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Anomalous small-angle x-ray scattering determination of the partial structure factors
and kinetic study of unmixed Cu-Ni-Fe alloys
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Different unmixed states of a Cu-Ni-Fe alloy have been studied by anomalous small-angle x-ray
scattering (ASAXS). The data were obtained at different x-ray energies near the Fe and Ni absorp-
tion edges: ASAXS intensities increase by a factor of 3, varying with the atomic contrast (with

respect to Cu). Various methods for the determination of partial structure factors (PSF) have been
tested and results are found reliable if we use the intensity data in the proximity of at least two
edges. The homoatomic PSF curves have similar shapes with a maximum I which increases and
shifts towards lower q values as the power laws I -t ' and q -t, and the scaling behavior
is obeyed. These features are very similar to the ones observed during late stages of aging of concen-
trated binary systems. On the other hand, there is evidence that the phase separation of Cu-Ni-
Feo l& at 500'C cannot be modeled by a two-phase system, and different possible partitioning of Cu,
Ni, and Fe are discussed.

I. INTRODUCTION

The theory of the kinetics of phase separation, includ-
ing problems of metastability and instability, has received
considerable attention in recent years (for a review see
Refs. 1 and 2). Although the various approaches are rath-
er different, compare for example the coarse grain
method, cluster dynamics, or Monte Carlo simulations of
the three-dimensional Ising model, there is uncertainty
when deciding which one should be applied in a specific
case. In binary metallic alloys, the object size is rather
small (10—100 A) and few techniques are then available.
Small-angle scattering (SAS) is one of them but this does
not give a sensitive test of these theories.

Moreover, several ternary alloys have been studied as if
they were pseudobinary, in particular the Cu-Ni-Fe alloys
(rich in Cu and Ni): a regular pattern of phases aligned
along the (100) directions was observed by transmission
electron microscopy and from this "tweedlike" morphol-
ogy the existence of spinodal decomposition was claimed.
Nevertheless, recent calculations have shown that elastic
interactions can promote this regular morphology, in-
dependently of the unmixing mechanism. Ihe kinetics of
the growth of side bands and the kinetics of small-angle
neutron scattering (SANS) patterns follow power-law
growth rather than exponential growth. Atom probe
analysis combined with field emission imaging yielded
evidence for a separation in rather well-defined domains
even at the early stages of unmixing, in disagreement with
the classical spinodal decomposition model. The "phases"
were, respectively, enriched in Cu and NiFe in agreement
with the computed metastable fcc phase diagram. As we

will see, anomalous small-angle x-ray scattering (ASAXS)
can be used to check the validity of the pseudobinary un-
mixing hypothesis in ternary alloys and may provide new
information on the different solute partitioning, thanks to
the determination of partial structure factors (PSF).
Indeed the scattered intensity from a ternary alloy is a
linear combination of these PSF, which are the Fourier
transforms of the three linearly independent pair correla-
tion functions. The extraction of the PSF needs a set of
independent intensity data and this can be, in principle,
achieved straightforwardly by using synchrotron radia-
tion: The atomic scattering factor of one of the sample
elements can be modified by tuning the x-ray energy to
the immediate vicinity of the corresponding absorption
edge. This technique is becoming widely applied in dif-
ferent fields of materials science.

ASAXS tests were performed on binary Al-Zn alloys, '

which have shown this technique to be quantitative. PSF
determinations have been attempted on an unmixed Al-
Zn-Ag alloy. '"' But, since only the Zn absorption edge
could be used, this led to weighted sums of the PSF.'" '

Nonetheless, from such roeasurements done on a single
edge, interesting information can be obtained on the tie
lines and their variations with the precipitate nature. '

We have chosen to study Cu-Ni-Fe alloys because this
unmixing system, which has already been studied by dif-
ferent techniques has two absorption edges easily avail-
able: the Fe one at 7112 eV and the Ni one at 8333 eV.
This paper details and completes the results which have
been shortly presented in Ref. 13. After a recall of the
theoretical background and of the experimental condi-
tions, the results appear as follows. The PSF determina-
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tion, its reliability and the consequences on the unmixing
morphology are treated; then the kinetic aspects are dis-
cussed.

