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Atomic-scale modeling of nanostructure formation in Fe–Ga alloys
with giant magnetostriction: Cascade ordering and decomposition

J. Boisse a, H. Zapolsky b, A.G. Khachaturyan a,⇑

aDepartment of Materials Science and Engineering, Rutgers University, 607 Taylor Road, Piscataway, NJ 08854, USA
bGPM, UMR 6634 CNRS, Avenue de l’Université, 76801 St Etienne du Rouvray, BP 12, France

The Fe–Ga body-centered cubic (bcc) alloys within the 15–20 at.% Ga composition range have abnormally high magnetostriction. There 

is growing evidence that this effect is associated with the magnetic field-induced flip of tetragonal axes of nanoparticles of the ordered 

phase formed in this range. We studied structural transformations within this composition range at 550 �C by using computer modeling of 
the atomic-scale ordering and clustering in the atomic density field approximation. It is shown that the initial stage of equil-ibration of the 

compositionally homogeneous bcc solid solution with 19 at.% Ga results in bcc ? B2 congruent ordering followed by a precipitation of 
Ga-rich B2 particles, which eventually transform to particles of the DO3 phase. At the composition 21 at.% Ga, the con-gruently ordered 

B2 phase undergoes further B2 ? DO3 congruent ordering, which is followed by decomposition into an equilibrium mixture of the bcc 

and DO3 phases. An important result is that the phase transformations at 0.15 < c < 0.19 produce nanoparticles of transient B2 phase. We 

assume that the nanoprecipitates of the transient B2 phase undergo a diffusionless cubic ? tetragonal trans-formation, forming the L10 

phase during cooling to the room temperature, and that this involves a magnetic field-induced flipping of tetragonality of these 

nanoprecipitates which may be responsible for the giant magnetostriction.

Keywords: Iron; Gallium; Magnetostriction; Atomic ordering; Atomistic modeling

1. Introduction

Recent observations of giant magnetostriction (GM) in
the ferromagnetic body-centered cubic (bcc) phase of Fe–
Ga alloys within the composition range 15–20 at.% Ga
[1,2] have attracted significant attention. It is interesting
that the observed peak of the magnetostriction falls at
the solubility limit of the A2 (bcc phase) of the known
phase diagram [3] near 19.5 at.% Ga [1]. The diagram pre-
sented in Fig. 1 is in fact a metastable phase diagram
because the formation of the equilibrium face-centered
cubic (fcc)-based L12 ordered phase below 650 �C [3] is
so sluggish that in most cases the decomposition and order-
ing develop in accordance with the metastable phase

diagram shown in Fig. 1. For brevity we will call this
diagram the equilibrium phase diagram.

An extrinsic model of observed GM has recently been
proposed by Khachaturyan and Viehland (KV) [4,5]. The
KV model assumes that the Fe–Ga alloys with GM within
the �15–20 at.% Ga range are, in fact, two-phase disper-
sions of coherent nanoparticles of the tetragonally dis-
torted phase rather than homogeneous bcc alloys as is
usually believed. This assumption is supported by the
transmission electron microscopy (TEM) observation of
coherent nanoparticles of the second phase in Fe–Ga alloys
within the �15–20 at.% Ga range [6–10]. The observations
of nanoprecipitates at concentrations at of least 15 at.% Ga
and higher indicate that the solubility limit of the bcc phase
should be shifted to at least this composition. It is interest-
ing that coherent nanoprecipitates of the ordered phase
have also been observed within the A2 field of the chemi-
cally similar Fe–Al system [11,12].

⇑ Corresponding author. Tel.: +1 732 445 4711; fax: +1 732 445 6780.
E-mail address: Khach@jove.rutgers.edu (A.G. Khachaturyan).
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Elucidating this nanoprecipitate mechanism of the GM
in Fe–Ga alloys requires understanding the atomic-scale
and nanoscale structural transformations that occur
between 15 and 20 at.% Ga. The latter poses a serious dif-
ficulty because the equilibration kinetics in this case should
occur via a cascade of congruent ordering (which maintains
compositional homogeneity) and decomposition, produc-
ing transient phases [13–15]. According to the KV model
of GM, the equilibration of the system should also involve
the diffusionless cubic? tetragonal transformation in
nanoprecipitates upon cooling to room temperature. The
possibility of such a transformation and its effect on the
magnetostriction will be considered in a subsequent paper.

To investigate the structural effects of atomic ordering
and precipitation in Fe–Ga alloys, we carried out a 3-D
atomic-scale computational prototyping of these processes
within the composition range corresponding to the
observed peak of the magnetostriction at the typical tem-
perature 550 �C.

