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Neutron-scattering studies of an electron-irradiated Ni-41.4-at. %- Cu alloy
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NeutronWfFraction studies of the null matrix 'Ni-41.4-at. %-"Cu have been performed after thermal
treatment and after irradiation with 3-MeV electrons at temperatures between 373 and 510 K. The difFuse

neutron scattering has been measured to determine the Warren-Cowley short-range-order parameters and
additionally the neutron small-angle scattering has been investigated for detecting any possible

decomposition or segregation in the Ni-Cu aHoy. In the special case of Ni-Cu alloys the experiments
demonstrate the successful combination of electron-irradiation and neutron-diffraction measurement, two
experimental procedures with normally contradictory requirements. As a result of the difFuse scattering a
significant increase of the atomic short-range clustering under irradiation has been observed; corroborating
the interpretation of previous electrical-resistivity and magnetic-susceptibility measurements. In smaH-angle

scattering the formation of periodic concentration fluctuations is observed as it is expected for spinodal

decomposition, giving the first experimental evidence of the suggested miscibility gap in Ni-Cu.

I. INTRODUCTION

For Ni-Cu alloys the earlier suggested short-
range clustering' "was established by diffuse-
neutr on-scattering investigations. "" By using
the data on short-range clustering, Vrijen and
Radelaar" calculated the shape and location of a
miscibility gap with the result that the maximum
should be located at 65-at.% Ni in a temperature
range between 360 and 600 K. The experimental
proof of the miscibility gap in Ni-Cu is still miss-
ing for the reason that the lowest annealing tem-
perature leading to an observable change of the
atomic distribution in reasonable annealing times
is about 620 K.'

Although the temperature region below 620 K is
inaccessible for thermal diffusion, a remarkable
atomic mobility leading to decomposition can be
expected during particle irradiation. This mobility
is due to the migration of radiation-induced de-
fects which have been found to cause interdiffusion
even at low temperatures, for interstitials down
to about 100 K" "

In the present work 3-MeV electron irradiation
has been applied in order to achieve sufficient
atomic mobility below 620 K. W'ith this type of
irradiation, the energy transferred by the electron
to a lattice atom is so low that most of the defects
are produced in single displacement processes,
providing a statistical defect distribution, a good
prerequisite for homogeneous radiation-enhanced
diff us ion.

The change in atomic distribution of the alloy
components due to irradiation has been investiga-
ted by means of neutron scattering: diffuse neu-

tron scattering (DNS) for determining the Warren-
Cowley short-range-order (SRQ) parameters,
and complementary to the diffuse scattering,
small-angle scattering (SAS) for detection of the
expected decomposition or any possible segrega-
tion.

For reasons outlined in detail later, electron
irradiation and neutron diffraction are two experi-
mental procedures with contradictory require-
ments. For a successful application of diffuse
neutron diffraction to specimens suitable for.
electron irradiation, some special experimental
conditions had to be fulfilled, primarily the use
of isotopically enriched specimen material ("null
matrix") and optimum experimental conditions
for scattering-data collection, especially the use
of a multidetector diffractometer for the collection
of the diffuse-scattering data. Because of the
importance of the experimental conditions for a
successful realization of our experiment, the
present paper predominantly gives an essential
description of the experimental details. Further-
more, the DNS and SAS measurements after
thermal treatment and after irradiation at tem-
peratures between 373 and 510 K are given.
Detailed conclusions both on the short-range-
clustering data and on the SAS data with respect
to phase stability will be presented elsewhere. ' +3

II. EXPERIMENTAL

A. Electron-irradiation conditions

The radiation-enhanced diffusion coefficient in
metals and alloys was proved to hinge upon the
mobility and concentration of excess point defects,
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e.g. , vacancies and interstitials. " The mobility
of each defect species depends on the migration
enthalpy by an Arrhenius law, i.e. , it depends on
the local specimen temperature. Hence, one of
the principal irradiation conditions is a uniform
specimen temperature during irradiation. More-
over, the defect concentration is proportional to
the local defect production rate; hence, the
second prerequisite for proper irradiation condi-
tions is a homogeneous defect production rate in
the whol. e specimen volume.

