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Clustering in Cu-Ni was measured from the diffuse scattering of thermal neutrons, using the special
isotopes ®*Ni and *Cu for optimizing scattering conditions. Both the temperature and the composition
dependence of clustering have been studied systematically.” Alloys with compositions ranging from 20- to 80-
at.% Ni were investigated in equilibrium for temperatures between 400 and 700°C. The cluster parameters
show a strong asymmetry .in their composition dependence. This asymmetry appears to be temperature
dependent. The results show that many-particle interactions play an important role in determining the
amount of clustering in Cu-Ni. The location of the miscibility gap is calculated.

INTRODUCTION

Fairly much is known about the preference for
unlike atoms as nearest neighbors in the homoge-
ous phase of binary alloys, which is generally
known as short-range order (SRO). The .Cu-Au
system with its three ordered structures Cu;Au,
CuAu, and CuAuy; has been investigated most in-
tensively.!”* An increasing amount of often very
detailed and accurate SRO data made it possible to
test various statistical theories. Most of these®™1°
are based on the assumption that SRO and cluster-
ing (preference for like nearest neighbors) can be
described with pairwise interactions only. It is
probably more realistic to consider also many-
particle interactions as in the cluster variation
method of Kikuchi.!* This can result in a correct
description of the transition temperature as a
function of the composition as was shown by
Van Baal*? for Cu-Au. The two types of models
should be considered as complementary.

Much less is known about clustering. Due to the
specific distribution of the intensity of diffuse
scattering around fundamental reflections it is
much more complicated to measure clustering
even in systems comparable otherwise. An attrac-
tive candidate for investigatving clustering is Cu-
Ni, since it is a relatively simple system: (i) The

lattice parameters of the pure elements differ very

little and thus no large elastic strains will be in-
duced by clustering. (ii) Complete solid solubility
exists over a wide temperature range. (iii) Equi-
librium states of the system can be reached in an
accessible temperature region. (iv) It is one of
the systems most suited for diffuse-scattering ex-
periments, when measured with thermal neutrons

in combination with the use of the isotopes ®2Ni and

55Cu, as will be explained later.
Meijering®® was one of the first who predicted
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clustering in Cﬁ-Ni. His work as well as most of
the later investigations'*~*° was concerned only
with the miscibility gap. Only a few quantitative

‘neutron experiments dealing with clustering have ,

been published.?*"** The Warren-Cowley cluster
parameters derived from these scattering experi-
ments have been collected in Table I. Also NMR
measurements have produced clustering data,?®
but the assumptions necessary for deducing these
data make them much less accurate than those
from scattering experiments. Unfortunately, in
all these investigations very little atteéntion has
been given to the heat treatment of the samples.
Probably this is one of the sources of error which
cause the discrepancies between the reported data.
These discrepancies are large and not in agree-
ment with the experimental uncertainties given,
not even for @,. In a study of clustering in Cu-Ni
careful and well-defined heat treatments are of
crucial importance for obtaining reliable and con-
sistent data. Therefore, we systematically studied
the composition and temperature dependence of
clustering in this system by means of diffuse scat-
tering of thermal neutrons. For optimal experi- .
mental results **Ni and %°Cu have been used. In
order to avoid misinterpretations only reproduc-
ible atomic distributions have been investigated,
quenched from thermal equilibrium at various
temperatures. Therefore, also the essentials of
specimen preparation, heat treatments, and the
data reduction have been given in detail. '

EXPERIMENTAL METHOD

~ The differential cross section for the elastic
scattering of thermal neutrons from a binary solid
system with only short-range correlations between
the occupation of the sites can be written?2¢
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CLUSTERING IN Cu-Ni

g =Neacs®a=0s) Y (@, +6, ik e Tn
n

+ (cAbA+cBbB)2 ZZ eik'(;";”') (1)
n n'

analogous to that for x-ray scattering.?” N is the
number of lattice sites in the system, ¢, and cg
are the atomic fractions of the components A and

B, b, and by their effective scattering lengths, a,
the Warren-Cowley SRO parameters, K the scat-

tering vector, and T, the position vector of site =.