2. Theoretical background

To model the atomic processes during ordering and pre-
cipitation, we used the atomic density field (ADF) theory
[16–18]. The ADF theory is an atomic-scale phase field the-
ory in which phase fields are atomic occupation density
functions. In the case of bcc-based Fe–Ga alloys the den-
sity functions, n(r, t)Fe and n(r, t)Ga, are the occupation
probabilities of finding Fe and Ga atoms, respectively, at
lattice site r at a given time t. In a binary substitutional
solid solution, the density functions n(r, t)Fe and n(r,t)Ga

are not independent. They are related by the identity,
n(r)Fe + n(r)Ga = 1. Therefore, the atomic configuration
of the system can be fully described by just the density
function. For certainty, we assume that this function is
n(r)Ga = n(r, t). A temporal and spatial dependence of
n(r, t) describes the evolution of the microstructure on
the atomic-scale [17,18]:

dnðr; tÞ

dt
¼

X

r0

Lðr; r0Þ
@F ðfngÞ

@nðr0; tÞ
; ð1Þ

where L(r, r0) is the effective rate of elementary diffusion
jump between the nearest lattice sites r and r’, F({n}) is a
function of the atomic density function, n(r, t). The sum-
mation in Eq. (1) is carried out over all N lattice sites of
the crystal. F = Fchem + Eelast is the total free energy of
the system including the chemical and the strain energy
contributions. In fact, the kinetic matrix, L(r � r0), depends
on the density field, n(r) [17,18], but at the growth stage this
dependence is reduced to a renormalization of the effective
values of L(r � r0). The kinetic Eq. (1) approximates the
evolution rate by the first nonvanishing term of its expan-

sion with respect to the thermodynamic driving force, @F
@nðr0 ;tÞ

(small driving force). Eq. (1) is significantly nonlinear with
respect to the density field, n(r), although it is linear with
respect to the driving force.

The chemical free energy of the binary system was inter-
polated by the equation for the mean field free energy [16–
18]:

F chem ¼
1

2N

X

k

V ðkÞj~nðkÞj
2
þ kBT

X

r

½nðrÞ lnðrÞ

þ ð1� nðrÞÞ lnð1� nðrÞÞ�; ð2Þ

where ~nðkÞ ¼
P

rnðrÞ expð�ik � rÞ and V ðkÞ ¼
P

rW ðrÞ
expð�ik � rÞ are the Fourier transforms of n(r) and mixing
energy W(r, t); summation over r is carried out over all N
bcc lattice sites; summation over k is over all points of
the quasicontinuum within the first Brillouin zone of the
bcc lattice permitted by periodic boundary conditions.
Assuming the three-nearest-neighbor approximation for
W(r, t), we have:

V ðKÞ ¼ 8w1ðcos ph cos pk cos plÞ þ 2w2ðcos 2ph

þ cos 2pk þ cos 2piÞ þ 4w3ðcos 2ph cos 2pk

þ cos 2ph cos 2plþ cos 2pk cos 2plÞ; ð3Þ

where w1, w2 and w3 are the values of effective interchange
interaction energies, W(r, t), for the first-, second- and
third-nearest-neighbors, respectively; (h, k, l) are continu-
ous dimensionless coordinates of the k vector defined as
k = (kx, ky, kz) = (2p/a)(h, k, l), a is the lattice parameter
of the underlying bcc lattice.

Eq. (2) is asymptotically accurate at low and high tem-
peratures. It also provides a good interpolation of the free
energy of the bcc binary solution at intermediate tempera-
tures. It becomes exact if the mixing energies of Eq. (3) are
presented as functions of temperatures and composition
[17]. We increased this accuracy considering the mixing
energies as input parameters that are determined by fitting
to the known phase diagram [3] at the modeling tempera-
ture 550 �C within the range of composition under
investigation.

To calculate the phase diagram using Eq. (2), we have
employed the static concentration wave method [16–18].

