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Research activities performed by using the Wide Angle
Neutron Diffractometer(WAND) installed to the High Flux Isctope
Reactor(HFIR) of the Oak Ridge National Laboratory(ORNL) during
the period of JFY1985 to 1986 under the US-Japan Cooperative
Neutron Scattering Research Program are summarized. JFY198%5 was
the year of the full-fledged cooperative research. Studies of
phase transition kinetics by making use of the rapid temperature
change auxiliary equipment and the two-dimensional neutron
diffraction studies of single crystals were carried out before
the unexpected shutdown of HFIR at November 1986, Two reports
related with instrumentation and eleven reports describing the

neutron scattering experiments are contained in this volume,
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I. PREFACE

During the past two years since the first issue of this progress
report, a number of cooperative experiments were performed using the
Wide—-Angle Neutron Diffractometer (WAND) before the unexpected shutdown of
the High Flux Isotope Reactor (HFiR) in the middle of November 1986 due to
embritllement of the pressure vessel. The experiments were carried out
with very good cooperation between the scientists of both sides. .The WAND
machine is becoming familiar to the HFIR users and the usefulness of the
machine is recognized more widely.

Three auxiliary equipment systems were made in JAERT and shipped to
ORNL. In all cases, their performance was excellent. The rapid tem-
perature change machine has been used frequently for experiments to study
phase transition kinetics. It is drawing much attention from the scien-
tists in that field. The high temperature machine and the stress machine
have not been used yet because of the HFIR shutdown, though they had been
scheduled to be used in late 1986 and early 1987.

Efforts have been made continuously by ORNIL experts to upgrade the
software of the data acquisition system including data transfer from the
WAND computer to the Division computer which was installed after the
completion of the WAND machine, Data analysis programs were also developed
to use the Division computer and the central computers. Some data pro—
cessing programs were successfully transferred between JAERI and ORNL.

The characteristics of the curved position sensitive counter has not

been changed greatly in the past two years.
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The first progress report issued in 1985 contained almost equal space
for instrumentation and for research done with the WAND machine. The pre-
gent second issue concentrates on the research projects done in about two
years, many of which were carried out utilizing the rabid temperature
change equipment. Some other projects made use of another capability of
the WAND machine to measure two—dimensional diffraction pattérns using .
single crystal samples. Several short unscheduled experiments were per-
formed in addition to the experiments describéﬁ in this report.

We hope for the early and safe restart of HFIR operation in order to
resume our cooperative experiments utilizing the WAND machine. We expect
the experimental activities to be resumed immediately after the restart and
the collaborafion between ORNL and JAERI to grow steadily.

The editors would like to express their sincere thanks to all people,
including those who have moved to new positions, who have contributed to

this ORNL=JAERI ccllaboration program.

R.M.Moon S.Funahashi
Solid State Division Department of Physics
Dak Ridge National Laboratory Japan Atomic Energy Research Institute

September 1987

In publishing this progress report as a volume of JAERI-M report,
the editors express their deep apprecation to the following;

The American Institute of Physics for the permission to reproduce the
paper published in the "Review of Scientific Instruments” as article 2 in
section II and the paper published in the "Journal of Applied Physics”

gs article 3 in section ITI.

The North-Holland Physics Publishing for the permission to reproduce the
paper published in the "Physica” as article 1 in Section ITII;
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IT. INSTRUMENT

1. CURRENT STATUS
OF

THE WIDE ANGLE NEUTRON DIFFRACTOMETER FACILITY
Y.Morii, S.Funahashi, and H.R.Child

The Wide Angle Neutron Diffractometer (WAND) has been used very efficiently
and satisfactorily for a number of experiments in the last two years. In this
period, a lot of effort has been made to upgrade the facility. Some of these
improvements are described here.

The most important change in the operation is archiving experimental data
~both on hard disks of the PDP11/UL4 at the High Flux Isotope Reactor (HFIR),
and in addition, on magnetic tapes on the Data General Eclipse MV/10000 which
was recently installed at the 3Solid State Division (SSD), rather than only on
hard disks. This latter process is of great advantage, not only for the safety
in storage of the data, but also the analysis of large data sets by more
complex programs, Al11 of the 37 data files, totaling 300 M Bytes in c;pacity,.
have been transferred through a data communication line between HFIR and 3SD.
The biggest file has 8.7 M Bytes of data.

The band width of the address channel of the time digitizing CAMAC module
(TDC) was increased 1in cooperation with M, K, Kopp and his associates, About
1900 channels are used out of 2048 channels of a memory region so that the
angle resolution is improved to about 0.067 degrees per channel,

The angle resolution of the detecter itself was measured using a cadmium

mask with slits which is placed in front of the detecter window. The measured

Full Width at Half Maximum (FWHM) of the neutron intensity peak from the slit
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is shown in Fig,1 and shows that the intrinsic resolution of the detector
is about 0,7 degrees over a relatively wide range of two theta angle.

The Rietveld program1) has been transplanted from Japan to the ORNL Solid
State Division and used for the profile analysis of various powder dif-
ffraction patterns, The scattering data from a standard powder sample,
A1203, is analyzed and displayed in Fig.2 showing that a quite good fitting
with a fitting indicator, W.P. factor, of 8.7 % which is comparable to that of
conventional triple axis specﬁrometers with a standard (about 30 minutes)
collimation,

In the process of the fitting, we found that two theta angle can be
expressed by a fourth order polynomial function of the channel address number
of the TDC to adequate accuracy.

One of the authors (H.R.C.) has developed both black/ﬁhite and color plot=
ting programs to draw- contour maps of the scattering intensities for a wide
range of reciprocal planes of single crystals. A contour map of scattering in-
tensity on the [hk0] reciprocal plane of a Cu69.2A125.4N15.4 erystal is drawn
in Fig.3 which clearly shows Bragg peaks and diffuse streaks along [110]
directions. A part of the contour map can be zoomed in four an extensivé study.
A perspective drawing to visualize the scattering intensity of the zoomed area
has also been developed.Z)

The black/white contour and perspective drawing program accompanied by some
other programs for data analysis have been transplanted from ORNL to JAERI and
are working well with the WAND data which a Japanese researcher (3.F,) brought
back with him on a magnetic tape.3)

4 very high temperature furnace has been shipped from JAERI to CRNL and as-

sembled at S8D. The infra-red light, whieh is focused by the gold plated
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curved mirror, enables us to heat spacimens up to 2000 K. Some experiments on
the phase transition of the Zr02 ceramics and high melting temperature
materials are scheduled, The stress medulation machine and a special hoist,
which is designed to avoid any disturbances of the WAND while the stress
machine is in use, have been tuned up for the study of stress induced marten-
sitic phase transition of MnCu and MnNi alloys. Neither of these auxiliary
equipments described above could be used, unfortunately, for the scheduled
experiments due to the shut down'of the HFIR,

A Japanese personal computer, NEC-G800VmZ, has been installed in an office
at 35D and used as a terminal of the DG computer for various data analysis as
well as a terminal of the PDP11/44 for monitoring the ongoing experiment and
transferring the data to the DG. The NEC machine has also been used for come
puter communication between ORNL and JAERI. A graphic terminal and a hard
copier will be obtained for the preparation rcoom at the HFIR to allow secon-
dary users to analyze their data at the same time that a primary user runs his

experiment,
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FIGURE CAPTIONS

Fig.1 Full Width at Half Maximum, FWHM, of the peaks of a neutron beam which
comes through narrow slits in a cadmium mask which is placed in front
of the WAND detector.

Fig.2 Rietveld profile analysis of a diffraction pattern of A1203 powder
obtained with WAND. A fitting indicator, W.P, factor, of 8.7% is
evaluated.

Fig.3 A color contour map of neutron scattering intensity on the [hk0]
reciprocal plane of a Cu69.2A125.4N15.u erystal is shown. The frame,
graduations, and characters are traced and accented manually after

computing grawing.
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Reproduced from The Review of Scientific Instruments, vol.57,1403-1412(1988)
by permission of The American Institute of Physics,

2., Furnace for rapid change of temperature for neutron diffraction

S. Katano, H. Motohashi, and M. lizumi

Department of Physics, Japan Atomic Energy Research Institute, Tokai, Tbaraki 319-11, Japan
(Received 2 December 1985; accepted for publication 28 March 1986)

A new furnace for neutron diffraction experiments is capable of heating and cooling a sample very
rapidly. The rapid heating is done by two circular infrared lamps placed over and under a sample,
whose radiation is roughly focused on the sample by areflector. The rapid cooling is done by high-
pressure gas blows against the sample from two circular nozzles which are also placed over and
under the sample. This system enables us to obtain the heating rate of over 1000°C/min and
cooling rate of — 500°C/min for an alloy of 10 mm diameter and 30-mm length. The performance
is sufficient to carry out some kinetics measurements in real-time neutron diffraction by the use of
a position-sensitive detector. This kind of experiment is demonstrated by the observation of the
relaxation process of order-disorder transitions in CuZn and Ni;Mn alloys.-

INTRODUCTION

Recently the study of time-dependent phenomena has re-
ceived great attention.! As neutron diffraction is one of the
most powerful techniques to study these phenomena from
microscopic viewpoints, some real-time experiments at the
steady-state reactor have been done by the use of a multide-
tector. In the high flux isotope reactor (HFIR) of Oak
Ridge National Laboratory, a new curved one-dimensional
position sensitive detector was installed for this kind of ex-
periment.® In the case of pulsed neutron source, a potential
for enhanced time-resolution capabilities has been dis-
cussed.’

In some alloy systems, such phenomena take place at
high temperatures with a time constant from the order of a
second to that of a day. To investigate these Lime»dcpeﬂdent
phenomena, it is necessary to change the temperature of a
sample as rapidly as possible over a wide temperature range.
However, conventional furnaces usually take several min-

. utes tochange it over 100°. Therefore, we designed and fabri-
cated a new type of furnace which utilizes infrared lamps
whose images are roughly focused on a sample for the rapid
heating’® and gas blows against the sample for the rapid cool-
ing. This system enables us to change the temperature of the
sample within 10 s over 100". This performance is enough to
investigate time-dependent phenomena of some alloy sys-
tems. Of course, as this furnace can freely control the rate of
heating and that of cooling, it has various applications to
other neutron diffraction experiments.

I. DESIGN AND CONSTRUCTION

A schematic drawing of the furnace is shownin Fig. 1. A
sample (A) is mounted on a holder made of transparent
quartz (B). These are set in a quartz tube (C) of diameter 80
mm whose inside can be evacuated. The heating elements are
four semicircular infrared lamps of maximum power B kW
(42 kW). As shown in the insert of this figure, the four
lamps form two circular heaters (D). One of them is placed
over the sample and the other is under it to avoid additional

scattering from heating elements. To get the high heating

rate and wide uniformity of the temperature, images of the

1409  Rev. Scl. Instrum. 57 (7), July 1986
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lamps are roughly focused on the sample by a reflector (E).
This reflector was made of aluminum alloy 2 mm in thick-
ness whose inside surface was coated with gold. For the rap-
id cooling, the high-pressure gas is blown against the sample
from many small holes of two circular nozzles of quartz (F).
Similar to the case of the lamps, one of these nozzles is over
the sample and the other is under it. Due to this simple struc-
ture of the furnace, the neutron beam can go through this
furnace with rather slight scattering. The gas blow is con-
trolled by electromagnetic valves (G). The temperature of
the sample was measured by two chromel-alumel thermo-
couples; one of them was spot welded on the surface of the
sample and the other was fixed in & hole which was made
near the center in the diametrical direction of it. The tem-
perature of the sample, the rate of the temperature change,
and the operation of gas valves are controlled by a program-
mable temperature controller.

Cooling Gas
{Qut)

Vacuum -
Systemn

—Cooling Gas
{In}

Woter — .
Thermo- oL — Cocling Gas
Couples — I[E — =5 (In}
[ 3
10 cm

FiG. 1 Vertical section of the furnace: A—sample; B—holder; C—quartz
tube; D—infrared lamp; E—reflector; F—nozzle for gas blow; G—electro-
magnetic valve for high-pressure gas. The insert shows the arrangement of
lamps and nozzles around the sample.

© 1986 American Institute of Physics 1409
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Fi1G. 2 Time dependence of the temperature when the rapid temperature
change between 200 and 800°C was done. A stainless-steel rod 10 mm in
diameter and 30 mm in length was used. The solig line shows the tempera-
ture measured on the surface of the sample and the dash—dotted line does
that near the cenler in the diametrical direction of it. The dashed line indi-
cates a result of the cooling without gas blow.

Il. RESULTS
A. Temperature change of a sample

The result of a test intended to get the rate of
1000°C/min between 200 and 800°C is shown in Fig. 2. The
sample was a stainless-steel rod 10 mm in diameter and 30
mm inlength. To control the temperature, the thermocouple
welded on the surface of the sample was connected with the
temperature controller. In this figure, the solid line shows
the time dependence of the temperature on the surface and
the dash—dotted line indicates that near the center. The heat-
ing up to 800°C was done by putting nearly full power on the
heaters, and the cooling was done by cutting the power and
simultaneously blowing the high-pressure gas of about 5

lal

TEMPERATURE (0)
22 3
(=] (] (=]

0 L, I 1 1 L i
0 1 2 3 4 5 3 7

TIME (min)

(b}

(c)

(2]
L2
=
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-3
(=]
o

TEMPERATURE
o
3

N

0 1 2 3 4 5 6 7
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Fi1c. 2 Time dependence of the temperature when the rapid temperature
change was repeated: (a) between 400 and 600°C and {b) between 495 and
SOG°C.

1410  Rev. Sci. Instrum,, Vol 57, No. 7, July 1986

. kg/cm? against the sample. The result shows that the heat-

ing rate of 1000°C/min can be easily obtained. The difference
of the temperature between the surface and the inside was
not discernible. In cooling, the obtained rate was about
— 800°C/min at the beginning, — 550°C/min around
600°C, and - — 300°C/min around 400°C. In this case the
temperature difference between the surface and the inside
was noticed. For reference, the result of the cooling without
the gas blow is shown by the dashed line.

