Gibbs assumed that the
spinodal line, which separates the metastable from the un-
stable regime, is a sharp boundary. However, experimen-
tal results,>®> more elaborate theories,** and computer
simulations®’ show a smooth change from the mechanism
of nucleation and growth to the mechanism of spinodal
decomposition. These results thus suggest that the spino-
dal is a diffuse region; if not, the whole concept would
lose its entire meaning.

In regards to the above, it is important to determine the
range of validity of existing theories for the kinetics of
decomposition. Another point of interest concerns the ki-
netics of coarsening of the decomposed structure.
Lifshitz and Slyozov® derived a time exponent of + in
their theory of coarsening, while other theories predict a
different time exponent. The scaling theory proposed by
Lebowitz et al.” seems to hold for the later stages of
decomposition. Up until now this theory has only been
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tested for a few cases. To test the theories mentioned
above, a neutron scattering study was undertaken on a
number of Cu-Ni-Fe alloys.

II. THEORY

A. Nucleation and growth

When an alloy is quenched from the stable region of the
phase diagram into the metastable regime, the alloy will
decompose when the amplitude of the concentration fluc-
tuations is sufficiently large. First, small nuclei are
formed which already have the composition of the final
equilibrium phases. If these nuclei exceed a critical size
they will grow by diffusion of the precipitating element.

A measure of the mean size of the clusters is the so-
called radius of gyration Rg. For a homogeneous particle
the radius of gyration is defined by
(2.1)

Ri= r’d’r,

T’; Vp
where Vp is the volume of the particle and T is a vector
inside the particle with its origin in the center of gravity.
The concept of the radius of gyration is applicable to par-
ticles of any shape.

B. Dynamical scaling of the structure function

Several authors”®!® have investigated the scaling
behavior of the time-dependent structure function during
decomposition in the metastable and unstable region of
the phase diagram. The scaling procedure is based on the
assumption that, for late times after the quench, the mean
“diameter” of the grains is much larger than the thermal
correlation length and therefore the former is the relevant
length scale for the description of the decomposition. We
will use the scaling procedure as described by Lebowitz
et al.” The function to be scaled is the function S;(&,?),
which is defined by
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S1(K,t)=S(K,t )—Sg(K) , (2.2)

where S(K,t) is the structure function at a time ¢, Sg(k)
is the structure function of the decomposed system, and ¥
is a wave vector. In the scaling procedure only the first
moment «; of S(¥,t) is used, but in connection with the
description of coarsening, which will be discussed later,
the second moment «, is also important. In general, the
nth moment «,, of the structure function is defined by

K K
k= [, WSiR )R [ [ 7SR dR,

where «p is some cutoff. The scaled function is defined
by

(2.3)

Fle0=dws (&0 [ [ & 0w 2.4)
with
x=k/Kkt) . 2.5)

Lebowitz et al.” found that, for their simulations for sys-
tems within the miscibility gap, F(x,t) was, except for the
early stages of the decomposition, independent of time
[F(x,t)=F(x)]. The time-independent function F(x) ap-
peared to depend to some degree on the location of the
quenched state inside the miscibility gap. When experi-
mental data are used in the scaling procedure the struc-
ture function for the decomposed alloy is usually not mea-
sured because the equilibrium state cannot be attained in
an experimentally accessible period of time and therefore
S(i,t) is used instead of S;(&,t).!!

C. Coarsening

Lifshitz and Slyozov® gave a description for the process
of coarsening in direct space (the growth of large grains of
the new phase at the expense of smaller ones) for supersa-
turated systems close to the coexistence line. Coarsening
is the mechanism that is assumed to be responsible for the
later stages of the decomposition for a system of spherical
grains, of which the mean radius R, is small compared to
the mean distance between them, where diffusion is as-
sumed to be rate controlling. The time dependence of the
mean radius of the spherical particles is given by!?