Fig. 1. Fe–Ga metastable phase diagrams from Ref. [3].
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In the concentration wave representation a general equa-
tion for the density function, n(r), describing the atomic
distribution of Ga atoms in all phases in the Fe-rich part
of the phase diagram is:

nðrÞ¼ c� xexpðik0 � rÞþ y
1

2i
expðik1 � rÞ�

1

2i
expð�ik1 � rÞ

� �

¼ c� xexpðik0 � rÞþ y sinðk1 � rÞ; ð4Þ

where vectors: k0 ¼
2p
a
ð111Þ and k1 ¼

2p
a

1
2
1
2
1
2

� �

, and
1
N
~nðk0Þ ¼ x and 1

N
~nðk1Þ ¼ y are the amplitudes of the corre-

sponding concentration waves and also are the long-range
order parameters. Their equilibrium values are determined
by the minimization of the free energy (2). Eq. (4) describes
the DO3 phase if x and y are not zeros. It also describes the
B2 ordered phase if y = 0 and x – 0. Then the B2 order is
generated by the only wave vector k0 ¼

2p
a
ð111Þ. Substitut-

ing 1
N
~nðk0Þ ¼ x and 1

N
~nðk1Þ ¼ y to the first term in Eq. (2)

and taking into account that the other amplitudes are zero,
we have:

1

2N

X

k

V ðkÞj~nðkÞj
2
¼

N

2
V ð0Þc2 þ V ðK0Þx

2 þ V ðk1Þ
y2

2

� �

ð5Þ

The dependence of the second term in Eq. (2) on x and y is
determined by a substitution of (4) into (2).

A reasonably good fit to the phase diagram is obtained
by using the mixing energies: w1 = 39.6 meV, w2 = 5.6 meV
and w3 = �23.1 meV. Using these values in Eq. (3) gives
V(0) = 850 kB, V(k0) = �6500 kB, and V(k1) = �3600 kB.
The calculated dependences of the free energies of the
A2, B2 and DO3 phases vs. composition at temperature
550 �C are presented in Fig. 2. The calculated solubility
limits for the disordered A2 phase and DO3 phase are
obtained by the common tangent construction for the free
energies in Fig. 2. They are �0.14 and �0.25, respectively.
The calculated second-order A2? B2 congruent ordering
transition at 550 �C—a point of absolute instability of
the disordered A2 phase with respect to the congruent B2

order—corresponds to the concentration c � 0.148. The
calculated composition at which the B2 phase becomes
unstable with respect to DO3 ordering at the same temper-
ature is c � 0.197.

The elastic strain energy contribution to the free energy
in Eq. (1) was calculated by using the microelasticity theory
[18–20]. We used the concentration coefficient of the crystal

lattice expansion, u ¼
aDO3

=2�aA2

aA2ðcDO3�cA2Þ
, and the elastic constants

c11, c12 and c44 which characterize crystals of cubic
symmetry.

The gray area in Fig. 2 indicates the composition range
at a given temperature where the equilibration of the
homogeneous bcc solution is expected to start via
bcc? B2 congruent ordering. This process reduces the free
energy without changing the composition (arrow 1 in
Fig. 2) [21,22]. The congruent ordering produces a compo-
sitionally homogeneous transient ordered B2 phase but
cannot produce the DO3 phase. The congruent ordering
precedes the decomposition because it is the fastest mode
of free energy reduction. It requires atomic-scale diffusion
while the decomposition requires long-range diffusion.

The calculated metastable “diffusionless” phase diagram
describing a conditional equilibrium between the A2, B2
and DO3 phases at the same composition is shown in
Fig. 3. The lines on this phase diagram describe the diffu-
sionless equilibrium between the A2 (bcc), B2 and DO3

phases. The gray area indicates the T–c field where the con-
gruent ordering of the quenched bcc phase (left vertical
arrow) can produce only the B2 phase because the free
energy of the B2 phase is lower than the free energy of
the DO3 phase at the same composition. On the other hand
a quenching of the bcc phase into the DO3 phase field,
shown by the right vertical arrow, is expected to produce
a cascade of bcc? B2? DO3 congruent orderings. These
orderings produce transient B2 and DO3 nonstoichiometric
phases.

Fig. 2. The calculated free energy vs. composition dependence for the A2,

B2 and DO3 phases at 550 �C. 1, 2 and 3 indicate the three-step

decomposition processes involved in quenching the Fe–Ga compound (see

text for the details).

Fig. 3. The calculated diffusionless phase diagram of Fe–Ga alloys. The

shadowed area indicates the region of stability of the B2 ordered phase in

the absence of decomposition. Two vertical lines illustrate “quenching” of

the disordered A2 phase to 550 �C at the alloy composition c = 0.19 and

c = 0.21.
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The final bcc + DO3 equilibrium dictated by the
observed phase diagram in Fig. 1 (in fact, it is a metastable
phase diagram because it does not takes into account the
formation of the stable L12 phase that kinetically is very
sluggish and requires very long annealing) is reached by
the decomposition of the transient congruently ordered
phases. As has been mentioned above, we call this diagram
an equilibrium diagram.

