
CONDENSED MATTER

THIRD SERIES, VOLUME 44, NUMBER 18 1 NOVEMBER 1991-II

Kinetics of short-range and long-range B2 ordering in FeCo

B. Fultz
California Institute of Technology, 138-78, Pasadena, California 91125

(Received 7 June 1991)

Short-range and long-range-order parameters were measured by Mossbauer spectrometry and x-ray
diffractometry during the disorder ~B2 order transformation in equiatomic FeCo. The change from a
homogeneous mode of ordering at high temperatures to a heterogeneous mode of ordering at low tem-
peratures was confirmed. By comparing parametric plots of the ' Fe hyper6ne magnetic field versus
long-range-order parameter for ordering in these two modes, an early independent relaxation of the
short-range order was found in the kinetic path for homogeneous ordering. This relaxation was in
reasonable agreement with estimates based on statistical kinetic theory.

I. INTRODUCTION

Ordering in equiatomic FeCo has been studied by
many previous investigators. ' The kinetics of the
disorder —+order transformation are usually studied by
measuring the time dependence of the long-range-order
(LRO) parameter ' ' ' ' or a short-range-order (SRO)
parameter. The present study takes the different ap-
proach of simultaneously monitoring the SRO and LRO.
Rather than emphasizing the temporal evolution of these
order parameters, the present work emphasizes the "ki-
netic path" of the material through different combina-
tions of SRO and LRO; i.e., how kinetics affects the
nonequilibrium structural states that evolve in the ma-
terial. Because interpretations of kinetic paths in terms
of the atomic jump mechanism do not require knowledge
of the actual vacancy concentration, kinetic path experi-
ments are more easily interpreted than temporal evolu-
tion experiments. As shown recently by our group,
initially disordered alloys may take a wide range of kinet-
ic paths en route to their final state of thermodynamic
equilibrium.

It is a challenge for statistical kinetic theory of' order-
ing by vacancies to manipulate more than one order pa-
rameter, but such sophistication is required for the prop-
er understanding of disorder ~order transformations.
Even the apparently simple problem of the evolution of
B2 order in a binary alloy in the pair approximation illus-
trates how temperature can be used to control the kig.etic
paths through the space spanned by the pair variable,
pfz, and the point variable, pz. (For a binary alloy of
2 and B atoms, the point variable, pz, is the probability
that a site on the A-rich, a sublattice of the B2 structure
is occupied by an 3 atom, while the pair variable, p& &, is

the probability that a specific first neighbor bond between
the a sublattice and P sublattice will be between two A
atoms. ) Some previous theoretical results for the evolu-
tion of the SRO pair variable, pz~~, and the LRO point
variable, pz, are compiled in Fig. 1. The kinetic path in
the pair (Bethe, or quasichemical) approximation was ob-
tained by the integration of the kinetic master equation as
described previously. The kinetic path in the point
(random mixing or mean-field) approximation is a simple
parabola because the point and pair variables are not in-
dependent in this approximation. Also presented in Fig.
1 are results from Monte Carlo simulations with an algo-
rithm used previously ' and described more fully in
Sec. III. C.

The salient change in kinetic path when going beyond
the point approximation is in the early stage of ordering,
where a quick relaxation of the SRO (pair variable)
occurs without the relaxation of the LRO (point vari-
able). This was reported previously by Gschwend, Sato,
and Kikuchi and Fultz. Monte Carlo simulations
also predict this same early SRO relaxation. In a disor-
dered alloy there is a wide distribution of local atom
configurations, and the early, independent relaxation of
SRO occurs as atoms in less energetically favorable envi-
ronments jump with a higher probability into adjacent
vacancies. Statistical kinetic theories show that order
does not evolve fully with this quick relaxation of SRO;
the evolution of LRO is necessary to sustain a substantial
range of energies in the different local environments. As
LRO evolves, each atom species has an increasing prefer-
ence for one sublattice, and with this growing
differentiation of site energies, the SRO and LRO evolve
together towards thermodynamic equilibrium.

