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The evolution of the structurally different phases and of the microstructural state of Fe—xAl alloys is studied
in neutron diffraction experiments performed in the high resolution and continuous temperature scanning
modes. It is found that the D05 phase in a weakly nonequilibrium state of alloys occurring in the doping range
from x = 23 to x = 31 at % has the form of nanoclusters (L = 100—800 A) dispersed within a host material
(matrix) such as the disordered (A2) or partially ordered (B2) phase. The B2 — D0; — B2 — A2 phase tran-
sitions are accompanied by a decrease or increase in the lattice parameters of these phases in the course of
ordering or disordering of the atomic structure, respectively. In this situation, the lattice parameters of both
the matrix and clusters change simultaneously and a high degree of coherence of the crystal lattices of the

matrix and clusters is observed.
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INTRODUCTION

It is well known that the physical and engineering
properties of ordered alloys critically depend on the
arrangement of their submicrostructure, i.e., on the
microstructure on the atomic level. The characteriza-
tion of the microstructure by X-ray (synchrotron radi-
ation) or thermal neutron diffraction usually includes
the analysis of microstructural parameters such as the
size of domains with the long-range crystalline order
(in the general case, the distribution of these sizes),
the magnitude of microstrains in crystallites, and the
type and clearness of the crystallographic texture. For
ordered alloys, this set of parameters also involves the
morphology of domains with regular atomic arrays
(their sizes, shape, and spatial organization) and the
degree of ordering in them. The formation of domains
with a long-range order strongly depends on the alloy-
ing conditions and subsequent heat treatment. As a
rule, this leads to a microstructure consisting of anti-
phase domains or relatively small clusters (<1000 A)
with an ordered atomic structure, which are embed-
ded in a structurally less ordered matrix. The concept
of antiphase domains, which can be considered as
neighboring regions with the same structure but
shifted relative to each other by a certain fraction of the
translation vector, was put forward in the 1940s [1].
Usually, just this structure is supposed to exist in
ordered alloys (see the classical books [2, 3]). The
modern presentation of this concept and the descrip-
tion of diffraction effects related to the existence of
antiphase domains can be found in the review [4,
p. 376].
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A sound concept implying the possibility of forma-
tion of another type of microstructure in alloys,
namely, in the form of bulk clusters with an ordered
arrangement of atoms embedded in a disordered host
material, appeared in the 1970s. It is based on the
analysis of diffuse X-ray scattering data [5] and trans-
mission electron microscopy data [6, 7]. From the
model calculations [8], it follows that regions with a
short-range order having the characteristic size L =
20 A distributed over the disordered host material first
arise upon ordering. In the course of a long-term iso-
thermal annealing, their evolution results in the for-
mation of clusters with a long-range order (L > 200 A)
from them. Further, antiphase domains can be formed
from these clusters in the entire volume of the mate-
rial. Thus, the microstructure in the form of antiphase
domains can be considered as a limiting case of the
cluster microstructure.

Note that the concept of structurally ordered clus-
ters in alloys is not strictly defined [9]. The computer
simulation of the ordering process predicts the exis-
tence of interpenetrating domains with smeared
boundaries and complicated topology. In our work,
the concept of a cluster is used in the diffraction sense;
i.e., the cluster is treated as a connected region with
the degree of ordering exceeding that in the host mate-
rial. A set of such regions can be characterized by a
certain size determining an additional (size effect)
contribution to the width of diffraction peaks.

