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In order to study the kinetics of the order-disorder transition in Ni;Mn, we investigated the time
dependence of the (110) superlattice peak by neutron scattering techniques. The integrated intensity
and the peak width were measured for various types of temperature-change sequences. The time
dependence of the intensity was found to be strongly affected by the size of the ordered region, and
it is shown to be described by a phenomenological model involving a relaxational-time dependence

modified by the size effect.

I. INTRODUCTION

The kinetics of first-order phase transitions is a subject
of considerable interest. Phase separation, in particular,
has been studied rather extensively by measuring the time
dependence of the small-angle x-ray and neutron scatter-
ing patterns.! Such measurements have made it possible
to compare theoretical predictions with experimental ob-
servations much more quantitatively than electron-
microscopic studies have allowed. It seems to be well es-
tablished that the transition in the unstable region is due
to the spinodal decomposition and that in the metastable
region the nucleation and growth mechanism is respon-
sible for phase separations, although a sharp distinction
between the two regions cannot always be observed.

The kinetics of the order-disorder transition of first or-
der seems to have been studied less extensively. Cu;Au
and CuZn ([-brass) are the typical alloy systems with this
kind of transition. The time development of the electrical
resistivities on both alloys have been measured, and the re-
laxation times have been extracted from the results.>?
The superlattice peak associated with the ordered state for
CuzAu has been investigated as a function of time by
means of the x-ray diffraction technique and an interest-
ing, dynamical scaling has been reported.* In the pioneer-
ing work of Marcinkowski and Brown® the time-
dependence measurements of neutron-diffraction peaks
were carried out at room temperature on a quenched
NisMn sample. In the present report a neutron-
diffraction study of the kinetics of the ordering in Ni;Mn
is presented. The time dependences of the (110)
superlattice-peak intensity and width were measured with
the sample at various temperatures and for various types
of temperature-change sequences. The time dependences
of intensity for some sequences were found not to be
describable as simple relaxational processes. All the data
are interpreted on the basis of a phenomenological model.

II. EXPERIMENT AND RESULTS

A polycrystalline sample in the form of a plate with di-
mensions of 20X40x 3 mm?® was used. The sample was
mounted on a copper block which contained a heater and

33

a thermocouple which was used to control the tempera-
ture. An additional thermocouple was attached to the
sample in order to determine the sample temperature.
Since the transition temperature should be about 500°C,
the sample was heated to 590°C for more than 20 min
whenever it was necessary to bring the sample into the
disordered state. Measurements were carried out on the
HB-1A triple-axis neutron spectrometer installed at the
High Flux Isotope Reactor of the Oak Ridge National
Laboratory.

The (110) superlattice peak was measured as a function
of time after the sample temperature had been changed
from an initial temperature T; to a final temperature T.
6-20 scans were performed in order to maintain the sym-
metric reflection geometry during the measurements.
Each scan typically took about 40 min to be completed.
An example of the time development of the peak for
T;=590°C and T;=467°C is shown in Fig. 1. The time
denoted in the figure corresponds to the midtime of the
scan. The intensity is plotted a%ainst the neutron momen-
tum transfer Q in units of A~'. The width "y, and the
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FIG. 1. (110) superlattice peaks at various times after the
sample temperature was lowered from 590 to 467 °C. [The
abcissa for (d) is slightly expanded in comparison to other fig-
ures.]
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integrated intensity of each peak were determined by fit-
ting the peak with a Lorentzian. The (111) fundamental
peak was found to be well fitted by a Gaussian, and it was
used to determine the instrumental resolution. The instru-
mental width for the (110) peak, I'g, was estimated to be
0.031 A~!. The intrinsic width T is assumed to be given
by [=(I'} —T%)"2

Three different types of measurements were performed
depending on T; and Ty: type I, T;>T,.>Ty; type I,
T.>T;>Ty; and type III, T, > Ty > T;, where T is the
transition temperature. Figure 2(a) and 2(b) represent the
integrated intensity and the width Ty, respectively, as
functions of the time elapsed after the sample temperature
was decreased from T;=590°C to T indicated in the fig-
ures (type I). Since it took about 15 min for the sample
temperature to reach T, there is an uncertainty in the po-
sition of the time origin, i.e., t =0, but it is believed to be
of the order of 15 min. The saturation intensity is higher
for lower T but it takes a longer time to reach saturation,
as can be seen clearly from the data for T,=430°C. The
widths also change more slowly at lower Tj’s. Figure 3
shows two examples of measurements carried out in the
type-II temperature sequence after the sample had
remained at T; for 20—30 h. This heat treatment pro-
duced rather small widths already at ¢t =0 in this type of
measurement [see Fig. 2(b)]. The subsequent change in I’
at Ty is correspondingly small, although the widths are
significantly larger than that due to the instrumental reso-
lution. There are two distinct time developments in the
type-III sequence as shown in Figs. 4 (III4) and 5 (II1B).
In the type-IIIB measurements, the sample temperature
was lowered to T; from 590°C and was held at the tem-
perature for about 30 h before it was raised to T,. This
procedure corresponds to initiating the measurements at
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FIG. 2. (a) Integrated intensities of the (110) superlattice
peaks for the type-I measurements (T, < T, < T;) as functions
of time. (b) The widths of the (110) superlattice peaks for the
type-1 measurements ( Ty < eT‘ < T;) as functions of time. The
instrumental width is 0.031 A~ .
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FIG. 3. Widths (solid symbols) and the integrated intensities
(open symbols) of the (110) superlattice peaks for the type-II
measurements (T, < T; < T).

