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The structure and microstructure of Fe-xAl-yCr alloys with x =25 and 27 and 0 < y < 15 have been
studied by neutron diffraction at several fixed temperatures with high Ad/d resolution and with high-intensity
continuous scanning in a wide temperature range. The joint analysis of the obtained data established that the
microstructure of these compounds is organized in the form of nanoscopic-sized clusters with an ordered atomic
structure coherently embedded in a disordered (or less ordered) matrix. In the quenched samples, the matrix is a
disordered A2 phase with clusters of a partially ordered B2 phase, whereas, in the annealed samples, the clusters
of the ordered DO; phase are dispersedly distributed in the B2 matrix. The characteristic size of the clusters
depends on the state of the alloy, the chromium content, and the temperature and ranges in size from 100 to
1000 A. For the matrix, the coherent scattering domain size exceeds 3500 A. Therefore, the state of the alloys
is actually a two-phase state, A2 + B2 or B2 + D03, although these phases are indistinguishable in elemental
composition. One of the factors stabilizing the phase-separated state in a compositionally homogeneous medium
can be local composition fluctuations at the level of elementary cells, which in turn lead to fluctuations in the

interactions of neighboring pairs of atoms.

DOLI: 10.1103/PhysRevMaterials.3.013608

I. INTRODUCTION

It is well known that many physical and engineer-
ing properties of alloys highly depend on their particular
microstructure, which generally refers to any deviation in the
arrangement of atoms from a perfect long-range crystalline or-
der. In addition to the finite crystallite sizes, internal stresses,
texture, vacancies, etc., for ordered alloys, the organization of
regions with an ordered atomic arrangement is also included
in the concept of a microstructure.

Existent experimental data (x-ray diffraction and electron
microscopy) allowed the formulation of two basic models,
within which structurally ordered regions in alloys are usually
considered. Namely, it is assumed that, depending on the con-
ditions for the preparation of the alloy and its subsequent heat
treatment, the ordered regions can be either antiphase domains
(APDs) or clusters of relatively small (nano- or mesoscopic)
dimensions embedded in a structurally disordered matrix. The
degree of ordering within domains and clusters can vary from
zero to one.

The model of APDs was introduced on the basis of x-
ray studies [1] of the ordered CuzAu alloy (or Cu-25Au, if
the standard for alloy notation is used), in which specific
additional broadening of some (“superstructure”) peaks with
respect to the remaining (“fundamental”) peaks has been
observed. The effect of APDs on the diffraction pattern was
considered in detail in [2], where for CuszAu the necessary
formulas were obtained and a comparison with experiment
was made. In these papers, APDs meant neighboring regions
with the same arrangement of atoms that had shifted relative
to each other by the part of some lattice translation vector.

The possibility of forming antiphase domains in ordered
alloys was subsequently justified theoretically and confirmed
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by various observations and calculations. It has become gen-
erally accepted due to repeated discussion in articles and
monographs (e.g., [3,4]). Most of the observations of APDs
and coherent boundaries between them are performed using
transmission electron microscopy (TEM). A detailed analysis
of x-ray-diffraction data (the whole powder pattern modeling
(WPPM) method was used) obtained on a specially prepared
CusAu alloy was carried out in [5], where various variants of
the APDs formation were considered.

The first substantiated indications of the possibility to form
an alloy microstructure as small clusters with an ordered
atomic structure embedded into a disordered matrix were
obtained as a result of computer simulation of short-range
order in CuszAu [6]. The analysis [7] of diffuse x-ray scattering
in CuAu and CuzAu also showed good agreement with the
cluster model. In Fe-Al-based alloys, dispersed clusters of
small (20 to 50 A) sizes of the ordered D03 phase in a
matrix having the «-Fe structure (disordered A2 phase) were
observed (TEM) in compositions with ~20 at. % Al in [8,9],
where such a microstructure was designated as a specific K
state. Theoretical and experimental efforts of studying the
inhomogeneous cluster state were intensified recently, which
has been promoted by finding the mixed phase states A2 +
D05, B2 + D03, and B2 + DO0;9 and the detection of record
magnetostriction peaks in the Fe-x Ga alloys at x =~ 19 and
27 (see, for instance, [10-13]).