It is intuitive that, in the early stages of ordering the

9805 QC1991 The American Physical Society



9806 B.FULTZ

I I I ~ / I I ~ I
/

I I I I ( I I I I
i

I I I I
/

I I I I
l

I I I i $ I I

0.25—

0.20 =

0.15—

0.1 0—

I I
I

I ~ I I I I I I I observed HMF distributions. I am, nevertheless, cau-
tious about using the systematics of HMF responses to
local magnetic moments for obtaining direct structural
information from Mossbauer spectra. It is better to use
Mossbauer spectrometry to obtain trends in the SRO evo-
lution, and it is better still to use Mossbauer spectrometry
for a comparative study of different kinetic paths. For-
tunately, because of a change in the mode of ordering
from homogeneous to heterogeneous, such a comparative
study was possible in equiatomic FeCo.
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FIG. 1. Calculated kinetic paths through the SRO (pair vari-
able, p&~&) and the LRO (L, ) for analytical point and pair ap-
proxirnations (Refs. 27 and 34—36), and Monte Carlo simula-
tions. The alloy was equiatornic bcc with two sublattices, and
all methods used atomic pair potentials V» = V» =0.41kT, all
other V=O, and equal activation barrier heights for A and B
atoms. For a critical temperature of 730'C and a critical po-
tential of 0.3147, these parameters correspond to annealing at
500'C. The initial state of disorder is in the upper left corner,
and the kinetic path proceeds to an equilibrium state in the
lower right. For the Monte Carlo simulation, the line connects
the data points in their temporal sequence.

SRO should relax more quickly than the LRO, but Fig. 1

shows that statistical kinetic theory makes a quantitative
prediction for the amount of this relaxation. This predic-
tion cannot be obtained directly from thermodynamics or
by statistical kinetic theory in approximations lower than
the pair. I undertook the present investigation to find
and to measure this early, independent relaxation of SRO
in the disorder~order transformation in rapidly
quenched FeCo. X-ray diffractometry was used to mea-
sure LRO in the conventional way by comparing the in-
tensities of B2 superlattice diffractions to the intensities
of the fundamental bcc diffractions. Problems with the
small difference in x-ray scattering factors of Fe and Co
atoms were overcome by using Co Ka radiation to
suppress the scattering factor of the Fe atoms, and by us-

ing a large-angle position-sensitive detector for simul-
taneous data collection at all 20 angles. Even with these
experimental capabilities, it was not practical to measure
the SRO by x-ray diffuse scattering. Instead, Mossbauer
spectrometry was used to measure the evolution of SRO.
Unlike x-ray diffractometry, which makes direct mea-
surements of correlations between atom positions,
Mossbauer spectrometry is sensitive to local magnetic
disturbances in the material through the Fe hyperfine
magnetic field (HMF), and is a less direct measure of
SRO. It is known, however, how variations in local
atomic configurations affect the HMF in Fe-Co al-
loys, ' ' so models of the SRO can be tested against

II. EXPERIMENT

The preparation of the Fe—50-at. % Co. ingot, includ-
ing measurements of composition and purity, was de-
scribed previously. ' Small pieces of the ingot were
levitation melted and then rapidly quenched by the
piston-anvil technique. Annealings were performed by
sealing the splat foils in evacuated borosilicate glass am-
pules, but for annealings of less than a minute, the splat
foils were sandwiched briefly between a pair of aluminum
blocks that had previously equilibrated in the furnace.
The heating rate of a thermocouple subjected to this
latter procedure was more than 300'C/s. Surface oxides
were found in the diffraction profiles of many of the ma-
terials annealed in this way, but the oxides were eliminat-
ed by chemical polishing, and each splat foil was subject-
ed to only one rapid annealing.

Mossbauer spectra at 25'C were obtained in transmis-
sion geometry with a conventional constant acceleration
spectrometer. A radiation source of 20 mCi Co in a Rh
matrix was used for all measurements. The spectrometer
velocity calibration was checked after every run by ob-
taining a spectrum from a pure Fe foil. The specimens
used in this work were about 15 pm thick, and no thick-
ness distortion corrections were employed. X-ray
diffraction was performed with a Debye-Scherrer
diffractometer using an Inel CPS-120 position-sensitive
detector that spanned an arc of 127 in 20 angle. The in-
cident radiation was Co Ka, 2 monochromated with
graphite. To obtain good statistics for the (100), (111),
and (210) B2 superlattice diffractions, the integrated
counts in the (110) and (200) fundamental bcc peaks
ranged from (0.2—2.0) X 10 . Around the (110)
diffraction, the peak-to-background ratio was about 300.