The equilibrium phase diagram calculated with the
selected mixing energy used as a fitting parameter, which
does not take into account formation of the equilibrium
L12 phase, is shown in Fig. 4. The dashed lines are contin-
uations of the lines of diffusionless equilibrium inside the
A2 + DO3 two-phase field. They are also the lines of the
conditional spinodal [23]. The horizontal line indicates
the temperature of isothermal “annealing”.

3. Computational modeling

To perform computer modeling of atomic ordering and
compositional clustering kinetics during the cascade trans-
formation A2? B2? DO3, we solved numerically the
atomic density function kinetic equation (Eq. (1)) for occu-
pation density, n(r, t), where r indicates the crystal lattice of
the underlying bcc lattice. We assume that L(r � r0) does
not vanish only for the nearest-neighbor sites of the bcc lat-
tice, r and r0, and that it is equal to L1 where L1 is the effec-
tive rate of the elementary diffusional jumps between the
nearest-neighbor sites of the underlying bcc lattice.

In the calculations we used a reduced form of Eq. (1).
The reduced time is t� = t/s, where s ¼ ½L1kBT 0�

�1 is the
typical time for an elementary diffusion event. The reduced
temperature is T� = T/T0, where To = 893 K is chosen as
the maximum temperature of the B2? DO3 ordering
at the stoichiometric composition of the DO3 phase,
c = 0.25. All energies are measured in units kBTo, and
the strain energy contribution is determined by the dimen-
sionless parameter v = v(c11 + 2c12)

2u2/(c11kBT0), where

u = da/a0dc is the concentration coefficient of the crystal
lattice expansion of the bcc host lattice, v ¼ a30=2 is the vol-
ume per bcc lattice site. The parameter v determines the
balance between the chemical energy and the elastic energy
of the alloy. Then the reduced values of the mixing energies
are w�

1 ¼ w1=ðkBT 0Þ ¼ 0:515, w�
2 ¼ w2=ðkBT 0Þ ¼ 0:0724 and

w�
3 ¼ w3=ðkBT 0Þ ¼ �0:30. The chosen elastic constants

are: c11 = 228 GPa, c12 = 132 GPa, c44 = 117 GPa [24,25].
The lattice parameter of the A2 disordered phase and
the ordered DO3 phase are aA2 = 2.87 Å at cA2 = 0 and
aDO3

/2 = 2.9 Å at cDO3
= 0.22 [22], respectively. Then

assuming the linear Vegard law for the compositional
dependence of crystal lattice parameters, we have u = 0.049.
The calculated reduced elastic energy parameter is v � 2.5.

The numerical solution of the ADF kinetic Eq. (1) was
carried out by using the semi-implicit Fourier-spectral
method [21] and periodic boundary conditions. The 3-D
simulation box was 128 � 128 � 128 bcc unit cells. A uni-
form time step of Dt� = 0.1 was used. The initial state
was a homogeneous disordered bcc solution with small
composition fluctuations around the average composition.
The obtained microstructures were visualized on the
atomic-scale and the nanoscales. A visualization on the
atomic-scale was based on imaging of occupation probabil-
ity, n(r), obtained by numerical solution of Eq. (1). Nano-
scale imaging employed the appropriate coarse-graining of
n(r). In particular, local coarse-grained values of x(r) and
y(r) were defined in terms of occupation densities, n(r),
around a site r: they are mean values of n(r) over all sites
of a 2a � 2a � 2a volume of a DO3 lattice cell, where a is
the bcc lattice parameter, with origin of this cell being
located in its center at the site r. These local values of
c(r), x(r), and y(r) are then defined as:

cðrÞ ¼
1

24
sumqnðrþ qÞ

xðrÞ ¼
1

24

X

q

nðrþ qÞ expð�ik0 � qÞ

yðrÞ ¼
i

23

X

q

nðrþ qÞ expð�ik1 � qÞ ifx > 0

yðrÞ ¼
1

23

X

q

nðrþ qÞ expð�ik1 � qÞ ifx < 0

ð6Þ

where a summation over vector q is carried out over all 16
bcc lattice sites of the 2a � 2a � 2a bcc double cell volume
including the origin at the site r corresponding to q = 0.

We also visualized the coordinate dependence of the
normalized amplitudes of the concentration wave that are
the x(r)/xmax and y(r)/ymax ratios, where xmax and ymax

are maximum absolute values of these amplitudes which
correspond to the absolute values of x and y determined
by the minimization of the free energy (2) describing the
DO3 phase at c = 0.25. x(r)/xmax and y(r)/ymax ratios are
proportional to the corresponding long-range order
parameters of the B2 and DO3 phases.