the end of the type-I measurements for T;=430 and
440°C (Fig. 2). Before starting the type-IIIA measure-
ments, the sample was kept at 480 °C for about 40 h until
the widths became very narrow, and the temperature was
subsequently lowered to T;. After the intensity corre-
sponding to the equilibrium intensity for 7; was attained,
the measurement was started by raising the temperature to
Ty. The intensities shown in Fig. 5 do not exhibit simple
relaxational time dependences, in contrast to those of Fig.
4. It should be noted that the widths shown in Fig. 5 are
larger and change significantly during the time of obser-
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FIG. 4. Widths (solid circles) and the integrated intensities
(open circles) of the (110) superlattice peaks for the type-1II 4
measurements (T; < Ty < T,).
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FIG. 5. Widths (solid symbols) and the integrated intensities
(open symbols) of the (110) superlattice peaks for the type-IIIB
measurements (7; < Ty < T).

vation, whereas those of Fig. 4 are essentially resolution
limited. It seems, therefore, that the unusual time depen-
dence of intensity is associated with the large width of the
peak.

III. DISCUSSION

In each measurement of type I, the smallest value of ¢
for which an intensity measurement could be made was
about 0.3 h, and therefore it was impossible to follow the
time dependence during the initial period. As indicated
by the results in Fig. 2(a), the integrated intensity in-
creases very rapidly within the initial period, and thereaf-
ter a more gradual intensity change occurs. Thus there is
a natural division of the observed time development into
two periods. Since the initial period is very short, no
meaningful time-dependence measurements could be per-
formed, and the present data can give information only
about the later period. The ordering kinetics are con-
sidered to have two extreme stages. The initial stage
develops extremely rapidly and should be describable by a
linear theory analogous to that of the spinodal decomposi-
tion.® This stage may correspond to the initial periods of
type-I measurements. The other extreme is the final
stage, and it is characterized by the existence of sharp an-
tiphase boundaries and the dynamics of these boundaries
should be described on the basis of a model such as the
drumhead model.” The diffraction peak intensity in this

stage is not expected to be time dependent and the peak
width may be too small (or the size of the ordered region
is too large) so that its time dependence may be impossible
to detect with a standard diffractometer. Since we always
observed a time variation of the intensity, it may be con-
cluded that the present measurements correspond to the
intermediate stage between the two extreme cases.

The peak width is determined by the average size L of
the ordered region. Consequently, for our purposes L can
be estimated from 27 /T, where I is given in A~!. The
size of the ordered region L as a function of time has been
discussed on the basis of various models for the kinetics.®
The theory of Kawasaki and Ohta based on the drumhead
model predicts the relationship’

L?*—L3=2kt , (1)

where L is the size at t =0. However, this type of time
dependence seems to be valid even at the stages prior to
the one that is describable by the drumhead model.! In
the present analysis Eq. (1) is assumed to give the time
dependence of the size throughout the period correspond-
ing to each sequence of observation. By properly choos-
ing the values for k and L, in Eq. (1), the time depen-
dence of the measured width could be reproduced reason-
ably well as shown by dashed lines in Figs. 2(b) and 3—S5.

The time dependence of the integrated intensity ob-
served in the type-I measurements can be expressed as
I =Iy(1—e~"/7), if the initial part of the intensity change
is subtracted as a constant. (In the following analysis of
the type-I data, this subtraction is always performed.)
However, the values of the relaxation time 7 which repro-
duced the intensity data were found to be larger by a fac-
tor of 2—7 than those estimated from the results of the
neutron-diffraction study of Collins and Teh.!! On the
other hand, the data of type III 4 and those of the type II
for T;=440° C [Fig. 3(a)] could be reproduced by