III. RESULTS OF EXPERIMENTS
AND MONTE CARLO SIMULATIONS

A. X-ray dift'raction

The integrated intensities of the x-ray-diffraction peaks
from the fixed position-sensitive detector and Rat speci-
mens were corrected by the polarization and geometry
factor:

1+ 0
IpG(8) =mF'(hk)F(bk) . .

m
. D(bk),

sin 20 sin P+ sin g

where m is the multiplicity, F(b,k) is the atomic scatter-
ing factor, P is the angle of the incident beam with
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respect to the plane of the fiat sample (generally 20'), and
is the angle of the diffracted beam. (Note that

28= /+/. ) Assuming a Debye temperature of 440 K, the
Debye-Wailer factor, D(b, k), ranged from about 0.98 for
the (100) diffraction to 0.86 for the (220) diffraction. The
relative ratios of the fundamental peaks remained ap-
proximately constant for all samples, so corrected, in-
tegrated intensities of the (110), (200), and (211) funda-
mental bcc peaks were summed, as were the total intensi-
ties of the (100) (111), and (210) 82 superlat tice
diffractions. The LRO parameter, L, was then propor-
tional to the square root of the ratio of the summed su-
perlattice intensity to the summed fundamental intensity.
It is difficult to obtain an absolute calibration for the
LRO parameter because the scattering factor difference,
fc, f„„is —very sensitive to the dispersion correction
for fF, under Co Xa radiation. Conversely, by using the
equilibrium LRO calculated with the Monte Carlo simu-
lation (about 0.87 at 500 C from Fig. 1), we estimated the
scattering factor difference, fc, f„,=3—.9. Using this
calibration from the end state of the Monte Carlo simula-
tion and the steady state of the annealed samples, the
evolution of the LRO parameter as a function of time at
different temperatures is presented in Fig. 2.

The B2 superlattice diffractions observed after short
annealings at 520 and 570 C were broadened significantly
with respect to the fundamental diffractions as reported
by Buckley. ' This broadening is certainly caused by the
small characteristic size of the ordered domains, since the
sharp fundamental diffractions will sense approximately
the same strain distributions. This was confirmed when
the superlattice diffractions were fit to the convolution of
a Lorentzian and Gaussian function plus a linear back-
ground. The widths of the Gaussian and Lorentzian
components of the diffraction peaks, wG(8) and wI (8),
were converted to hk [w(b, k)=w(8)4m cos N, '], and

1 I

&» ' (» (2)

The growth of the domain size (l ) at different tempera-
tures is presented in Fig. 3.

B. Mossbauer spectrometry

The Fe hyperfine magnetic field distributions were
obtained from the Mossbauer spectra by a curve-fitting
procedure similar to that used previously. A Gaussian
distribution was used to express the HMF distribution,
P(H):

P(H)=A exp

'2
H —&H)

where A is a normalization constant, (H ) is the mean
HMF, and o. is the standard deviation. This HMF distri-
bution was converted to a Gaussian velocity distribution
for each absorption peak, and was convolved with a
Lorentzian function having a width characteristic of the
absorption peaks in a pure Fe spectrum. A linear back-
ground was then added to the result, and the total peak
plus background function was least-squares fitted to the
peaks in the spectrum. In the fitting routine, the parame-
ters A, (H ), o, and the background were all varied in-

plotted against b.k (6k=4m. sin OA, '). The Lorentzian
component had little dependence on Ak, and the slope of
the Gaussian component was a mean squared strain of
0.0036. From the average of the half-widths of the
Lorentzian components of the (100) (111), and (210)
diffractions, the characteristic domain size was obtained;
the inverse of this average half-width is the length ( l ), of
the exponential domain size distribution corresponding to
the Lorentzian line shape
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FIG. 2. Evolution of LRO in piston-anvil quenched FeCo
after annealing at temperatures of 350, 400, and 570'C for vari-
ous times. Lines are drawn to guide the eye.