Fig. 4. The calculated “equilibrium” Fe–Ga phase diagram corresponding

to the observed diagram shown in Fig. 1. Dashed lines are lines of A2/B2

and B2/DO3 diffusionless equilibrium.
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4. Modeling results

We modeled equilibration of two homogeneous A2
alloys with compositions of Ga, c = 0.19, and c = 0.21
“annealed” at T = 550 �C. These two choices correspond
to two different thermodynamic conditions (two vertical
arrows in Fig. 3) and, thus, the equilibration kinetics in
these cases is expected to have a different transformation
pathway.

Indeed, the point (T = 550 �C, c = 0.19) is located
within the gray area of the diffusionless phase diagram in
Fig. 3, and thus an initial diffusionless equilibration of
the A2 phase in this case can produce only B2 transient
phase in a single-phase off-stoichiometric state. It cannot
produce the DO3 phase—the equilibrium DO3 phase can
be formed only as a result of decomposition of the transient
B2 phase. On the other hand, the annealing point
(T = 550 �C, c = 0.21) is located below the gray area of
the diffusionless phase diagram in Fig. 3. The diffusionless
equilibration in this case allows the formation of the off-
stoichiometric DO3 phase as a result of the secondary
ordering within the previously formed B2 phase.

Our solution of Eq. (1) at T = 550 �C with compositions
c = 0.19 and c = 0.21 demonstrates that equilibration of
the homogeneous bcc solid solution occurs as a cascade
process rather than by direct nucleation of the equilibrium
DO3 phase within the supersaturated A2 matrix. The first
stage of equilibration is a congruent ordering. It results
in the formation of off-stoichiometric B2 phase at 19 at.%
Ga and a cascade of A2? B2? DO3 congruent orderings
in a single-phase state at 21 at.% Ga. The following decom-
position develops mostly via heterogeneous nucleation of
the Ga-rich phase on antiphase boundaries (APBs) that
serve as nucleation sites.

The color scheme used to visualize the occupation prob-
abilities of Ga atoms is as follows. If the occupation prob-
ability of Ga, n(r), is close to 1, then this site is shown in
black. If n(r) is close to 0, and thus the occupation proba-
bility of Fe is close to 1, then this site is white. In the inter-
mediate cases of 0 < n(r) < 1, the probabilities are shown as
a shade of gray (a higher occupation probability n(r) by a
Ga atom corresponds to a darker shade of gray). The unit

cells of the B2 and D03 crystal structures are shown in
Fig. 5.

As follows from Fig. 5, if we want to visualize the distri-
bution n(r) directly and distinguish the B2 and DO3 order,
then we have to simultaneously visualize n(r) in the two
nearest (0 0 1) bcc planes. In Fig. 5, the B2 structure is
described by an alternating sequence of the (0 0 1)bcc planes
filled by either Ga or Fe. These planes are shown on the
right of Fig. 5b. On the other hand, the DO3 structure is
described by a different alternating sequence of (0 0 1) bcc
planes: planes homogeneously occupied by Fe have the
nearest plane whose sites filled by an equal number of Fe
and Ga atoms in an ordered fashion (on the left of
Fig. 5a). There are two types of antiphase domains and
corresponding antiphase boundaries (APBs) in the D03-
type ordered structure. They are characterized by the a/
4<1 1 1> and a/2<1 0 0> antiphase shifts where a is DO3

lattice parameter. The former exist in both the B2-type
and the D03-type ordered structures, whereas the latter
exists only in the DO3-type ordered structure. To visualize
the local value of the long-range order parameters (l.r.o.)
x(r) and y(r) and to distinguish the different translation
variants (antiphase domains) of B2 and DO3 ordered struc-
tures, different colors were used. A change of x/xmax from
�1 to 1 is indicated by a change in colors from red to blue.
The value x/xmax = 0 (the l.r.o. parameter changes sign) is
shown in white. The change of y/ymax from �1 to 1 is indi-
cated by a change in color from pink to green and y/
ymax = 0 is shown in white.

Figs. 6 and 7 illustrate the microstructure evolution of
the Fe–Ga alloy at the composition c = 0.19 and for
reduced times t� = 0.26, t� = 1.0, t� = 2.1 and t� = 5.1, at
both the atomic-scale and at coarse-grained resolution.
Changes of n(r) from 0 to 1 are indicated by different
shades of gray and vary from white to black
correspondingly.