I(q) =FiSi i(q)+2F, F2cospS&2(q)+Fz(q)S22(q)

with

(6)

II. THEORETICAL BACKGROUND

We have chosen to extend this presentation since this
presentation is somewhat different from the one used in
our previous papers. "

In the kinematical approximation, the scattered ampli-
tude for a (n + 1}multicomponent system is

n

A(q)= I g f;C;(R)e'i'Rd R
i=0

n

= g f;C;(q) with C;(q) =P I C, (R)I,
i=0

q being a reciprocal vector. In this formula f; is the
atomic scattering factor of specie i (independent from

~ q ~

in the small-angle range). We have also assumed a
continuum medium without a loss of generality and we
will note A '(q) the complex conjugate of A (q).

In the case of short-range order, the scattered intensity
is taken as the thermodynamical average (A(q)A'(q) ),'

since fluctuations in time of atomic positions can be im-
portant. However, for clustering systems measured in a
frozen state, this is no longer true. Then

I(q)= g f;C;(q) g fJ*CJ (q) (2)
i=0 j=0

since WI g,.C;(R)] =5(q) we can rewrite (2), with the no-
tation

F; =f; fo F;e ' and—C;(q——) =C;(q)e
n

For a ternary alloy, this leads to

I(q) =FiCi(q)

+2FiF2Ci(q)C2(q)cos[qr+9(q)]+FqCz(q), (4)

where y=y2 —pi and 8(q)=02(q) —Oi(q). This implies
that, until the concentration profiles are not centrosym-
metric [then C;(R)=C;( —R) and C;(q)=C;*(—q)], we
may have a dependence of the scattered intensity with the
sign of q. Such effects are used by crystallographs in the
phase-determination problem.

Since we are dealing with unoriented polycrystal sam-
ples, the same probability exists to find q and —q orienta-
tions which by adding and averaging yields to

I(q) =Fi (Ci(q) ) +2FiF2cosy(Ci(q)C2(q)cosO(q) )

+F2(C2(q)) . (5

S;,(q)= g ackacjqki(q) . (8)

ACk is the concentration difference in element i between
the phase k and the matrix 0, and haik&(q) is the Fourier
transform of the pair correlation function between phases
k and l.

If the decomposition of the ternary alloy gives one type
of precipitates (m =1), all S,z are proportional to the
structure function of the precipitates, Sz, and, through
equation (8), it shortens to

S;J(q}=hC;b, C)S~ (q) .

The case of two different kinds of precipitates should also
be considered. Let us rewrite Eq. (8) with the notations

&( q) = (&C i )'it i i(q);

p( q) = b,C', b, C, P,z(q);

v( q) = (~C'»'A~(q»

with a; i 2=(b, C; /AC ), a; being the equivalent of the
tie-line slope of the i phase with respect to the matrix.
Then it comes to

Sii(q) =X(q)+2@(q)+v(q),

Si2(q) =aiA(q)+(ai+a2)p(q)+a2v(q),

Sp2(q) =aii(q)+2aia2ii(q)+aqv(q) .

This system of equations becomes singular if a1 ——o.2,
meaning that with two different kinds of precipitates lo-
cated on the same pseudo-tie-line, the system can be as-
similated to one with two phases. Then the relation
S12 —S11S22——0 again holds.

S;;(q) &0 and S;~ —S;,Si" &0.
Let us remark that this relation is actually fundamental
since it is obviously independent of the particular i or j
chosen, which means that

2 2
SO1 —SOOS11 ——SO2 —SOOS22

2=S12—S11S22 &0 .

The equality S;j—S;;Sjj——0 is obtained only in special
cases: isotropic monocrystals or pseudobinary systems for
which all C;(q) are proportional, or finally when we con-
sider that well-defined precipitates result from the unmix-
ing process.

In this last case, further generalization of the equation
derived in our previous paper, ' leads to the following
PSF of a (m +1) phase system (m different kinds of pre-
cipitates plus a matrix):

The brackets stand for an average on all orientations of
the crystals in the sample and q now stands for the
modulus of the scattering vector. Rewritten in terms of
PSF, we will find the condition

A. Extraction of the partial structure functions

The basic idea for solving Eq. (6) in terms of PSF is to
perform at least three different experiments corresponding
to three different values of the atomic scattering factors,
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using the anomalous effect: indeed when the x-ray energy
is tuned to the immediate vicinity of one of the element
absorption edges„ the corresponding atomic scattering fac-
tor changes and becomes complex:

f=z+f'+if" .

The real part of the anomalous correction, f', can be as
large as —8 electrons near a E absorption edge.