Even if the beam current density is uniform
over the specimen area, the homogeneity of defect
production is impaired by two physical effects:

(1) By scattering processes, the eiectrons are
deviated from their incident direction, which leads
to an extension of their effective path length. " As
a consequence, the defect production rate per
unit of specimen thickness increases with increas-
ing penetration depth. The quantitative treatment
of this effect yields the following formula for the
path extension":

2151+10 's

with

I. '=0.0292',Z(Z+l)n 'ln(183/Z'"),

and where s is the penetration depth into the
sample in the incident-beam direction, a is the
electron energy in units of the rest energy, g is
the atomic number, r, the electron radius, and Q
the atomic volume.

(2) Owing to collisions in the material, the
electron energy decreases continuously with in-
creasing distance from the incidence surface. As
a consequence, a continuously decreasing defect
production rate with increasing penetration dis-
tance is obtained.

For quantitative treatment we calculate the dis-
placement cross section g~(x) at a penetration dis-
tance x (where x= s+b, s) given by the formula

o,(x) = o~(x = 0) —(do, /dE)(dE/dx) x,
where o,(x=0) is the displacement cross section at
the incidence surface which the electrons hit with
primary energy Eo. In Ni-Cu there is a nearly
constant electron energy loss dE/dx = 1.22 + 0.40
MeV/mm for electron energies between 0.5 and
3.0 MeV." With regard to the energy dependence
of g„, it was found as an empirical result for pure
Cu and concentrated Cu-Zn alloys that o, approxi-
mately obeys a logarithmic E dependence" for
energies above the threshold energy. Taking this
same energy dependence into account, we have
calculated the effective displacement cross sec-
tion in Ni-Cu according to Eq. (2) for electron
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FIG. 1 Calculated effective displacement cross sec-
tion in Ni-Cu for 3-MeV electron irradiation as a func-
tion of penetration depth s. In addition the effect of path
extension only A and the effect of energy loss only B
are given.

irradiation with an incident energy of 3 MeV. The
results are shown in Fig. 1 as a function of pene-
tration depth, together with the result for each
effect alone.

For short penetration distances both effects
nearly compensate each other. For 3-MeV irradia-
tion of our alloy, the effective defect production
rate increases by about 10% at a depth of 0.50 mm
which is the maximum thickness of our samples.
The inhomogeneity of the production rate can be
reduced by a factor of 2 by alternating irradiations,
exchanging the front and back of the sample with
respect to the beam direction. The irradiation was
carried out at the 3-MeV Van de Graaff accelera-
tor of the Physikalisch-Technische Bundesanstalt,
Berlin. The electrons are guided in an evacuated
beam tube by a set of water-cooled Cu diaphragms
carefully aligned with the sample area to be ir-
radiated. The irradiation device is shown in Fig.
2. The beam from the accelerator has a Gaussian
intensity profile with a half width of about 4 mm.
To ensure a homogeneous illumination of the total
sample area of about 1.5 x3.5 cm', the beam is
scanned periodically by horizontal and vertical
magnetic fields produced by two pairs of Helm-
holtz coils which are supplied by a current-con-
trolled triangular generator (vertical frequency
36 Hz, horizontal frequency 1000 Hz). Before
each irradiation run, the profile of the scanned
beam has been measured in the Faraday cup, I'„
behind the water-cooled diaphragm B, (diameter:
0.30+0.02 mm) which is also used as a shutter to
interrupt the irradiation after a given dose. The
scanning amplitude was adjusted to produce a beam
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FIG. 2 Irradiation device. Bight: sectional view of the beam tube and the irradiation device with a schematical
sketch of the temperature control. Left: view of diaphragms and specimen from the accelerator. 8),92,&3,
Diaphragms; E, Stainless-steel foil; E&,E2, Faraday cups; H&, H2, H3, Heaters; 8, Shutter; Sp, Specimen; Th&, Th2,
T&3, Thermocouples.

homogeneity of better than 5% over the sample
area.

During irradiation the electron beam is mea-
sured in the Faraday cup, F„behind the speci-
men (Sp). The total electron dose is determined
by time integration of the Faraday-cup current.
The flux density is given by the Faraday-cup cur-
rent divided by the area, of diaphragm 8,. Within
an accuracy of 5%%uo the flux density determined by
this method is in good accordance with the flux
density measured with diaphragm B, and Faraday
cup Fj.