It can be seen in Figs. 6a and 7a that the initial stages of
equilibration of the quenched disordered A2 phase is an
ordering. Since y(r)/ymax = 0 but x(r)/xmax – 0 at
t� = 0.26 and t� = 1 (see the bottom row). This ordering
produces the transient off-stoichiometric B2 phase in a sin-
gle-phase state. At this stage the composition of the

(a) (b)

Fig. 5. Unit cells of the DO3 (a) and B2 (b) ordered structures. On left of (a) and on right of (b) are two nearest (0 0 1)bcc planes with corresponding

distributions of Ga and Fe atoms.
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ordered domain is very close to the mean concentration of
alloy. Therefore, the atomic structure evolution is a con-
gruent ordering up to t� � 1. The structure at this stage
consists of two types (blue and yellow) antiphase nanodo-
mains of the off-stoichiometric B2 phase, which are distin-
guished by the sign of x(r)/xmax (see two top images at

t� = 0.26 and t� = 1 domains). The size of these nanodo-
mains is �3–5 nm.

The blue and yellow domains in Fig. 7a and b are sepa-
rated by the APB boundaries, the geometry of which is
determined by the condition, x(r)/xmax = 0, wherein the
value of x(r)/xmax changes sign and thus assumes zero

Fig. 6. Microstructural evolution of the system at cGa = 0.19 at 550 �C. The two horizontal rows are images of the microstructures of a region of the

material in the two nearest (0 0 1)bcc planes with the coordinates, z = 0 and z = 1/2, along the [0 0 1] direction. The images are visualized values of

occupation probability of Ga atoms, n(r), at the reduced times: (a) t� = 0.26, (b) t� = 1.0, (c) t� = 2.1 and (d) t� = 5.1. The images of each column are

related to the same time. The insets are magnified images of distribution, n(r), in the regions indicated by the straight lines. They identify the phases in the

upper row of images (z = 0); the insets visualize the magnified atomic structures in the “white” regions. They show that the bcc lattice sites of this plane in

these regions are preferentially occupied by Fe atoms with the same probability. The insets in the bottom row of images (z = 1/2) visualize the magnified

atomic structures within “gray” regions of the B2 phase and darker ordered regions of the DO3 phase (compare the insets with unit cell sections in Fig. 5).

Fig. 7. The microstructure evolution shown in Fig. 6 (c = 0.19 and T = 550 �C) visualized by the values of the l.r.o. parameters x(r)/xmax (upper row) and

y(r)/ymax (bottom row) in the (0 0 1)bcc planes at different reduced times: (a) t� = 0.26, (b) t� = 1.0, (c) t� = 2.1 and (d) t� = 5.1. The l.r.o. parameters are

defined by Eq. (6). The positive and negative values of the l.r.o. parameters correspond to different B2 and DO3 antiphase domains.
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value. As follows from Eq. (4), a region where x = y = 0
describes the A2 phase with the bcc structure. Therefore
APB boundaries are in fact layers of the disordered A2
phase.

The APBs play a role of the nucleation sites for the dis-
ordered A2 phase. A depletion of the APB layers by Ga
atoms brings the composition of the layers closer to the
equilibrium composition of the A2 phase. As a result, the
APB boundaries are transformed into layers of the disor-
dered A2 phase (light gray) separating out-of-phase anti-
phase nanodomains of the B2 phase. A growth of the
Ga-poor A2 phase leads to an increase in the composition
of Ga atoms in the B2 phase domains (high level of gray in
Fig. 6b) in the process of the further separation of compo-
sition between the A2 and B2 phases. Fig. 7b demonstrates
that at this stage the local order parameter, which is pro-
portional to the amplitude x of the concentration wave
with the wave vector k0 ¼

2p
a
ð111Þ, increases. It should

be noted that the local order parameter y(r), which is pro-
portional to the amplitude of the concentration wave with
the wave vector k1 ¼

2p
a

1
2
1
2
1
2

� �

, is zero at this stage of evolu-
tion. This indicates that the DO3 ordered phase has not yet
formed. At t� = 2.1, the increasing composition of the Ga-
rich regions of B2 phase eventually reaches the value corre-
sponding to the B2/DO3 boundary on the diffusionless
phase diagram in Fig. 3 at the modeling temperature
T = 550 �C (a point of intersection of the horizontal line
corresponding to T = 550 �C with the line of the B2/DO3

boundary). This is the composition of the branching point
(second-order transition) in Fig. 2. The Ga-rich B2 precip-
itates then undergo a spontaneous B2? DO3 ordering.

This process is illustrated by Figs. 6c and 7c indicating for-
mation of nanodomains of DO3 phases within the Ga-rich
domains of the B2 phase. Figs. 6d and 7d show that the
Ga-rich B2 phase eventually completely transforms to the
DO3 phase, and the system becomes a mixture of equilib-
rium A2 + DO3 phases.