Figure 3 shows the result of repetition of rapid changes
of the temperature. The case of the temperature change
between 400 and 600°C is shown in 3{a) and that betweecn
495 and 500°C is in 3(b). In the latter case, a continuous gas
blow at about 1 kg/cm® was needed to get good stability of
the temperature. In both cases, the rapid temperature
change was satisfactorily obtained.

B. Neutron diffraction experiments

The experiments were done using this furnace on the
wide-angle neutron diffractometer {WAND)? which had
been installed in HFIR of Oak Ridge National Laboratory.
Since the WAND utilizes the curved one-dimensional posi-
tion-sensitive detector which covers 130°, we are able to ob-
tain a diffraction pattern all at once; hence real-time experi-
ment of time-dependent phenomena is one of the most
interesting research subjects. The maximum time resolution
of the data-acquisition system is 10 ms.

We investigated the relaxation process of order—disor-
der transition in CuZn and Ni; Mn alloys: the decay of the
superlattice peak in the ordered state and the growth of the
short range order (SRO) in the disordered state. In the fol-
lowing experiments, samples of 5 mm diameter and 30 mm
length were used. In the case of CuZn alloy, the transition is
of second order, thus the time constant is expected to be
quite short. However, an experiment by electrical resistivity
indicated that the time constant of growth of SRO above 5°
of the transition temperature is over 1 h® Ifthe time constant
is of this order of magnitude, it may be very easy to observe
the relaxation process by the use of our furnace. Figure 4 (a)
shows the decay of the (111 superlattice peak after the tem-
perature was increased from 450 to 465°C. (The transition
temperature is around 470°C.) For reference the diffraction
patterns at 450 and 460°C at the equilibrium state are also
shaown. The insert shows the temperature change of the sam-
ple. Althiough the temperature reached to the desired tem-
perature in a few seconds, afterwards it oscillated a little. The
time-resolved measurements with 10-s steps were done until
5 min. In order to get good counting statistics such a mea-
surement was repeated 120 times and each time data for 10s
was accumulated. The integrated intensity of these peaks is
shown as a function of time in Fig. 4(b). From these figures
itis clear that the superlattice peak and its intensity reach the
equilibrium within 10 s, that is, the time constant is very
short. The growth of SRO was investigated by the change of
the temperature from 550 to 475°C. This result also shows
that the time constant is quite short. Thus, our result is rath-
er different from that of the electrical resistivity measure-
ment mentioned above. At present we cannot explain this
difference. However, the resuit obtained here seems to be

Neutron diffraction 1410
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F1G. 4 (a) Time dependence of the superlattice paak of CuZn when tem-
perature was changed from 450 to 465°C. The insert shows the temperature
ofasample 5 mm in diameter and 30 mm in length as a function of time. (b)
Entegrated intensity of the superlattice peak as a function of time.

reasonable if we refer to the neutron diffraction study on
SRO of this alloy.” In that study SRO peak at various tem-
peratures were clearly observed in a series of a quick scan of
the total time of 90 min. This suggests that the peak may
reach its equilibrium in a short time.

The decay of the (211) peak of Ni; Mn is shown in Figs.
5(a) and 5(b). The temperature was increased from 470 to
490°C. (The transition temperature is around 510°C.) It is
known that the transition of this alloy is the first order and
the time constant is fairly long.®® Thus the time-resolved
measurements with 10-min steps were done until 12 h. It is
clearly seen in these figures that the superlattice peak decays
with time. The obtained time constant is about 30 min. This
result is consistent with the previous reports, although the
value is somewhat shorter than theirs. The growth of SRC
was also investigated by the change of temperature from 600

1411 Hev. Sci. Instrum,, Yol. 57, No. 7, July 1986
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F1G. 5 (a) Time dependence of the superlattice peak of Ni, Mn when tem-
perature was increased from 470 to 490°C. The insert shows the temperature
of asample 5 mm in diameter and 30 mm in length as a function of time. (b)
Integrated intensity of the superlattice peak as a function of time.

to 515°C. Although the counting statistics was not enough
because of the weak intensity with broadened distribution,
the result indicates that the time constant is over 10 min.

As shown in these demonstrations, the rapid tempera-
ture change can be stably accomplished by this system. The
temperature of a sample can be changed within a second for
the change over 10°. Although a smali oscillation of the tem-
perature was seen after the rapid change, this should be re-
duced by the use of a higher performance temperature con-
troller. Then, it is possible to investigate time-dependent
phenomena with the time constant of the order of a second.

Using this system, the ordering kinetics in Ni; Mn was
also investigated in detail. This result will be published else-
where.
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l. REAL-TIME NEUTRON DIFFRACTION STUDIES OF PHASE TRANSITION KINETICS

Masashi [IZUMI

Department of Physics, Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11, Japan

Invited paper

A neutron diffractometer with the function of measuring the change of diffraction patterns in real-time is described. The
kinetics of the first-order phase transitions occurring after a temperature jump across the transition temperature was
observed by using the diffractometer. The structural change between white and grey tin, the continuous ordering in Ni;Mn
are shown as examples. Observation of the kinetics of slow chemical reaction is illustrated by the hydration process of the

portland cement.

1. Introduction

The development of curved one-dimensional
position-sensitive detectors (PSDs) with wide
angle coverage enables one to obtain a complete
neutron diffraction pattern simultanecusly in a
short period of measuring time. Advantageous
combination of high flux neutron beam and the
state-of-the-art PSD system has made the measur-
ing time so short that fairly rapid changes of
neutron diffraction patterns can be observed in
real-time [1]. Nowadays the shortest measuring
period in cne-shot phenomena has been reduced
down to about 1min. One can study kinetic
processes such as chemical reactions and first-
order phase transitions as long as the characteris-
tic time scale of the change is a few minutes or
longer.

When a physical system is brought to a meta-
stable state by an abrupt change of a ther-
modynamic variable, say temperature, of the
systemn across a first-order phase transition boun-
dary, the system starts to transform to an equilib-
rium state. This problem, though studied for a
long time from a point of view of practical
importance in metallurgy and other fields, draws
a renewed interest in the statistical physics of
non-equilibrium state.

Generally the approach of metastable states to
equilibrium takes place through build-up and
growth of heterophase fluctuations. In the real-

time diffraction the relevant observables are (1)
the intensity of diffraction peaks corresponding to
the new (equilibrium) phase, (2) their widths,
and, more precisely, (3) their line shapes, all as
functions of time. They give direct information
about (1) the volume fraction of the new phase,
(2) average size of the regions of the new phase
formed heterogencously within the metastable
phase, and (3) the space-correlation between the
heterogeneous regions. These are invaluable to
study the time evolution of the heterophase fluct-
uations in metastable state.

In this paper the real-time diffraction function
of the new neutron diffractometer at the HFIR in
Oak Ridge National Laboratory is introduced and
some examples obtained by the instrument are
presented.

2. Diffractometer with real-time function

The new diffractometer [2] installed at the HFIR
has the function of real-time measurement of
neutron diffraction pattern. The detector is a
curved one-dimensional position-sensitive pro-
portional counter with an effective radius of
75 cm, covering a 130° angular range. The pos-
ition analysis is performed by a distributed LC
delay-line cathode. The encoded time difference
determines the address of the histogramming
memory in which the neutron events are accumu-

0378-4363/86/303.50 (© Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)
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lated. Automatic time slicing for the real-time
measurements can be done by adding a constant
offset time to the digitized time difference for

each successive slice.
The real-time measurements are performed

synchronously with the change of external cond-
ition applied to a sample. There are two types of
real-time measurements: one-shot and periodic.
The one-shot measurements are done for the
phenomena which cannot be repeated easily. The
study of the transition kinetics of the first-order
transition is an example. The feasibility of this
kind of measurements is determined by the shor-
test time period in which one diffraction pattern is
acquired. In the most favorable case of measuring
strong powder-diffraction peaks the shortest re-
cord was a few seconds but in the case of measur-
ing the time evolution of diffraction peaks in
accordance with a phase transition the shortest
practical tinme slice was one minute. The second
type of real-time measurements, periodic meas-
urements, are emploved in cases where the
change is reversible according to a periodic exter-
nal condition. The electric field induced incom-
mensurate-to-commensurate phase transitions in
ferroelectrics in one of the examples of this type.

3. Reconstructive phase transition in tin {3]

The reconstructive phase transition is a kind of
structural phase transition where the primary
coordination (first-nearest-neighbor) bonds are
broken and reformed. Since the reconstructive
phase transitions give rise to farge discontinuities
in the physical properties, the energy barrier
involved in this type of phase transitions is gener-
ally high. Therefore the transitions may proceed
according to the so-called nucleation and growth
mechanism. .

We carried out a few measurements of the
kinetics of this type of phase transitions. here only
the results on a transition between alpha and beta
phases in tin (Sn) are briefly given.

At room temperature tin (Sn) is metallic and is
called white tin, or beta phase tin. The white tin
transforms to gray tin, or alpha phase tin below
about 260 K. The gray tin is semiconducting and

has a diamond structure, while the white tin has a
special tetragonal structure found only in this
¢lement. ‘

The beta-to-alpha transition is fairly slow, tak-
ing from 1 to 12 hours, depending on tempera-
ture. The reverse transition from the alpha to the
beta phase occurs above about 290 K and the
change becomes very rapid as the temperature
increases. Extensive measurements were carrried
out on both the alpha-to-beta and beta-to-alpha
transitions.

Fine-powder samples of alpha or beta phase
were prepared from white tin grains (99.999%

. purchased from Mitsubishi Metal Co.) by re-

peated temperature cycles between 230K and
330 K. :

The Displex systermn was used to change the
sample temperature on the diffractometer. In
case of the beta-to-alpha transition the sample
was kept at 320 K for at least 30 minutes before
temperature changes. In the case of the alpha-to-
beta transition the sample is kept at 230 K for at
least two hours before heating up.

The time increment in the time-slicing meas-
urement was chosen within the range of 1 to
30 min in accordance with the speed of the kine-
tics. Use of unequal time slices was convenient to
record the whole course of change in the limited
number of time slices.

A typical change of the diffraction patterns
during the transient is illustrated in fig. 1 which
shows a limited part of the whole diffraction
patterns for only a few selected time slices.

A diffraction pattern at time ¢, f(5;¢) is a
superposition of that in pure alpha phase, f,(s),
and that in pure beta phase, f, {5):

fiss 1) = x()f,(s) + {1 = x(D} fi(5) (0

where s indicates the scattering angle or the
channel in the recorded data and x(t) indicates
the fraction of existing alpha phase. The entire
diffraction patterns were used to determine the
fractions of existing alpha and beta phases in the
respective time slice.

Fig. 2 summarizes the results for the beta-to-
alpha transition. In this figure the obtained x{f)’s
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0 Fig. 2 Measured change of the fractional volume with time
T for the beta-to-alpha phase transition in tin for various choices
g of the final temperatures.
2120 \ . . . .
8 sluggish. The change is most rapid at the final
- | temperature around 233 K and becomes slow at
™~ 60 temperatures cither higher or lower than this
Z 2025 min value. Similar results were obtained for the alpha-
é 0 I to-beta transitions.
“ ,‘ The volume fraction transformed at time ¢ is
120 |\ { | known to be expressed generally by the so-called
/ ' \ Avrami or Johnson—Mehl equation (hereafter
60 ! * \ \{\# FJ ‘ this equation will be abbreviated as AJM
y ! equation):
35~40 min
0 ijﬂll% x(6)=1—exp[—(t/7)"], (2)
120 | / i |“,| where the relaxation time r, depends both on the
A | {,M U\ nucleation rate and the growth speed. The expo-
60t JU Ij \ﬂ nent n = 4 was originally proposed by Avrami for
’ the case where the nuclei are formed homogene-
5060 min ously and the nucleation rate is constant in.time
. and the further growth takes place isotropically
500 800 1100 with a constant - velocity. Actual experimental
Channel Number situations are different from the ideal case as-

Fig. 1 Change of the diffraction pattern of tin during trans-
formation from the beta-to-atpha phase. The temperature was
changed abruptly ut =0 from 320 K to 233 K.

are shown as functions of time f for various final
temperatures. The x(t) curves follow typical nuc-
leation-and-growth kinetics; they have fairly long
incubation periods during which the meta-
stable phase daes not show any change and then
the new phase starts to appear first gradually,
then becomes quite rapid and finally hecomes

sumed by Avrami. It is, however, known that
most ‘of the situations can be covered by the
choice of exponent values deviating from 4. Tt is
therefore convenient to make the exponent as
well as the relaxation time as fitting parameters to
the experimentally observed x vs. f relations and
see what sort of values we obtain as the result of
least-square fitting.

The results of the fitting of the measured
time-dependence of the transformed fraction to
the AJM-type equation given by (2) are summar-
ized in fig. 3, where both the alpha-to-beta and
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Fig. 3 Relaxation times and exponents obtained by the fitting
shown as functions of the final {emperatures,

reverse transitions are indicated. The relaxation
time shows the slowing-down behavior as the
temperature approaches the transition tempera-
ture from both sides. The characteristic exponent
of the kinetics is about 5 in the beta-to-alpha
transition and about 2 for alpha-to-beta. In case
of the linear growth rate the exponent larger than
4 means that the nucleation rate increases with
time, that is, it takes a [ong time to attain the
equitibrium distribution of nuclei. This seems to
be the case in the beta-to-alpha transition. The
exponent below three cannot be explained by the
isotropic growth. The exponent 2 just corres-
ponds to the case of two-dimensional growth from
the nuclei generated instantaneously at grain
edges. The obtained value of the exponent sug-
gests that this is the case for the alpha-to-beta
transition.

As the form of eq. (2} suggests, the AJM-type
equation automatically satisfies the scaling with
respect to time, if the time is scaled by the
relaxation time, 7= t/1,. In the case of beta-to-
alpha transition the scaling property applies al-
most perfectly with n =5, as is shown in fig. 4.
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Fig. 4 Scaling behavior of the fractional volume with respect
to time. Various symbols indicate different final temperatures
in the beta-to-alpha phase transition.

Similar but less perfect scaling was found with
n =2.3 in the alpha-to-beta transition.