R} —R3=kt, (2.6)

where R, is the mean radius at time ¢ =0 and k is a rate
constant. When the particles are not spherical an ap-
propriate mean particle size can be used instead of R, for
the evaluation of the data. The factor R} in Eq. (2.6) can
be neglected except for the very early stages of the decom-
position. Thus for longer annealing times, Eq. (2.6) can
be approximated by

R, =(kt)\/? . 2.7

Although the theory of Lifshitz and Slyozov is, strictly
speaking, only valid for a very small region inside the
miscibility gap close to the coexistence line, Eq. (2.6) has
also been successsfully used for the description of the
decomposition of alloys which were quenched deeper into
the miscibility gap.
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Binder et al.'® have derived another coarsening law
based upon a consideration of the diffusion process on the
atomic scale. The alloy was assumed to decompose in
rather compact grains of almost pure components. Binder
et al. predicted a much smaller exponent for ¢ than
Lifshitz and Slyozov, i.e.,

R, =(ke)/6 (2.8)

and they suggested that at first the coarsening can be
described by Eq. (2.8), while for longer annealing times
the Lifshitz-Slyozov theory gives the correct description
of the coarsening [Eq. (2.7)]. Hence for longer annealing
times, Egs. (2.7) and (2.8) may be generalized to

R, =(kt)". (2.9)

To estimate the activation energy for coarsening (E,), the
rate constant k is assumed to be given by

k =koexp(—E,/RT,) , (2.10)

where kg is a constant, T, is the annealing temperature,
and R is the gas constant.

III. INTERPRETATION OF SCATTERING
EXPERIMENTS

In this section we will discuss the predictions of the
various theories for the scattering cross section in the
small-scattering-vector (k) range, which is usually defined
by12

O0<|K| <m/d, , 3.1
where d, is the nearest-neighbor distance in the sample.
For condensed matter this results in an upper limit of the
small-scattering-vector range of k=10 nm~!.

As mentioned in Sec. II, a measure of the mean size of
the particles that are formed during decomposition is the
radius of gyration. According to Guinier and Fournet,'*
the structure function can be approximated by a function
of Rg (for small values of kRg) as follows (the so-called
Guinier approximation):

S(&,t)=S(0)exp[ —«*R&(1)/3] . (3.2)
Strictly speaking, expression (3.2) is valid only for a single
particle. It may, however, also be used for a system of
particles when interference effects are negligible, viz., for
dilute systems. For a spherical particle, for example, this
approximation is valid for kRg < 1.3, while for a rod,
kR <0.7.* For concentrated systems the effect of inter-
particle interference cannot be neglected, which results in
the development of a peak for the structure function for
K=K,, (0). Yet the application of the Guinier approxi-
mation is still useful for x> «,,, as has recently been dis-
cussed by, e.g., Fratzl et al.!> These authors state that
cluster-interference effects are restricted to the small-« re-
gion of the structure function. Although the meaning of
the deduced Guinier radius is not well defined here, it
turns out to be a good scaling parameter.
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IV. EXPERIMENTAL TECHNIQUES

A. Sample preparation

The small-angle- and sideband-scattering intensities for
alloys are proportional to the differences of the scattering
factors of the elements in the alloy. Cu and Ni are neigh-
bors in the Periodic Table. Consequently, the difference
of the scattering lengths for x rays is very small
[(foeu—SfNi)/fcu=0.03]. The difference of the mean
scattering lengths of the natural mixture of isotopes of Cu
and Ni for thermal neutrons is much larger
[(boy—bni)/ by =0.36] than for x rays and can even be
increased fivefold [(bc, —bn;)/bcu=1.78] by the use of
the isotopes ®*Ni, which has a large negative scattering
length for thermal neutrons [b (%*Ni)= —0.87 X 10~ *m]
and ®Cu, which has a large positive scattering length for
thermal neutrons [b(®*Cu)=1.11X10""m]. For the
specimen preparation, Cu enriched in %Cu (99.7 at. %),
Ni enriched in *’Ni (98.0 at. %) and Fe (99.99% pure) of
natural composition (bp,=0.95X10"'* m) were used.
The isotopes were purchased from Oak Ridge National
Laboratory. Before melting, the mixture was reduced in a
hydrogen flow at 1173 K. The material was melted in an
Ar atmosphere containing 5 vol % H, in order to prevent
evaporation of Cu and to increase the heat transfer (cool-
ing rate) after melting. The ingots were cold-rolled and
homogenized by annealing the polycrystalline specimens
for one week at 1373 K in a quartz tube filled with Ar
(5 10* Pa).