The microstructure development at composition,
c = 0.21, is different. This composition is chosen because,
as follows from Fig. 3 (right vertical arrow), the equilibra-
tion at this composition is expected to occur along a differ-
ent transformation path than at c = 0.19: it should also
involve the B2? DO3 congruent ordering that is absent
at c = 0.19. To check whether this is really the case and
clarify details of the transformation, we performed the
modeling of the same isothermal “annealing” at c = 0.21.
The results shown in Figs. 8 and 9 demonstrate that the
transformation path at this composition is indeed different.
Although the initial stage of equilibration at c = 0.21 is
also the A2? B2 congruent ordering, the DO3 ordered
phase forms earlier than in the alloys with c = 0.19. It
already forms at the reduced time t� = 1.0. At time
t� = 2.1 the system reaches the A2 + DO3 two-phase state
dictated by the equilibrium phase diagram. As follows
from Figs. 8d and 9d, this stage is followed by a coarsening
of DO3 precipitates.

To compare our simulation results with experimental
high-resolution transmission electronic microscopy
(HRTEM) images [9], we used the same image-processing
procedure as in Refs. [8,9] applying it to our simulated
microstructures for Fe–19 at.% Ga alloy. Fig. 10 shows
our simulated HRTEM images obtained at different

Fig. 8. Microstructural evolution of the system at c = 0.21 and 550 �C. Two horizontal rows of figures are images of the microstructures in the two nearest

(0 0 1)bcc planes with coordinates, z = 0 and z = 1/2, along the [0 0 1] direction. The images are visualization of values of occupation probability of Ga

atoms, n(r), at different reduced times: (a) t� = 0.26, (b) t� = 1.0, (c) t� = 2.1 and (d) t� = 5.1. The images of each column are related to the same time. The

insets are magnified images of distribution, n(r), in the regions indicated by the straight lines. The insets identify the phases. In the upper row of images

(z = 0), they visualize the magnified atomic structures in “white” regions. They show that bcc lattice sites of this plane in these regions are preferentially

occupied by Fe atoms with the same probability. The insets in the bottom row of images (z = 1/2) visualize the magnified atomic structures within “gray”

regions of the B2 phase and darker ordered regions of the DO3 phase (compare the insets with unit cell sections in Fig. 5).
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Fig. 9. The microstructure evolution shown in Fig. 8 (c = 0.21 and T = 550 �C) is visualized by the values of the l.r.o. parameters x(r)/xmax (upper row)

and y(r)/ymax (bottom row) in the (0 0 1)bcc planes at different reduced times: (a) t� = 0.26, (b) t� = 1.0, (c) t� = 2.1 and (d) t� = 5.1. The l.r.o. parameters

are defined by Eq. (6). The positive and negative values of the l.r.o. parameters correspond to different B2 and DO3 antiphase domains.

Fig. 10. Simulated images mimicking HRTEM pictures for Fe–19 at.% Ga alloy at 550 �C at different reduced times: (a) t� = 0.26, (b) t� = 1.0, (c) t� = 2.1

and (d) t� = 5.1. The simulated images were obtained using the same procedure that was employed in Ref. [9] to obtain the real HRTEM images.
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reduced times: t� = 0.26, t� = 1.0, t� = 2.1 and t� = 5.1. In
this figure the regions with the darker contrast indicate
the ordered domains of the primary B2 ordering. The
almost uniformly gray area corresponds to the disordered
A2 phase. The Fig. 10a shows that the nonstoichiometric
B2 single-phase state already starts to decompose at
t� = 0.26. As we discussed previously, at this stage the size
of B2 nanodomains is �5 nm. As seen from Fig. 10b
(reduced time t� = 1.0), the B2 congruently ordered
domains are separated by the APBs that are already wetted
by the disordered A2 phase. The dashed inset shown in
Fig. 10a is enlarged in Fig. 11. The observed HRTEM
image [9] (left image) is compared with the simulated one
(right image). It should be noted that the ordered domains
of the B2 phase observed on the HRTEM and calculated
images are comparable in size and topology. As follows
from the previous images, the heterogeneous high-contrast
zones in Fig. 10c are emerging DO3 precipitates. The
homogeneous contrast zones in Fig. 10d are well-formed
DO3 precipitates embedded into the equilibrium A2 phase
matrix.

To provide overall rather than local characterization of
these transformations, we also compared the diffraction
intensities of superlattice reflections generated by the B2
and DO3 phases. These intensities were calculated consid-
ering a diffraction of the entire system at different evolution
times calculated using the kinematic theory of diffuse scat-
tering [26,18].