We tried to reveal the information concerning
the size of the transformed region at the early
stage of the transition. Some signs of the widened
peaks were noticed but the poor statistics and the
large instrumental width prevented us from ob-
taining reliable information with respect to the
particle sizes.

4, Continuous ordering in Ni,Mn [4]

The ordering process in Ni;Mn is favorable for
neutron diffraction because the order—disorder
process is only visible by neutrons and the time
scale of the ordering process is fairly long. Meas-
urements by Collins and Teh [5] and by
Wakabayashi [6] were done by using conventional
neutron diffractometers. Therefore their observ-
ations were restricted to the later stage of order-
ing process. It was our intention to reveal the
initial stage of the process by means of the fast
real-time function of the new diffractometer. A
furnace designed specially to change the sample
temperature rapidly was also indispensable in
observing the fast initial stage.

Fig. 5 shows the time change of the 211 super-
lattice reflection after the temperature is abruptly
changed from 600°C to 470°C across the transition
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Fig. 5 Time change of the 211 superiattice peak of Ni,Mn.

temperature {about 510°C). The temperature of
the sample reached the final temperature in about
15s. The early stage (up to 30 min) was observed
by the 1 min time-slice. In order to get sufficient
counting-statistics the identical measurements
were repeated 30 times with the data being
accumulated on the same memory area. For the
later stage the time slicing with 6 min interval was
repeated 5 times. Fig. 5 clearly indicates that the
superlattice peak starts from a very broad peak
shape and then becomes sharper with time. The

50 T T T T T
- To .i.'
£ 10k 1
X L 4
= 5
o
= Siope o I3 Tig
20200 gogg,
[N g ’ 7
I | 1

L 1 . 1
Qo5 01 Q5 i 5 10 50
TIME {hi

o8] L
0005 001

Fig. 6 Change of the width of the 211 sublattice peak with
time.

change of the widths of observed peaks is indi-
cated in fig. 6. At the initial stage (r<<7,) the
widths remain almost constant and then they
pradually start to decrease and at the later stage
(t>7,) the widths decrease with the 1/2 power
law as was already pointed out for the ordering
process. The detailed analysis of the widths as
well as the intensity change under various temper-
ature conditions are now in progress.

5. Hydration of portland cement [6]

Kinetics of the chemical reaction of commercial
portland cement with heavy water was studied
by the real-time neutron diffraction method. The
cement is a mixture of various kinds of silicate,
aluminate and other compounds. The hydration
process of the mixture is very complicated. The
rate of reaction with heavy water is differcnt from
one component to another with characteristic
time constants ranging from a few minutes to
several days. Some slow changes even take
periods of years to complete. Moreover these
reactions interfere with each other; one reaction
proceeds under the strong influence of other
components which also change their contents
from time to time.

The kinetics of hydration of each main compo-
nent of cement has been studied by Christensen
using D1B in ILL [7]. It is the intention of the
present authors to see how the real-time neutron
diffraction technique works in analyzing a compli-
cated reaction process taking place in commercial
cement consisting of mixed compounds.

The mixture of cement powder and heavy
water was prepared and transferred rapidly to the
sample container made of vanadium. The ratio of
cement to heavy water was 100 to 40 in weight
which is equivalent to the water cement ratic of
(.36 in case of light water. The equivalence is with
respect to the numbers of molecules participating
the reaction.

Two kinds of real-time measurements have
been performed; to observe the initial stage of
hydration and to observe the later stage. In the
first category the fdstest measurement was done
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by the 1.5 min preparation and transfer stage and
the time slices of 1 min each. Some predominant
peaks are visible and their time-change is discer-
nible even for that short time slice but the better
counting statistics is desirable in order to obtain
quantitative information on the rapid change of
minor components.

The slower change of the diffraction pattern is
obtained by measuring for 15 min in every 3 hours
up to 5.5 days. The decay of the peaks corres-
ponding to the component compounds and the
evolution of the hydration products, such as
C,AD, and Ca(OD),, were clearly observed.
Although the time change of the main compo-
nents can be deduced from a rather simple
analysis, more detailed results including the time
evolution of minor components can only be ob-
tained by a more sophisticated analysis of the
Rietveld type.
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2. Dynamical Scaling in the kinetics of Ordering

in Ni3Mn Alloy

3. Katano, M. Iizumi,

H. R. Child and R. M. Nicklow

Abstract

A time resolved neutron diffraction experiment of Ni3Mn
alloy reveals the whole process of the ordering kinetics. The
result indicates a crossover of the growth exponent, which can be
attributed to the transition from the coalescence process of the
ordered regions to the migration process of the domain walls.

The obtained scaling function is compared with the result of

theories and computer simulations.
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The study of the kinetiecs of the first-order phase
transitions has recently received coﬁsiderable attention as é
problem of the far-from equilibrium phenomena. These studies are
classified into two categories; the transition in which the
order parameter is conserved as in phase separation and that .in
which the order parameter is not conserved as in order-disorder
transition., For both cases, ideas of self-similar growth and
dynamical scaling have been ascertained by many works, in

T Tnis universality is expressed

particular computer simulations.
as follows. The non-equilibrium structure factor behaves

according to
S(q,t) = RICEIF(qR(L)), (1)

where d is the dimensionality, q is the wave vector and F is a
scaling function. The characteristic length R(t) follows a power

law as
R(t) = t%, (2)

where a is a universal exponent,.
In the case of non-conserved order parameter, many studies by
computer simulations have succeeded to verify this idea,g'6
however, experimental works have been done less extensively.7‘9
The scaling behavior has not been studied in detail except a
recent work on Cu3Au alloy by Noda, Nishihara and Yamada. ©

In order to investigate the scaling property in the ordering
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kinetics further, we choose NigMn alloy for the following
reasons, (1) The time constant is fairly long, and this is
advantagecus to study the initial stage of the ordering process.
(2) Ni and Mn atoms have similar size, sc the elastic strain
involved in the transition should be small, This is good for a
comparison with theories or simulations. (3) The neutron cross
sections are favorable for measurements because of the negative
scattering length of Mn. |

Owing to these reasons, neutron diffraction studies on this
alloy have been done by Collins and Teh8 and recently by
Wakabayashi.9 However, since they used a conventional furnace
and diffractometer, it took over 30 min to change the temperature
and to have the first diffraction pattern., Therefore, their
studies were restricted to the later stage of the process. In
the present work, we used a new-type neutron diffractometer, the
WAND (the Wide-angle Neutron Diffractometer) installed at the
High Flux Isotope Reactor at the 0Oak Ridge National Laboratory,

11 and a

12

which has a capability of doing time resolved experiments
special furnace which can change the temperature very rapidly.
As aresult, we could investigate the whole process of the
kineties from the very initial to the final stage.

The polycrystalline Ni3Mn alloy was prepared by melting of
99.99% pure Ni and Mn in an argon-arc furnace, The ingot was
melted several times to homogenize., Since the loss of weight was
small, the nominal concentration (25.1 at% Mn) was adopted. The
sample in the cylindrical form with dimensions of 6 mm diameter

and 40 mm length was placed in the furnace. This sample was
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heated to 600°C and kept at this temperature for 30 min to
achieve the disordered state, and then, the temperature was
abruptly changed to 470°C aoross the transition temperature
around 510°C. The temperature of the sample reached the final
temperature in about 15 s. To observe the initial stage up to
30 min, time resolved measurement for 1 min was done. For
sufficient counting statistics, the identical measurements were
repeated 30 times and each of data was éccumu]ated on the memory
of the data acquisition system. For the later stage, time
resolved measurements for 6 min were repeated 5 times,

The time evolution of the 211 superlattice diffraction
pattern is shown in Fig. 1 against the wave vector. The data of
this figure were obtained by a smoothing of the raw data by the
least square fit. ‘As seen in the figure, a peak over a wide wave
vector is observed even at the very initial stage. With time the
width becomes narrow (i.e. the size of the ordered region R(E)
grows), and the background level decreases. Fig. 2 shows the
integrated intensity as a function of time. This indiéates that
the ihtensity is also of some (non zero) value at the initial
stage, then rapidly increases and saturates., The broad peak at
the very initial time indicates that fairly small ordered regions
are formed in the sample. However, other regions are still
disordered, which is suggested by the high background level and
the small integrated intensity at this stage. The increase of
the intensity at the later stage shows that such ordered regions
increases with time and the ordering becomes complete.

In order to compare the experimental result with the power
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law (2), the second moment go,
- 2
ap(t) = 1 4 a° 8(a,t}/ 54 Sla,t), (3)

which corresponds to the square of the peak width, was
calculated, 1In the calculation, the pure profile of the
diffraction pattern, which was cbtained by the deconvolution of
the pattern shown in Fig. 1'using the 220 fundamental reflection,
was used as S(q,t); The result is shown in Fig. 3 on the double
logarithmic scale., As is clearly seen, qzél/2 decreases gradually
and its entire time evolution cannot be expressed by a2 single
power law. The result indicates that the ordered region grows
slowly at the initial stage, then its growth becomes faster and
finally saturates. ‘The final stage is a mixture of four kinds of
ordered domains, as shown by the electron microscopy.13 Qur
experiment indicates that the size of these domains at the final
stage is an order of one hundred E.

As mentioned before, the entire data cannot be expressed by
a single power. However, by choosing appropriate data points at
the-later stage, the data can be fitted by a straight line. The
slope shown in the figure.is -1/2, which is coincides with the
prediction by Allen and Cahn in the process of the migration of
the ordered domains driven by the curvature of domain walls.14
This exponent was verified by many works of simulations and also
experiments., For the formertime we can fit the data to the
straight line with the slope of -1/4, Hence, the exponent

clearly indicates a crossover, which was observed also in the
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pnase separation of Fe-Cr alloy5.15’16 Therefore this kind of
crossover is considered to be universal in the growth of the
clusters, Theoretically, Furukawa predicted universal exponents
for the case of non-conserved order parameter. In his theory,
the exponent of the coalescence process is -71/3 for bulk
diffusion and -1/4 for the surface diffusion.'” oOur result
suggests 1/4 rather than 1/3, Therefore, the surface diffusion
may take place easily compéred to the bulk diffusion. Thus, it
is considered that the ordering process changes from the stage of
the formation of the ordered regions to that of the slow growth
by coalescence of clusters, then to that of the fast growth by
the migration of the domain walls and comes to an end.

. The present result is very similar to thatof‘CuBAuby
Hashimoto et al.; that is, the initial stage also shows ratner
slow growth, They, however, interpreted that their result
indicates the formation of very small ordered regions {about
25 E) at the moment of the transition(i.e., t=0)., OQur detailed
experiment indicates that small ordered regions (about 10 E) at
the initial stage actually grow with time according to a power
law. However, the result of Cu3Au by Noda et al, is considerably
different from these, They observed a very fast growth in the
early stage. The reason of such a difference is not clear at the
present,

In order to extend the comparison with the scaling theory,

~

we have calculated the normalized scaling function F.

Fla/Cas () 17?1 = (qp(£2)372 5q,t), (1)
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where the normalized structure factorfg(q,t) is defined as
4 2
S(q,t) = S{q,%)/ Zq qc S{q,t)dq. (5)

The plot of'F(x), where x = q/q21/2, for different times are
shown in Fig. 4; It is found that the scaling is well satisfied
after a very short time. The scaling function becomes a little
sharper at the late stage.l However, the change is not drastie,
compared to that observed in phase separation of Fe-Cr al]oy.15
In the case of non-conserved order parameter, the scaling
function F(x) was calculated by Ohta et al. on the basis of the
motion of domain walls by the Allen and Cahn's mechanism.18
Experimentally, Noda et al. proposed the squared Lorentzian curve
for the fit to the experimental result of Cu3Au alloy. Both of
these curves have asymptotically x~2 dependence at small x and
x4 dependencé at large x. Certainly our result show these
X depéndence at each x region. However, there are some problems
for a more precise comparison between those curves; for example,
an ambiguity in the scales of the vertical and horizontal axis.
Hence, we had to change the scales of these axis appropriately,
In Fig. 4 the dotted curve is the result of Ohta et al., and the
solid curve is that of the squared Lorentzian., Note that ?%O) is
put equal and F(x) 1 - x=2/a + 0(x~%) at small x for each
curve, where a is a constant. The experimental result seems to
indicate a small deviation from the theory of Ohta et al.
Rather, the squared Lorentzian represents the experihental result

well, A similar situation is observed in the comparison between
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the theory of Ohta et al. and renormalization theory or computer
simulations in the two-dimensiocnal oase.w’20 As pointed by Noda
et al., the squared Lorentzian was firstly proposed by Debye,
Anderson and Bfumberger for small-angle scattering by an
inhomogeneous solid.?! Although the form of the scaling function
can be expressed well by this curve, it is not clear that the
idea of random-distributed clusters in their theory can be
applicable to the case of the growth of Erdered domains,

In conclusion, the whole process of the ordering kinetics in
Ni3Mn alloy have been investigated by time resolved neutron
diffraction, The result are explained by the recent scaling
concept. A crossover of the growth law is observed similarly to
the case of phase separation. This indicates that such a
crossover is universal in the growth of the order. The scaling
function can be expressed by the squared Lorentzian, and is
consistent with the result of the recent renormalization theory
and computer simulations. The detailed temperature dependence of
the ordering kinetics of this alloy have been investigated. The

results will be published elsewhere,
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3. Two-dimensional neutron diffraction of YFe,0, and CoCr;0,4

S. Funahashi and Y. Morii

Depariment of Physics, Japan Atomic Energy Research, Institute, Tokai-mura, Ibaraki-ken 318-11, Japan

H. R. Child

Solid State Division, Qak Ridge National Laboratory, Oak Ridge, Tennessee 37831

A new wide-angle neutron diffraction instrument has been used to study CoCr;0, and

YFe, 0, The instrument is capable of measuring the scattered intensity over a wide region of
reciprocal space in a short time, and this feature was used to measure the magnetic diffraction
pattern of these materials at temperatures below the magnetic ordering temperature.