Both types of ordering in binary alloys—antiphase
domains and disperse clusters—give rise to additional
Bragg peaks in diffraction spectra, which are usually
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referred to as superstructure peaks. Their intensity is
relatively low, since it is determined by the difference
between atomic form factors in the case of X-ray dif-
fraction or between the coherent scattering lengths in
the case of neutron scattering for the elements of the
alloy. As a result, it is difficult to analyze such peaks.
The superstructure peaks are characterized by a large
width resulting from the size effect. A quantitative
analysis of the microstructure of the Fe—27Al alloy
was performed in our neutron diffraction studies [10,
11]. It was demonstrated that this alloy in the initial
(weakly nonequilibrium) state after casting contains
clusters with the ordered D0 structure dispersedly
distributed over the host material having a partially
ordered B2 structure. The characteristic cluster size in
the initial state is L ~ 200 A and it then increases to
about 900 A after the transition of the sample to the
disordered state (at 7 > 800°C) and the subsequent
slow cooling, which leads to the formation of a nearly
equilibrium state. If the state is far from equilibrium
(after quenching), then the clusters of the B2 phase
arise in the disordered (A2) host material. In [10], we
revealed for the first time an amazing fact that the
crystal lattices of the matrix and clusters exhibit a very
high degree of coherence (the relative difference
between the lattice parameters was at the level of 107¢).
This fact does not agree with the well-known observa-
tion of a significant (by about 0.01 A) decrease in the
lattice parameter of Fe—Al alloys occurring in the
course of structural ordering.

To continue these studies, we carried out neutron
diffraction experiments for series of Fe—xAl alloys in a
wide range of Al contents x (in units of atomic percent)
and performed their quantitative analysis. This made it
possible to trace the evolution of the structural and
microstructural states of alloys up to x = 50 at % and
to find the correlation between changes in the crystal
lattice and ordering effects in the dispersed clusters.
The use of neutron diffraction allowed avoiding the
influence of surface and local fluctuations on the
observed regularities.

SAMPLES, DETAILS OF EXPERIMENT,
AND DATA PROCESSING

The as-cast Fe—xAl samples (10 at % <x <50 at %)
were prepared by melting the corresponding mixture
of pure Fe and Al in an induction furnace in an argon
atmosphere and by the subsequent crystallization in a
copper mold. The chemical composition of the ingots
was determined using energy dispersive spectroscopy
with an accuracy of 0.2%. For the neutron experi-
ments, 4 X 8 X 50-mm parallelepiped samples were
cut from ingots. In the employed casting, the ingot
cooling rate is about 2000 K/min (at the surface), giv-
ing rise to a quasiequilibrium state, which noticeably
differs in some cases from the equilibrium state. The
latter is achieved by a slow (at a rate of about 2 K/min)
cooling in the furnace. Numerous available data sug-

gest that three types of structures can be formed in the
as-cast Fe—xAl samples in the concentration range up
to x = 50 at %: the disordered A2 structure (Im3m,

ay, = 2.92 A), as well as partially, B2 (Pm3m,
ag, = a,, = 2.92 A), and completely, DO; (Fm3m,

apy, = 2a,, = 5.84 A), ordered structures. The atomic
positions in these structural phases are given in [10].

The diffraction spectra were measured using a
high-resolution Fourier diffractometer (HRFD) at the
IBR-2 pulsed reactor (Joint Institute for Nuclear
Research, Dubna) [12]. At the HRFD, the time-of-
flight method was used to sweep the diffraction spec-
trum and a high resolution in the interplanar distance
is provided by a fast Fourier chopper. It is possible to
toggle between the high-resolution (Ad/d = 0.0015)
and high-intensity modes with medium resolution
(Ad/d = 0.015). The neutron diffraction patterns
measured with a high resolution (the simultaneously

measured d,,, values range from 0.6 to 4 A; the total
spectrum acquisition time is 1 h) were used for the
precision analysis of the atomic structure and widths
(profiles) of diffraction peaks. In the second mode,
the necessary statistics are accumulated in about
1 min. They are used for continuous temperature
scanning at a rate of 1 to 20 K/min.