Thus, from the experimental data, it follows that at least
in some alloys two alternative versions of the microstruc-
ture organization are possible: APDs or ordered clusters
in the disordered matrix (OCDM), and their implementa-
tion depends on the conditions for the preparation of the
alloy. An APD probably is the state closest to equilib-
rium, whereas an OCDM can be far from equilibrium and

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.013608&domain=pdf&date_stamp=2019-01-17
https://doi.org/10.1103/PhysRevMaterials.3.013608

BALAGUROV, BOBRIKOV, SUMNIKOV, AND GOLOVIN

PHYSICAL REVIEW MATERIALS 3, 013608 (2019)

under certain conditions will gradually convert to the APD
state.

It is intuitively clear that the cluster state of the crystal
microstructure should lead to the broadening of the diffraction
peaks. Indeed, in our recent paper [14], neutron-diffraction
data have been obtained for the Fe-26.5Al as-cast alloy,
from which it follows that the widths of superstructure peaks
exceed the widths of fundamental ones by ten or more times.
This result was confirmed then by the analysis of neutron
diffraction from the Fe-27Al single crystal [15]. In both
papers, the combination of high-resolution neutron diffraction
and real-time thermodiffractometry was used for experiments.
This made it possible to trace the temperature evolution of
the structural characteristics of the samples and determine the
widths of the great number of fundamental and superstructure
diffraction peaks. It was shown that the model of dispersed
clusters quite adequately describes the observed diffraction
effects and, conversely, some important consequences of the
APDs model in these experiments were not observed.

In the present paper, this technique was used to analyze
several samples with compositions close to Fe-25Al and
doped with chromium. We successfully showed that in the
initial (quenched) state the microstructure of these compounds
is a matrix of the disordered A2 phase with clusters of the par-
tially ordered B2 phase dispersed in it. After slow heating and
cooling, the matrix converted to the B2 phase and the clusters
consisted of the almost completely ordered D03 phase.

It should be noted that the concept of structurally ordered
clusters in alloys is not strictly defined. Computer modeling of
the ordering process predicts the appearance of interpenetrat-
ing volumes with diffuse boundaries and complex topology.
In the present paper, the concept of a cluster is used in the
diffraction sense; namely, a cluster is understood to be a
region, the degree of atomic order of which is higher than in
the matrix, which leads to the appearance of superstructure
diffraction peaks. The set of such regions can be assigned
a certain characteristic size, which determines the additional
(size) contribution to the widths of the diffraction peaks.

The physical properties and the phase diagram of the Fe, Al
compositions with x & 3 (iron aluminide, Fe-25Al), as well
as the structure of the ordered phases in this compound, are
well studied and widely represented in the literature (see,
for instance, [16,17]). For (Fe, Cr);Al, it is only known that
chromium doping somewhat complicates the ordering of the
atoms, thereby increasing the plasticity of the alloys, and has
a marked effect on the temperature dependences of internal
friction [18], which are sensitive to the mobility of disloca-
tions. The material-science characteristics of the (Fe, Cr);Al
compounds are not discussed here since the results of their
studies are detailed in a review [16], a monograph [19], and
our recent paper [20].

II. MATERIALS AND EXPERIMENTAL METHOD

In this paper, we present the results obtained for four
Fe-xAl-yCr alloys—the nominal and chemical composition,
initial state, and room-temperature unit-cell parameter of
which are listed in Table I. As-cast samples were obtained by
melting the corresponding mixture of pure Fe, Al, and Cr in an
induction furnace with an argon atmosphere and subsequently

TABLE I. Nominal and chemical compositions (in at. %), initial
phase states, space groups, and lattice constants of studied samples

Sample Fe Al Cr Initial state  a, A

Fe-27A1 (S1) 735 265 D05, Fm3m  5.7969
Fe-27A1-3Cr (S2) 703 270 2.7 B2,Pm3m 2.8956
Fe-25A1-9Cr (S3) 64.6 270 84 B2, Pm3m 2.8954
Fe-25A1-15Cr (S4) 603 250 14.7 B2, Pm3m 2.8972

crystallized in a copper cup. The chemical composition of the
ingots was examined using energy-dispersive spectroscopy
with an accuracy of £0.2%. For neutron experiments, paral-
lelepipeds with dimensions 4 x 8 x 50 mm were cut from
ingots.