ALLOYS: A DIFFUSE...

stead of natural Ni (by; =1.03X107* ¢m) and Cu
(bcu =0.76X 1072 cm) increases this factor dras-
tically. This is illustrated by Fig. 1, where the
partial cross sections for the Bragg, diffuse, and
incoherent scattering are given as a function of
composition for the natural Cu-Ni alloys and for
the alloys enriched in °°Cu and ®Ni. Since bg, is
negative a composition can be made, the so called
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B is the size-effect parameter, defined by

__bg BB(CB
BYI bB_bA 6" +an
"),

Ca
o ba AA <CA
BB AA .
where €,,° and €;,;” are the average fractional
changes in the average interatomic distance 7,

Ba-ba " \ca

when the pairs are BB or AA, respectively. For
simplicity the Debye-Waller factors and the other
usual contributions to the differential scattering

cross section, e.g., isotopic incoherent, spin in- -
coherent, multiple and magnetic scattering, have

been omitted in Eq. (1). These contributions will
be discussed later in more detail.

@)

The second
term on the right-hand side of Eq. (1) describes

the fundamental Bragg reflections of the lattice
with atoms with an average scattering length of
(caba+cgbg). The first term describes the diffuse’
scattering and it will be clear that for optimal ob-

servability the factor (b, —b 5)? should be as large
as possible. The use of ®*Ni (b, .

_— -0.87%x107'2
cm) together with °°Cu (g5, =1.11%X107* cm) in-
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null matrix, with (c4b4 +czbz)®=0, which implies
that for that composition (**Nig, 55°°Cug 455 all
Bragg scattering vanishes.

Moreover, the choice
of isotopes of a purity as specified later reduces

the background due to isotopic incoherence to very
low values. All samples were polycrystalline.
“For polycrystalline cubic alloys the diffuse part

of Eq. (1) becomes

do - 2
<dﬂ>diff =Ncacp(by —bg)

sinkKr,
XZ Ci((ai =By~ B cosxrl> ,
t 1

®3)

where C; is the coordination number for the ith
shell.

The neutron diffraction data of all samples have
been collected at room temperatures with one of
the neutron spectrometers at the reactor HFR at
Petten. The neutron wavelength could be changed
continuously between x=1.1 A and A=4.0 A. Also

the distance between specimen and detector could
be varied within certain limits.

Soller slits with
a horizontal divergence of 30 and 40 min and

sometimes 20 and 40 min have been used between
monochromator and specimen and between speci-
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FIG. 1. Bragg (---),
diffuse (—), and incoher-
ent (-.--- ) contributions
to the cross section for the
nuclear scattering of ther-

mal neutrons. Both for
natural Cu-Ni (a) and for

the isotopically enriched
; alloys ®5Cu-$2Ni (b).
1

at. perc. Ni

b.

at. perc. Ni
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men and BF; counter, respectively. A focusing
pyrolytic graphite monochromator was used to ob-
tain the desired wavelength and, when necessary,
a pyrolytic graphite filter was used to restrict
higher-order neutrons to less than 1% .22

SPECIMEN PREPARATION

The isotopes ®*Ni and °°Cu that have been used,
were purchased from Oak Ridge National Labora-
tories (batch 175601, 98.83% *2Ni, and batch

. 195601, 97.94% °°Ni; major impurities: Ca, Cu,
Mg, Si: 100 ppm, Zn<0.2%, Fe<200 ppm, and
batch 165780, 99.69% ®°Cu; major impurities:
Zn<0.2%). The materials were mixed in the ap-
propriate amounts and reduced during 48 h in a
hydrogen flow at 900°C. Thereafter the mixture
has been melted under extremely pure He in order
to limit the evaporation of Cu and to obtain the
necessary heat-conducting atmosphere for fast
cooling. Coring could not be avoided entirely by
cooling in this way and the distances between the
dendrites were 40-60 um. The ingots have been
homogenized by cold rolling and subsequently they
were annealed for one week at temperatures be-
tween 1050 and 1200°C, depending on the composi-"
tion, in an evacuated silica tube. The final form
of a nearly circular disk of thickness between 0.9
and 1.2 mm was obtained by cold rolling in various
directions. The induced strains have been relieved
by annealing for 2 h at 700°C iz vacuo. The grain
size of the samples typically ‘ranged from 40 to 80