In the disordered state (phase A2) of the alloy, its
diffraction spectrum contains (main) peaks corre-
sponding to the o-Fe lattice with the Miller indices
h+ k + 1 =2n. At the ordering in phase B2, the sym-
metry of the structure decreases to Pm3m, which leads
to the appearance of peaks with an arbitrary set of
Miller indices. The formation of the D0, phase
changes the symmetry of the structure and doubles the
lattice parameter. For this structure, diffraction peaks
are divided into three groups (when indexing peaks
with respect to the unit cell of the D05 phase):

(i) main peaks with even Miller indices and
(h+k+1)=4n,

(ii) superstructure peaks of the first type with all
even (h,k,l),

(iii) superstructure peaks of the second type with
all odd (4, k,1).

In addition, the Miller indices for the D05 phase
satisfy the standard selection rules for a face-centered
unit cell; i.e., there are no diffraction peaks with indi-
ces mixed in parity. For composition x = 25 at %
(Fe;Al) at low (up to ~500°C) temperatures, the peaks
corresponding to all three groups are visible in the dif-
fraction spectra (D0; phase). Further on (up to
700°C), the peaks of the first two groups remain
(B2 phase) and, finally, the peaks of only the first
group survive (A2 phase).
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The intensities of the main, /;, and superstructure,

1, diffraction peaks are characterized by the tempera-
ture dependences

I; ~ V(TR expl-W(T)),

5 5 (D

I, ~ V(DE(T)E| expl-W(T)),
where V;(T') and V,(T) are the volume fractions occu-
pied by the phase responsible for the corresponding
peaks, F. and F, are the structure factors for the corre-
sponding peaks, E(T') is the factor characterizing the
degree of atomic ordering (0 < & < 1), exp[-W(T)] is
the Debye—Waller factor. For brevity, standard
Lorentz and absorption factors, as well as the extinc-
tion coefficient, are omitted in Egs. (1). In the case of
neutron diffraction by a stoichiometric alloy, e.g.,
FeAl, with the B2 structure, F; = (bg +b,) and
F, = (bg. — by;), where bg, = 9.45 fm and b, = 3.45 fm
are the neutron coherent scattering lengths for iron
and aluminum nuclei, respectively. For the D0, struc-
ture and stoichiometric Fe;Al composition, we have
F: = (Bbg, + by) and F, = (b, — b,). Hence, at the
complete ordering, i.e., at & = 1, the structure factors
for the main peaks are larger than those for the super-
structure ones by a factor of 2.2 and 5.3 for B2 and for
DO, structures, respectively.

In the presence of a long-range ferromagnetic
order in the alloy, all diffraction peaks, including
superstructure ones, exhibit some magnetic contribu-
tion modulated by the magnetic form factor of iron.
However, owing to a low ordered magnetic moment of
iron (Ug < 2Ug), this contribution is small. The
examples of diffraction spectra measured with high
resolution in various phases of Fe—xAl are shown in
Fig. 1.

The profiles of the diffraction peaks measured by
the HRFD are primarily determined by the contribu-
tion from the Fourier chopper, which is close to a
Gaussian one with the width depending on the maxi-
mum speed and on the used frequency distribution
function of the chopper rotation [12]. In the case of a
real crystal, additional broadening arises owing to
microstrains in crystallites, €, and the finite sizes of
coherently scattering domains. For the HRFD, the
dependence of the width of the diffraction peak on the
interplanar distance d is determined by the William-
son—Hall formula

(Ad): = C, + (C, + C)d* + C,d"*. )

Here, C, and C, the constants related to the diffrac-

tometer, C; = (28)2, C,=(k/ L)2, and k is the Scherrer
constant about unity taking into account the shape of
coherently scattering domains. In the absence of size
effect (large coherently scattering domains) and in the
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Fig. 1. (Color online) Neutron diffraction spectra of Fe—
xAl alloys in (from bottom to top) the D03 (x = 27 at %),

B2 (x =50 at %), and A2 (x =16 at %) phases. Vertical
dashes indicate the calculated positions of the peaks in the

D03 phase. To pass to the unit cell of this phase, all Miller
indices in the A2 and B2 phases should be multiplied by a
factor of 2.

presence of it, the dependence of (Aa!)2 on d* should
be linear and parabolic, respectively. Accordingly, this
dependence plotted in a sufficiently wide d,,, range
makes it possible to determine € and L. The practice of
working with the HRFD has shown that its resolution
allows one to reliably determine microstrains at a level
of € = 0.001 and the characteristic sizes of coherently
scattering domains about L =~2500 A and even
smaller.