All of the specimens were annealed in a vertical furnace
at 973 K, subsequently quenched in water, and the dif-
fraction pattern of the quenched state was then deter-
mined. Subsequently, the specimens were annealed at the
desired temperature for increasing periods of time. The
experiments were performed at room temperature. A
more detailed discussion of the sample preparation and
heat treatments has been given by Vrijen.!%!” The sam-
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FIG. 1. Incoherent miscibility gap of the Cu-Ni-Fe system
for T=1073, 873, and 673 K calculated by Hasebe and Nish-
izawa (Ref. 18). The composition of the Cu-Ni-Fe alloys used
for the investigations described in this paper and a number of

calculated tie-lines for T=1073 K are also indicated.

ples showed a pronounced texture, which turned out to in-
fluence the intensity of the Bragg peaks but had no effect
on the intensity for small scattering angles. The composi-
tion of the alloys used for our investigation are shown in
Fig. 1 together with the miscibility gap calculated by
Hasebe and Nishizawa,'® who used a subregular solution
model to extrapolate experimental data obtained at higher
temperatures.

B. Measuring technique

The neutron scattering experiments were performed
with a diffractometer with a one-dimensional position-
sensitive detector 100 cm long and 2.5 cm in diameter at
the reactor HFR (high-flux reactor) at Petten. A detailed
description, together with the applied calibration and-
correction procedures, has been given elsewhere.'’
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FIG. 2. Elastic neutron scattering cross section as a function of the scattering vector for different annealing times for a
CussNigFes alloy annealed (after quenching from 973 K) at (a) 733 K and (b) 773 K. The solid line gives the neutron scattering cross
section for the case in which the atoms are randomly distributed.



FIG. 4. Same as Fig. 2 for a Cus,Nij;Fe;3 alloy annealed at (a) 733 K and (b) 773 K.
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V. EXPERIMENTAL RESULTS
AND DATA ANALYSIS

A. Coarsening

The neutron scattering cross section was measured for
different annealing times for three Cu-rich Cu-Ni-Fe al-
loys (see Figs. 2—4). The alloys CussNigpFe; and
CuyoNissFe ;3 were annealed at 733 and 773 K. The
Cus;NigFe, alloy was annealed at 733 (only long anneal-
ing times), 758, and 773 K. It was verified by x-ray dif-
fraction that these alloys did decompose at these anneal-
ing temperatures and that the CusNijsFe,q and
CusoNis;Fe;; alloys already started to decompose at the
quench temperature (973 K). However, we did not use
higher quenching temperatures for these two alloys be-
cause we wanted to avoid the effect of quenched-in vacan-
cies.

For the description of the coarsening process a number
of parameters can be used, viz., the radius of gyration
[Eq. (2.1)], the first and second moments of the structure
function [Eq. (2.3)], or the mean wavelength of the com-
position modulations calculated from the position of the
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FIG. 5. Radius of gyration as a function of time for three
Cu-Ni-Fe alloys.

sidebands.