1. INTRODUCTION

Recent development of large one-dimensional position-
sensitive neutron detectors has opened a new area of neutron
diffractometry.'? The wide-angle neutron diffractometer
(WAND) which has been installed at the high flux isotope
reactor (HFIR) at Oak Ridge National Laboratory, is
equipped with a curved position-sensitive detector covering
130° of scattering angle. Qwing both to the high intensity of
the incident neutron beam from HFIR and to the wide angu-
lar range covered by the detector, WAND has the capability
of collecting diffraction patterns of polycrystalline samples
very guickly. Time-dependent phenomena of a polycrystal-

- line sample can be measured with this machine very effi-
ciently. For single-crystal samples, a two-dimensional dif-
fraction pattern covering a wide range can be observed in a
short time by step scanning of the sample orientation. Dif-
fuse scattering accompanying crystaliographic transitions,
for example, can be observed in the two-dimensional pat-
terns. The diffractometer table of WAND is designed to be
tilted to make it possible for the user 1o choose any diffrac-
tion plane which is parallel to that of the flat setting. The
present paper presents a brief summary of some recent work
on this new machine.

One of the most useful fields of wide-angle neutron dif-
fractometry is magnetic neutron diffraction. One-dimen-
sional diffraction rods reflecting two-dimensional magnetic
ordering, two-dimensional planes reflecting one-dimension-
al ordering, and magnetic diffuse scattering, for example,
can be measured very effectively. It is possible also to search
for unknown satellites efficiently in incommensurate struc-
ture cases. In this paper, we report typical applications of
WAND for a two-dimensional magnetic ordering in YFe,Q,
and an incommensurate magnetic structure in CoCr,0,.

Il. TWO-DIMENSIONAL MAGNETIC DIFFUSE
SCATTERING—YFe;0,

Rare-earth iron oxides of the form RFe,0, have a basi-
cally hexagonal layered crystal structure and show a strong-
ly two-dimensional magnetic character.”* Crystallographi-
cally, all iron atoms occupy 1BA sites in the hexagonal R Iim

4114 J. Appl. Phys. 61 (8), 15 April 1987
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structure, but electronically, divalent and trivalent irons
coexist on the equivalent sites. Like magnetite, strong elec-
tron exchange interactions exist between iron atoms in the
same layer. Consequently, magnetic ordering depends on
the stoichiometry, namely on the oxygen content. Nearly
perfect two-dimensional magnetic ordering develops in oxy-
gen-deficient YFe,0,, while a three-dimensiofal ordering
occurs in stoichiometric YFe,O,.

With conventional neutron diffractometers, a one-di-
mensional diffraction rod in reciprocal space associated with
two-dimensional magnetic ordering would be measured
point by point along the rod. However, a curved position-
sensitive one-dimensional detector measures the diffraction
intensity along an arcin a certain plane in reciprocal space in
a single measurement. When the sample is turned about an
axis perpendicular to the plane defined by the counter, the
counter arc seans the plane. Figure 1 shows diffraction inten-
sity contour maps of an oxygen-deficient YFe,O, in a por-
tion of the reciprocal [110]-[001] plane measured with
WAND at 9 and 295 K. Development of (/3 1/3 /) and
(2/3 2/3 I} diffraction rods at low temperature is visible.
The resolution for our machine is poor along the arc
{ ~0.7°) due to counter characteristics, while it is much bet-
ter perpendicular to the arc ( < 0.2°) because of the fine colli-
mation and large monochromator takeoff angle
(28, = 52.5°). Two circular intensity maxima which are
centered on the origin are (200) and (220) intensities of the
aluminum sample container. Although a fan-shaped five-
degree moving callimator is installed in WAND to reduce
background coming from scattering by any materials in the
main neutron beam, and it effectively reduces the back-
ground by air scattering, it cannot be made so fine as to
remove the scattering from the sample container without too
much Joss in intensity. Tails are seen for some strong nuclear
Bragg peaks (110), (009}, (0012),and (1112) toward low
angle (i.e., toward the origin) along the counter arc. They
are due to counter characteristics for high counting rates.
Weak diffraction peints at (1/21/20), (1/21/26/2), (1/2
1/2 6}, and {1/2 1/2 12) are due to a slight half-wavelength
contamination which passed through the graphite filler.
Since the diffraction intensity is collected in equal steps of

© 1987 American inslitute of Physics 4114
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FiG. I Intensity contour plot of a portion of the [110]-[001] reciprocal
plane of a YFe,Q, crystal at {a) 295 K and (b) 9 K.

the sample orientation angle (@) and the scattering angle
(28), the measured points are not distributed in equal steps
in reciprocal space. Therefore, for further data processing,
some kind of two-dimensional interpolation is needed in gen-
eral. The intensity, for example, along the (1/3 1/3 1) line
for — 1</<30shows broad scattering at low /at 9 K indicat-
ing two-dimensional magnetic ordering. Intensity along any
line can be obtained by on-line programs in the same way.

IN. MAGNETIC SATELLITE REFLECTIONS—CoCr,0,

Cobalt chromite, CoCr,Q,, is one of the typical heli-
magnets.®® The crystal structure is cubic spinel. Divalent
cobalt ions on 84 sites and two magnetically different triva-
lent chromium ions on 164 sites make a triple cone structure
at low temperature with a propagation vector T parallel to
the [110] axis. Figure 2(a) shows a two-dimensional dif-
fraction pattern observed with WAND for the [110]-[001]
plane at 20 K. Besides the strong fundamental reflections,

4115 J. Appl. Phys., Vol. 61, No. 8, 15 April 1987
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FIG. 2 Two-dimensional difftaction pattern observed with WAND for the
| 110]={001] plane at 20 K with (a) tiit # =, i.c., in'this plane, and (b}
tilted at 7 = 4.7° to show the plane 7 cos 60° containing a second set of mag-
netic satellites.

which include a ferromagnetic contribution located on the
reciprocal lattice points, incommensurate satellite reflec-
tions are observed at T away from certain fundamental re-
flections, where = + 8 [110] with § = 0.63. As men-
tioned by Menyuk et al.% not all of the fundamental
reflections have observable satellites due to the antiferro-
magnetic {or ferrimagnetic) character of the complex spiral
structure. Weak reflections at the center of the lattice are
half-wavelength reflections. Since the ciystal is cubic and the
propagation vector is parallel to the [110] axis, there are 12
satellite reflections associated with each fundamental refiec-
tion corresponding to the crystallographically equivalent
propagation vectors. Figure 2{a) shows only two of them
corresponding to r = 4 & [ 110], ten other reflections being
out of the [110]-{001] plane. Those ten reflections can be
classified into two groups. The first group is defined with
= 45 [110] and the second group with r = £+ & [101],
48 [101], +6 [011], and + & [011]. The propagation
vectors T = + & [110] of the first group are perpendicular
tothe [110]-[001] plane, while the other eight propagation
vectors are tilted from the perpendicular direction by 60°.
Those satellites of propagation vectors with plus signs in the
above notation are located above the [110]-[001] plane
while those of minus signs are below that plane. Four satel-

Funahashi, Morii, and Chiid 4115
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FIG. 3 A detailed map of the region near [002] 4 §[110] at (a} 12.TK
and (b} 12.2 ¥ showing the presence of a sccond magnetic saiellite at the
lower temperature.

lites of the second group having the same sign are lying in the
same plane parallel to the [ 110]-[001] plane. The distance
between the [110]-[001] plane and those satellites are
|7 X cos 60° = 0.0533 x 27 A~ ', The curved position-sensi-
tive detector of WAND is mounted on a table which can be
inclined about a horizontal axis perpendicular to the incom-
ing neutron beam. The sample goniometer is sitting on the
same table on which the counter is mounted. Consequently,
measurements in the reciprocal planes which are parallel to

the plane at the flat position can be done in the so-called fat
cone configuration. The distance between the reciprocal

planes of the flat setting and the inclined one is given by
(2w/A )sin 0, where 7 is the inclination angle of the table and
A is the neutron wavelength. In order to make the sets of the
four plus sign sateilites of the second group described above
fall on the same measuring plane, the table was inclined an

angle 77 = 4.7°. Figure 2(b) shows the result measured at.

this inclination angle at 14 K. Only the satellite reflections
with r=6 {1011, § [101], 6[011], and & [011] are ob-
served as expected. '

Figure 3(a) shows a detailed map of the satellite at
[G02] + &{110] measured at 12.7 K. It is evident the satel-
lite appears to be elongated along the counter arc due to the
anisotropic resolution described earlier. The peak position
corresponds to § = 0.63, in agreement with the propagation
vector found by Menyuk e al.® At lower temperatures an-
other satellite appears, as shown in Fig. 3(b) for 12.1 K.
Two satellites are clearly seen with the second one having
8 = 0.67 in agreement with that reported by Plumier.” This

4116 J. Appl. Phys., Vol. 61, No. 8, 15 April 1087

result suggests than an incommensurate to commensurate
transition occurs at about 12.5 K. The anomaly which has
beer found near 11 K in the magnetic resonance behavior® is
attributed to the transition found here. 1t is cbvious that this
second transition may be very sensitive to oxygen content,
hence strongly sample dependent. Also, since both satellites
are present, the transition is not complete in this crystal and
shows a temperature hysteresis effect when studied in detail.

V. SUMMARY

The present experiments show that the wide-angle neu-
tron diffractometer is very efficient in measuring both low-
dimensional magnetic ordering and incommensurate mag-
netic diffraction because it can measure a wide range of
reciprocal space quickly. The well-collimated incident beam
makes it possible to resolve close, sharp peaks except for the
case when they are located on nearly the same counter arc
because the position resolution of the counter is rather poor.
Of course, the machine is also very useful for obtaining poly- -
crystalline patterns rapidly.

Further, it is possible to measure three-dimensional dif-
fraction by repeating the w scans and changing the inciina-
tion angle 7. Unless the scattering is very weak, one mea-
surement can be done in about 1 min. Thus, one scan needs
about 10% min if we cover 100" of @ angle with 0.1° steps.
Therefore, ten two-dimensional scans, each covering one
quadrant in a reciprocal plane at different inclination angles,
can be carried out in a few days. In this case we would accu-
mulate diffraction intensity at about 10 million points cover-
ing a large region of three-dimensional reciprocal space.
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4, DIFFUSE NEUTRON SCATTERING IN B;-PHASE Cu-Al-Ni ALLOY
Y., Morii, M., Tizumi, S, Funahashi, and H, R. Child*

Diffuse Neutron scattering patterns of a Aj-phase Cu-Al-Ni sample
have been studied in detail by the Wide—Angle Neutron Diffrac-
tometer {WAND) which was installed recently at the Oak Ridge
National Laboratory. Strong diffuse streaks aleng <110> diree-
tions in addition to the main Bragg peaks are observed in the (004)
reciprocal planes (4 = 0 and 2). The diffuse streaks are related
to the anomalously low energies of the [110]TA, phonon (e//i110])
leading to the martensitic phase transition of the alloy. It is
also emphasized that the WAND is a powerful machine to study sat-
ellite peaks of an alloy over a wide range of reciprocal space in
a relatively short time.

I. Introduction

Cu-4l1-N1 alloy with composition near Cu3Al is of great lnterest because of
its shape memory effects [1], high damping properties, and potenttal capability
as laser memory media [2}. These phenomena are explained basically by the mar—
tensitic phase transition., Although the nucleation problems of the martensitic
transformation are not well understood, many authors believe that the inherent
mechanical instability of the f-phase alloys including Cu-Al-Ni is closely related
to the nucleation [3, 4, 5]. From this point of view, some of the authors (Y. M.
and M. I.} reported that the [110]TA, phonon (e//[110]) of a B1~Cugy,z4ls5 4Nis5 y
crystal has quite low energies (Z<5meV) with an anomalous dip in the dispersion
curve [6]. It was also reported that temperature dependent elastic peaks on the
[110] axis are attributable to 2H and 18R martensites of the alloy. Therefore,
we have carried out an extensive survey of the elastic scattering of the crystal
and examined the scattering patterns in various reciprocal planes.,

II. Experimental

The single crystal 8,—Cugg Alzs yNig y (in at.%) used in this work is the
same crystal used in the previous work [6]. The crystal transforms into the
martensite phase (2H type martensite) at lower temperatures. The transition
temperatures Ms, Mf, As, and Af are 256, 248, 274, and 28% X, respectively.

Neutron scattering experiments were carried out on the Wide—Angle Neutron
Diffractometer (WAND) [7] which was installed recently at the High Flux Isotope
Reactor at the Qak Ridge National Laboratory. The WAND is a one-dimensional
position sensitive neutron detector which covers a 20 angle range from 10 to
140 degrees simultaneously. A beryllium monochrometer was used to get an inci-
dent neutron beam with wavelength of 1.337 A. A pyrolitic graphite filter was
placed in the incident beam to suppress the second order countamination of the
beam.

Physics Division, Japan Atomic Energy Research Institute, Tokal, Ibaraki 319-11,
Japan.

*3gglid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee
37831, U.S.A.



JAERI-M 87—166

The WAND detector and sample
crystal are capable of being tilted
simultaneously about an axis perpen-
dicular to the incident beam so that
the scattering in reciprocal planes
perpendicular to the rotation axis
of the crystal can be measured. This
is the procedure referred to as "flat—
cone geometry,”

III. Results and Discussion

Two~dimensional neutron diffrac-
tion patterns obtained by the WAND at
room temperature are shown in Fig.

1{a) for h k 0, and 1(b) for h k 2
recliprocal planes. Each fan-shaped
pattern ceonsists of 651 w-scans {every
0.2 degree crystal rotation). Darker
polnts represent stronger diffraction
intensities. Diffuse gtreaks in <110>
directions are observed in addition to
strong Bragg peaks which show the FejAl
- structure of the ordered phase of

By —Cu-Al-Ni.

The diffuse streaks are only on
the lines for which
|hf+|k|+]|2]=4n n=1,2,... (1)
. for & = 0 and 2.

Since diffuse streaks are observed
in the planes of £ = 0 and 2, but no
streaks are observed in the plane for
£ =1, one can say that the diffuse
streaks are rod shape along the lires
(1) which include fundamental Bragg
peaks but not the superlattice peaks.