I=I(1—e~"")+1I,, )

with 7=50, 100, and 460 min for Ty=480, 467, and
440°C, respectively. These values are in much better
agreement (within 30%) with those of Ref. 11. It is evi-
dent that the data of type IIIB cannot be described by Eq.
(2). The essential difference between the data of type ITI A
and IIIB is that the widths of the type-III B measurements
are very large (i.e., the ordered regions have small sizes),
while those of the type III4 measurements are nearly
equal to that due to the instrumental resolution. There-
fore, the values of 7 reported in Refs. 3 and 11 seem to
correspond to those of a system in which the ordered re-
gion is essentially macroscopic in size. It may be assumed
that, even in earlier stages of ordering Kkinetics, these
values of 7 determined above characterize the time depen-
dence of the ordering within an ordered region of micro-
scopic size. However, a portion near the surface of the re-
gion is expected to be significantly disordered and does
not fully contribute to the intensity, and a factor
representing the size dependence of the intensity should be
taken into consideration. The fraction of this type of
disordered volume is proportional to surface/
volume « 1/L. Thus one can write
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I=[1—a/L(O)Iy(1—e~"")+1,], (3)

where a is a parameter which depends on T;. 7 in Eq. (3)
is assumed to be equal to the values given above as deter-
mined from the data for which the region size L is so
large that the size effect a/L is negligible. The type-I and
type-II1B data, as well as those shown in Fig. 3(b), were
then fitted by Eq. (3) for various values of @. Table I con-
tains the values of a which best describe the data. The
sum I, =I,+1, is the intensity at t = o and should cor-
respond to the intensity of the system in equilibrium.
This quantity seems to be uniquely determined for each
Ty, except for that obtained from the data of Fig. 3(b).
This fit also has an unusually large value of a, and more
reasonable values of a and I; could be found if the quality
of the fit is slightly sacrificed. From the plot of I, versus
Ty, the transition temperature was estimated to be
500+10°C. The solid lines in Figs. 2(a) and 3—5 are those
corresponding to the values of the parameters given in
Table I. It should be noted that the model can describe
the “undershoot” of the data in Fig. 5. Owing to the
small size of the ordered region at t =0, the size factor
1—a/L is quite small for small values of t. Since 7 is
rather small at these T’s, the intensity decreases rapidly
toward a small value (1—a/L)I;. It eventually increases
as the region size becomes larger, thus producing a
minimum in the intensity at an intermediate time. It may
be concluded that, aside from the behavior observed at the
initial stage of the type-I measurements all of the observed
time development can be characterized by a relaxation
time appropriate to T if the effect due to the finite size
of the ordered region is taken into consideration. The ini-
tial stage for the type-I measurements may be described
by the linear theory which predicts that the growth is
described by an exponential function with a positive ex-
ponent.6

Collins and Teh'® did not give information about peak
widths, but they reported that a simple time dependence
given by Eq. (2) could not be observed if the initial state
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was not already in equilibrium, which indicates the im-
portance of the size effect. A similar experiment on
Cuj3Au by the x-ray diffraction method was carried out by
Nishihara et al.* Their measurements correspond to the
type-I sequence and AT =T, —T; was between 4 and 11
K. The results of their intensity measurements were re-
ported to be represented by Eq. (2) except for T very close
to T,. They also found a scaling of the intensity-time
curve in terms of the incubation time 7,. In the present
measurements the definition of 7, was not clear and no at-
tempt has been made to test the validity of the scaling law
for Ni;Mn.

IV. CONCLUSION

The time development of the (110) superlattice peak in-
tensity of Ni;Mn is described by an expression which in-
volves the relaxation time and the size effect. A more mi-
croscopic justification of the expression of Eq. (3) is obvi-
ously needed. However, there is, at present, no micro-
scopic theory which deals with the intermediate stage of
ordering, and measurements similar to the type-IIIB mea-
surements in this paper should be useful in developing
such theories. The very initial stage of ordering was not
resolved in the present experiment. A furnace which is
capable of more rapid changes in the sample temperature
is essential in such a measurement. Also, a position-
sensitive detector which collects intensity data simultane-
ously for a wide angular range is needed. In these
respects, the x-ray diffraction method may be more suit-
able in some alloys, although the method is unsuitable to
measurements on Ni-Mn alloys. However, the very fact
that Ni and Mn are difficult to distinguish in the x-ray
diffraction method offers a possibility for detecting,
unambiguously, the diffuse scattering due to lattice distor-
tions which may accompany the order-disorder transition.
A similar possibility exists in the Cu-Au system for the

TABLE 1. Values of the model parameters.

T,' Tf T g Lo k
Type §e) Q) (min) (A) Io+1I, (A) (A’min—1)
I 590 482 46 57.8 138 33® 9.0
1 590 480 46 39.8 178 33° 9.0
1 590 474 60 72.5 231 30° 7.6
I 590 467 1002 29.8 259 35 6.0
I 590 455 180 29.1 354 200 3.3
I 590 440 460% 10.6 355 13 1.5
I 590 430 690% 11.5 356 92 0.71
II 480 467 100* 100.5 518 186 6.0
11 482 440 460 0 341 188 1.5
II1 A 440 467 100 0 305 268 6.0
II14 467 480 46 0 187 329 9.0
I11B 440 480 46 39.4 189 81 9.0
IIIB 430 467 1002 32.2 319 54 6.0

?Fixed in fitting the data.

®a/L, is very large, so that the calculated intensity near ¢ =0 may not be meaningful.
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neutron-diffraction method since the neutron scattering
length of Cu is almost identical to that of Au. Such ex-
periments will be carried out in the near future.
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