The electrons penetrate a, 20-pm stainless-
steel foil (F) at the end of the beam tube and then
reach the air-cooled specimen. By passing
through the specimen, the energy loss of the
electrons causes a heating of the specimen during
irradiation. For cooling and for maintaining a
given irradiation temperature, the sample was
subjected to a forced air current, preheated by a
heater P,. Continuous registration of the sample
temperature, which was measured by a Cu-con-
stantan thermocouple (Th, ), and of the air tem-
perature before passing by the sample, was made
with thermocouples Th, and Th, . The desired tem-
perature was maintained by a PID (proportional
integral differential) controller. In addition, con-
stant heat power was fed to heaters H, and 0, to
extend the temperature range. By this arrange-
ment the specimen temperature could be kept con-

TABLE I. Average temperature increase (Ts~-&,)
of the specimen during irradiation for two different
specimen thicknesses (d) and electron flux densities
(i).

d
(mm)

t'

(10 6 A/cm')
Tsy

0.500
0.500
0.200
0.200

6
12

6
12

70
140

30
55

stant during irradiation within a limit of +1 K.
Before carrying out the alloy irradiation, the

temperature increase of the specimen, i.e. , the
difference between specimen temperature and air
temperature (Ts, —T g was measured at five dif-
ferent locations on the sample area of a dummy
sample. The average T increase between different
thermocouple positions is given in Table I for
two different specimen thicknesses and electron
flux densities. The maximum 7 deviation between
different thermocouple positions, due to different
coupling between sample and thermocouples, was
on the order of lo%%uo of the T increase. This yields
an error of the same order of magnitude of the
specimen temperature. The specimen thickness
and beam current density were limited to values
which yield a maximum temperature increase of
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about 60 K, and a maximum temperature error
of 6 K.

B. Neutron diffraction

I. Introduction

The differential cross section for elastic scat-
tering of thermal neutrons from a binary AB alloy
arises mainly from two contributions: first Bragg
scattering, given by"

= (c„b„+c,b, )' Q Q e' "'n '~',

and second, order-disorder scattering which is
given by"

do' t'b"b~ —(c b +c b )']e'"&'~
dA' A A B B 7

D II m

(4)

c„and c~ are the atomic fractions of the compo-
nents A and 8, b„and b~ are their effective scat-
tering lengths, b" and 5 are the scattering lengths
at the lattice sites n and m, respectively, and r„
and r are the corresponding position vectors. K

is the scattering vector.
In the absence of long-range interaction effects,

Eq. (4) reduces to diffuse short-range-order scat-
tering which for polycrystalline cubic alloys be-
comes

number. N is the number of lattice sites of the
system.

For simplicity the Debye-Wailer factor and the
other contributions to the differential scattering
cross section, e.g. , size-effect scattering, iso-
topic incoherence, spin incoherence, and multiple
scattering have been omitted in Eq. (5). Their
contributions will be discussed later in detail.

To investigate order-disorder effects for reasons
of optimal intensity rates, the scattering intensity
factor (b„—bs)' in Eq. (5) should be as large as
possible, especially if the size of the specimen is
limited by other experimental conditions, in our
case electron irradiation. By use of the isotopes
"Ni, which has a negative scattering length (b62N,
=-0.87x10 " cm) and "Cu (b6sc„=+1.llxlp "
cm), the scattering difference increases drastic-
ally in comparison to an alloy composed of natural
Ni (bN, =1.03x10 ~ cm) and Cu (bc„=0.76xlp "
cm). The enhancement reaches a factor of about
40 in the middle of the composition range. Simul-
taneously with the increase of order-disorder scat-
tering, the cross section for Bragg scattering,
given by the factor (c„b„+csbs)', decreases. For
a certain concentration, in our case "Ni, ,«
—"Cu, 4,4, it vanishes completely. This so-called
"null matrix" or "null Bragg alloy" was used in
our experiment.