Even so, the matrix of the system of linear equations (6)
is far from being well conditioned and we can expect large
error amplifications when inverting the system. Several
methods have been proposed to overcome this difficulty.
The easiest one consists in choosing three different x-ray
energies so as to optimize the conditioning of the matrix
(measured for example by its Turing number). The draw-
back of this method is that the solution consistency can-
not be checked, only through the appearance of unphysi-
cal results. ' The other methods use an overdimensioned
system by recording more than three scattering spectra.
The new system of equations is then

Tl 2

~(q)= g I(q, E ) —g F;(E„)F&(E„).
E„=] i j =1

', 2

would reduce the statistic uncertainty. In practice, we
chose seven different energies on each edge so as to be
able to disregard eventual erroneous measurements. This
was done by inspection of the plots g I(q, E) versus

q
F&(E) or F2(E) and by removing experiments far from
the general trend. Another advantage is to test the sensi-
tivity of the results, due to the choice of the retained
anomalous measurements.

III. EXPERIMENTAL CONSIDERATIONS

A. Sample preparation

The alloy was prepared from 99.99% pure disoxydized
metals by semi-levitation under pure argon and chill cast
in a copper ingot. The homogeneity was controlled by x-
ray analysis in SEM and the final composition, checked
on the samples themselves, was Cuo 426Nio 4.22Feo &52.

After rolling down to about 50 pm, the material was
homogenized during 0.5 h at 850 C in evacuated capsules
and water quenched. After final electrochemical thin-
ning, the samples now 20 pm thick were isothermally
aged at 500'C under secondary vacuum during 3, 9, and
56 h, respectively.

X cos(cp;, )S;,(q) (10) B. Apparatus

However, since the added spectra are less and less in-
dependent, the resulting matrix is even more ill condi-
tioned. ' One possibility is to reduce the dimension of the
system which can be done by two different ways. The
first one proposed by Schevehick' is to determine the
derivatives of intensities versus the photon energy which
yields a better conditioned matrix, from which weighted
sums of the PSF are extracted. It has been demonstrated
that, for a given amplitude of error, this method is much
more precise than the direct one. Unfortunately, what is
gained by it, is obviously lost when calculating the deriva-
tives.

An alternative to this method' can be applied when the
relative variations of atomic scattering factors are small
enough, such as the quadratic term (b,F;/F;) in Eq. (10)
can be either neglected, or replaced by its average value
[idem for the cosy(E) term) Then f.rom the slope and the
intercept of the variation of I(q,E) versus AF;(E)/F;,
new sets of weighted sums of the PSF are determined. In
the case of the Cu-Ni-Fe alloys, our method cannot be ap-
plied since the F;, of the same order of magnitude as
Z; —Zc„, are rather small. This leads to rather large
values of AF;/F; and dropping the (hF;/F;) term is no
longer a wise idea.

This is why we chose the direct method but with a
more refined method: first we determined the PSF by in-
verting the system of Eq. (10), then the resulting 5;J.(q)
were used as a starting point to determine the true
minimum of ~(q) by a gradient method.

The last question is how many different energies should
be used for each absorption edge. Following Refs. 17 and
18, it seems that adding more than five does not improve
the results although one tends to think that an extra one

ASAXS experiments were performed at Laboratoire
pour 1'Utilisation du Rayonnement Electromagnetique
(LURE) on beam line D22. ' The double monochromator
was calibrated by determining the inflection point of the
absorption edges of Fe and Ni, which values are tabulated
at 7112 and 8333 eV. The stability of the experimental
setup was better than 1 eV when going from one edge to
the other. The experimental setup was nearly the same as
described in our previous study, " but since we expected
much lower scattered intensities, a few changes were made
to minimize parasitic scattering: we kept the upstream
scintillator monitoring the primary beam intensity M but
we removed the backward ionization chamber in order
that the whole beam would be under vacuum after the
sample. The drawback was that the sample transmissions
versus energy had to be measured after collecting the
spectra. This was done by replacing the position sensitive
detector by the ionization chamber, but without changing
the sample position so as to avoid any error coming from
possible heterogeneities of its thickness.

C. Data correction

From these transmission measurements T(E) done at
different energies E and from corresponding data of the
absorption coefficients, we were able to determine the
sample thickness t within 1% square deviation in every
case. The classical correction formula is given to em-
phasize the importance of the different parameters:

I(q,E)=Ef(q)Ef(E)
~
I, /M, T(E) I~/M„(1/t) . —

I, is the scattering intensity of the sample, M, the corre-
sponding monitoring, and Iz is the residual scattering
without sample for a monitoring Mz. Ef(q) is the detec-
tor efficiency versus position: it was determined with the
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flat fluorescence spectrum of a Cu thin foil recorded
above its absorption edge. Ef(E), the detector efficiency
versus energy was controlled through nonanomalous spec-
tra of an Al-Zn-Ag alloy. An important correction to the
data (which might have been troublesome but in fact was
not) was the Fe fluorescence which appears when studying
the Ni absorption edge. Since the used x-ray energy is
only about 1 keV above the Fe absorption edge, the Fe
fluorescence cannot be discriminated by the detector ener-

gy analyzer which resolution is around 20~o. Neverthe-
less, the fluorescence gave a flat background which was
easily removed from the spectra since the sample signal
was negligible above q =0.35 A ' (see Fig. 1 uncorrected
for fluorescence).