Neutron-diffraction patterns were measured with a high-
resolution Fourier diffractometer (HRFD) operating at the
IBR-2 pulsed reactor at JINR (Dubna) [21,22], which is a
time-of-flight (TOF) instrument with a fast Fourier chop-
per. The HRFD can be easily switched between high-
resolution (Ad/d =~ 0.0015) and high-intensity (Ad/d =~
0.015) diffraction modes (d is the interplanar distance), which
is extremely useful for a joint analysis of the changes in the
atomic structure and microstructure of the material in the
course of phase transitions (see also [23]).

For Fe-Al alloys similar in composition to Fe-25Al, three
structural states are possible and are designated in the phase
diagrams as A2, B2, and DOs. In the A2 phase (Im3m) there
is no ordering, while the Fe and Al atoms with probabil-
ities of 0.75 and 0.25, respectively, occupy two positions
in the unit cell. In the B2 phase, Fe atoms can completely
fill one of the two possible positions in the Pm3m group,
and in the second position Fe and Al are present in equal
amounts. In the D03 phase (Fm3m), almost complete ordering
is possible. The lattice constants of the states D03, B2, and A2
are related as apgz < 2apy < 2aa & 5.80A

The ordering in Fe-Al alloys leads to the appearance of
superstructure peaks in neutron-diffraction patterns, the inten-
sity of which is proportional to (bpe — ba) )2, where bpe =
0.945 and by = 0.345 (in units of 10~'% cm) are the coherent
neutron-scattering lengths (bc; = 0.364, which is very close
to ba;). The relatively large difference between bg. and ba;
provides the sufficiently high intensity of these peaks. In the
presence of long-range ferromagnetic order in the alloy, in all
diffraction peaks (including superstructure ones) up to tem-
peratures of about 550 °C, there is some magnetic contribution
modulated by the magnetic form factor of iron. Owing to
the small magnitude of the iron-ordered magnetic moment
(pe < 21 p), this contribution is quite small. Examples of
high-resolution diffraction patterns measured in the initial
state of Fe-27Al1 (D03 phase) and Fe-25A1-15Cr (B2 phase)
are shown in Fig. 1. For the disordered A2 phase, the 111,
200, 311, etc., superstructure peaks are absent.

III. DIFFRACTION PEAKS WIDTH FOR THE APDS
AND OCDM MODELS

The crystal microstructure manifests itself in the geomet-
rical characteristics of the diffraction peaks: the amplitude
(area), width, position, and shape. After their analysis one can
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FIG. 1. High-resolution neutron-diffraction patterns of the Fe-
27Al and Fe-25A1-15Cr alloys measured in their initial state (before
heating). The Fe-27Al sample is in the DO; phase with 111 and 311
superstructure peaks. The Fe-25A1-15Cr sample is in the B2 phase
with 200 and 222 superstructure peaks. Miller indices and vertical
bars indicating the positions of the diffraction peaks are in both
patterns given for the DO; unit cell.

make a choice in favor of one or another model. In the case
of APDs, the listed characteristics depend also on the type of
atomic structure in the alloy and on the particular variant of
atomic structure conjugation in neighboring domains.

For the Fes;Al structure, the most probable coherent an-
tiphase domain boundary (APDB) passes along the faces of
the cubic unit cell, and the domain shift occurs along the
edges of the cube for a half of the DO; lattice constant.
For this phase, the fundamentals are peaks with even Miller
indices (h, k, [) satisfying the condition (h + k +[) = 4n;
they are allowed in all three phases DOs, B2, and A2. The
superstructure peaks are divided into two groups: (1) peaks
with all even (h, k, [) and with (h +k +1)/2 =2n+1 (al-
lowed in the phases DO; and B2) and (2) peaks with all
odd (h, k, ) (allowed only in DO3). When the domains are
shifted by a/2, the size contribution to the broadening of the
fundamental and superstructure peaks of the first group and

of the superstructure peaks of the second group is different.
In the simplest case of diffraction on two neighboring APDs
having approximately the same shape and size and separated
by a planar coherent APDB, the size contribution to the peak
width of these two groups is [15]

Ads ~ (d*/Lp)B- (1

where Buu = (h +k +1)/(h> + k> +12)'/2 (all indices are
positive and odd), varying from 1 to 1.73, and, for instance,
for the 111 peak Adg ~ 3.5AdF.