2. Technical device for diffuse-scattering measurements

oo
do'

2 ~ sinKt']
=Nc„cs(b„—bs)' 1+~@,o, ,

sao Kg)

where a, is the Warren-Cowley SHO parameter
of shell i and z, the corresponding coordination

(5)

All neutron-diffraction-data measurements were
carried out at room temperature. The diffuse
scattering was measured with a diffractometer
equipped with a multidetector at the reactor BER
II, Berlin. " The schematic experimental device
is given in Fig. 3(a). The thermal reactor neu-

(a)

THERl4AI.
REACTOR

NEUTRONS

OATA RECEIVING
POP 11/40

(b)
DATA RECEIVING

POP 11/CP

100 cm

FIG. 3. Schematic experimental device for the neutron-diffraction measurement at the BER II. (a} Diffuse SRQ-
scattering measurement. (b} SAS measurement.
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trons were monochromized by reflection at a
monochromator crystal (M). To obtain the wave-
length of 2.40 A, a graphite monochromator was
used with an additional graphite filter to restrict
higher-order neutrons. A second, shorter wave-
length (1.23 A} was obtained by reflection at the
(311) plane of a Ge single-crystal monochromator
where no second-order reflection occurs.

The minimum collimation of the beam tube is
about 2', corresponding to a wavelength spread of
b, )./X=0. 05. This has been accepted to be adquate
for the diffuse-intensity measurements of our ex-
periment; every additional collimation would have
led to a loss of intensity. The scattered intensity
was collected in a multidetector which contains
400 parallel proportional counters. They are
positioned on an 80'-circle sector with a radius
of 150 cm in a BF,-filled chamber. The specimen
is positioned at the center of the circle. By this
arrangement the horizontal angular resolution is
0.2', or 0.0035 rad, and the vertical-slit height
of 10 cm leads to a vertical angular resolution of
0.0667 rad. For a detailed description of the
rnultidetector see Ref. 31.

The minimum angle which could be detected
under normal conditions for diffuse data collecting
was about 4.5'; below this angle the background
from the primary beam increases steeply. (By
the use of special equipment and the slit arrange-
ment which is described below, smaller minimum
angles were obtained). The intensity is measured
simultaneously over an angular range of 4.5'
«28 «84.5' which corresponds to a scattering-
vector range of 0.206 ~ z (A ') ~ 3.52 for 2.40-A
neutrons and 0.400 ~ z (A ') ~ 6.87 for 1.23-A neu-
trons. Using these two wavelengths a diffuse K

range of 0.206 c z (A ') ~6.87 was covered.
Without sample the background was nearly iso-

tropic, except for the close vicinity of the primary
beam. Its intensity could be held below one count
per minute and channel by evacuating the speci-
men area and mounting screening walls of boron
paraffin and cadmium around the detector. By
use of an automatic specimen-exchange device,
the intensity was measured in several alternating
runs of one or two hours, once with the specimen
in the beam and once without. In this way, long-
time drifts of the background could be perceived
and corrected, and the reproducibility of the mea-
surement could be tested.

For calibration of the neutron wavelength and
the scattering angle a standard Al 0, powder was
used. Incoherent scattering of vanadium was used
for absolute calibration of the measured intensity,
and moreover to correct for asymmetric dia-
phragms and screening absorption effects which
were significant, especially at the sides of the

multidetector. Fluctuations of the primary-beam
intensity were permanently controlled by the use
of a monitor detector.

The variation of the detecting cross section for
the 400 different positions is of the order of only
1.3%, showing a statistical distribution. There-
fore, correction of the counting rates with respect
to the detector acceptance as a rule was not nec-
essary and was omitted. Only for measurements
with smaller statistical half width this correction
was made using the incoherent scattering of van-
adium.

3. Small-angle scattering

For extending the covered K range to values be-
low 0.20 A ', the small-angle-scattering facility
at the FRJ-2 reactor of the KFA Julich was used.
For detailed description of the apparatus see
Schelten. ""The detector was positioned at dis-
tances of 3 and 1 m from the specimen recording
a K range of 0.01 A '««0. 06 A ', respectively,
0.04 A ' «a' «0.22 A ', by using a neutron wave-
length of 7.2 A. Together with diffuse scattering,
the diffraction spectra were observed over a
range of nearly three orders of magnitude in the
scattering vector, for z =0.01 A ' to a =7.0 A '.

For correction of the detector acceptance and
for calibration of the small-angle intensity, and
incoherent scatter (Lupolen), calibrated with a
vanadium standard, was used.