* um and, since roughly 650 mm?® of the sample was
used for the scattering experiments, the specimen
consisted of more than 10° grains. A texture in-
vestigation did not indicate any preferred orienta-
tion of these grains. The compositions of the sam-

-ples were checked with a Perkin Elmer atomic ab-
sorption spectrophotometer. The deviations from
the nominal compositions appeared to be less than
1 at.% . The reproducibility of the amount of clus-
tering as a function of temperature has been
checked by starting all measurements with a low-
temperature equilibrium state, followed by the
various high-temperature equilibria and finally
again a low-temperature equilibrium. The results
of the first and last measurements were always in
agreement.

After annealing at the desired temperature the
specimens were water quenched. Assuming a
cooling rate of about 10*°C/sec for these samples
of about 1 mm thickness and considering the model
calculations by Andries et al.? and the data for
clustering kinetics in Cu-Ni of Van Royen et al.?°
made quench temperatures above 700°C unfit for
use. This has been checked for the sample with
70-at.% Ni by quenching it also from higher tem-

0.02}
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FIG. 2. Effect of the quench temperature on the clus-
ter parameters oy and ay in %Cuy 3 **Nig 7 by quenching
in water (T ~10%°C-sec). B

peratures. From Fig. 2 it is obvious that no really
more disordered equilibrium state than that at
about 700 °C can be achieved by going to higher
quench temperatures. For the more Cu-rich sam-
ples with a higher atomic mobility the deviation
might occur at a somewhat lower temperature, but
not so much lower that 700°C could not be used.

DATA HANDLING

For the data reduction a number of corrections
must be applied. One must correct for fast neu-
trons, for the thermal background and for geo-
metric effects in transmission in a thin flat speci-
men. The thermal background and fast neutron
contributions were very low for the used spectro-
meter arrangements. In Fig. 3 it can be seen that
only at very small angles these contributions be-
come a significant part of the total scattered inten-
sity. ’

The thermal vibrations of the lattice have been
accounted for by taking mean square amplitudes
of these vibrations in a Debye model.?® For the
different shells?” the effective fractions of this
mean square amplitude were taken.?* This mean
square amplitude was assumed to be linear in the
composition.

In the diffraction experiments no energy ainaly—
sis of the scattered neutrons was made. Hence the
integrated cross section obtained must be cor-
rected for inelastic contributions. This has been
done in the incoherent approximation of Placzek,*!
according to the relation

do

K2
i do , (1+A -B —> (4)

meas h E kg

which has been treated in more detail by Yarnell
et al.*® K, is the incident wave vector, A and B
are constants, determined by the incident energy
of the neutrons, counter efficiency, and the recoil
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-FIG. 3. Typical background contributions to the total
scattering, compared with the corrected diffuse scat-
tering pattern of 65Cu0_4062Nio,60, in equilibrium at
450°C. The neutron wavelength is 2.58 A.

energy of the scattering atoms. For vanadium the
results of these corrections were satisfactory,
since the corrected intensity is independent of the
scattering angle within the accuracy of the mea-
surements (counting statistics between 0.1 and
0.5%). .
Therefore, the same method has been applied to
the Cu-Ni data. The corrections remain very
small (a few per cent) for these heavy nuclei.
Multiple scattering, was computed following a pro-
cedure outlined by Vineyard®® and Sears.** In or-
der to minimize this contribution and its angular
dependence thin samples have been used in a sym-
metric scattering mode. For the used Cu-Ni sam-~
ples the angular dependence of the multiple frac-
tion was less than 0.3% for 0<26 <90° and there-
fore it could be neglected. Depending on wave-
length, thickness and composition of the samples
this fraction varied between 10 and 20% of the pri-
mary intensity. The isotopic incoherence is very
lowinthese samples, but notequal to zero (see Fig.
1). Therefore, this contribution has also been cor-
rected for. Spin incoherence does not occur in Cu
or in Ni.*® Para- or ferromagnetic contributions
to the cross section have been neglected since they

17 ' CLUSTERING IN Cu-Ni ALLOYS: A DIFFUSE... 413

are very small compared to the enhanced nuclear
diffuse terms. . )

In order to cover a sufficiently large-« range,
necessary for a high resolution in real space, neu-
trons of two different wavelengths, usually A=1.16
Aand A=2.58 A, were used for an investigation of
the null matrix. For joining these two sets of data
a procedure of scaling by a numerical integration
of the overlapping region has been used, taking
into account the differences in the corrections
mentioned above. The measurements were put on
an absolute scale by comparison with the incoher-
ent scattering of vanadium. Within small uncer-
tainties introduced by the specimen thickness this
calibration agreed very well with calculations of
the Laue intensity of the samples (a,=1.00+ 0.03).