D. Atomic scattering factors

IV. EXPERIMENTAL RESULTS

Having made all the corrections, the ASAXS spectra
vary with energy as shown in Figs. 1(a) and 1(b) (for ex-
ample, in the case of Cu-Ni-Feo Iq aged 56 h at 500 C).
Near both Fe and Ni absorption edges, the scattered inten-
sity for a given q vector increases rapidly when coming up
to the edge. This is qualitatively consistent with the cor-
responding increase of the difference between the Cu and
the Fe or the Cu and the Ni atomic scattering factors. At
first glance, all I (q, E) curves appear the same, as if they

TABLE I. Atomic sattering contrasts (with respect to Cu
atomic scattering factor) ~

E (eV)

6875
6965
7030
7065
7084
7098
7104

I
IF|I I

Near the
4.81
5.24
5.83
6.36
6.89
7.61
8.18

Fe edge (7112 eV)
1.28
1.29
1.30
1.31
1.32
1.32
1.32

cos(FI,F2)

1.0
1.0
1.0
1.0
1.0
1.0
1.0

8150
8250
8283
8302
8315
8322
8325

Near the
3.21
3.04
2.99
2.96
2.94
2.93
2.92

Ni edge (8333 eV)
2.36
3.08
3.51
3.98
4.53
5.01
5.32

0.577
0.544
0.532
0.525
0.521
0.519
0.518

Last but not least, we needed to know the values of
f'(E) and f"(E). For these we used data computed20

from absorption coefficients through the optical theorem
and the Kramer-Kronig integral. So as to avoid any
discrepancy between real and tabulated values, we set the
closest energy to about 10 eV below each edge. Further-
more, f' values were checked by running ASAXS experi-
ments on binary unmixed alloys (Feo 65Cr035 for the Fe
edge and Nios6Alo l& for the Ni one). Both data fit to-
gether within 0.2 electron (see Table I).
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were multiplied by a factor depending only on the energy:
this is illustrated by the absence of any clear shift in their
peak position. This same shape and variation with energy
of the curves is observed for other aging times (3 h, 9 h),
except for the as-quenched state where the scattering is
rather flat (Fig. 2). Therefore, the following analysis is
significant in all cases where the signal was sufficient,
namely for aging longer than 1 h. The kinetics will be
discussed later on.

To check the consistency of the data, we have calculat-
ed ~ I(q E) for a given energy and plotted the resulting~q
values as a function of FI ——~ fc„—f~,

~

or F2
=

i fc„f~;
~

. In Figs. 3(a) and 3(b—) these variations are

FIG. 1. Corrected experimental intensity vs q for the Cu-Ni-
Feo I5 sample aged 56 h at 500 C. (a) Near the Fe absorption
edge. The different curves correspond to photon energies of
7104, 7096, 7084, 7065, 7030, 6965, and 6875 eV. (b) Near the
Ni absorption edge. The different curves correspond to photon
energies of 8325, 8322, 8315, 8302, 8283, 8250, and 8150 eV.
The Fe fluorescence has not been removed to show its relative
importance.
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FIG. 2. Kinetics of the average scattering cross section in

Cu-Ni-Feo &5 aged at 500'C (photon energy 7104 eV). N7 edge

represented for the three different aging times of the same
alloy unmixed at 500'C.

At first glance, these variations versus F] or F2 are
rather smooth, almost linear. In particular, no point (ex-
cept maybe the lowest energy at the Ni edge) shows any
deviation from a regular behavior. From these plots, the
precision of our data can be estimated roughly within 2%.
A more precise observation of Fig. 3(a) (Fe edge) shows a
slight curvature of the plot while it is indistinguishable
near the Ni edge, Fig. 3(b). In any case, this curvature is
so weak that three parameters [the S~(q) or the sum

g Sz(q)) cannot be safely extracted from data obtained
on a single edge.