In addition to the SAS measurements performed
at Jiilich, SAS measurements were performed at
the BER II. Here special equipment was con-
structed for measuring at small scattering angles
also with the multicounter diffractometer [see
Fig. 3(b)]. By means of a vacuum chamber with
a channel reaching close to the window of the
multidetector the whole flight path of the neutrons
from the specimen to the detector could be evacu-
ated. Preventing air scattering by this device the
primary beam divergence could be limited to the
geometric width given by the collimation. By using
a special arrangement of graduated cadmium and
boronparaffin diaphragms and screening, the
minimum angle reached with an acceptable inten-
sity to background ratio (=1) was about 0.6'. The
cross section of the vacuum channel of 100x300
mm2 at the end is reduced by a 30-pm stainless-
steel foil. The width of 300 mm together with a
minimum scattering angle of 0.6 gives the covered
K range, by using 2.4-A neutrons, as 0.03 A
«K «0.50 A '.

C. Specimen preparation

To meet the experimental requirements des-
cribed above, the specimens with foil geometry
(area: about 37 x15 mm'} and a thickness of 0.2
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and 0.5 mm were used. The used isotopically
enriched Cu was purchased from Oak Ridge Na-
tional Laboratories, the Ni from the U.S.S.R. by
Isotron QmbH, Berlin. The corresponding con-
centrations and scattering lengths are given in
Table II, the main impurities in Table III. The
Cu material which was received as oxide was re-
duced during a 19-h annealing at 1070 K within
flowing hydrogen. After mixing Cu and Ni in the
atomic proportion 41.4:58.6, which corresponds
to the concentration of the null matrix, the ma-
terial was melted twice in an Al, O, crucible in a
high-frequency induction furnace and rapidly
cooled. To obtain the necessary heat-conducting
atmosphere for fast cooling and to limit the evap-
oration of Cu, the furnace tube was filled with
750 Torr argon of high purity. The ingot was
pressed to a thickness of about 4 mm, and after
a further reduction treatment in flowing H, at
1070 K, it was brought to a thickness of 0.50 mm

by cold rolling in various directions and subse-
quently homogenized by a 24-h annealing at 1300
K. Then the sample was cut into three pieces of
nearly the same mass, and two of them were
rolled to a final thickness of 0.200 mm, and
0.180 mm, respectively. Thereafter all three
samples were homogenized for 48 h at 1070 K.
Finally, to achieve a uniform and distinct atomic
distribution as initial state before irradiation, the
three samples were annealed for 6 h at 870 K and
furnace cooled with a low cooling rate (48 h from
870 to 300 K) to avoid quenching of excess vacan-
cies.

The composition of the sample was checked by
an x-ray analysis of the lattice constant which
gave a value of a =3.5574+ 0.0002) A at 299 K,
corresponding to a concentration of (58.5+ 0.5)-
at.$ Ni." The neutron scattering in the vicinity
of the Bragg positions, even with a statistical

D. Data handling

For the data reduction anumber of corrections
must be made: The measured background is sub-
tracted, taking into account the fact that the part
of the background coming from the primary beam
is affected by the specimen absorption, and the
intensity is corrected for geometric effects and
absorption. As discussed by Warren, "the ther-
mal vibrations of the lattice were accounted for

TABLE III ~ Main impurities of the used specimen
material.

Chemical
impurity CQ

Concentration (at. %)
Ni Ni-Cu

error of less than 0.2%, did not show any indica-
tion of Bragg reflections (see Fig. 4). , A chemical
analysis yielded the impurity concentrations listed
in Table III. An additional secondary-ion mass-
spectroscopy (SIMS) analysis showed that the
specimen did not contain other impurities of sig-
nif icant concentration.

The specimens were mechanically clamped to
a frame-shaped stainless-steel specimen holder.
Since in addition to the neutron scattering the
SRO state has been controlled by electrical-resis-
tivity measurements to enable a comparison with
the data in the literature, " "constantan wires to
supply current and measure the potential were spot
welded to the edges of the specimen. In addition,
a Cu-constantan thermocouple was attached to the
edge of the specimen to control the specimen tem-
perature during irradiation. Electrical isolation
was achieved by two mica foils between the speci-
men and the steel frame. For neutron scattering,
all extraneous materials could easily be shielded
with a cadmium mask without losing more than
2 mm of the specimen length.