Finally a least-squares fit of Eq. (3) to the data,
weighted with their statistical error resulted in a
set of cluster parameters «;. The fit consisted of
a repeating series, at every step increasing the
number of shells with one. In this way the con-
vergence of the fit procedure could be followed.
Taking too many separate shell parameters, which
means exceeding the spatial resolution determined
by the investigated K range, resulted in nonphysi-
cal oscillations in the values for these parameters.
In the se extreme situationsalsothe correlation ma-
trix showed that the fitting parameters were very
strongly correlated.

RESULTS

A typical experimental result is given in Fig. 4
where the scattering of the null matrix :
5Cuy_435 °Nig 565, quenched from equilibrium at
400°C is shown. Bragg scattering could not be de-
tected at the indicated positions. Nine shell pa-
rameters give a good fit to the experimental data.
A one-parameter fit with énly «, is clearly insuf-
ficient, especially at the smaller K values. Simi-

“lar results for a number of equilibrium states of

the null matrix between 340 and 700°C have been
obtained. The composition dependence of the clus-
tering in Cu-Ni has been investigated for a number
of compositions ranging from 20 to 80 at.% Ni.
Since for the given isotopes only one null matrix
exists; all other compositions showed to some ex-
tent Bragg reflections and sometimes second-
order reflections, depending on the composition.
Some of the samples even showed multiple coher-
ent scattering. Figure 5 shows the scattering pat-
terns of two samples of compositions at both ends
of the investigated range. Here the coherent con-
tributions are at maximum. For all compositions,
except the null matrix, the disturbance of the dif-.
fuse profile at larger K values by these coherent
contributions is so strong that only the K region
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FIG. 4. Typical neutron
scattering pattern: here of
$%Cuy, 435°*Ni 565, quenched
after annealing for 30 h at
400°C. The data have been
corrected only for thermal
background, fast neutrons,
and geometric effects in the
transmission. The dashed
line is a least-squares fit
of Eq. (3) to the experimen-~
tal points with «, only. The
solid line a fit with a=ay.
The crosses were measured
with 2.58-4 neutrons, the
dots with 1.40-A neutrons.

k(R

from 0.1-3.4 A~! could be used safely for an eval-
uation of the corresponding cluster parameters.
As a consequence only the first four shell param-
eters have been refined for these samples. For
the samples with a Ni content between 47.5 and 70
at.% the correlation range used was not quite
enough for an optimal fit. Size effect parameters
turned out not to be significantly different from
zero, except for the three samples with highest
Cu content. For all compositions equilibrium

i1 -

o (b/sr al.)
(b/srat.)

do
d

do
4Q

Aoa Ao

A
2%m) %00) P220) Pary

multiple scattering
(11)-(200)

states were investigated between 400 and 700 °C.
Figure 6 shows the behavior of ,_, as function of
the composition for most of the temperatures. For
each cluster parameter the experimental error
has been given also. Table II gives all cluster
data with their standard deviations. In addition,

as a quality factor for the fit, the ratio of the
standard deviation to the statistical error averaged
over all points is given. In general the quality of
the fit improves by going to higher temperatures

FIG. 5. Neutron-scat-
tering patterns of
83Cu,59 N, gy (2) and
55Cuy, go"*Nig, 39 (b)s
quenched from equilibrium
at 450 °C and corrected
similarly as in Fig. 4; A
=2.58 A. The solid line is
a least-squares fit of Eq.
(3) to the experimental data
with ay~oy, the dashed line
in (a) one with @y only.
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FIG. 6. Variation with temperature of the first four Warren-Cowley cluster parameters a~a, in Cu-Ni.
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CLUSTERING IN Cu-Ni
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or towards the sides of the investigated composi-
tion range. This means that at lower tempera-
tures and towards the center of the composition
range the correlation range increases steadily.