In the model of dispersed clusters, which is valid
for the cast Fe—xAl samples, as shown in [10], the size
effect is determined by the sizes of coherently scatter-
ing domains both in the clusters and in the host mate-
rial, the ratio of which can be arbitrary. Owing to the
high symmetry of the crystal lattices, the relatively
small lattice parameters, and the high resolution of the
HRFD, all measured peaks in the neutron diffraction
spectra of Fe—xAl are separated and their main char-
acteristics (intensity, position, and width) can be
determined individually for each peak. This property
is important for the analysis of the accuracy of the
results obtained and makes it possible to inde-
pendently determine the lattice parameters for the
host matrix and clusters and to control the possible
effects of anisotropic peak broadening.
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RESULTS

According to the presence of certain peaks in the
diffraction spectra, cast Fe—xAl alloys with the growth
of x are transformed from the disordered A2 phase to
the DO, phase at x = 19 at % and then to the B2 phase

at x = 33 at %. This was found in the beginning of
1930s [13] and is shown in the well-known phase dia-
grams (see, e.g., [14]). However, a more detailed
study, including the analysis of the widths and intensi-
ties of diffraction peaks, leads to a much more compli-
cated picture.

The characteristic dependences of (Ad)” on d” for
three structurally different phases of Fe—xAl alloys are
shown in Fig. 2. In the cases of the A2 and B2 phases,
all experimental points are fitted by one parabolic
curve, whose coefficients allow determining € and L.
The magnitude of microstrains for all studied alloys
appears to be very small (€ < 0.001), and the size of
coherently scattering domains varies from 1200 to
2200 A. This behavior of the peak widths corresponds
to a homogeneous structure, although the relatively
small size of the coherently scattering domains sug-
gests the existence of a large number of defects. For
the alloys with compositions located in the range of
existence of the D05 phase, the situation is different.
Indeed, the widths of diffraction peaks as functions of
d,y are fitted by two plots, nearly linear for the peaks
allowed in the A2 and B2 phases and parabolic for the
superstructure peaks allowed only in the D05 phase.
This picture completely corresponds to the micro-
structure formed by clusters of the ordered D0; phase
embedded in a partially ordered host material having
the B2 structure. For the Fe—27Al poly- and single
crystals, the detailed analysis of the diffraction data
providing the temperature dependence of the charac-
teristic cluster sizes and the degree of ordering in them
was performed in [10, 11]. The DO; clusters are
observed up to x = 31 at %, whereas their size
decreases to L =~ 80 A.

With an increase in the Al content in alloys, the lat-
tice parameter and the intensities of diffraction peaks
evolve (Fig. 3). The observed deviation of the lattice
parameter from a linear relationship with the increase
in x, i.e., its actual decrease upon transition to an
ordered state, is long standing and well known for
binary alloys. In particular, for Fe—xAl alloys, the
detailed X-ray data are presented in [15], and they
coincide with our data with an accuracy of 0.001 A.
The mechanisms of this phenomenon are still under
discussion. In particular, in review [16] on the basis of
experimental data for a large number of binary alloys,
it is discussed whether the decrease in the lattice
parameter is related to energy or geometrical (differ-
ence in ionic radii) factors. The available data cor-
relate better with a change in the ordering energy and,
accordingly, the ab initio calculations can qualitatively
predict the observed dependence of the lattice param-
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Fig. 2. (Color online) Williamson—Hall plots for the dif-
fraction peaks in Fe—xAl alloys: (a) x = 16 at % (A2 phase)
and x =50 at % (B2 phase) and (b) x =27 at % (D03
phase). For x =16 and 50 at %, the curves are parabolic
and the characteristic sizes of coherently scattering

domains are 1300 and 2200 A, respectively. For x = 27 at
%, the plot is nearly linear for the peaks allowed in the A2

and B2 phases (L > 3000A), and it is parabolic for the
superstructure peaks allowed in the D03 phase. The latter

plot corresponds to the characteristic size ~700 A of coher-
ently scattering domains. The values of Ad are multiplied

by 10°.

eter on the composition, as demonstrated in [17] for
Fe—Ga alloys.