First, we will discuss the time evolution of the radius of
gyration, which can be deduced from the scattering func-
tion using Eq. (3.2). When the cube of the radius of gyra-
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FIG. 6. Sideband intensity relative to the peak intensity near the (111) reflection for (a) CussNigFes and (c) CusoNis;Fe;; alloys an-
nealed at 733 K, and for a (b) Cus;NizsFe g alloy annealed at 773 K.
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FIG. 7. First moment (x;) of the scattering function versus
time for three Cu-Ni-Fe alloys.

tion Rg is plotted versus time ¢ and the resulting curves
are extrapolated to ¢ =0, the mean radius R, for the
quenched state [see Eq. (2.6)] can be determined. The
calculated R values are very small and therefore it is jus-
tified to plot logR versus logt instead of RZ versus ¢ (see
Fig. 5). As can be seen from this figure the time depen-
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FIG. 8. Second moment (k,) of the scattering function versus
time for three Cu-Ni-Fe alloys.

dence of the radius of gyration (except for longer anneal-
ing times for which Rg >2 nm) can be described by the
Lifshitz-Slyozov theory (n=1/3, solid lines). For the
later stages of decomposition the coarsening rate de-
creases.

In addition to the determination of the structure func-
tion for smaller values of the scattering vector we mea-
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FIG. 9. Scaled function F(x,¢) for a CussNigFes alloy annealed at (a) 733 K and (b) 773 K.
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TABLE I. Exponential values n; used in Eq. (5.1) to describe
the time dependence of coarsening.

733 K 773 K
Alloy ny ny ny ny
CussNigFes 0.20 0.34 0.22 0.37
CuSzNiggFelo 0.17 0.34
Cu50Ni37Fel3 0.13 0.23

sured the neutron scattering cross section around the (111)
and (200) reflections. The CussNigFes, Cus,NisgFe o, and
CusoNi3z;Fe,; alloys were annealed at 733 and 773 K, and
at both temperatures sidebands appeared near the reflec-
tions. The scattering vector for the intensity maxima of
the sidebands is related to the wavelength of the concen-
tration modulation during decomposition, while the inten-
sity of the sidebands is related to the amplitude of the
concentration modulation. Owing to experimental cir-
cumstances we could measure only the sideband intensity
on one side of the Bragg peak.

In Fig. 6 the time dependence of the (low-angle) side-
band intensity near the (111) reflection is shown for
CussNigFes and CusgNij;Fej;y alloys annealed at 733 K
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FIG. 10. Scaled function F(x,t) for a Cus;NiysFe;, alloy an-
nealed at 773 K.
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and for a Cus;NijgFe; alloy annealed at 773 K. With in-
creasing annealing time the sidebands move toward the
main peak. No clear maximum in the sidebands could be
detected, which might be due to the fact that it would
develop too close to the Bragg reflections. Consequently,
the mean wavelength of the composition modulation
could not be reliably determined. However, the time
dependence of the inverse of the mean wavelength is simi-
lar to the time dependence of the first moment of the
structure function k, (see the following).

For the neutron scattering experiments described in this
section we could only determine «,, for the CussNisFes
alloy for the longer annealing times at 733 and 773 K,
while for the other alloys the position of the maximum of
the scattered intensity could not be determined at all. The
scattering curves of the other as-quenched alloys already
showed pronounced small-angle scattering with probably
a peak for k,, <0.5 nm~—!, which was the smallest value
of the scattering vector that could be measured with our
diffraction geometry. For that reason we used k; and «;,
which could be calculated for all cases, to investigate the
coarsening. The mean diameter of the particles or, alter-
natively, the wavelength of the composition fluctuations,
is proportional to ki *. Therefore, analogous to Eq. (2.9),
we may write

ki lect™ (i=1,2) . (5.1

A plot of logk, (see Fig. 7) or logk, (Fig. 8) versus logt
gave a reasonably straight line for all three alloys annealed
at 773 K and for the CussNiyFes alloy annealed at 733 K.
However, for the Cus;NigFe;y alloy annealed at 758 K
and the CusoNi;;Fe;; alloy annealed at 733 K logk; (or
logk,) and logt were not linearly related. The calculated
values for n; are given in Table 1. '

B. Dynamical scaling

Lebowitz et al.” showed that the structure functions ob-
tained from computer simulations of the decomposition of
a binary alloy show a scaling behavior after a certain tran-
sient period. We found that the structure function of a
CussNiyoFes alloy (Fig. 2) could also be scaled (Fig. 9) us-
ing the relation [Eq. (2.4)] given by Lebowitz et al.” The
structure function for the Cus;NijsFe;q and CusoNij,;Fe;;
alloys, however, could not be scaled using this equation
(Figs. 10 and 11).