A typical intensity distribution
on the [110] axis 1s characterized by a
strong diffuge tail of the Bragg peak
which is identical to our previous
measurement [6], and M. A, Dvorack
and Hayden Chen's x-ray wotrk on a simi-
lar Cu-Al-Ni system [8]. The width of
the streaks is larger for the lines for
larger n in Eq. (1).

The diffuse streaks are inter—
preted as phonon diffuse scattering in
electron diffraction [9] and x-ray
diffraction [8] experiments., The pre-
gent results basically support this
interpretation.

ORNL-OWG 85-13033

S
B-Cugg p Alan aNig 4
[H % L=0] PLANE

Fig. 1 (a)

ORNL-DWG 85-13042

By-Cugg p a5 qNig g
“[HKL=2] PLANE

Ho2]

Fig. 1 (b)

Fig. 1 Thermal phonon diffuse
streaks of BI“CUSQ.Zﬁlzs.uNis.u
are shown along <110> directions
in the [00%] reciprocal planes
with £ = 0 and 2 in the Fig. (a)
and (b).
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One of the interesting features of
the streaks revealed in this work is
the structure of the streaks. Since
the diffuse scattering intensity from ORNL-DWG 85-13033
the phonon is proportional to the FirCuesafasaNine  [HKL=0] PLANE
inverse of the square of the phonon &3
energy, the intensity on the [110] .
axis should be strongest. In contra— 20
dictionm to this expectation, one can
gsee the splitting of the streaks be— w5k
tween (2,2,0) and (-2,6,0), (4,4,0)
and (0,8,0), and (2,-2,0) and (6,2,0)
in Fig. 1(a), and also between (3,3,2)
and (0,6,2), and (4,-2,2) and (6,0,2)
in Fig, 1(b). It is in progress to 05|
carefully measure the phonon energy
for the double streaks to get a better ol
understanding of this splitting.

Several curved high intensity
streaks which are curved toward the - '
origin from the high intensity Bragg teoozeEs [Hifo] 3540 el
peaks are not real neutron counts but
an instrumental effect due to the
extremely high count rate at the Bragg Fig. 2 Contour map of the
angles. diffuse streak from the (2, 2,

In addition to the diffuse 0) to (4, 0, Q) Bragg peak of
streaks, a satellite peak at (2.315, Bi—Cngg, pAlyg 4Nig 4.

1.685, 0) is shown in both a contour

map (Fig. 2) and a perspective map

{Fig. 3). This satellite is attrib~

utable to 18 R martensite of the alloy

as reported in the previous work [6]. N L OWE B5-130:]
These mapping techniques help us Bi-Cugg 5 Alog 4Nig 4

measure the intensity over a wide rauge [H K L=0] PLANE

of reciprocal space of the alloy in a

relatively short time in order to

characterize the structure of the dif-

fuse scattering and to locate incommen—

surate Bragg peaks.
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5. Real-time Neutron Diffraction Study of Crystallization Kinetics

in Amorphous Fe78813819 Alloy

S. Katano, ¥. Morii, M. Iizumi,

H. R. Child and R. M. Nicklow

Abstract

The transformation from the as-quenched amorphous to the
crystalline state in Fe78813819 alloy has been investigated using
a new-type neutron diffractometer. The time resolved diffraction
patterns clearly show that this alloy crystallizes into FeSi
alloy and Fe2B in that order. The time evolution of these
crystalline phases can be analyzed by the Kolmogorov-Johnsons
Mehl-Avrami eguation with the exponent of about 2.5 over a wide
temperature range. This suggests that the c¢rystallization occurs
by the diffusion-controlled growth with a constant nueleation
rate, The scaling behavior in the crystallization kineties 1is

also discussed,
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1. Intreoduction

In order to investigate the thermal stability and
erystallization behavior of amorphous metals and alloys, many
kineties studies have been done using various technigues such as
differential scanning calorimetry, MoOssbauer effect, transmission
electron microscopy and, recently, magnetization measurements.1_6)
However, there have been vefy few systematic experiments by
diffraction, though this technique is one of the most direct
methods to study the structural change of materials. The main
reason may be that a conventional diffractometer is incapable of
doing reasl-time experiments; that is, it takes several hours to
get & diffraction pattern over a wide angle. Recently, however,
new-types of diffractometers with multidetectors or
one-dimensional position-sensitive detector became available to
obsefve the struectural change in real-time. The neutron
diffraction experiment is favorable in this type of observation
because the environmental control around a sample is considerably
easy owing to the high penetrability of neutrons. At the
Institut Laue-Langevin the crystallization process was
investigéted using the diffractometer DiB in the condition of
increasing the temperature at a constant rate. 7) In the present
work we used the WAND (the Wide-Angle Neutron Diffractometer)
installed at the High Flux Isotope Reactor at the Oak Ridge
National Laboratory to study the crystallization kineties at
constant temperatures. Since this diffractometer consists of a

curved one-dimensional position-sensitive detector which covers a
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130 ° angle, we are able to study the kinetics of phase transition
by time resclved technique. 8) Using this diffragtometer, the
crystallization kineties could be investigated directly and
quantitatively, From the obtained results several interesting
aspects of erystallization in the amorphous z2lloy will be

discussed.
2. Experimental

Amorphous Fe78B13819 (METGLAS 26055-2) in the form of &
ribbon 2.54 cm wide and 25 ym thick was obtained from the Allied
Chemical Corporation. The ribbon was cut into sheets in the
dimension of 1 cm wiae and 5.5 cm long. A bundle of about 120
sheets were inserted in a holder made of quartz with the inner
dimension of about 1 em x 0.3 cm wide and 1.5 cm high, This
sample was set in a furnace which can precisely control the
heating-rate up to 1000°C/min by the use of infrared lamps. 9)
In order to protect the surface of the sample from a damzage by
heat-radiation, the sample was wrapped by an Al-foil and heatéd
up at a moderate rate of 50°C/min. This heating rate was,
héwever,‘fast enough in the temperature-range of the present
study. The time evolution of diffraction patterns at 450, 465,
480, 500 and 520°C was studied using the WAND after the
temperature had reached these tempefatures. The minimum time
division for the measurements was 2 min at the highest

temperature.
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3. Results and Discussion

Fig. 1 (a) and (b) show the time evolution of the
diffraction patterns annealed at 450°C. As shown in the insert
of (a), the obtained pattern is a superposition of the amorphous
and the crystalline state. Therefore, in corder to see small
changes at the early stage, the difference between patterns at
various times and that of the amorphous state was plotted. Up to
3 h, a change over a very wide angle can be seen around the first
broad peak of the amorphous state (about 570 channel). Although
such a change should be attributed to either the beginning of
crystallization or the structure relaxation in the amorphous
state, it is hard in this study to clarify which is proper. At
6 h, the change over a wide angle becomes & sharp peak, but any
othef change in the pattern is still not clear. After 24 h
passed, several peaks can be seen at about 570, 89C, 1150 and
1390 channels, which are identified to be the diffraction peaks
of FeSi alloy. After 36 h, peaks at about 660, 750, 1110 and
1320 channels become clear; these are the peaks of FezB. (Note
that the peak at about 570 channel is a superposition of the
peaks of FeSi and Fe,B.) After that those peaks continue to grow
up to 100 h, and reaches the equilibrium values. At this time |
the sample has completed the transformation to the crystalline
state, as shown in the insert. The change of the width for the
peaks of FeS3i and Fe,B was not clearly visivle; the width is
fair]y_narrow already when the intensity becomes strong enough to

identify the width. The well-known compound Fe3B, which is
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observed in the crystallization of amorphous FegnBsg and other
alloys, does not appear in the diffraction patterns. These
features of the transformation are basically the same at other
temperatures except the scale of time.

In order to discuss the kinetics quantitatively the
time-dependent fraction of the crystalline state x(t) was
calculated by comparing the peak intensity at each time with that
of the final equilibrium state. In the éresent experiment the
the time evolution of FeS8i and Fe2B can be investigated
separately. For this purpose the peak intensity at about
890 channel (the 200 reflection of FeSi) and 750 channel (the 202
and 130 reflections of FegB) were. used. The result of the
strongest peak at abﬁut 570 channel was not shown here, since
this peak is a superposition of the 110 reflection of Fe3i and
the 121 reflection of Fe,B and, moreover, its behavior at the
initial stage earlier than 6 h is complicated and is beyond the
scope of the present investigation as stated before . The
obtained fraction x(t) can be analyzed in terms of the

Kolmogorov-Johnson-Mehl-Avrami equation
x(t) = 1 - expl-(t/T)"], (1)

where T is a temperature dependent.constant and considered to be
a characteristic time in crysta]]iiation, and n is related to the
mechanism of the nucleation-growth process. According to this
equation a log-log plot of in(1-x)"' versus time follows a

straight line as is shown in Fig. 2, and the obtained values n
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and 1 are listed in Table 1. The exponent n is 2.5 + 0.2 for
Fe3i and 2.7 + 0.2 for Fe, B, except at 520°C where the exponents
for both components are about 2. Although the exponent for FeEB
is a 1little larger than that for FeS3i, these values can be
regarded as 2.5 within experimental errors. The value of about
2.5, which is consistent with the previous result for Fe785128110
alloy by calorimetry method 2), indicates that the
erystallization occurs by the diffusion—éontrolled isctropic
growth with a constant nucleation rate. 10) On the other hand
the exponent of about 2 at 520°C means a decrease of the
nucleation rate with time. The reason is probably that the
nucleation is much promoted at the early stage owing to the high
temperature but thereafter the rate decreases relatively,.

In the nucleation-growth theory it is well known that the
size of the new phase formed by the diffusion-controlled growth
inereases according to the parabolic t]/2 law. However, a change
of the line width, which is inversely proportional to the average
size of the new phase, was not observed clearly as mentioned
earlier., This result may be related toc the number and dimension
of the newly developed crystalline phase at the early stage. A
transmission electron microscopy (TEM) experiment shows that at
the early stage of the transition the number of the crystalline
phase is small but its radius is already a order of several
hundred K. 1) Hence by the time wﬁen the intensity becomes
strong enough to be observed, the dimension is already beyond the
minimum size which can be determined by the resclution of the

detector,
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As shown before, the exponents n takes almost the same value
irrespective of the temperature; that is, the orysta]lizatidn
kinetics follows the same mechanism over a wide temperature
range. Therefore, the curves of the fraction for various
temperatures display a single form when time is scaled by the
characteristic time 1. This is a straightforward consequence of
eq. (1) with the temperature-independent exponent. The resujt
for FeS1 is shown in Fig. 3. In the case of Fe,B, the same
behavior is observed. Quite recently, a study by magnetization
mgasurements for Fe83B12815 alloy also succeeded to show a
similar result. 6) In the experiment, however, cne had to
assume that the changes of the magnetization are simply linear to
the volume fraction of the crystalline EESi’and the temperature
range was rather nérrow (361§T£393°C). Compared to this
study, our neutron diffraction experiment gives direct
information about the structure change and, morecver, shows that
the scaling behavior holds good over a much wider temperature
range.

These results are examples of the scaling behavior which has
been recently investigated concerning to the transition from the
non-equilibrium state to the equilibrium one., In the present
case this idea means that the growth patterns of the new phase at
various temperatures are very much similar to one another if time
is scaled by T for the respective temperatures. However, the
time evolution of the shape and the width of the diffraction
pattern could not be observed, as mentioned before., Therefore,

the scaling behavior of the structure factor S(g,t), which is one
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of the main results of the scaling theory for the first-order
phase transition 12), could not be examined.
The characteristic time T czan be analyzed by the Arrhenius

law,
/T = 1/1, exp (-E /kpT), (2)

wherero isatime constant, and E, is an activation energy which
has contributions frem both nucleation and growth mechanisms.

The plot of the In (1/7) versus 1/kgT is shown in Fig. 4 for both
cases of FeSi and Fe2B. From this figure the activation energy
is obtained to be 3.9 + 0.1 eV for FeS1 and 4.0 + 0.1 eV for
Fe,B, which are also consistent with the experiment by
calorimetry method. 2) The observed differences in the kinetics
for both crystalline states are generated by such a small
difference in the activaticn energy. The frequency 1/TO is the
order of 1021 /s for both Fe3i and Fe,B, which is considerably
high compared with the Debye frequency (the order of 101u /8).
However, it may not make sense to compare T, directly with the
one which appears in the simple diffusion process, since the
kinetics observed here is a complicated combination of nucleation
and growth mechanisms.

In conclusion, the crystallization kineties in Fe78813819
alloy could be investigated by timé resolved neutron diffraction
technique. The fit of the experimental results to the
Kolmogorov-Johnson-Mehl-Avrami equation indicates that the

crystallization of this alloy takes place by the diffusions
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controlled growth with a constant nucleation rate over a wide
temperature range. This assures the scaling behavior in the

crystallization Kkinetices,
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Table 1 Kinetic parameters n{the exponent) and T (the
characteristic time} [eq. (1)] for FeSi and Fe,B at various

temperatures.,

o

TC T C) - n T (h

FeSi 450 ' 2.3 | 58.3
465 2.5 26.2

480 2.6 8.2

500 ‘ ! 1.2

520 1.9 0.3

Fe,B u50 2.7 68.8
465 2.6 31.2

480 2.8 9.0

500 2.7 1.4

520 2.0 0.3
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Fig. 1 Time evelution of the diffraction pattern annealed
at 450°C. In aorder tec clarify small changes in the diffraction
pattern, the difference between the diffraction patterns at
various time and that of the amorphous state is pleotted. The
iﬁsert indicates the measured pattern, which shows a

superposition of the amorphous and crystalline state.
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6. Crystallization Kinetics in Amorphous FegyP,;Sig Alloy

S. Katano, Y. Morii, M. Tizumi,

H., R. Child and R. M. Nicklow

Abstract

The transformation from the as-quenched amorphous to the
crystalline state in Fe80P1”8i6 alloy has been investigated at
395, 410, 430 and HSODC on the isothermal condition. The time
resolved diffraction patterns at the lower temperatures show that
this alloy crystallizes into FeSi alloy and Fe3P in that order.
On the other hand, the patterns at the higher temperatures show
the existence of a different phase at the initial stage of the
transformation though its structure could not been identified.
The time evolution of these crystalline phases can be analyzed by
the Kelmogorov-Johnson-Mehl-Avrami equation with the exponent of

about 1.5,



JAERI-M 87—165

Previocusly we investigated the crystallization kinetics of
amorphous Fe788133i9 alloy. In this report, we describe the
result of amorphous Fe80P14816. The kinetics of this alloey is
considerably different from that of Fe78813519.