A surprising issue (which has not attracted atten-
tion before) is illustrated in Fig. 3, where the shown
lattice parameters are determined by the positions of
the main peaks, i.e., by those characteristic of the host
material. Since clusters in the initial state of cast sam-
ples occupy <40% of the sample volume (according to
the estimate made in [11]), one could expect that the
lattice parameter for the host material would grow lin-
early with x (as in the A2 phase) at the Al content rang-
ing from x = 23 at % to x = 31 at %. In this case, the
profiles of the main diffraction peaks in high-resolu-
tion spectra would be the sum of narrow peaks from the
host material and wide peaks from the clusters, which
are shifted relative to each other by Ad =~ 0.01 A, but
this is not observed. Moreover, as shown in [10], the
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Fig. 3. (Color online) Lattice parameter (for the D05
phase, we show a' = a/2) and the ratio of structure factors
for the 100 and 200 reflection orders of the B2 phase versus

x. At x = 50 at %, we show two points: the lower one cor-
responds to the cast sample and the upper one describes
this sample after its heating and slow cooling (nearly equi-
librium state). The vertical lines divide (provisionally) the
ranges of existence of the A2, D03, and B2 phases as the

main structural phases. The sizes of the symbols approxi-
mately represent the experimental errors.

lattice parameters determined from the positions of
separate main and superstructure peaks fall in the
range of £0.0001 A; i.e., the crystal lattices of the host
material and clusters exhibit a very high degree of
coherence.

The above discussion is supported by the data on the
correlation of the lattice parameter and the ordering in
the form of dispersed clusters, which we have obtained
for the Fe—27Al alloy remaining in its initial nonequi-
librium state on slow heating (2 K/min). In the course

of heating the sample, the B2 - D0; —» B2 —» A2
phase transformations are detected by appearance and
disappearance of the superstructure diffraction peaks.
In Fig. 4, we can see that the 311 superstructure peak,
related to the formation of clusters of the D05 phase,

arisesat 7' = 240°C and existsup to 7' = 490°C. In the
same temperature range, we can observe the charac-
teristic decrease in the lattice parameter determined,
as before, from the positions of the main peaks, i.e.,
for the B2 host material. The intensity of the main
peaks decreases smoothly, without any sharp changes,
in accordance with the decrease in the Debye—Waller
factor. In this case, the effective decrease in the lattice
parameter is about 0.0025 A. Such value is several
times smaller than that occurring in the course of
varying x apparently because structural ordering in the
clusters is incomplete.

The F,/ Fy structure factor ratio (the ratio is used
to eliminate the possible effect of texture on the inten-
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Fig. 4. (Color online) Temperature dependence of the lat-
tice parameter in the host material (B2 phase) and the

intensities of the main (/49) and superstructure (/3;1)
peaks of the D03 phase measured on heating the Fe—27Al

alloy. Within the temperature range 240°C < 7' < 490°C,
the microstructure of the sample can be considered as the
host material formed by the partially ordered B2 phase
with the clusters of the ordered D03 phase dispersedly dis-
tributed over it. The lattice parameter decreases at ordering
and increases at disordering. The indicated Miller indices
correspond to the unit cell of the D05 phase.

sity of peaks) illustrated in Fig. 3 implies that the
intensity of superstructure peaks increases gradually
with x. For the B2 phase, the calculation of structure
factors depending on the Al content and on the degree
of ordering gives

Floo/ Fao = 2(x — y)Ab/(2br, — 2XAD), 3)

where y is the fraction of disordered atoms (y = 0 at
the highest possible ordering in the alloy at a given x

value) and Ab = by, — b,,. The measured values of this
ratio shown in Fig. 3 are in qualitative agreement with
Eq. (3). Quantitative agreement is achieved under the
assumption that the structure is incompletely ordered
(in the range from 1 to 10%) or that extinction affects
the intensities of the clearly pronounced peaks (in the
same range).