As was already tnentioned, we have extracted the Sz(q)
functions through a minimization of $~(q) [see Eq. (10)]
and, in general, without imposing any conditions on the
Sj(q) signs. Some corresponding results are gathered in
Figs. 4(a)—(4(c), where drawn are the three homoatomic
S;;(q) plus the S~, N; one. Let us remark that these four
PSF are not linearly independent since Q.SJ.(q) =5(q).

The obtained PSF are not unphysical because all the S;;
are positive and because obviously the S;z —S;;SJJ (0 rela-
tion is fulfilled. Before any discussion concerning Fig. 4,
we had to check how confident in our results we could be.
First we compared the experimental scattered intensities
to the one recalculated [with Eq. (6)] from the SJ.(q) that
we had determined. From Figs. 5(a) and 5(b), as an exam-
ple, we see that both match fairly well. But this was ex-
pected since, from the ill-conditioning of the matrix, we
know that the minimum of ~(q) was not very deep.

Then we varied the number of different energies put
into the minimization: up to only two different energies

—0-2 I
/ ~

/

/B

r

3 h

g gh
~ 56h

~ Fz(E)

FICz. 3. Intensity curves (summed over a given q range) vs
the variation of atomic scattering factor difference (for easy
comparison, relative variations are plotted): (a) near the Fe edge
(in abscissa

~ fc„fr,
~

); (b) near the —Ni edge (in abscissa
Ifc.—fN,

on each edge, there is no qualitative change, the PSF
becoming more wiggly but still comparable. Only when
using data collected on a single edge [the Fe one in Figs.
6(a) and 6(b)] did it make a big difference: we had to im-
pose the signs of S; s to be positive, and even so the
reconstructed intensities, although correct on the Fe edge,
were completely false on the Ni one. After this, we
checked the influence of the data precision by multiplying
each I(q, E) by a random factor with an average equal to
1 and a mean-square deviation set to 5%. Although the
general shape of the resulting S;~(q) was comparable, the
curves show much extra dispersion. Our last test was the
multiplication of f' and f" by a random factor, still with
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a 5% square deviation. The resulting plots of g I(q,E)
variations versus I'

&
do not show as smooth a behavior as

it did before. But even so, the S;1.(q) are not qualitatively
changed, although the reconstructed curves deviate much
more from the experimental data (Fig. 7).
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FIG. 5. Comparison of experimental intensities [lines (cf.
Fig. 1)] and the intensities calculated from partial structure fac-
tors of Fig. 4(c) (triangles).
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FICs. 4. Calculated partial structure factors for different ag-
ing times at 500'C of Cu-¹iFeo».. Sc„c„(open triangle);
SNj Nj (open square); SF, F, (open circle); S» F, (plus) . (a) After
aging 3 h; (b) 9 h; (c) 56 h.
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FIG. 6. Analysis of anomalous data near the Fe edge only
(case of aging: 56 h at 500 C): (a) calculated PSF, the SN;N;
PSF has been constrained to be positive (same symbols as in Fig.
4); (b) reconstructed intensities (triangles) and experimental data
(lines).
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C

—IO-

FIG. 7. Influence of a random error of 5% in the knowledge
of f' (see text): same notations as in Fig. 5.

V. PARTIAL STRUCTURE FUNCTIONS:
ANALYSIS AND DISCUSSION

From results on the Fe edge, we have calculated the
values of g I(q,E) on the Ni edge which are in disagree-
ment with experimental data by a factor between 1.5 and
2. Moreover, the relation S~z(q) —S»(q)Szz(q)=0 is ob-
viously not fulfilled, and this on the whole q range.

Another way to exemplify this disagreement with the
two phase model is to look at the PSF locus in the Soo(q),
S» (q), and Szz(q) referential frame. Two orthogonal
Projections Soo(q), S»(q) and Soo(q), Szz(q) are drawn,
respectively, in Figs. 8(a) and 8(b) (case of 56 h at 500'C).
They define a smooth curve in the 3d space; since they are
not located on a straight line, they cannot be proportional
to the same S~ (q) function and the further step is to
check how many of these S;;(q) are linearly independent.
For that purpose, the closest plane in the 3d PSF space
was computed with the condition that g [g,.a;S;;(q)]
was minimum (a; being the direction cosines). Shown in
Fig. 9 is the S;; locus near the closest plane: bars indicate
the distance between the locus and the plane (magnified
by a factor of 10). The S;; locus being nearly in the pro-
jection plane, two independent S;;(q) are obviously suffi-
cient to describe the scattering. The orientation of this