Amorphous Fe80P1HSi6 in the form of a ribbon 3 mm wide and
about 30 ym thick was obtained by melt spinning method. The
_ribbon was cut into sheets in the dimensionof 3 mm wide and
55 mm long. A bundle of about 100 sheeté were inserted in a
holder made of quartz with the inner dimension of about I mm x
3mm wide and 15 mm high. This sample was set in a furnace which
can precisely control the heating-rate up to 1000°C/min by the
use of infrared lamps. In order to protect the surface of the
sample from a damage by heat-radiation, the sample was wrapped by
an Al-foil and heated up at a moderate rate of SOOC/min. This
heating rate was, however, fast encugh in the temperature-range
of the present study. The time evolution of diffraction patterns
at 395, 410, 430 and MSOOC was studied using the WAND (the
Wide-Angle Neutron Diffractometer) after the temperature had
reached these temperatures,

Fig. 1 shows the time evolution of the diffraction
patterns annealed at 395°C. As shown in the insert, the obtained
pattern is a superposition of the amorphous and the crystalline
state., Therefore, in order to see small changes at the early
stage, the difference between patterns at various times and that
of the amorphous state was plotted. Up to 3 h, a change over a

very wide angle can be seen around the first broad peak of the
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amorphous state (about 570 channel). Although such a change
should be attributed to either the beginning of erystallization
or the structure relaxation in the amorphous state, it is hard in
this study to clarify which is proper. At 6 h, the change over a
wide angle becomes a sharp peak at about 570 channel. Moreover,
peaks at about 890, 1150 channels can be seen. These are
identified to be the diffraction peaks qf Fe3i alloy. After

24 h, peaks at about 500, GMO, 670, 1020 channels become clear;
these are the peaks of Fe3P. (Note that the peak at about

570 channel is a superposition of the peaks of FeSi and Fe3PJ
After that, those peaks continue to grow up to 48 h, and reach
the equilibrium values. At this time the sample has completed
the transformation to the crystalline state, as shown in the
insert. The change of the width for the peaks of FeSi and Fe3P
was not clearly visible; the width is fairly narrow already when
the intensity becomes strong enough to identify the width,

The result at MSOOC is shown in Fig. 2. Several sharp péaks
are seen already after 2 min. However, these peaks are different
from those observed in the experiment at 395 C. Although we
tried to identify these peaks, the structure of this crystal
could not been decided, At 10 min, the peaks of FeSi appear
and those of Fe3P become clear, As is clearly seen in the peaks
around 1100 channels of the data between 10 and 30 min, the peak
of first crystalline state becomes weak, while that of FeSi
beccocmes strong.

In order to discuss the kinetics quantitatively, the

time-dependent fraction of the crystalline state x(t) was
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calculated by comparing the peak intensity at each time with that
of the final equilibrium state. The result of the FeSi peak at
about 1150 channel is shown in Fig. 3. The fraction x(t) can be

analyzed by the Kolmogorov-Johnson-Mehl-Avrami equation
x(t) = 1 - expl-(t/1)"], (1)

where 7 is a temperature dependent constént and considered to be
a characteristic time in crystallization, and n is related to the
mechanism of the nucleation-growth process. The exponent n is
obtained to be about 1.5. If the growth of this phase is caused
by the isotropic diffusion similar in the case of Fe78813819, the
nucleation rate is nearly 0. Nucleation in this alloy may be
considerably fast,'and may almost finish at the time of the
sample preparation.

The characteristic time T can be analyzed by the Arrhenius
law,

17T = /1, exp (-E4/kgT), (2)

0

where To'is a time constant, and E; is an activation energy.
According to this equation, the activation energy for the

crystalline FeSi is obtained to be 3.4 + 0.2 eV.

We would like to thank Professor Y. Hamaguchi for providing

us the sample.
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7, Phase Stability of Metastable Tetragonal
Zirconia Powder '

I. Isothermal Transformation

H.Chno, Y.Morii, H.Murakami, T.Nagasaki, H.Katsuta,
M.Iizumi, H.R.Child and R.M.Nicklow

1. Introduction

Pure zirconia(ZrO,) has three polymorphic phases. The high-
temperature cubic phase with the fluorite structure is stable
from the melting point 2680°C to 2370°C. Between 2370°C and
1170°C, a tetragonal disatorted fluorite structure is stable.
Below 1170°C a further distortion to monoclinic¢ symmetry occurs.

Cubic zirconia stabilized with Ca0, Y:03 or Yb:0; additives
has been proposed to the special applications in nuclear reactor
systems. Ohno et al. have proposed a solid oxide electrolysis
cell, which make use of the oxygen ionic conductivity of cubic
stabilized zirconia for the decomposition of tritiated water in
the deuterium-tritium(D-T) fusion réactor system{[1-3]. This cell
has almost no tritium inventory and little fear of radiation
damage from tritium, produces no solid waste, and decomposes
water vapor in gas system continuously,

On the other hand, yittria-containing tetragonal ZrO. poly-
crystals (Y-TZP) have currently received special attention
primarily of its high strength and high resistance in fracture.
Y-TZP has also enocugh oxygen ionic conductivities and is able to
be applied as solid electrolyte for the decomposition of the
tritiated water{4]. 7

Jt is well known, however, that the strength and fracture
toughness of Y-TZP are greatly decreased by low temperature
aging(ZOO to 300°C)Y[5]. This strength degradation results from
transformation from the tetragonal phase to monoclinic phase.
Many experimental results of this transformation from tetragoanal
to monoclinic phase indicate the martensitic transformation

accompanied by lattice invariant shear deformation, which is
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enhanced by applied stress. A few results, however,shosws the
oxygen diffusion tfansformation.

A few papers appears in which kinetics and mechanism of meta-
stable tetragonal to stable monoclinic phase transformation in
pure Zr0O, are observed by x-ray diffraction analysis [6] and DTA
/TGA analysis [7].

Whitney has measured the isothermal transition curves of meta-
stable Zr0O» prepﬁred via the thermal decomposition of zirconyl
chloride tetrahydrates at ~ 500°C . The observed temperatures
were in the range 522-650°C and the conversion curves in all
cases exhibited no indication of an induction period. The
results have also indicated that the transition rate was parti-
cularly rapid at above 580°C and the kinetic data did not comply
with either the first- or second-order rate equation but could be
fitted reasconably well by Avrami equation (Fig. 1. ©On the other
hand, Osendi et al.[7] has analyzed the phase stability of met-
astable tetragonal Zr0, gel and Zr0, obtained by thermal decom-
posifion of zirconyl accetate by DTA/TGA methods. The results
were much different with those of Whitnev{6].

In this work, the time-dependency of the isothermal transition
of pure metastable tetragonal ZrO, with fine crystallite size
Vless than 150A was investigated by means of wide-angle neutron
diffraction and x-ray diffraction techniques in the range 650° -

§50° C.

2. Experimentals

Pure metastable tetragonal zirconia(Zr0O.) was prepared by the
thermal decomposition of zirconyl chloride octahydrate ZrOCl.-
8H:0 at 450°C in oxygen gas flow for about half a day.

The neutron diffraction experiments were performed by wide-
angle neutron diffractometer{WAND) with the wave length of
1.5367A. A few grams(1-3g) samples of metastable tetragonal
zirconia were dropped into 10mm OD fused silica tube situated in

a high temperature furnace with circular infrared-lamps for rapid
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heating and high pressure gas-blows for rapid cooling. The
heating rate of the sample from room temperature to 450°C waSA
100°C/min. The sample was kept at 450°C for 5 minutes and the
temperature was increased rapidly with heating rate of 400°C/

min to the observed temperatures. Temperatures were measured
with two alumero-cromel couples attached to the bottom and center
of the sample. Recorded temperatures were accurate to x0.1°C

for long term exﬁeriment up to- 104 minutes. All the measurements
were done in air.

X-ray diffraction analysis was performed by s-¢ diffractometer
with high temperature furnace up to 1500°C. CuKo{i=z1.5418A}) was
used for all the measurements. The powder sample(0.1-0.2g) was
kept on the main heater of platinum+40% rhodium with additive
small front heater which surrounds the sample. The temperatures
were measured with platinum-platinum+13% rhodium couple and was
controlled within *2°C. The heating and cooling rates were
limited the maximum value to 80°C/min according to the capacity
of tHe heater.

The relative content of tetragonal ZrO; has been determined by

considering the intensity relationship;
f+ = 11(111)/[IT(111)+Im(111}+In(11—1)] s (1)
where I+(111), I4(111) and 14{11-1) are the measured intensities
of one tetragonal and two monoclinic peaks.
The crystallite size was calculated by using the (111}4 and
{(111)y x-ray diffraction peazks from the Scherrer formula

D= 0.9 2 (B cos & }-1 , (2)

where D is the crystallite size, a igs the radiation wavelength, g

is the corrected half-width, and ¢ is the diffraction peak angle

3. Results and discussion

The typical crystallite size of the starting materials used
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for neutron and x-ray diffraction analysis calculated by Sheller
method are summarized in Table 1. The processes of the sample
preparation are also listed in Table 1.

The typical data of the change of diffraction patterns of
metastable tetragonal Zr0. to monoclinic Zr0O,; with time measured
by the time-slicing function of the wide-angle neutron diffracto-
meter at 825°C are shown in Fig.2. The detail analysis of
deconvolution of three peaks (111)u,(11-1)y and {(111}1 at 825°C
are shown in Fig.3 as typical example. The total intensities
I-(111), Ix(111) and I4(11-1) in equatibn {1) are obtained with
the observed line width and peak height calculated by least
square method. The tetragonal phase decreased gradually as
increasing the annealing time and has almost diminished after
765 minutes. The measuring time in this case at 825°C was 1
minute. The counting time was changed with the observed tempera-
tures and 5-10 minutes were applied at low temperature region.

The volume fraction f(t) transformed at time t is known to be

expressed generally by Avrami equation.
f(t) = 1 - expl-(t/zel "], {3)

where the relaxation time 73 depends both on the nucleation rate
and the growth speed. The exponent n=4 was originally proposed
by Avrami for the case where the nuclei are formed homogeneously
and the nucleation rate is constant in time and further the
growth takes place isotopically with a constant velocity.

The time dependence of the transformed fraction was fitted to
equation (3) with the relaxation time and kinetic exponent as
fitting parameters. Typical data with linear scale of time are
‘shown in Fig.4(750°C), Fig.5(875°C) and Fig.6(950°C}. Fraction
in these figures ig the volume fraction of monoclinic phase.
Fig.7 shows the summary of the time dependence of conversion of
metastable tetragonal Zr0O, to monoclinic ZrQ, at different
temperatures from 650°C to 950°C by neutron diffraction

experiments. The calculated parameters of Avrami equation by
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least square method are listed in Table Z.

According to the results shown in Fig.7, the rate of trans-
formation from metastable tetragonal Zr0: to monoclinic ZrQO, at
700°C is nearly equal to that at 650°C. The results has impor-
tant information to the growth of crystallite size which will be
discussed later.

The Avrami type equation satisfies the scaling with respect to
time, if the time is scaled by the relaxation time 7 {(=t/ze).

The kinetics follows the universal equation
f{(z) = 1 - exp{-zn) , (4)

irrespective of the final temperature. This means that in
appreoaching to the equilibrium from the metastable state the
system follows the same mechanism at any temperature. Fig.8
shows the scaling behavior of the conversion with respects to the
time measured for the tetragonal to monoclinic phase transition
in metastable pure Zr0O,. All the data are well fitted to the
single line with n=0.87 in equation (4).

Fig.9 shows the Arrhenius plots of ze in equation (3). =z has
the activation energy E=z188KJ/mol, which is nearly equal to the
activation energy E=z167KJ/mol of self—diffusion of oxygen ion in
tetragonal zirconial[8]. The results indicates apparently that
the diffusion of oxygen in ZrQOs will have some important effects
on the phase transformation from tetragonal to monoclinic phase.

Another analysis with the same data were tried. Fig.1l0 shows
the conversion of tetragonal to monocliniec phase by neutron
diffraction as a function of temperatures at different
time. As seen from the figure, the conversion is strongly
dependent upon temperature and time. For short time region up to
102 minutes, there is no typical temperatures at which the rate
of phase transformation increases abruptly. On the other hand,
the rates of phase transformation for longer times the a few
hundreds minutes have strong dependence on temperatures, particu-

larly in the range 700-800°C.
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The tailing-off of the curves to the left in Fig.10 is intere-
sting. This shows the rate of transformation of metastable
tetragonal ZrO; below 750°C is considerably slow. The slow rate
of transformation of metastable tetragonal to monocliniec form in
Zr0.: over a period of months at room temperature has been
observed by Weber et al.l8], who prepared metastabie ZrO; from
zirconyl chloride at 500°C.

Fig.1l1 shows a series of Arrhenius curves obtained by plotting
values of log t, against 1/7, where n has the values 0.2, 0.4,
0.6 0.8 and 1.0, indicating 20,40,60,80 and 100% conversion from
tetragonal to monoclinie ZrO., respectively. tn is the time
necessary to achieve a certain fraction of transformation. From
Fig.1l1 it is apparent that the activation energy for the trans-
formation of tetragonal to monoclinie ZrO, is nearly constant,E=
176.4KJ/mol, for all rates of transformation. This activation
energy in Fig.1l1 is nearly equal to that analyzed from res shown
in Fig.9.

The results in this work are much different from those
reported by Whitney [6]. His results show the activation enegy
increases considerably with increasing temperature. For example
,the curve for nz0.4 has the activation energy E=z75KJ/mol at low
temperature portion, and E=580KJ/mol for high temperature region.
The break in the curve occurs at approximately 572°C.