FIG. 3. Growth of the characteristic length of the ordered
regions in piston-anvil quenched FeCo after annealing at tem-
peratures of 350, 400, 520 and 570 C for various times. Lines
are drawn to guide the eye.
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C. Monte Carlo simulations

In previous work we developed Monte Carlo algo-
rithms to simulate diffusion and ordering with an activat-
ed state rate theory for vacancy jumps. ' The as-
sumptions about how the local chemical environment
affects the probability of a vacancy jump are the same as
in the analytical theories, ' " but the Monte Carlo
simulations are exact for a periodic lattice of finite size.
The Monte Carlo simulations are particularly useful be-
cause x-ray diffractometry and Mossbauer spectrometry
"experiments" can be performed on the simulated alloys.
The x-ray-diffraction pattern is easily simulated within
kinematical theory by taking the diffracted wave %(hk)
as the three-dimensional Fourier transform of the alloy,
and then calculating II*4:

%*(hk)%(b,k) =
all sites

f(r)exp( i bk r)—

For simplicity, the scattering factors of the 3 atoms were
set to unity, and the scattering factors of the 8 atoms
were set to zero, so the diffracted wave was obtained as
the sum of all exp( —ib,k.r) at the positions r of the A
atoms. The intensities of the diffraction peaks were ob-
tained by integrating %'*%' in a cubical volume around the
center of the diffraction peak with a width in hk that cor-
responded to our experimental capability. A width in Ak
of 0.10X 2ir/a was used, where a is the edge length of the
cubic bcc unit cell. Similar results were obtained when
the width in Ak was as large as 0.30 X 2~/a, but when the
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FIG. 4. Change in the average ' Fe HMF in piston-anvil
quenched FeCo after annealing at temperatures of 350, 520, and
570'C for various times. Lines are drawn to guide the eye.

dependently. To avoid interference with the tails of
peaks 2 and 5, these two peaks were fit first, and then
stripped from the spectrum. The central velocities of
peaks 1 and 6 were then used to obtain the average
hyperfine magnetic field, (H ), which changed during an-
nealing as shown in Fig. 4.

width in Ak became too large, the integration included
the diffuse scattering, and there was little structure to the
kinetic path of SRO versus LRO.

Simulated Mossbauer spectra from FeCo alloys were
obtained from the alloys of the Monte Carlo simulations.
The model of Fe HMF responses to the configurations
of local magnetic moments ' is too involved to present
here, but sufFice to say that the 4s conduction electron po-
larization seen at a Fe nucleus owing to the surrounding
atoms is included, as is the core s-electron polarization
due to the effects on the Fe magnetic moment owing to
the surrounding Co neighbors. The present work em-
ployed the same mechanisms used previously for the Fe
HMF response to the Co and Fe magnetic moments, and
the parameters for these responses and the values of the
magnetic moments were the same as used previously.
Again, it was necessary to linearly scale the magnitude of
the changes in HMF during ordering to correspond to
the actual experimental results.

IV. DISCUSSION

A. Heterogeneous mode of ordering

The specific heat of the order-disorder transformation
in FeCo has a A,-type temperature dependence with little
hysteresis, ' ' ' '" and the equilibrium value of the LRO
parameter increases continuously below the critical tem-
perature of 730'C. ' This is strong evidence that the
order-disorder transformation in FeCo is of second order
in free energy, as permitted by the Landau-Lifshitz cri-
terion. In general, we expect that lower temperatures
will increasingly favor second-order phase transforma-
tions as the thermodynamic driving forces become
greater.

It was reported by Buckley' that ordering in quenched
FeCo changes from a homogeneous mode at high temper-
atures to a heterogeneous mode at low temperatures. At
low temperatures, the ordered phase was found to nu-
cleate at grain boundaries and then grow into the disor-
dered phase in a first-order phase transformation. This
change in mode to heterogeneous ordering at low temper-
atures is contrary to thermodynamic predictions and
must be a kinetic phenomenon. It could be related to va-
cancy availability; vacancies may be supplied by grain
boundaries, and at low temperatures they may remain
trapped near the propagating order-disorder interface.