Measurements of the kinetics of clustering indi-
cated that for a few samples at the lowest temper-
atures the final equilibrium state possibly was not
attained. These temperatures have been indicated
in Table II.

DISCUSSION

Analyzing the results of the null matrix with the
linear model of Clapp and Moss® shows a tempera-
ture dependence of the effective pairwise interac-
tion potentials. Also the values for the critical
temperature for decomposition computed from the
a; with this model depend on the temperature, as
shown in Fig. 7. The same was found when the
spherical model of Hoffman'® was applied. The
values for T, calculated with the spherical model
are lower than the corresponding Clapp and Moss
values. These models approach the real critical
temperature from opposite sites. The failure of
both models in describing the temperature depen-
dence of clustering in Cu-Ni sufficiently accurate
is a first indication that in these alloys many-par-
ticle interactions might play an important role in
determining the amount of clustering. This idea
is supported by the results of recent computer
simulations in a pairwise interaction mode,*®
which do not show this temperature dependence
when analyzed with the models of Clapp and Moss
or Hoffman. Furthermore, the asymmetric be-
havior of the cluster parameters a,_, as function
of the composition can not be explained by models
based upon pairwise interactions like those of

b.

Clapp and Moss and of Hoffman.

Figure 8 gives the extrapolation of «, for T to
infinity. This extrapolation is straightforward
since the behavior of o, seems linear in 1/T for
all compositions, as shown in Fig. 9. The slopes
of these lines reflect the temperature dependence
of the asymmetry of o, versus the composition in
the investigated temperature region. For a few
temperatures this is shown in more detail in Fig.
10, where it is clear that the maximum of @, not
only increases when the temperature decreases
from 700 to 400°C, but also shifts from 55 to 65
at.% Ni. This indicates a self-amplifying effect of
many-particle interactions with decreasing tem-
perature.

The distribution of the diffuse scattering intensi-

0.050

@, 0.025|

0 1
0 50 . 100

at. perc. Ni

FIG. 8. Values of a4 for 1000/7=0, obtained from

Fig. 9, plotted vs the composition. The drawn line
is a guide for the eye.
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FIG. 9. Linear behavior of a; vs 1000/T for all in-
vestigated compositions in Cu-Ni. The Ni content in
atomic percent is inserted in the interpolations.

ty in reciprocal space is determined by pair cor-
relations only. This means that given a certain
composition and equilibrium distribution only ef-
fective pairwise interaction potentials can be de-
duced from these pairwise correlations. The ef-
fect of the surroundings of a pair of atoms upon
the real pairwise interactions might be deduced
from the temperature and composition dependence
of these effective pairwise interaction potentials.
For temperatures not too close to T, the linear
model of Clapp and Moss approximates these pair-
wise interaction potentials very well. For the ef-
fective potentials V, and V, for first- and second-
nearest neighbors, respectively, we found curves
that are concave and asymmetric in the composi-
tion at the various temperatures. The absolute
values for V, and V, decrease systematically with
decreasing temperature.

Despite the shortcomings of the pairwise approx-
imation, with the clustering data now available
still something can be said about the shape of the
miscibility gap. Figure 11 shows the predictions
of the Clapp and Moss model using the pairwise
interaction potentials of the various compositions.
It is known that the linear model predicts T, about
10 to 15% too high. On the other hand, relaxation
experiments with the null matrix showed an initial
growth of diffuse intensity at small % values at
320°C, which is probably caused by decomposition
of the alloy.?® This means that the actual values
might be somewhat, but not much lower than the
values computed here. Therefore the maximum of
the miscibility gap is most probably located at
65-at.% Ni at a temperature between 340 and
350°C. We used the high-temperature parameters
for these predictions because there the many-par-

015 | «-700C

010

@,y

005

000 L
(o} 50 100

at. perc. Ni

FIG. 10. First Warren-Cowley cluster parameter o,
in Cu-Ni. as a function of composition for three tempera-

tures at which the samples were in equilibrium.