Considering the case of dispersed clusters in compositions
of the FesAl type, it is clear that two alternative variants are
possible and, as shown below, experimentally observed: (1)
clusters of the B2 phase in the A2 matrix and (2) clusters
of the D03 phase in the B2 matrix. In this case the peak
profiles are determined by the Fourier transform of the shape
of the coherently scattering areas in matrix and clusters. Thus,
the size contribution to the width of the fundamental and
superstructure peaks is

Adp ~ d*/2Lp,

Adp ~d*/Ly, Ads~d*/Lc, )
where L) and L¢ are the average size of the coherently
scattering areas in matrix and clusters. There is the obvious
difference between (2) and (1): anisotropic dependence of the
width of S peaks on the Miller indices (the By factor) is
absent; the ratio between Adp and Ads can be arbitrary.

For the analysis of the widths of the diffraction peaks, the
Williamson-Hall relation is used in this paper, which for a
TOF diffractometer can be written in the form [23]

(Ad)* = Cy + (Ca + C3)d* + Cayd*, A3)

where C| and C, are constants relating to the HRFD resolu-
tion function; the microstrain, &, and average size of coher-
ently scattering areas, Lo, are taken into account by C3 =
(2¢)? and C4 ~ (1 /Lcon )2, correspondingly. For fundamental
or superstructure peaks, either L., = Ly or Lc must be
used. If the size effect is absent, the dependence (Ad)? on d*
is linear, otherwise it is parabolic. Accordingly, by employing
this dependence over a sufficiently large d-spacing range, it is
possible to determine both ¢ and Lqp.

The restrictions of the Williamson-Hall method are well
known (see, for example, [24]). It ignores the distribution of
crystallites in size, it makes an arbitrary assumption about
how to combine the size and microstrain distributions with
the resolution function of the diffractometer, and the deter-
mined parameters do not have an exact physical meaning.
In particular, Eq. (3) was obtained on the assumption that
all distribution functions, including the resolution function
of the diffractometer, are Gaussian ones. On the other hand,
this method is easy to use and interpret; it makes it possible
to detect anisotropy in the peak broadening. Moreover, the
determined parameters are not affected by extinction and
texture, which, as a rule, are very strong in simple metals. In
the particular case of iron-based alloys studied on the TOF
diffractometer, the comparatively weak and simple depen-
dence of the HRFD resolution function on d spacing, and the
fact that all diffraction peaks are single, also contribute to the
success of the analysis.

013608-3



BALAGUROV, BOBRIKOV, SUMNIKOV, AND GOLOVIN

PHYSICAL REVIEW MATERIALS 3, 013608 (2019)

IV. RESULTS OF DIFFRACTION EXPERIMENTS

From neutron-diffraction patterns, it follows that the ini-
tial state of the as-cast sample (Fe-27Al) is the D03 phase,
whereas the quenched samples with Cr are in phase B2
(Fig. 1). For clarity and convenience of comparing the results,
the Miller indices for the unit cell of the DO; phase are used
later in the text and in the figures. To acquire the indices of A2
or B2 cells, the indices for DO3 must be divided by 2.

A. Peak widths measured in high-resolution mode

The widths of the peaks (full width at half maximum)
were found by describing their profiles in the HRFD high-
resolution patterns by an experimentally measured func-
tion. This made it possible to determine the microstrains in
crystallites at a level of ¢ =~ 4 x 10~* or higher and L, at a
level of 3500 A or lower.

In Fig. 2, the (Ad)? on d* dependences determined for the
initial state of the Fe-25A1-9Cr alloy and after its heating to
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FIG. 2. Comparison of the (Ad)? over d?> dependences for Fe-
25A1-9Cr measured in the initial (before heating) state (B2 phase)
and after a heating (to 850 °C) and cooling (to 20 °C) session (D0
phase). A linear dependence is observed for the matrix peaks, while
for superstructure peaks from ordered phases the dependence is
parabolic. The statistical errors of experimental points are about the
same size as the symbols; the values (Ad)?> are multiplied by 10°.
The bottom line shows the diffractometer resolution function.