Material
Concentration

(at. Vg)

Scattering length
(10- cm)

58N

~Ni
"Ni

Ni
64Ni

63CU

65CU

2.00
1.17
0.35

96.30+0.30
0.18

0.30
99.70

1.480 + 0.008
0.282+ 0.002
0.760+ 0.006

-0.850 + 0.020
-0.037+ 0.007

0.672+ 0.015
1.110+ 0.020

TABLE II. Concentration and scattering lengths of
the used isotopically enriched specimen material and
scattering lengths of natural Cu and Ni.

Ag
Al
Bi
Cd
Cc
Cr
Fe
Si
Mn
Mo
Pb
Pt
Sn
Zn
alkali and
alkaline earth

& 0.01
& 0.03
& 0.02
& 0.05
«0.05
& 0.05
~ 0.01

0.01
& 0.01
& 0.02
& 0.02
& 0.05
& 0.02
& 0.2
& 0.05

& 0.0009
& 0.001
& 0.001
& 0.006
& 0.001
& 0;003

0.002
& 0.0008
& 0.0003
& 0.001

& 0.001
0.007

&0.024

0.0004

&0.0002
0.0045+ 0.005'

0.0090

Ni (nat)
Cu (nat)

1.030 + 0.010
0.763 + 0.004 Furnisher analysis.

"Activation analysis.

~ Chemical analysis.
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FIG. 4. Typical diffuse SRO-scattering patterns, measured at the multidetector diffractometer at BER II. The

data have been corrected only for thermal background and geometric effects in transmission. The solid lines are the
least-squares fits of Eq (2.3) to the experimental data.

by taking the mean square amplitudes of these
vibrations and considering the effective fraction
of these amplitudes for the different shells. "' '
The mean square amplitude was assumed to be
linear in the composition.

The multiple-scattering fraction of the mea-
sured intensity was calculated following the pro-
cedure outlined by Vineyard" and Sears." De-
pending on the wavelength and thickness of the
sample, this fraction varies between 3% and 8%
of the integral diffuse scattering. Its angular de-
pendence is less than 1% with relation to the total
scattering and could be neglected. The isotopic
incoherence of the used specimen is negligibly
small for the Cu component due to the high purity
of the used Cu isotopes; however, for the Ni
component it has a value of about l~ of the mean
SRO scattering. Therefore this contribution must
be corrected for.

For determining the inelastic contributions we
made an energy analysis of the scattered neutrons
by measuring the time-of-flight spectra for dif-
ferent scattering angles with the time-of-flight
spectrometer of the reactor FRJ-2 at the KFA
JGlich. The experimental equipment and the pro-
cedure of data collection are described in detail
by Bauer." The results show that the inelastic
contributions are, even for high elastic moment~
transfer, of the order of only a few percent of the
elastic scattering.

Spin incoherence does nat occur in Ni-Cu, "and

para- and ferromagnetic contributions are neg-
ligibly small in comparison to the SRO cross sec-
tion of the null matrix. " After subtracting the
background and correcting the unitary transmis-
sion and absorption, a least-squares fit of Eq. (5}
to the diffuse-scattering data was made, including
the above discussed additional scattering contribu-
tions and corrections. From this fit we obtain a
set of SRO parameters +,. The fit consisted of a
recurring series starting with the SRO parameter
of the first shell only and at every step increasing
the number of shells by one. In this way the con-
vergence of the fit procedure could be determined.
The optimal fit was normally obtained by using
7 or 8 SRO parameters; a still higher number of
parameters exceeded the spatial resolution and
resulted in nonphysical oscillations in the values
of these parameters.