The same analysis on data obtained by x-ray diffrcation have
been applied to the same samples used for the neutron diffraction.
Figs.12 and 13 show the conversion of tetragonal to monoclinic
phases in ZrO; as a function of time at different temperature.
The solid lines are calculated cone with Avrami equation by leat
square method. The time depenaences of the transformation
obtained by x-ray diffraction analysis are essentially similar to
those by neutron diffraction analysis with the exception of
initial stage at timez=0. As seen in Fig.12, large fraction of
monoclinic phase was observed at the initial stage and the &
fraction increased with increasing the observed temperature from

700°C to 900°C. These phenomena have also been observed by
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Whitney[6] as shown in Fig.l. Such a situation is indicative of
a high nucleation rate, at least in the early stages of
conversion.

The differences of the observed results between x-ray and
neutron diffraction would be due to the difference of the
penetration depth of the beam. Neutron diffraction could analyze
the phase transformation of all the sample, but only & part of
phase transformation, especially in the region near surface of
the sample, could be observed by x-ray diffraction.

Comparing both x-ray and neutron diffraction data, the phase
transformation in metastable tetragonal Zr0O: is cleared to start
initially on the surface of the particles in very short time and
then gradually to proceed into the particles.

The calculated parameters zpy and n in equation (3) are also
listed in Table 2 with those of neutron diffraction. Arrhenius
plots of za are also shown in Fig.9. The accuracy of the least
square calculation at temperatures below 750°C is not enough,
because the fractions of the transformation from tetragonal to
monoclinic forms are not sufficient for the experimental time
400 minutes. The activation energy g with data at temperatures
above 775°C is nearly equal to that obtained by neutron
diffraction.

The smaller values of ta of x-ray diffraction than those by
neutron diffraction could be due to the same origin mensioned
above. That is te say, x-ray diffraction is limited to observe
relatively small volume, such as surface area of the particle,
and the apparent transformation will be compleated much faster
than that of neutron diffraction.

According to the Avrami modél, n will have a value of from 3
to 1 for a process in which nucleation takes place only at the
beginning, followed by three-dimensional(n=3), two-dimensional
(n=2) or one-dimensional{n=1) growth., For the system having the
constant rate of nucleation, n will have a value 4.

The values of n obtained by neutron diffraction are nearly

constant(0.8-1.0) and have no temperature dependence. The
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results are quite different with those by Whitney[6] with x-ray
diffraction. He has reported that the values of n varied between
0.40 and 0.14 over the temperature range 522-650°C and the value
of n dropped rapidly at 586°C.

On the other hand, the results of the present work on x-ray
diffraction have similar behavior with those of Whitney accord-
ing to the temperature dependence. But the values of n are much
larger than the former one and reaches n = (0.5 at high tempera-
tures. According to the analysis of the kinetic law exponent in
Avrami equation by Turnbull{l10], n would equal 0.5 if complete
edgewise impingement of thin plates occured at an early stage of
their precipitation.

The summary of the results by the isothermal transformation of
metastable tetragonal ZrQ0: to monoclinic Zr0, with x-ray and
neutron diffraction indicates that two stages will exist in the
mechanism of the transformation. The differences of the results
between present work and Whitney’s one will be due to the
difference of crystallite size. The crystallite size of metasable
Zr0: sample used in his experiments is estimated to be much
larger than those used in this work.

Further analysis on the phase stability of metastable
tetragonal Z2r0,; such as mechanism of the crystallite growth in
air and in vacuum with different heating and cooling rates, and
thermodynamical calculation with parameters of crystallite sizes

and temperatures have been continued.
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Table 1 Crystallite size of tetragonal phase
of starting materials used for the
neutron and x-ray diffraction analysis

Method of Preparation of % Tetragonal Crystallite
Tetragonal ZrO; Phase Size/ A
Time/h Decomp.Temp. Environment

23.0 500° C. air flow 88 132

31.5 450 O, gas flow 77 133

16.8 450 air flow 96 138

16.0 450 O, gas flow 98 127

14.3 450 O, gas flow 95 145

16.7 450 0. gas Tlow 99 148

Table 2 Calculated parameters zg and n by neutron
and x-ray diffraction analysis

Temperature T n
/°C /K /min.
Neutron 650 923 7242 0.88
Diffraction 700 973 8879 0.80
750 1023 724.1 0.95
800 1073 309.3 0.97
825 1098 260.56 0.76
850 1123 116.4 1.04
875 1148 42.0 0.76
950 1223 18.6 .80
X-ray 700 973 1039 0.67
Diffraction 750 1023 2062 0.71
775 1048 92.5 0.78
800 1073 117.2 0.53
B25 1098 44,0 0.66
850 1123 23.6 0.58
875 1148 10.9 0.75
500 1173 20.9 0.561




JAERI-M 87—166

FRACTION

jow]
.
=

| ] | | | ] l {
0.0g 2 i 6 8

TIMEChr)

Fig.1 Conversion of tetragonal zirconia to monoclinic zirconia as a
function of time and at different temperature by x-ray diffra-

ction analysis [8].
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of the wide-angle neutron diffractometer at B25°C.



COUNTS

JAERI-M 87-—166

oy 825°C

800 [~

765 min.

400

400

175 min.

-ufu_lu.u[:uun 1

800

400

800

400

g L. Lo
290
CHANNEL NUMBER 0

Deconvolution of diffraction patterns to tetragonal [(111)1]
and monocliniec [(111)4,(11-1)y] phases at different time at
825° C.



JAERI-M 87-166

1.2 p

prg
(e}
e
3
@
o
[,
D.D Py 1 L L | PR A 1 Iy i1 b i b i
0.00 333,33 866.67 1000.00 133333 1666.67 2000.00 2333.33 2668.67 3000
TIME (MIN)
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&. Magnetic Diffraction in Cr2Te3, CsNiBr3 and Beta-Manganese

S.Funahashi, Y.Morii and H.R.Child

As reported in the earlier paper1), the WAND machine has a
useful capabilty of measuring two-dimensional diffraction patterns
scanning reciprocal plane using single crystal samples. In the
present experiment, measurements were performed on Cr2Te3, CsNiBr3 and
beta-manganese at various temperatures, In the case of beta-
manganese, measurements were carried out to scan several parallel

planes to collect three-dimensional information of diffuse scattering.

(1) Cr,Teq

Two-dimensional measurements to scan basal(g=0) plane of
hexagonal lattice were carried out at temperatures 295, 240, 200, 150,
100 and 13K each of which consisted of about B00 measurements. Below
240K, magnetic diffraction was observed at (1/3 1/3 0) and (2/3 2/3 0)
reflecting antiferromagnetic ordering. It has been supposed from
other experiments that a ferrimagnetic arrangement develops at lower
temperature that magnetic moments are not necessarily equal on the
crystallographically equivalent sites, In order to follow this
problem quantitatively, a measurement of temperature dependence of some
nuclear and magnetic intensity was carried out with a conventional
triple-axis spectrometer in JAERI, Any two of the integrated
intensities of (1/3 1/3 0), (2/3 2/30), (1 00), (1 10) and (2 0 O}
were not found to be proportional to each other. This result suggests
not only a different temperature dependence of the antiferromagnetic
sublattice moments but also a temperature change of position parameter

of the tellurium atoms.

(2)CsNiBrg ‘
This material is one of the typical examples of the hexagonal ABX3
type magnetic materials showing a quasi one-dimensional magnetic

2)

character, Two-dimensional measurements were performed at two

different sample settings. One of the configuration was to measure
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a¥*-c¥* plane and the other was to scan planes perpendicular to the c*-
axis., In the latter case, most of the measurements were carried out
to follow temperature dependence of the two-dimensional pattern of &L=1
plane between 9.6 and 22K. A noticeable diffuse magnetic scattering
was observed to develop around the magnetic diffraction points above
the ordering temperature as shown in Fig.l. On the other hand, any
significant change was not observed below the Neel temperature{13.48K)
down below the lower transition temperature(11.07K) observed in
specific heat measurement.z) Magnetic scattering was not cbserved in

2=0 plane reflecting the antiferromagnetic 6rdering along the c-axis,

(3)Beta=-Manganese

Several years ago, we observed a remarkable diffuse magnetic
scattering in polycrystalline beta-manganese below about 100K.3) In
order to investigate this problem more in detail, measurements were
performed using two samples containing 15 and 30 percent cobalt. The
samples were set on the WAND machine in the orientation to scan the
(071) plane at zero inclination of the diffractometer table, Diffuse
magnetic scattering was observed in two regions in the (011) reciprocal
plane with both samples, one in a rectangle enclesed in 100, 111, 211
and 222 reciprocal points and another in a area between 022 and 033.
As shown in Fig.2, numbers of two-dimensional scans were carried out
with the both samples at different inclination angles to accumulate
scans parallel to the (011) basal plane to cover one half of the
periodicity in the reciprocal space, eventually to build three-

dimensional data sets.

The authors would like to express their sincere thanks to
Dr. Y.Nishihara, Prof. K,Nagata, Prof. T.Hori and Mr, N.Oyamatsu for
supplying them single crystal samples of Cr2Te3, CsNiBr3,
beta-Mn{Co30%) and beta-Mn{Cc15%), respectively.
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ABSTRACT

We have examined the kinetics of phase separation in Mng, g;Cup, 33
using time resolved neutron scattering techniques. In an early time
regime, the kinetics follow the Cahn-Hilliard-Cook linear theory of spino-
dal decomposition. There is an intermediate stage. Then, at a late time,
dynamic scaling is obeyed. The tiﬁe—dependence of the wave vector at maxi-
ﬁum scattering intensity [which-ié inversely proportional to the average
linear domain size] can be closely described over the entire range of
obgervation by a modification of arguments recently put forward for earlier

time corrections to the limitingly late time stages of phase separation.

PACS numbers: 61.50 Ks, 64.75 + g, 81.40 Cd
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The kinetics of first order phase transitions! has been of prime
interest due to its technological importance in materials science. More
recently, the physics community has turned its attention to this field as
part of a wider effort examining nonequilibrium phenomena, growth processes,
and pattern formation. Most of this effort has been in theoretical or com-
puter simulation studies ¢f systems which undergo either phase separation
(in which the order parameter is conserved) or order—-disorder (in which the
order parameter is not conserved) traunsitions, Only a few systems have
been examined experimentally with techniques capable of measuring appro—
priate time dependence of spatial correlations. All of these studies
have considered how a quenched system evolves towards an equilibrium state
below an ordering temperature.

Understanding in this field is in transition. Two ideas are signifi-
cant in the understanding of phase transition kinetics. First, spatial
self-similarity and dynamic scaling are expected to describe the evolution
of the structure at late times. A single length, the average linear domain
size, would characterize the decomposing structure and the pattern of the
structure at different times differs only in its scale. Second, the growth
rate of the characteristic length at late times is belleved to follow an
asymptotic late time dependence. However, conflicting predictions have
recently ﬁeen put forward?’3 concerning the form of this dependence.

Experimental studies on phase separating systems have examined metal
alloys,* glasses,? liquids,® and polymer blends.’ However, a definitive
determination of the time-dependent phase geparation behavior has not been
made,® We have undertaken a time-resolved small-angle neutron scattering

(SANS) study of Mng, g7Cup, 33 to examine the kinetics of phase separation
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over early and late times with the purpose of establishing a comprehensive
experimental description of the process.

The Cu-Mn alloy system is known to have a miscibility gap® in Mn-rich
alloys. The variation of solid solution lattice parameters10 in the range
of phase separation compositions is small which leads to a minimal strain
energy effect. Copper and Manganese possess neutron scattering lengths of
oppoesite sign [b(Mn)/b(Cu) = - .48). Consequgntly, at zero wave vector
transfer, Mng g7Cup 33 shows aﬁproximately zaro coherent scattering inten-—
sity. What is more, a disordered Mng g7Cuy, 33 sample displays approxima-
tely zero coherent neutron scattering at all wave vector transfers. Thus,
this composition represents an experimental system where the cohereqt,
intrinsic background scattering from the sample is kept to an absolute
minimum. The Mnp g7Cug, 33 alloy lies near the center of the miscibility
gap and at 450C the aecomposition observation point is well within the
clagssical spinodal instability regime.

The experiments were carried out on the 30 meter small-angle scattering
machine of the National Center for Small-Angle Scattering Research at the
Qak Ridge National Laboratory. Three sample-to-detector distances were
employed in order to follow the time development of the structure function
over a long time. Counting times were 30 seconds at 2.14 meters, 300
seconds at 4.73 meters, and 420 seconds at 12.75 meters. The wavelength
was 4.75 A. The high purity polycrystalline éample was mounted in a spe-
cially designed rapid quench furnace.l!! The sample was solution treated at
800C for at least 45 minutes before quenching. The phase separation boun-
dary for this alloy ig 560C. Scattering data collection was started before

the quench to 450C and temperature control was established in 30 seconds.
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Data sets were stored at the above mentioned time intervals in the course
of decomposition.

The structure function, S$(Q), of the SANS experiment directly measures
the equal time concentration correlation function. It displays a peaked
form and the wave vector, Quax, at which S(Q) is a maximum occurs such
that, on average, the scattering lengths within each domain add up in
phase. Therefore, Qpax 1s inversely proportional to the average domain
size.

The measured intensity was corrected for detector sensitivity and
background, where the background was taken to be the scattering measured
at 800 €. 5S(Q) was thus determined for times from 65 seconds to 21109
seconds. These data were then reduced to one-dimensional data sets by
circular averaging of the radially symmetric data. Each of these data sets
was fit to a general form for the purpose of determining Quax(t). The
excellent fits ylelded values of Qu,y(t) which can be extracted from
Fig. 1.

The linear theory of phase separation due to Cahn and Hilliardl2? was
extended to include thermal fluctuations in the final quenched state by
Cook.1? The theories make a sharp distinction between unstable states
(which evolve via spinodal decomposition) and metastable states (which
evolve via nucleation and growth). For spinodal decomposition, the

Cahn-Hilliard-Cook (CHC) structure function is

s(Q,t) = §(Q)exp[RQ2(Qu2~Q2)t]

aT

- m {l-exp[RQz(ch“Qz)t]} ’
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where T is the final state temperature, and R is related to the mobility of
the system in the final state, as well as the position of this state on the
phase diagram, Consequently, the function g(Q) is amplified exponentially
for wave vectors below some critical wave vector, Q., while the maximum
amplification is at the time-independent value of Q./v2.