Buckley's picture of the mode change is consistent with
the present results. The rate of long-range ordering (Fig.
2) increases from 350 to 400'C, and again between 520
and 570'C, but ordering at 520'C is much slower than at
400'C. The size of the ordered domains also increases
most rapidly at the lowest temperatures (Fig. 3), con-
sistent with a strong driving force for propagating well-
ordered domains into the disordered solid solution. Once
the ordered regions have grown over the entire grain, the
microstructural evolution slows considerably because
coarsening of the ordered domains would proceed in a
manner similar to the domain growth at higher tempera-
tures. That a different rnicrostructure evolves in these
two temperature ranges is also shown by the parametric
plot of Fig. 5. With the nucleation and growth of an or-
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FIG. 5. Parametric plot of LRO vs characteristic size of or-
dered domains for alloys annealed at 350 and 570'C for various
times. Lines are drawn to guide the eye.

dered region, the average LRO will be smaller for a given
size of ordered domain than if a moderate degree of order
evolved homogeneously throughout the material.

In the nucleation and growth mode of ordering, the x-
ray diffractometry profiles and the Mossbauer spectra
comprise a sum of two components, one from the disor-
dered region and one from the ordered region. The frac-
tions of these components are equal to the fractions of
the disordered and ordered regions. In the nucleation
and growth mode, the SRO and LRO parameters are not
independent of each other because they are both depen-
dent on the fraction of ordered region. The SRO there-
fore cannot grow without growth of the LRO. The aver-
age HMF obtained from a Mossbauer spectrum of an al-
loy partially ordered by the nucleation and growth mech-
anism is

&H) =Hordford+Hdis(1 ford) (5)

where the fraction of the ordered phase is f„d, the or-
dered phase has a HMF H„d —=340.5 kG, and the disor-
dered phase has a HMF Hd;, =349.7 kG (both at 23'C).
For the nucleation an growth mode of ordering, the ap-
parent LRO parameter I. is

L =Lo,d(f.,d )' ' (6)

From Eqs. (5) and (6) we see that a parametric plot of
(H ) versus L will be a parabola reminiscent of the point
approximation in Fig. 1. On the other hand, for the
homogeneous mode of ordering, both the pair approxi-
mation and the Monte Carlo simulations should predict a
more rapid drop in (H ) than in L during the early stages
of ordering. The shape of this drop must be calculated
from a detailed analysis of the HMF, and the results of
this analysis are presented in the next section.

B. Kinetic path of homogeneous mode of ordering

Figure 6 presents the results of simulated experimental
kinetic paths of (H ) versus L, which correspond to SRO

LRO

FIG. 6. Simulated and calculated kinetic paths of ' Fe HMF
vs x-ray LRO parameter for disorder —+order transformation in
FeCo. The three data sets are: (i) Monte Carlo simulations of
ordering with vacancies (same simulations used for the data of
Fig. 1), line is drawn to guide the eye; (ii) the same Monte Carlo
simulations, but with the atomic species randomly mixed on the
two B2 sublattices during calculations of (H) and L; (iii)
heterogeneous ordering, line is calculated with Eqs. (5) and (6).

and LRO. One set of alloys was obtained by a Monte
Carlo simulation of ordering with a vacancy mechanism,
and from each state of the alloy, the Mossbauer and x-ray
diffractometry data were simulated as sketched in Sec.
III C. The second data set in Fig. 6 was obtained by a
different sort of Monte Carlo simulation in which the al-
loy was decomposed into the two simple-cubic sublattices
of the B2 structure, and the A and B atoms were ar-
ranged randomly on these two sublattices. The kinetic
path through these single-domain alloys corresponds, of
course, to that of the point (random mixing) approxima-
tion. The third kinetic path in Fig. 6 was calculated by
assuming a heterogeneous mode of ordering where a re-
gion of equilibrium order grows into the region of disor-
der. This is just the parabolic relationship described by
Eqs. (5) and (6). Figure 7 presents our experimental ki-
netic paths of (H ) versus L. The excellent agreement
between the kinetic paths at 350 and 400'C in Fig. 7 and
the heterogeneous curve in Fig. 6 is further evidence that
B2 ordering in FeCo evolves heterogeneously at low tem-
peratures.