For the three aging times, 3, 9, and 56 h, the PSF
curves [Figs. 4(a)—4(c)] show similar behavior, the SF, N;

being close to zero on the entire q range. Sc„c„,Sz; ~;,
and SF, F, curves present well-defined maxima and, at the
first glance, they appear homothetic (and they are also
quite homothetic with the intensity curves). Their related
ratios do not vary with the aging time (SFe-Fe/Scu-cu-0.2+0.03; SN; N;/SC„C„-0.62+0.07). 0.50

A. Comparison between PSF and unmixing model predictions

The simplest model is obviously the two-phase one,
which is supported by previous studies, as detailed in the
Introduction. From Eqs. (6) and (8) the ASAXS intensi-
ties can be written as

&max

I (q,E)= [F~ (E)(b C~ ) +2F (E)Fz(E)cosy(E)b C~ ECz

+Fz(E)(bCz)']S~ (q) . (11)

Obviously, the g I(q,E) variations versus F&(E) or
Fz(E) depend only on two parameters, b, C~ g Sz (q) and
b,Cz/bC~ which is the tie-line slope. We have deter-
mined the values of b,Cz/b, C~, fitting Eq. (11) with data
near a single edge. The tie-line slopes deduced from data
near one edge or near the other one show a discrepancy
far beyond data uncertainty (Table II).

0.50-

{a)

TABLE II. Tie-line slope deduced from ASAXS data near a
single edge.

Aging time
ACP/ACI
(Fe edge)

ACP/AC)
(Ni edge)

0i
0.09 0.72 0. 15

S&e- ~e {g)
3 h
9 h

56 h

1.25
1.61
1.05

2.01
1.93
2.69 FIG. 8. Locus of PSF data drawn in the "PSF space" (case

of 56 h at 500 C: (a) Scu-cu vs SNi-Ni~ (b) Scu-gu vs SFe-Fe
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possibility is that the two kinds of precipitates are corre-
lated. 1t &2, which represents the correlation between
phases 1 and 2, cannot be a linear combination of the au-
tocorrelation functions 1t » and $22. the three p;~ are then
independent. However, because S;1 and P;~. are bound by
linear equations [matrix A, of Eq. (9)], the A, matrix should
then be singular. This implies once again that the two tie
lines should be identical.

As an intermediate conclusion, this study of partial
structure factors shows an unmixing morphology in Cu-
Ni-Fe, more complicated than the two-phase system pro-
posed by previous studies.

0
0.9 0.3 0.&

B. Kinetics of partial structure factors

FIG. 9. Data of Fig. 8 replotted in the projection plane. The
bar attached to each experimental point (squares) is the distance
to the plane (the scale has been magnified by a factor of 10).

plane does not depend of the aging time after 3 h of aging
(8=81'+2; y=31'+2' with respect to the Sc„c„axis).
This orientation is completely different from the one de-
fined by SN, F, ——0 (i.e., Soo —S» —Szz ——0). The intersec-
tion of these two planes gives a straight line correspond-
ing to the SF, F, /SCU-cU and SNj Nj/ScU-cU ratios noticed
in the previous paragraph. There is not a single indepen-
dent S;; for this one should be the two phase one.
Nevertheless, there is a dominating one which gives the
principal S;; direction and a secondary one which fixes
the projection plane.

Since the two-phase model does not work, we tried the
case of two different kinds of precipitates. But, as ex-
plained below, such hypothesis is not consistent with our
results. Indeed, if we look at Eqs. (8) and (9), there are
only two possibilities: firstly, the two kinds of precipi-
tates are uncorrelated [then 1t~2(q)=0 in Eq. (8)]. From
S&z(q)=0 and from Eq. (9), we can deduce from this that
the two corresponding tie lines should have opposite signs:
one kind of precipitates should be enriched in the two
solute elements when the other should be enriched in one
sort and depleted in the other. But this is not compatible
with the miscibility gap as extrapolated from high-
temperature data through a thermodynamic calculation of
the metastable fcc ternary phase diagram: the three-
phase system which may have developed consists of a
Cu-rich phase and two NiFe ones. The two last phases
are a Ni3Fe ordered phase and a disordered one of compo-
sition slightly different. This characteristic gives tie lines
which have similar slopes, of the order of 3. The second

During the unmixing of binary systems, the time evolu-
tion is generally described by a change of a characteristic
"length" which may have several definitions. In nondi-
lute systems with a well-defined maximum, the position
of the maximum, q, is one way of defining, while the
moments, q„, are other ones. Let us recall the moment
definition

q, = gq"S(q, r) QS(q, r),
0 0

where q, is an experimental cutoff which was chosen
equal to 2q for homogeneity between all our results.