C. Long-range order

In the NiFe binary section of the Cu-Ni-Fe phase dia-
gram, an ordered phase Ni3;Fe will form below T=780 K
for compositions close to Ni;Fe; this ordering also occurs
(although at lower temperatures) when small amounts of
Cu are added to the Ni;Fe alloy.?°

After each annealing step, we measured, in addition to
the scattering cross section for small values of k and the
intensity of the sidebands, the scattering cross section for
k values near the (100) position. The diffraction pattern
for the Cu-Ni-Fe alloys annealed at 773 K for about 250 h
did not show any extra intensity at the (100) position.
When these alloys were annealed (for 600—665 h) at 733
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FIG. 11. Scaled function F(x,t) for a CusoNijz;Fe;; alloy annealed at (a) 733 K and (b) 773 K.

K the diffraction pattern for the Cus,NisgFe,q alloy did
show a broad peak at the (100) position [Fig. 12(a)]. As a
check we measured the diffraction pattern for the
Cus,NijgFey alloy after annealing for 860 h. The diffrac-
tion pattern showed a broad peak near the (100) and (110)
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positions [Fig. 12(b)]. We think that this is due to the for-
mation of an ordered NijFe-type structure. For the com-
position of the NiFe phase in which the other two alloys
decompose, the annealing temperature is either above the
ordering temperature or no ordering occurs at all.
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FIG. 12. Diffraction pattern for a Cus;NisgFeq alloy after annealing for (a) 665 h and (b) 857 h at 733 K, showing the (100) and

(110) superlattice reflections.
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VI. DISCUSSION AND CONCLUSIONS

We have already mentioned that the Cus;NijsFe;o and
CusoNis;Fe;; alloys showed a certain amount of decompo-
sition after quenching from 973 K, while the quenched
CussNigFes alloy was still one phase. Annealing of the
Cus,NijgFe o and CusoNis;Fe ;3 alloys at a lower tempera-
ture than 973 K caused a change of the decomposition of
the two phases, while the CussNigFes alloy started to
decompose at the annealing temperatures (<773 K). In
the discussion of the results for the three Cu-Ni-Fe alloys
this difference must be kept in mind.

First, we will treat the coarsening rate in terms of the
radius of gyration. As can be seen from Fig. 5 the time
evolution of the radius of gyration can, except for the
longer annealing times, be described by the Lifshitz-
Slyozov theory (R, ~t!”%). For the longer annealing
times the exponent of the time and thus the coarsening
rate decreases (n; <1/3). The coarsening rates of
CuSzNi33F615 (Ref. 21) and CU70Ni21Feg (Ref. 22) alloys
were investigated with electron diffraction. The mean
wavelength for these alloys as a function of time, which
was calculated from the position of the sidebands near the
Bragg peaks, could also be described with the Llfshltl—
Slyozov theory (n;=1/3). However, Hillert et al.? found
a different time dependence of the coarsening rate, name-
ly, an exponent n; which was between i and +. In the
present investigation we could determine the maximum of
the observed sidebands only in the very early stages, even
though these sidebands were present at all annealing tem-
peratures for the three Cu-Ni-Fe alloys. Consequently, no
quantitative conclusions about coarsening can be drawn
from these data. We want to point out, however, that
when null alloys (zero Bragg scattering) are used, very
large satellites can be observed. In those cases, e.g., very
useful information about the wavelength and the orienta-
tion of the composition modulation can be obtained.?*

Another measure for the size of the nuclei in the alloys
during the decomposition is given by the first moment (k)
of the scattering function. The time dependence of
could not be described by the Lifshitz-Slyozov theory

= 733K 773K
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FIG. 13. Time dependence of k,/Kk3 for three Cu-Ni-Fe al-
loys. Lines are a guide for the eye.
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FIG. 14. Radius of gyration (Rg) versus the inverse of the
first moment of the scattering function («i"").