Including the size-effect scattering in Eq. (5}
for the least-squares fit, the size-effect param-
eters P„' as found already by Vrijen, "turned out
to be very small, even smaller than the standard
deviation of the SRO parameters of the correspond-
ing shells. Therefore the size effect has been
neglected in order to keep the number of fitting
parameters as low as possible. The small-angle-
scattering data, after correction for background,
absorption, and detector acceptance, and after
calibration with the standard Lupolen data, agreed
within the limit of +10% with the diffuse-scattering
data in the region of overlapping ~ values.
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III. RESULTS

Figure 4 shows two typical diffuse-neutron-
scattering patterns of the null matrix, one mea-
sured after thermal annealing and the other one
after subsequent electron irradiation. At the
Bragg positions marked by arrows no indication of
Bragg scattering occurs. The solid lines are the
least-squares fit of Eq. (5) to the data, using the
SBO parameters of the first seven shells. The fit
is excellent in the whole recorded diffuse I( range.

The variation of neutron scattering with electron
irradiation dose has been investigated in three iso-
thermal irradiation series at different tempera-
tures: (1) irradiation of specimen 1 (thickness:
0.500 mm) at a temperature of 480 K (after a pre-
irradiation at 458 K), (2) irradiation of specimen
2 (d =0.180 mm) at 432 K, and (3) of specimen 3

(d =0.200 mm) at 373 K.
Specimen 1 was irradiated with a dose rate of

3.75x10' cm 's '. For the irradiation of speci-
mens 2 and 3 a dose rate of 7.00x10" cm 's '
could be used because of the lower temperature
increase due to the lesser thickness. After dif-
ferent irradiation times, both the diffuse neutron
scattering and the neutron small-angle scattering
were measured, the DNS at the BER II in Berlin,
and the SAS at the FRJ-2 of the KFA Jmich. The
scattering patterns are shown in Fig. 5 (specimen
1), Fig. 6 (specimen 2), and Fig. 7 (specimen 3)
for a z range between zero and about 1.6 A ', each
including the pattern recorded after the previous
thermal annealing before irradiation. For a values
higher than 1.6 A ' all curves show a behavior
similar to the two examples presented in Fig. 4.

The SBO parameters for the first seven shells,
obtained from the least-squares fit of Eq. (5) to
all measured diffuse-scattering patterns, are
given in Table IV together with their standard
deviation. For the fit, the scattering data at &

values below 0.25 A ' have been excluded to avoid
the influence of any long-range interaction on the
values of the SRO parameters. For each set of
SBO parameters, the corresponding specifications
for specimen treatment are also given in Table IV.

After 373-K irradiation, specimen 3 was annealed
for 17 h at 480 K for recovery of the excess vacan-
cies from the 373-K irradiation. Subsequently it
was irradiated at 480 K. During this post irradia-
tion, for various dose values the small-angle
scattering was measured within a a range of
0.03 A ' & z & 0.50 L ', using special equipment at
the multidetector diffractometer of BER II. The
scattering patterns are shown in Fig. 8. For rea-
sons of clarity, the data points have been omitted.
A typical data set is shown in Fig. 9. After 480-K
irradiation, specimen 3 was isochronally annealed

3-MeV electron irradiation

4
C
U

0.5 1.5

FIG. 5. Neutron small-angle scattering and diffuse
SRO scattering of the null matrix, measured after the
preparatory thermal treatment {6-h annealing at 870 K
and slow furnace cooling) and subsequent isothermal
electron irradiation. The SAS data collected at the FRJ-
2 extend from ~= 0.01 A up to w= 0.22 A, the dif-
fuse-scattering data obtained at HER II extend from ~
= 03.8 A upwards.

IV. DISCUSSION

Comparison of the SBO parameters in Table IV,
derived from measurements after thermal treat-
ment, with the results of other neutron-scattering
experiments" "is impeded by the fact that in
most cases the heat treatment of the samples is
not well defined. A definite heat treatment of the

up to 640 K, following with isothermal annealing
at 640 K. Figure 9 shows the small-angle-scatter-
ing curves which were measured during this an-
nealing treatment.

Specimen 2, previously irradiated at 423 K, was
subjected to a similar treatment as specimen 3:
it was annealed for 17 h and subsequently post
irradiated at 510 K. After annealing and after
various irradiation doses, the small-angle scat-
tering was measured at the BEB II. The corres-
ponding scattering curves are shown in Fig. 10.
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3-MeV electron irradiotion

T ~ 423K
~ 4'&0

0
I

0.5

FIG. 6. As for Fig. 5.

1.5
x (A')

FIG. 7. As for Fig. 5.