850 °C and subsequent cooling are shown. It is seen that in
the initial state the widths of the peaks with (h +k +1) =
4n (allowed for the A2 phase) fit the linear dependence,
whereas, for peaks allowed for the B2 phase, the dependence
is parabolic.

After cooling to room temperature, the linear dependence
is true for the widths of the peaks with even indices, which
are allowed in both A2 and B2 phases (fundamental and
superstructure peaks of the first group), while the widths of
peaks with odd indices (superstructure peaks of the second
group) follow the parabola. Another clearly visible effect is a
significant increase (by a factor of ~3) of the Ly, after the
heating-cooling session.

The Williamson-Hall plots for the Fe-25A1-3Cr and Fe-
25A1-15Cr alloys are similar to those shown in Fig. 2. Their
comparisons for the fundamental and superstructure peaks are
shown in Fig. 3. The widths of the fundamental peaks fit quite
well to the general linear dependence, with the exception of
certain points measured with Fe-25Al1-15Cr, for which the
anisotropy of microdeformations is significant.

The size effect for the widths of the fundamental peaks
does not appear in any way and, therefore, the L., for
the disordered matrix is larger than the HRFD sensitivity

250

1 (a) 3Cr
9Cr

< 220

200

W2 (arb. units)
3

50

O+—— 77— 7 T T

2 3
d2 (A2)

1(b)

3Cr (160 A)

W?2 (arb. units)
200

9Cr (300 A)

IG5 A)

LI L B L L

6 7 8 9

4 s
d?(A?)

FIG. 3. Williamson-Hall plots for the widths of fundamental (a)
and superstructure (b) diffraction peaks measured in the initial state
(B2 phase) of samples with Cr content of 3, 9, and 15%. The Miller
indices of several first peaks and the characteristic size of clusters are
specified. The straight solid line is shown for the sample with 9Cr.
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FIG. 4. A 2D visualization of the temperature evolution of
diffraction patterns measured upon heating to 850 °C and subsequent
cooling for the Fe-25A1-15Cr sample. The phase transitions B2 —
D0; — B2 — A2 at heating and A2 — B2 — D03 at cooling are
seen. The phases are characterized by the 111 and 311 peaks for
D03, by the 200 peak for B2, and by the 220 and 400 peaks for A2.
The Miller indices are given for the DO; unit cell. The heating and
cooling rates were slightly different; thus, the number of patterns at
equal temperature intervals is somewhat less upon heating.

limit, i.e., Ly > 3500 A. From the parabolic (Ad)?* on d?
dependences for alloys with a chromium content of 3, 9, and
15%, the average cluster sizes were estimated as 160, 300, and
550 A, respectively. Thus, for compositions with chromium,
the ratio of L to L¢ varies from 6 to 22 (for Ly, = 3500 A),
which contradicts strongly with the APD model.

B. In situ experiments

The samples were heated up to 850 °C at a constant rate
of 2.25 K/min. Cooling proceeded linearly with the same rate
down to T'= 200 °C; at lower temperatures, the linearity was
not maintained. Before heating, at 850 °C, and after cooling
to room temperature, high-resolution diffraction patterns were
measured. Upon heating of Fe-27Al, a DO; — B2 — A2
sequence of phase transitions was observed, whereas in all
compositions with Cr it was B2 — D0; — B2 — A2. How
these transitions in Fe-25Al1-15Cr (and similarly in other
compositions with Cr) reveal themselves in the diffraction
patterns is shown in Fig. 4, where a short d-spacing range
containing peaks from 111 to 400 is presented. In this figure,
the characteristic features of structural transitions in these
alloys are clearly visible according to the following phenom-
ena: the appearance of an ordered D03 phase upon heating,
the disappearance of all superstructural peaks at higher tem-
peratures with the simultaneous increase of the incoherent
background, and the successive appearance of superstructure
peaks (first 200, then 111 and 311) upon cooling. The ge-
ometrical characteristics of the diffraction peaks determined
as functions of temperature at heating and cooling (areas,
positions, and widths) were then converted into the following
physical quantities: degree of ordering, atomic volume, and
characteristics of the microstructure.