More significant from the point of view of statistical ki-
netic theory is the agreement between the experimental
kinetic paths at 520 and 570'C in Fig. 7 and the simulat-
ed kinetic path for homogeneous ordering in Fig. 6. As
in Fig. 1, the kinetic path begins in the upper left of the
figure, and the first four data points (crosses) in Fig. 1 are
those of the SRO relaxation; the same four states of the
same simulated alloy were used to obtain the first four
data points in Fig. 6. In the early, independent relaxation
of SRO, ( H ) decreases relatively rapidly with respect to
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L, as expected since the HMF is sensitive to atomic ar-
0

rangements within a few A around the Fe atom. The
strong difference in the initial slopes of the two kinetic
paths in Fig. 7 rejects the early, independent relaxation
of SRO, and the good agreement between the kinetic
paths of Figs. 6 and 7 confirms approximately the magni-
tude of this relaxation predicted by the Monte Carlo
simulations. (Variations in the temperature for the
Monte Carlo simulations caused modest changes in the
shape of the simulated experimental kinetic path. ) Since
the pair approximation and the Monte Carlo simulations
showed qualitatively similar early, independent relaxa-
tions of the SRO (Fig. 1), there is also modest agreement
between experiment and statistical kinetic theory in the
pair approximation.

In spite of the good agreement between the calculated
and measured kinetic paths of Figs. 6 and 7, it is reason-
able to question whether the systematics of the HMF dis-
tribution are sufficiently well understood to provide such

FIG. 7. Experimental kinetic paths of (H ) vs L for piston-
anvil quenched FeCo annealed at 350, 400, 520, and 570'C for
various times. Data set 350-1 was obtained in the present work,
data set 350-2 was obtained previously (Ref. 24). Data set 400
was obtained by scaling previous data at 77 K (Ref. 24) to fit an
8 kCs range in (H ) {this should slightly underestimate the con-
cave downward curvature). Lines are those of Fig. 6.

a good agreement between each calculated and measured
kinetic path. (Conversely, if we accept the predictions of
statistical kinetic theory, the good agreement between the
individual curves provides support for the systematics of
the Fe HMF distribution in FeCo.) More reliable than
the predictions of absolute kinetic paths in (H ) versus L
are the predicted differences in (H) versus L for the
different modes of ordering. Clearly these differences are
predicted well. Finally, it is interesting that the simulat-
ed experiment of a random-mixing kinetic path agrees so
well with the simulated kinetic path of heterogeneous or-
dering. This agreement is expected for a kinetic path of a
true SRO parameter like pz~& versus L, but it is not obvi-
ously true for (H ) versus L, and the simulations were
used to reveal this trend. The average Fe HMF, (H ),
therefore seems a good parametrization of SRO in FeCo.
This is not unexpected since the characteristic length of
the HMF sensitivity to local atomic arrangements is
about 4 A, and this sensitivity extends to only 9 A.

V. CONCLUSIONS

Two kinetic phenomena, independent of thermo-
dynamic predictions, were observed in the ordering of
rapidly quenched, equiatomic FeCo: (1) the present work
corroborates the report by Buckley' that the mode of or-
dering undergoes a change from homogeneous at temper-
atures above 500 C to heterogeneous at temperatures of
400'C and below. (2) Statistical kinetic theory in the pair
approximation and Monte Carlo simulations predict that
B2 order will initially evolve from a disordered alloy with
an early, independent relaxation of the SRO (without
growth of the LRO). This behavior was confirmed quali-
tatively for the homogeneous ordering of FeCo above
500 'C. The experimentally measured kinetic paths
through (H ) and L (experimental SRO and LRO param-
eters) were in reasonable agreement with the calculated
paths.
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