I

1.5

specimen was performed by Mozer et al." and
Vrijen. " The main SRO parameter a, obtained
by Moser agrees very well with our results. The
values of a, reported by Vrijen are about 10%
lower than our values at the corresponding tem-
peratures, but show the same temperature depen-
dence.

After isothermal irradiations at 373, 423, and
458-480 K, a significant increase of the cluster-
ing parameters, i.e. , an increase of the atomic
clustering, was observed. This is in accordance
with the assumptions which were made to explain
the changes in different physical properties due
to irradiation, e.g. , electrical resistivity or
magnetic susceptibility. ' " Moreover, this indi-
cates that radiation-enhanced diffusion provides
a sufficient mass transport for increase of short-
range clustering. On the other hand, our experi-
ments demonstrate that in specimens which are of
suitable dimensions for electron irradiation dif-
fuse neutron scattering can be measured with
sufficiently high accuracy to determine the ab-
solute values of the short-range-clustering param-
eter (standard deviations of e, of the order of

2%)
After thermal annealing merely the scattering

contribution of short-range clustering is ob-
served in the whole covered ~ range, even in the
SAS range (Figs. 5-7). However, after irradia-
tion at 373, 423, and 480 K, respectively, quite
different SAS patterns are obtained. At x values
between 0.15 and 0.20 A ', the monotonic SRO-
scattering cross section changes into an intensity
maximum associated with a decrease of differen-
tial cross section for smaller scattering vectors.
lt has to be emphasized that this intensity decrease
drops below the corresponding SBO cross section
obtained by extrapolating the diffuse-scattering
data to the SAS region by employing Eq. (5). It
even drops below the cross section previously
measured after thermal annealing. This effect
can be seen clearly in the 423-K irradiation
curves (Fig. 6).

The rise of a scattering-intensity maximum in
the SAS region in combination with a decrease of
scattering intensity at small & values denotes a
coherent modification of the SRO scattering. This
behavior can be explained only by a continuous
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FIG. 8. Neutron SAS patterns measured at BER II
after annealing and subsequent post irradiation at 480 K.
The preliminary state was obtained by isothermal
irradiation at 373 K (see Fig. 6). For reasons of clar-
ity, the data points have been omitted. A typical data
set is shown in Fig. 9.

FIG. 9. Neutron SAS patterns measured at BER II
during isochronal and isothermal annealing treatment.
The preliminary state is that obtained by the post irra-
diation at 480 K {Fig.8).

rearrangement of the existing SRO structure. Any

segregation or clustering which might develop
without rearranging the existing SRO structure
would have led to an incoherent superposition of
its scattering contribution to the SRO scattering.

Short-range clustering in a binary alloy means
the existence of randomly distributed small regions
enriched in one or the other component. The co-
herent modification of the SRO scattering indicates
a correlation between these enriched regions,
leading to an arrangement of the regions with
preferential distances between one another. The
average cluster-cluster distance is correlated to
the position of the intensity maximum; it is of the
order of about 25 A. An ordering of the enriched
regions according to preferential distances is
equivalent to the formation of periodic concentra-
tion fluctuations. The peak intensity increases

with increasing irradiation dose. At 423 and 373
K the shape of the peak sharpens during irradia-
tion and shifts smoothly to smaller K values as is
expected for a spinodal decomposition. ""

For some scattering patterns, the intensity in-
creases again at & values below 0.04 A ', indicat-
ing another small-angle-scattering contribution
which possibly is due to an incoherent segregation.
This additional SAS contribution could not be
studied in detail because of the limited scattering-
intensity rates at these low K values.

Detailed conclusions derived from the results of
the present paper will be presented in two follow-
ing papers. 22~~ In particular the influence of
short-range clustering on the residual electrical
resistivity will be treated by means of the theo-
retical model of Rossiter and Wells, ~ and the
temperature dependence of short-range clustering
under irradiation will be discussed. Further-
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Cl

0
Xl

more, a comparison of the observed concentration
fluctuations with the theoretical models of spino-
dal decomposition will be given and the limits of
the critical temperature will be discussed, taking
into consideration the SAS pattern of the post-
irradiation experiments. Finally, the mechanism
of radiation-enhanced diffusion and the effect of
irradiation on phase stability in Ni-Cu will be
discussed.
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