400 °
L]
® s
> 200
e
._Q ™~
o B [ ]
-
-273 1
(o] 50 100
at. perc. Ni

FIG. 11. Miscibility gap in Cu-Ni, calculated for the
various compositions from the diffuse-neutron-scatter-
ing results with the model of Clapp and Moss. The line
is drawn to guide the eye.
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FIG. 12. Size-effect parameter B, for the first shell,
determined experimentally as a function of the composi-
tion and calculated (a) for efUCY|, ), - = €FUCY, and MY,
" xy, () €7 ar1oy = €1 ¢, and M| attoy=3 €1 g,
and (c) 510l Culalloyzésfuml Cu and €§“Nil alloy=% €1 i| Ni-
All calculations have also been made taking into account
clustering (@;=0.09)." These are given by the dotted
lines.

ticle effects are minimal. Despite the scatter in
the points and the possible systematic errors due
to the model that was used the location of the max-
imum and the shape of the curve for T, versus
composition are much more detailed than the pre-
dictions for T, m.x reported so far in the litera-
ture. These were based upon various different ob-
servations and ranged from 50 to 80 at.% Ni at
temperatures between 100 and 650 °C. For diffusion
with thermal vacancies only this region of the
phase diagram is inaccessible in practice. Since
interstitials are mobile down to much lower tem-

peratures,®”* jrradiation-enhanced diffusion may

be applied to obtain information about the exact
location of the miscibility gap.

With assumptions for the relaxation of the dis-
tance between two atoms when one of them is re-
placed by an atom of the other kind, size effect
parameters can be calculated. Figure 12 shows
the results for B, for various assumptions of e MM
and € {*Cv, The first is that the Cu-Cu and the Ni-
Ni distances are the same as in the pure elements.
A second is that a Ni-Ni pair will adapt its dis-
tance to the change in lattice parameter more eas-
ily than a Cu-Cu pair. Therefore, it was assumed
that e ML =0.5¢ i ;. Furthermore both assump-
tions were modified by taking into account a rea-
sonable and for computational convenience constant
amount of clustering (a,=0.09) for all composi-
tions. This still results in deviations from the
values experimentally found for 8,. Relaxing the
relative displacements of the last assumption both
for Cu-Cu and for Ni-Ni with 50% gives a reason-
able agreement. Reality will be more complex,
but it may be concluded that the lattice distortions
in Cu-Ni are very small indeed, even smaller than
expected from the 3% difference in lattice param-
eters of the pure elements. Consequently, elastic
strain due to clustering also will be very small.

It seems worthwhile to compare the present re-
sults to those of other neutron experiments, col-
lected in Table I. However, only the data of
Mozer et al. appear to be comparable with those
of our 47.5-at.% Ni sample, except that their value
for a, (=0.121) is too large for the 550°C state
they claimed. Considering clustering kinetics as
derived from the relaxation of the electrical re-
sistivity by Van Royen et al.*° shows that the aver-
age relaxation time amounts roughly to 50 sec at
450°C instead of at 550°C, as was derived from
tracer diffusion data for Ni,* by Mozer et al. This
agrees even better with our data. However, ‘it
must be emphasized once again that in none of the
other investigations equilibrium states were mea-
sured.

SUMMARY AND CONCLUSIONS

A detailed set of cluster parameters has been
obtained which describes the equilibrium distribu-
tion of the atoms in Cu-Ni as a function of temper-
ature and composition. The temperature depen-
dence cannot be described sufficiently accurately
by pairwise interaction models. The clustering pa-
rameters are asymmetric in the composition.
Also this asymmetry appears to be temperature
dependent. Consequently many-particle interac-
tions play an important role in determining the
amount of clustering in Cu-Ni. Size effects are
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smaller than expected. The parameters of Table
II can be of great help in understanding the nature
and extent of these many-particle interactions.
From these data the shape of the miscibility gap
and the location of its maximum have been con-
structed. The detailed knowledge of clustering in
Cu-Ni can also be used as a probe to investigate
physical phenomena which are influenced by local
environmental effects. An example of this is a re-
cent investigation of the effect of clustering upon
the behavior of the magnetic moment of Ni atoms
in Cu-Ni alloys, which was based upon the know-
ledge of the different clustered states of the sam-
ples.®®
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