(n=1/3). When we move deeper into the miscibility gap,
e.g., by adding more Fe or annealing at lower temperature,
the values for n; decrease; this effect was also observed
for computer simulations.” Thus, close to the coexistence
line the coarsening can be described by the Lifshitz-
Slyozov theory, whereas when we move deeper into the
miscibility gap the coarsening rate decreases. The first
moment of the scattering function [Eq. (2.3)] is used in
the dynamical scaling procedure described and tested for
computer simulations by Lebowitz et al. 7 The second
moment was also calculated for the computer 51muat10ns
by Lebowitz et al. and it appeared that k, divided by K
was independent of the anneahng time. In Fig. 13 the
time dependence of Kk,/k? is plotted for the alloys investi-
gated. The scattering curves for the Cus,NijgFe;y and
CusNij;Fe,; alloys (decomposed) show a steep increase of
the intensity for small k values. Since it was not possible
to measure the neutron scattering cross section for k <0.5
nm~! with our neutron spectrometer we could not deter-
mine the peak position of these scattering curves. Conse-
quently, the calculated values for «; and k, are also too
high. This might explam our observation that the calcu-
lated value for k,/k7 is time dependent, contrary to results
of computer simulations’ and experiments on Al-Zn al-
loys.!! On the other hand, the physical meaning of x,/k?
is not at all clear and might well be accidental.

The radius of gyration and the first moment of the
scattermg function are both a measure for the partlcle
size. Consequently, a plot of Rg versus ki ! should give a
straight line (Fig. 14).

However, a comparison of Figs. 5 and 7 suggests that
the Guinier radius gives a better description of the particle
size than «;. This point of view is supported by a recent
comparison of cluster sizes and densities obtained from
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computer simulations and the ones obtained by the
Guinier method from the structure function.'®

The activation energy for the coarsening process (dif-
fusion controlled) can be calculated from the temperature
dependence of the rate constant k [see Eq. (2.10)]. The
rate constant was calculated from the time dependence of
the radius of gyration (Fig. 6). We found, for the activa-
tion energy, E, =230 kJmol~!, which shows good agree-
ment with the value calculated by Butler and Thomas?!
(E, =200 kJmol™!). Hillert et al.,> who included the ef-
fect of the temperature dependence of the interfacial ener-
gy, and Daniel,** found E,=275 kImol~!. For a
CusoNisg alloy the activation energy for self-diffusion for
Cu into the Cu-Ni alloy, which is smaller than the activa-
tion energy for self-diffusion of Ni into the Cu-Ni alloy, is
approximately 255 kJ mol~1.%

The scattering function for the CussNiyFes alloy
shows, after a transient time, a scaling behavior. That the
scattering functions for the CusNipFeg and
CusoNis;Fe,; alloys do not show scaling behavior could be
caused by the fact that these alloys were, to a certain ex-
tent, already decomposed after quenching. Moreover, the
resolution in the small-k region of the applied spectrome-
ter was too poor to measure the maxima in the structure
function of the latter two alloys in the decomposed state.
These two facts make it impossible to be as conclusive as
we hoped to be with respect to scaling. The observation
of superlattice peaks, which can be ascribed to an ordered

L1, phase (NizFe with a small amount of Cu), is in good
agreement with a Cu-Ni-Fe phase diagram?® calculated
with the cluster-variation method.

We now summarize the results of the investigation
described in this paper. The structure function for a ter-
nary (Cu-Ni-Fe) alloy turned out to show the same scaling
behavior as the structure function for binary alloys.”!!
Since the radius of gyration and the first moment of the
structure function are linearly related, these parameters
appear to be a measure of the same effect. For the early
stages of decomposition, the coarsening could be described
with the Lifshitz-Slyozov theory, while for longer anneal-
ing times the coarsening rate decreased.
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