Figure 2 shows our early time data for times from 65 seconds to 597
seconds. Using an assumed form of g(Q), our early time data could be very
well represented by the CHC structure factor. 'The form of S(Q) used to
propagate the time evolving structure functions is shown at the bottom of
Fig. 2 and has been divided by two for clarity of presentation. Our best
description of these data used Q. = .139 A”l, R = 32 (A*/sec) and of = 2.8
in units of g(Q)-A‘Z. The solid lines through the data show the excellent
description of our data by the theory for times less than 300 seconds. For
greater times, the description becomes systematically worse as can be seen
in upper panel of Fig. 2. It 1is clear that for these larger times, the
peak in the measured S(Q,t) moves to lower wave vectors with time, while
the peak intensity lags progressively farther behind it's predicted value.
This failure of the CHC theory at later times 1s due to nonlinearity in the
decomposition process which is not fincluded in the theory. Recently,
Carmesin and co-workersl!® have argued that features of CHC theory can be
induced by the effects of finite quench rate. To examine this point we
performed a queanch from 800C, first to 575C where we waited for 30 seconds
before gquenching further to 450C. This different cooling history resulted
in a relatively weak distribution of scattering characteristic of the
structure at 575C in addition to the peak scattering obtained by a direct
quench. Subtraction of the scattering characteristic of 575C left a scat—

tering pattern that was essentially identical to that obtained by direct
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quenching. It was thus demonstrated that quenching effects did not exert
an important influence in the early scattering patterns. Thus, to the best
of our knowledge, this 1s the first demonstration of the applicability of
the CHC theory over any time regime for a system with non-long range
interactions {excluding polymer blends).

Binder,l® as well as Grant and co—workers,17 has shown that the maximum
time over which the CHC theory would apply is related to the range of the
interactions in the system. Specifically, tma¥ ~ 1n Rg where Rg is the
range of the interactions.

A dimensionless relative range of interaction parameter Rg can be
extracted using our measured tg,y value, following the arguments set out by
Grant et al.l7 We obtain Rg ~ 3.0 which should be compared with Rg = 1 for
the nearest neighbor Ising model, and Rg ~ 20 for a typical polymer blend
with a chain length of 400 monomer units. We conclude that the interac-—
tion between the atoms in Mng ¢7Cug 33 is of intermediate range, which
might be expected for a metal alloy.

At late times a dynamic scaling of the time dependent structure is

predicted. The expected form of the structure function is

$(Q,t) = (Qmax(t))™ % F(Q/Qpax(t)),

where d is the dimensionality of the system, while F(Q/Qpax(t)) is the
universal scaling function. The validity of this dynamic scaling is
usually checked by examining the time dependence of S(Qpgy) and Qpay(t).

If Quax @ t 2, then S(Qpax(t))atdd if this scaling is obeyed. Although
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several systems have shown this behavior, others have not and a consistent
experimental picture does not exist, 13

Fig, 3 shows our results for (QmaX)3S(Q), the expected form of the
scaling function F(Q/Qmax(t)), at later time. Data sets of F(Q/Qpax(t)) for
times from 5115 through 8429 seconds are shown in the top panel of Fig. 3.
These data sets fall almost precisely on top of one another, as do later
time data sets from 12582 through 21109 seconds (which are not shown in
Fig. 3 as the absolute intensities at the 4.73 ;nd 12.75 meter sample-
detector distance settings are not normalized to each other). This indi-
cates that at these late times, the dynamic scaling relation is followed
exactly within the limits of the experimental error bars of the data. At
earlier times, the data sets follow the scaling form to a systematically
lesser and lesser extent, as can be seen in the bottom panel of Fig. 3.
Hence, we can explicitly see the breakdown of the late time scaling for
times less than 5000 seconds.

0f course, given that at early time CHC theory is obeyed, the late
time dynamic scaling must fail at some point as CHC theory does not exhibit
this scaling. We consequently divide the kinetic behavior into three regi-
mes; an early time regime where CHC theory applies, a late time regime
where dynamic scaling applies and a crossover stage connecting the early
and late time regimes. These regimes are shown in Fig. 1 for Mng g7Cugp 33.
Dynamic scaling would be obscured if a significant part of the test data
were in the crossover regime. We believe that this is the cause of incon-
sistent experimental findings on late time dynamic scaling.

The time dependence of the average linear domain size, R(t}, is currently
a controversial theoretical point. As Qp.x{(t) - 1/R(t), the relevant argu-

ments can be tested experimentally, Lifshitz and Slyozov18 originally
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argued R(t) ~ t1/3 at late times for a system which initially evolves via
nucleation and growth. Very recently Huse? has argued for the same result
for a system which initially evolves via spinodal decomposition; however,
he has also produced earlier time corrections to this behavior based on the
existence of an enhanced interfacial atomic conductivity. The competing
argument,3 a zero—temperature renormalization group approach, predicts
R(t) ~ #nt and is valid at late times only. Our data for Qpuyx vs time is
plotted in Fig. 1 in such a way as to test theée two dependencies. A
logarithmic time dependence is not observed over any convincing time range,
while the power law we obtain in fitting our time data ylelds a power expo-
nent slightly below —1/3; it is -.37 * .03, Theoretical arguments which
include earlier time corrections must clearly be accounted for.

We have modified Huse's arguments in such a way as to make a relevant
comparison with our data. His arguments implied the relation

Qmax( t;

- o
Qp 1 ’

(

holds, provided that

1 dn t
- nd|c«,
nd anE)
T
with

A

[ VA RN Tas
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where we've employed an expansion of C%)(E/S—n)

in powers of {!/3-n).

We have fit this form of Qpax(t) to our data with A&, Qg, and T as
adjustable parameters. The fitted expression is shown as the solid line in
Fig. 1. Remarkably, the fit 18 excellent over the entire time range. As

Qmax and t must be reduced, this description of the experiment is obtained

with essentially a single adjustable parameter, A = .29. It should be
d ln Qpax

noted that this form of Qpax(t) allows for values of B lesser
d 1n (5
than -1/3.

In conclusion, the kinetics of phase separation in Mng g7Cug, 33 displays
three time regimes. 1In the early time regime, the scattering is described
by CHC theory. There is a crossover stage. In the late time regime, dyna—
mic scaling applies. Arguments based on Huse's work permit us to describe
the Qmax(t) behavior over the entire time range of our experiment. In
addition to demonstrating a counsistent description of decomposition over a
wide kinetic range, these findings underscore the importance of extending
theoretical development from limitingly long times to earlier times.

This work has benefited from useful discussions with M. Grant and
M. Hagen.
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Neutron Scattering, and was supported by U.S. DOE under contract DE-ACO5-
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Fig.,1 The measured values of Quay (in inverse angstroms) are shown as a func-
tion of reduced time (1 = 100,22 sec). The kinetics can be characterized

. by three time regimes as described in the text. The solid line is the

result of fitting a theoretical expression, based on Huse's arguments,

to the data.
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Fig.2 The S(Q,t) data sets at relatively early times are shown. The solid
lines are the results of fitting CHC theory {using the %ﬂl base func-
tion shown at the bottom of the figure) to the data. Systematic
discrepancles are clear for times longer than 300 seconds.

Data sets have zero 5(Q) values set by the solid lines to the right of

the panels for clarity of presentation.
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Fig.3 The scaling behavior of the data sets of F{(Q/Quax) = Qmax® S(Q) for
times exceeding 5000 geconds is shown in the top panel, The bottom
panel shows the same data sets as the top panel, as well as five data
sets at 965, 1602, 2239, 2886, and 3523 seconds. These earlier time
data sets depart from the scaling relation to a systematically greater
extent with decreasing time.
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10, Kinetics of Verwey Transition of Magnetite

S. Katano, M, Iizumi, Y. Morii,

H. R. Child and R. M. Nicklow

Magnetite(Fé3OM) exhibits a first-order phase transition at
about 120 K: the Verwey transition, This transition is caused by
a charge ordering. The kinetics of this phase transition has

been investigated by time resolved neutron diffraction technique,

A single crystal in the cylindrical shape of 5 mm diameter
and 30 mm length was used, This sample was placed in a Displex
crycstat. The appearance of new reflections due to the charge
ordering shows that the transition temperature of this sample is
111 K, which 1is, however; considerably low compared with the
value of previous reports. In crder to study the kinetics, the
temperature was abruptly decreased from 116 K to several
temperatures across the transition temperature. The time
evolution of the intensity of the reflection was measured using
WAND (Wide-Angle Neutron Diffractometer).

Fig. 1 shows the diffraction pattern when the final
temperature was set at 107 K. The pattern was measured every
6 sec., The peak at about 400 channel is the (4 4 1/2) reflection,.
(The peak around 600 channel is a fundamental reflection which
does not change by the transition,) The intensity of the new
reflection increases rapidly with time.

The time evolution of the intensity of this reflection is
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shown in Fig. 2 for several final temperatures. This indicates
that there is a delay time before the reflection appears, and
that the transition proceeds with a relaxation time. Moreoéer,
these characteristic time become longer when the final
temperature approaches to the transition temperature, However,
the rapid change of the temperature using a conventional cryostat
is difficult; it takes more fhanS min to reach the final
temperature. Hence, there may be ambiguity in the interpretation
of the experimental result. Several improvements in the

measurements and further studies are planned.
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Time
Fig. 2 Time evolution of the intensity of

reflection for several final temperatures,
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11. The Growth of Crystallites in the Phase Separation of Mng~Cussg

Y,Morii
Department of Physics, JAERI
S.5pooner and B.D.Gaulin

Solid State Division, ORNL

The kinetics of the crystallite growth in the‘phase separation of Mn67Cu33
was studied after in-situw rapid guenching from 800 C to 450 C with a specially
1)

designed  furnace by a time sliced measurements of the Bragg scattering
from the precipitates with the Wide Angle Neutron Diffractometer (WAND).

The evolution of the Bragg peaks of the crystallites which is coherent scat-
tering domzin in the precipitates is shown in figure 1. No coherent scattering
intenéity was observed at 800 C since the ratio of the scattering amplitude of
manganese to copper is a negative number, -0.48. Therefore the Bragg intensity
is nearly zerc at 1.78 minutes after quenching to 450 C.

The width of the Brzgg peak is broad at the beginning due to the so called

particle size Dbroadening. The width B is related to the particle size L by

B=0.94 » /L cos 6 (1)

where 3 1is the wavelength, g the Bragg angle.

The observed Full Width at Half Maximum {FWHM), Bobs(t), is composed of two

partsz)

B2 (1) (2)

2 Y
B obs(t)_B instrt p-s.

—102—
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where B.

ingtr =8 the width due to standard sample of which size 1s big enough

to eliminate the broadening. Therefore the width, Binstr’ i1g instrumental and

time independent in this study. While the width, B 1s due to small size

P.3.?
of crystallites sc that the width changes when the crystallites grow in the
phase separatlon.

.The evaluated sz.s. is plotted in figure Z. The width 1s constant in the
early times (less than about 9 miﬁutes). This i1s ccnsistent with a constant
average size of the new phase measured with a Small Angle Neutron Scattering
(SANS) using the same specimen in the early time regime (less than 4.5

minutes) where Cahn-Eilliard-Ccook (CHC) theory is obeyed.B)

From equation 1,
a length, 26.1 A, is obtained for an average size of the crystallite L, in
the early time regime.

In the intermediate and late time regimes the width decreases with a power
function of Bp.s_:Atn. The fitting power n is evaluated to be -0.236 for the
data alt 450 C and -0.251 for 500 C. Therefore one can say that the average
size of the erystallites increases with a power function of t1/4 until abeout
365 minutes. The average size of crystallite was 64.2 A at 365 minutes.
While it is found from SANS experiment that the average size of the new phase
changed from 26 A at CHC regime to 106 A at 365 minutes in the scaling regime
where Furukawa's scaling functionA) is obeyed. The particle sizes of crystal-
lites {(WAND experiments) and the precipitates (SANS experiments) are shown in
figure 3.

The power of 1/4 may be indicating that the thermal force and the surface
mobility dominate in the formation of crystallite in the present system. |

The integrated intensity of the Bragg peak increases with a power function

of to'363 in the CHC and intermediate time regimes and with £9:123 in the

—103—
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scaling regime. Figure 4 shows the fitted line only in the late times. The
cross over time, 64 minutes, between the twe power laws is in very good agree-
ment with the starting time of the scaling regime (about 72 minutes). As-
gumed that the volume of the crystallites 1s proportional to that of the
precipitates of the new phase, the volume of the new phase increases slowly

even in the scaling regime.

References
1. S.Katano, H.Motohashi, and M.Iizumi, Rev. Sci. Instrum. 57, 1409 (1986) .
2. See for example B.E.Warren "X-ray Diffraction™ Addison-Wesley.
3. B.D.Gaulin, S.Spooner, and Y.Morii, submitted to Phys. Hev. Leti..
See page 95 of this report.

4. H.Furukawa, Adv. in Phys., 34, 703 (1986).
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Fig.i The eveolution of the Bragg peaks of the crystallites in the phase

separation of Mn67Cu33 after rapid quenching from 800 C to 450 C.
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Fig.2 The Full Width at Half Maximum (FWHM) of the (111) Bragg peak of
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In the scaling regime {after 64 minutes), pewer of 0.123 is obtained for the

phase separation at 450 C.
—106—



JAERI-M 87—166

APPENDIX

List of JAERI personnel visiting ORNL in JFY 1985 and 1986

N. Minakawa April 1985
M. Watanabe July 1985
‘M, Iizumi Aug. 1985

Dec, : 1985
S. Funahashi ' Sep.' 1985

July - Sep. 1986

March 1987

3. Katano Jan, - Feb. 1986

Qct. 1986

H. Chno March - April 1986
Y.kMorii March 1985 -

- March 1987
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