A first check of reliability of these kinetic experiments
is the observation of the SAXS intensity after quench
(Fig. 2), which is fairly flat, up to 0.35 A, without any
visible hump. It indicates that the solid solution has been
correctly retained during the water quench from 850'C.
At a given x-ray energy (for instance 7104 eV to have the
best contrast), the I curves present the usual kinetic
behavior. Their maximum increases and shifts towards
low q values. The value of parameters q, q&, q2, and Rg
as given by the standard SAS analysis is given in Table
III. We have applied this same analysis to the PSF S;;(q)
and we have found the corresponding values of q, q&,
and q2 (Table IV). From this table comes the very
surprising result, that, whatever the measurement of the
characteristic length A, of the system (i.e., through q, q&,
or q2), we systematically find kc„c„/A,N; N; & kc„c„/
XF, F, ~ 1 with a ratio equal to 1.09+0.05, 1.04+0.02 and
1.02+0.02 after 3, 9, and 56 h at 500 C, respectively.
This significant shift in peak position indicates that the
characteristic lengths for the different autocorrelation
functions CuCu, NiNi, FeFe are slightly different.

Unmixing kinetics are generally expressed in terms of
power laws

TABLE III. Analysis of kinetics of SAS intensity during isothermal aging of Cu-Ni-Feo &5 at 500 C.

Aging time

1 h
3 h
9 h

56 h

I (7104 eV)

6.4
14
34

142

q (nm
—')

1.33
1.09
0.87
0.51

q, (nm-')

1.46
1.09
0.885
0.53

2
qq/q &

1.15
1.13
1.15
1.15

Z, (nm)

1.4
2.4
3 ~ 35
5.6
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TABLE IV. Isothermal evolution of the characteristic PSF lengths.

Aging time
~Cu-Cu

q (nm ') q~ (nm ') q2 (nm ) q& qp

3 h
9 h

56 h

1.03
0.827
0.504

1.08
0.856
0.521

1.27
0.792
0.292

1.15 1.13 1.37
0.864 0.879 0.829
0.514 0.526 0.296

1.18 1.17 1.44
0.882 0.895 0.852
0.533 0.534 0.304

q& ——t ', q =t ', I =t'
Although we realize that a kinetic study with only three
different aging times may seem a bit short, we neverthe-
less tried it and obtained the following power-law ex-
ponents (Table V) with a correlation always better than
0.998. The most striking feature is that the three coeffi-
cients a' or the three a" corresponding to the three types
of PSF are identical within the limit of error. Of course,
the values deduced from the intensity data at a given ener-

gy (7104 eV) also give the same results. The kinetics of
the three PSF being the same, this explains why SANS in-
tensities show an ordinary pseudobinary behavior, without
presenting any bimodal regime, for instance. Moreover,
our a' and a" coefficients are well inside the range found
in binary systems (0. 17 & a' &0.33 and 0.5 &a" & 1).
They are in agreement with previous SANS studies of
unmixing of Cu-Ni-Feo Os and Cu-Ni-Feo 04 (0.2 & a '

& 0.3
and 0.7&a" &0.9). They can also be compared to the
Monte Carlo simulation of the unmixing of binary al-
loys ' from which was deduced a =0.23 for a 50% alloy
aged at 0.8T, and a =0.25 at 0.9T, . However, they
found a q2/qf ratio somewhat different: 1.19 at 0.8T,
and 1.27 at 0.9T, when our results yielded 1.08. But
since our cutoff was chosen at 2q for practical reasons,
we may expect its influence to be greater on qz than on
q&, leading to an underestimation of their ratio. Another
possible reason of such a discrepancy is due to the averag-
ing on all orientations of a very anisotropic scattering
(corresponding to the unmixing strongly oriented along
(100) directions). A modification of this ratio has al-
ready been observed in a previous study on Al-Zn when a
change occurs from spherical Guinier-Preston zones to
(111)platelets.

The last row of Table V needs comment: a"—3a' is
exactly null in a coarsening process whatever its nature,
coagulation or evaporation condensation of the Lifschitz-
Sluyzov type. Indeed, in concentrated binary systems, this
relation was generally followed experimentally or was de-
duced from the theoretical analysis of late stages of un-
mixing. Another check that the unmixing stage in our
case corresponds to a late stage, is to measure the integrat-
ed intensity which would then be nearly constant. In fact,
the integrated intensity should be measured on the entire

TABLE V. Power-law coefficients of the PSF kinetics.

g" 1.25.

~ &.OO.
Q.