Figure 5 illustrates the behavior of the intensities of charac-
teristic diffraction peaks for Fe-25A1-15Cr and Fe-25A1-9Cr
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FIG. 5. Intensities of the characteristic diffraction peaks (Miller
indices are indicated) in the Fe-25AI1-15Cr (a) and Fe-25A1-9Cr (b)
samples when heated (arrows to the right) and cooled (arrows to the
left). The boundaries between the structural phases (clusters/matrix)
as determined from superstructure peaks are indicated by dashed
lines. At cooling, both alloys are in the DO; phase at 7' < 200 °C. For
Fe-25A1-9Cr, the behavior of the atomic volume (right scale) upon
heating is shown.

compositions upon heating and cooling. The atomic volume
of Fe-25Al1-9Cr is also shown as a function of tempera-
ture. It is seen that the intensities of both the fundamental
and superstructure peaks for these compounds (and also for
the third composition with Cr) behave in a similar manner.
Several features can be noted. The disappearance at heating
and appearance at cooling of the superstructure 200 and
311 peaks occur at the same temperatures, i.e., hysteresis
is small or absent. Additionally, the 200 peak intensity in-
creases in some temperature range upon heating, the intensity
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of the fundamental 400 peak monotonically decreases, and
the intensities of all fundamental and superstructure peaks
at cooling monotonically increase. The atomic volume dur-
ing the transitions varies in a continuous manner, which
sharply distinguishes these compounds from Fe-27Ga, where
the transition from DO; to A2 goes through the L1, and
D09 phases with different lattice symmetries [23]. However,
some changes in the slope of the V,(T) curve are observed
just at temperatures coinciding with the beginning of the
increase and decrease of 1(200) at 7 ~ 200 and ~520 °C,
respectively.

The temperature dependences of the widths of the particu-
lar diffraction peaks of Fe-25A1-15Cr upon heating are shown
in Fig. 6(a). The width of the fundamental peaks (shown
for 220) does not change over the entire temperature range,
while the widths of superstructure peaks decrease at 7 >
300°C. Above T =~ 580°C, the width of the 200 peak is
close to the contribution from the resolution function. The
reduction of the widths of superstructure peaks is naturally
associated with an increase in the ordered cluster size. Taking
into account the resolution function and using the Scherrer
formula (L ~ d? /Ad), estimation can be obtained for the
average cluster size of the B2 phase in the A2 matrix and its
temperature dependence [Fig. 6(b)]. It is seen that the initial
size of the clusters depends on the chromium content. The
increase in size starts at 7 > 350 °C and gradually accelerates
until 550 °C. At cooling, the dependence of the widths on
temperature is practically absent, and their values are close
to the values of the resolution function for the corresponding
dhii-

From the ratio of the intensities of the 311 and 220 peaks,
the fraction of the sample volume occupied by the DOs phase
can be estimated. Thus, in the S1, S2, S3, and S4 samples at
T = 400°C, the volume fraction occupied by the D03 phase
is about 40, 16, 8, and 4%, respectively, and after heating
and cooling it increases by a factor of ~2-2.5. This result
corresponds to the fact that an increase in the chromium
content reduces the propensity of these alloys to increase their
ordering.

One of the changes in the V,(T') slope (visible in Fig. 5) is
shown in more detail in Fig. 7. It illustrates the well-known
fact of a decrease of the unit-cell constant under transition
between disordered and ordered states (see, for example, [3],
p- 215). The analysis of such dependences provides additional
useful information on these types of phase transitions, but this
is not the subject of this paper.

V. DISCUSSION

After the conventional analysis of the diffraction patterns,
it could be concluded that in the initial state the Fe-27Al alloy
is in the DO; phase, while all compositions with Cr are in
the B2 phase. However, an additional consideration of the
diffraction peak widths indicates that the B2 and D03 ordered
phases occupy only a part of the crystallite volume in the form
of isolated clusters with a characteristic size of about 100—
900 A imbedded in the A2 or B2 matrix. Thus, the actual state
of the samples is a two-phase state: A2 4+ B2 or B2 + DO0;.
Upon slow heating of Cr-containing alloys, the following
structural transitions occur inside the clusters: B2 — D0; —
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FIG. 6. (a) Widths of the characteristic diffraction peaks of Fe-
25AI1-15Cr upon heating. (b) Temperature dependences of the aver-
age cluster size in the samples with a chromium content of 3, 9, and
15 at. %. Above 550 °C, the cluster size cannot be determined due to
the proximity of the width of the peaks to the contribution from the
resolution function.