Changes in the intensities of diffraction peaks upon
heating of the samples and the temperature depen-
dences of the structural characteristics deduced from
them for the alloy with x = 27 at % were discussed in
detail in [10]. The new data confirm that the

D0; — B2 — A2 structural transformations observed
in Fe—xAl alloys up to x = 31 at % are typical second
order transitions. Unusual temperature dependences
were observed only for the Fe—50Al alloy; namely, the
normal decrease in intensities attributed to the
Debye—Waller temperature factor is unexpectedly
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Fig. 5. (Color online) Temperature dependence of (left
axis) the normalized intensities of superstructure (/)
and main (/};p) peaks and (right axis) the width of the
main peak (W7;y) measured on heating the Fe—50Al alloy
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Fig. 6. (Color online) Temperature dependence of (right
axis) the normalized intensity of the diffraction peak (/}()
and (left axis) the lattice parameter of the B2 phase mea-
sured on heating of Fe—50Al alloy.

transformed to a peak arising at 7" = 550°C in the
intensities of both the main and superstructure peaks
(Fig. 5). This effect is most probably caused by extinc-
tion; i.e., a noticeable decrease in the long-range order
occurs in this temperature range; hence, extinction
decreases, increasing intensities. This assumption is
indirectly confirmed by the increase in the widths of
all diffraction peaks in the same temperature range,
which is also shown in Fig. 5.

BALAGUROV et al.

This assumption is also confirmed by the behavior
of the lattice parameter upon heating (Fig. 6). Accord-
ing to its S-shaped change by 0.002 A near 520°C, the
disordering of the structure occurs in the range of
450—570°C; i.e., the degree of ordering in the B2
phase decreases over the entire volume of the sample
or in some part of it and the B2 — A2 transition
occurs. This should lead to a certain decrease in the
intensities of superstructure peaks, but with a strong
decrease in the extinction effect, the observed increase
in intensities is possible.

CONCLUSIONS

The main results of this work are as follows. Neu-
tron diffraction experiments performed with a high
resolution in the interplanar spacing and employing
the continuous temperature scanning regime have
made it possible to trace the evolution of the structural
phases and the microstructural state of Fe—xAl alloys.
It has been demonstrated that the cast samples (corre-
sponding to a weakly nonequilibrium state) with the Al
content from x = 23 at % to x = 31 at % exhibit the
formation of nanoclusters (L = 100—800 A) dis-
persedly distributed in the disordered (A2) or partially
ordered (B2) host material.

At the temperature scanning, the B2 — D0; —
B2 — A2 transitions are accompanied by the charac-
teristic changes in the temperature dependence of the
lattice parameter: its decrease at ordering and increase
at disordering. It has been found that the lattice
parameters of both the host material and clusters vary
synchronously and remain highly coherent. This
behavior was previously unknown. The accurate val-
ues of the lattice parameters, determined inde-
pendently from the positions of the main and super-
structure peaks, suggest that the difference between
the lattice constants of the host material and clusters,
if it actually exists, is much less than the expected
value (<0.0002 A).

The ab initio calculations reported in [17] for
Fe—xGa alloys demonstrated the possibility of an ade-
quate theoretical interpretation of this effect. The cor-
responding progress in the calculation technique can
make it possible to predict the nucleation of clusters
with an ordered structure, to estimate their sizes and
the degree of ordering in the domains occupied by the
D0, phase, and to find possible differences between
the lattice parameters of the host material and clusters.
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