O. &5--

0
(a) 0.5

1.2'5 .

0.75 .

V

az5--

a50--

0.75-

0.50-

0 .25- b p

0
(c) o.5

Qo

op0

O

1. 5
7

a=a'

a"—3a'

0.25
0.80
0.05

0.26
0.82
0.04

0.27
0.78

—0,03

FIG. 10. Scaled partial structure factors (see text) for the
three aging times 3 h (squares), 9 h (triangles), and 56 h (circles):
(a) ~c c ; (b) &N N; (c) ~F F .
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scaling is not a sensitive test of the phase separation na-
ture, being a renormalization of a curve (the intensity, or
the PSF) which is already averaging the "precipitate size, "
spatial distribution, morphology, etc.

1. 00

O.75

O. 50-'

0.25-

0
(0')

I

1.0 w-qiq &t)
7

FIG. 11. Comparison with Lebowitz scaling (Ref. 21). Cir-
cles and dotted line c =0.5, T/T, =0.8; squares and dashed-
dotted line c =0.5, T/T, =0.9.

first Brillouin zone and the precipitate contribution
should be separated from the Laue's one following
Gerold's analysis. Unfortunately, this cannot be deter-
mined precisely enough, the q range (up to 2q ) being in-
sufficient. Nevertheless, the troncated integrated intensity
is rather constant (within +20%), giving indications that
our aging times should be considered as a "late" stage.

Another related test of late stages is the now classical
scaling procedure. The scaled structure function is de-
fined, following Ref. 2, by

P(x, t) =q &(t)S(q, t)/ g S(q, t)q dq,
0

where x =q/q~(t).
The scaled PSF Pcu-cU, PNj Nj and PF, F, are shown in

Figs. 10(a)—10(c). As can be seen, the scaled PSF are
indeed independent of the aging time and, moreover, the
three scaled PSF P;; are pretty much the same. This re-
sult is not surprising since slight differences in the q po-
sition between the S;;(q) are lost during this data process-
ing. Finally, the scaled function from the intensity spec-
tra (which are themselves linear combinations of quasiho-
mothetic PSF) has the same shape as the previously scaled
PSF curves. As a comparison we have drawn together
with the scaled PSF, the scaled functions deduced from
Monte Carlo simulations of the 3d Ising model ' (one cor-
responding to a deep quench inside the binary miscibility
gap and the other to a shallow quench) (Fig. 11). There is
an overall agreement: our scaled PSF appear to be closer
to the simulation of a deep quench; but this detailed com-
parison may not be significant since it is known that cut-
off problems (value of q, /q ) as well as anisotropy ef-
fects may slightly deform the scaled functions. In fact,

VI. CONCLUSION

From anomalous small angle scattering, we have deter-
mined the partial structure factors PSF in a Cu-Ni-Feo &&

alloy for different aging times ranging from 3 to 56 h at
~cU-cU~ Sxj xj, and SF, F, curves have a shape

similar to what is observed in binary systems, a hump
which indicates a rather regular fluctuation of concentra-
tion. This hump increases and its maximum shifts to-
wards low q values. The kinetics follow power laws
q~ =t; I~ = t . The scaling is obeyed for the
three-scaled PSF which moreover can be superimposed in
between. These features are observed in the late stages of
unmixing of binary systems and indeed, in previous stud-
ies of Cu-Ni-Fe using classical small angle scattering, a
consistent analysis of the unmixing process was done in
terms of a pseudobinary system.

Nevertheless, we have seen throughout this work that
the two-phase model could not account for our results, the
main points being the following.

(i) The tie-line slope, as determined from data near one
edge, was different from the one determined near the oth-
er edge, with a discrepancy incompatible with data uncer-
tainties.

(ii) Following the two-phase model, there should be
only one independent function which should be the struc-
ture function of the precipitates Sz (q), all S~(q) being
proportional with related ratios. Experimental results
give, in fact, two independent PSF.

(iii) The expression Sz —S;;S&" should be null if the
two-phase model holds: this obviously is not the case on
the entire q range.

A possible explanation is that there is a phase separa-
tion between Cu and Ni-Fe in agreement with atom probe
determinations and phase diagram computations. Howev-
er, in the domains enriched in Ni and Fe, there is long-
range partitioning, "killing" the SF, N; PSF amplitude,
which, without changing much the S;; shapes, modify
their relative amplitude. This first determination of par-
tial structure factors by anomalous small-angle scattering
emphasizes that considering the unmixing of ternary sys-
tems in term of quasibinary ones, may only be a first-
order approximation.
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