B2 — A2; i.e., first, the degree of order increases up to T
~ 450 °C, then it begins to decrease. With subsequent slow
cooling, the process goes in the opposite direction: A2 —
B2 — DO0s.

The observed changes in the intensities of the diffraction
peaks belonging to individual phases can be clearly inter-
preted. For their analysis, it should be taken into account that
the intensities of the fundamental (/) and superstructure (/g)
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FIG. 7. Temperature dependence of the atomic volume in the re-
gion of the A2 — B2 structural transition in the Fe-25A1-9Cr matrix.
The straight lines are the result of fitting the experimental points
by a linear function in the temperature intervals before and after
the transition. The volume expansion coefficients are indicated (in

10~ K~ units). The volume jump at T = 250°C is about 0.05 A

peaks depend on temperature such that
Is ~ §(T)Vs(T)| Fs?e™" ",
“

where Fr and Fg are structure factors, V(7T') is the volume
fraction of a phase, £(T') is the degree of atomic ordering,
0 < &T) <1, and e "™ is the Debye-Waller factor. The
exponent W(T) includes two terms connected with thermal
and static displacements. The first term is the same for matrix
and clusters; the second one could be a bit different because
of the different degree of ordering in matrix and clusters. For
the qualitative analysis of intensities this small difference is
not important.

The decrease in the intensity of the 400 peak is related to
the Debye-Waller factor and possibly to a partial amorphiza-
tion of the structure. The comparatively sharp increase in the
intensity of the 200 peak at 7 = 200 °C and the appearance
of the 311 peak (Fig. 5) do not affect the /(T) dependence
of the 400 fundamental peak, which indicates a high degree
of coherence of the crystal lattices of the matrix and clusters.
Changes in the intensity of the superstructure 200 and 311
peaks are related both to changes in the volume occupied by
the matrix and clusters and to the ordering process in them.
Upon cooling, the smooth increase in the intensities of the
superstructure peaks is also associated with two factors: an
increase in the volume occupied by the B2 and DO; phases
and an increase in the degree of atomic ordering in them. Both
intensities of superstructure peaks and the atomic volume
change continuously upon heating and cooling, indicating that
the D03 <> B2 <> A2 transitions are typical order-disorder
transitions of the second order.

Ip ~ Ve(T)|FpPe™ "D,

The size effect, which manifests itself in the quadratic de-
pendence (Ad)? on d?, is predicted by both APD and OCDM
models, but in the case of APDs these dependencies must be
less regular due to the presence of the By, factor; additionally,
the magnitude of Adp and Adgs should be commensurate.
However, the precision of the analysis of the small superstruc-
ture peaks is not high enough to identify the influence of Sj;.
An additional interfering effect is the microstrain anisotropy.
As aresult, the deviations of the experimental data points from
a regular quadratic dependence are approximately the same
for both models. At the same time, a change of Adr and Adg
with increasing Cr content in the very long range is natural
for the OCDM model but extremely unlikely in the case of
APDs. Moreover, the regular dependence of cluster size on Cr
content can be predicted in the frame of the OCDM model.

The absence of obvious temperature dependences of the
diffraction peak widths at cooling can be explained by the
rapid appearance of clusters with comparatively large sizes
(L > 1000 A) and, correspondingly, by the weak influence of
the size factor on the widths measured in the medium resolu-
tion mode. A more careful analysis shows a certain increase
in the width of the fundamental peaks, i.e., an increase of
microstresses, and a slight decrease in the 311 peak width,
i.e., an increase in the characteristic size of the D05 clusters.

The dependence of the atomic volume on temperature
(shown in Fig. 7) is calculated from the positions of the
fundamental peaks, i.e., they characterize the matrix. This
means that the unit-cell parameter of the matrix is sensitive
to the ordering processes occurring inside the clusters. Indeed
the unit-cell parameters determined from the fundamental and
superstructure diffraction peaks coincide with an accuracy of
~0.0005 A [14]. This value is much smaller than the change
in the lattice parameter during the A2 — B2 transition. That
is, the ordering preserves a high degree of coherence between
the crystal lattices of the matrix and clusters.
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FIG. 8. Temperature dependences of the degree of atomic order
inside the clusters in Fe-25A1-9Cr upon heating and cooling.
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The ratio of intensities of the reflection orders does not
depend on texture effects, which makes it possible to estimate
the temperature dependence of cluster ordering degree by
using the formulas (4). As an example, it is calculated by
analyzing the intensities of the 200 and 400 peaks. Since we
do not know the volume occupied by the clusters, the relative
behavior of the degree of order can be only obtained from
the ratio of intensities. In Fig. 8 this factor is shown for both
heating and cooling processes for Fe-25A1-9Cr composition.
It is seen that upon slow heating the ordering grows up in the
range from 220 to 500 °C. At cooling, the degree of order is
markedly higher than in the initial state. For other samples the
behavior is similar.

VI. CONCLUSIONS

The presented results clearly indicate that the microstruc-
ture of both quenched and annealed alloys of the Fe-Al-Cr
system is organized in the form of a matrix with a disor-
dered (or partially ordered) atomic structure and clusters of
nanoscopic size with an ordered atomic structure dispersedly
embedded in the matrix. The presence of volumes with or-
dered (B2 or DO03) structures is unambiguously confirmed
by neutron-diffraction patterns containing the corresponding
superstructure peaks. The characteristic sizes of these vol-
umes depend strongly on the state of the alloy, the chromium
content, heat treatment, and the measurement temperature,
and range from 160 to 1000 A. These facts contradict the
prediction of uniform ordering of the alloy with the formation
of antiphase domains and, conversely, completely correspond
to the model of dispersed clusters with an ordered structure.
The degree of atomic ordering in the clusters depends on
temperature, and after heating and cooling it is markedly
higher than in the initial state.

The principal difference between the models of antiphase
domains and dispersed clusters can be formulated as follows.
The first of them corresponds to a compositionally and crys-
tallographically homogeneous single-phase state that has a
specific organization of the microstructure. According to the
second model, the studied samples are actually in a two-
phase state, B2 + A2 or D03 + B2, although the elemental
composition of these phases is the same. In some papers
(see, for example, [25,26]) the coexistence of ordered and
disordered phases is denoted as the phase-separated state. This
type of inhomogeneity (phase separation) is well known in
the physics of complex oxides in which unusual properties
are observed. In LayCuOy,s there exists a “chemical” sep-

aration resulting in superconducting and antiferromagnetic
regions with different contents of extra oxygen [27]. In ox-
ides with the colossal magnetoresistance effect, for instance
in (Laj.yPry);.1Ca,MnO3, “structural and magnetic” phase
separation onto mesoscopic regions with different structural
and magnetic organization is known to occur [28]. The phase
separation in the case of Fe-Al and Fe-Ga systems may be
indicated as “order-disorder” in terms of coexisting regions
that differ in the degree of atomic order only.

One of the stabilizing factors for a two-phase state in a
compositionally homogeneous medium can be local composi-
tion fluctuations at the level of unit cells, which in turn leads to
fluctuations in interactions in neighboring pairs of atoms. An
example of this type of fluctuation in intermetallic compounds
is a modified D05 structure (M-D03) with increased Ga-Ga
pair local concentration, which was suggested and experimen-
tally supported in [29]. The existence of tetragonally modified
D03 nanoinclusions was confirmed recently [30] through a
combination of experimental studies, model calculations, and
simulations for Fe-17Ga and Fe-17Ga-0.2La compounds. The
importance of inhomogeneities for the explanation of the giant
magnetostriction in Fe-Ga alloys is becoming increasingly
known now. Although direct proofs of the existence of a
phase-separated state in the form of a matrix and dispersed
clusters are obtained only for the Fe-Al type alloys, there
are grounds to believe that similar states are possible in
the Fe-Ga compositions. Consequently, the “order-disorder”
phase-separated states must be included in any theoretical
consideration of this phenomenon.

The obtained results allow us to formulate one more im-
portant conclusion. It is the model of dispersed clusters which
adequately interprets the experimental results for nonequilib-
rium states after different heat treatments. In particular, it can
lead to reexamination of two-phase ranges of Fe-Me phase
diagrams if one of the coexisting phases is an ordered phase.
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