The B2 and DO3 ordered phases produce superlattice
diffraction peaks in positions related to the wave vectors
of the concentration waves, k0 ¼

2p
a
ð111Þ and k1 ¼

2p
a

1
2
1
2
1
2

� �

, generating these ordered structures (see Eq.
(4))—in fact, superlattice reflections arise at all equivalent
reciprocal space points that are distinguished from the
(1 1 1) and 1

2
1
2
1
2

� �

points by a fundamental reciprocal lattice
vector. In particular, the B2 phase produces superlattice
reflections in positions related to the (1 1 1) point, whereas
the DO3 phase produces reflections at the same points as

B2 phase plus reflections in the points related to the
1
2
1
2
1
2

� �

points. The maximum of intensity of superlattice
reflections generated by the B2 phase is proportional to
the squared l.r.o. parameter, I(1 1 1) � x2V 2

B2, where VB2

is the volume of the B2 phase. The intensity of the superlat-
tice reflections generated by the DO3 phase is proportional
to the squared l.r.o. parameter, I 1

2
1
2
1
2

� �

� y2V 2
DO3

, where
V DO3

is the volume of the DO3 phase. A ratio of intensities
of 1

2
1
2
1
2

� �

and (1 1 1) reflections, I 1
2
1
2
1
2

� �

=Ið111Þ �
y2V 2

DO3
=x2V 2

B2, is an indicator of the DO3 phase.
The I 1

2
1
2
1
2

� �

=Ið111Þ ratio was calculated by applying the
kinematic theory of diffraction [18,26] to the simulated
atomic distributions of the ordered phases. The atomic dis-
tribution at different times is obtained by our modeling and
is presented in Fig. 12. The intensity at each point is calcu-
lated as the maximum value of the intensity in a small
spherical volume centered on this point. The DO3 phase
is absent and the B2 phase is present if the ratio is equal
to 0 and x – 0. The presence of the DO3 phase is indicated
by a nonvanishing ratio, I 1

2
1
2
1
2

� �

=Ið111Þ. A ratio equal to 1

Fig. 11. Comparison between observed [9] (left) and simulated (right) HRTEM images for Fe–19 at.% Ga alloy. The simulation image corresponds to the

amplification of the dashed area in Fig. 10a.
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Fig. 12. Intensity ratio I 1
2
1
2
1
2

� �

=Ið111Þ as a function of reduced simulation

time for c = 0.17, 0.19 and 0.21. The calculated intensities, I 1
2
1
2
1
2

� �

and

I(1 1 1), are maximum values of intensity in small spherical volumes

centered on the points I 1
2
1
2
1
2

� �

and I(1 1 1) of the reciprocal lattice.
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indicates that the system forms a DO3 single-phase state
with the maximum order parameter permitted by its com-
position. Intermediate values of the ratio,
0 < I 1

2
1
2
1
2

� �

=Ið111Þ < 1, either imply that the alloy forms
the single-phase partially ordered DO3 phase or that it is
a two-phase mixture of DO3 and B2 phase, or DO3 and
A2 phases.

Fig. 12 clearly demonstrates that formation of the tran-
sient B2 phase at compositions c = 0.17, c = 0.19 and
c = 0.21 occurs by via A2? B2 ordering prior to forma-
tion of the more stable DO3 phase.

Equilibration at a Ga composition of c = 0.19 (curve
marked by triangles) develops in three stages. The first
stage corresponds to the ratio I 1

2
1
2
1
2

� �

=Ið111Þ ¼ 0 when y/

ymax = 0 and x/xmax – 0 at t� < 1.3. This indicates the
A2? B2 ordering at 0 < t� < 1.3. The Figs. 7a and 10a
show that this ordering reaction initially develops congru-
ently. The second stage starts at t� � 1.3 when the ratio
I 1

2
1
2
1
2

� �

=Ið111Þ assumes nonzero values. The latter is a fin-
gerprint of the formation of the DO3 phase.

The third stage develops at t� > �3 when the intensity
ratio reaches a plateau where the intensity ratio is close
to unity. The equilibration process at this stage is com-
pleted, and the system transforms into the equilibrium mix-
ture of the A2 and DO3 phases. The process involved the
isostructural B2? B20 + B200 decomposition into a mix-
ture of Ga-poor B20 and Ga-rich B200 phase, which was fol-
lowed by the B2? A2 disordering of the B20 phase and the
B200 ? A2 + DO3 decomposition of the B200 phase.

As was expected, the transformation pathway at
c = 0.21 and T = 550 �C turns out to be different. It follows
from Figs. 8 and 9 that the transformation develops in
three stages.

The first stage is the direct A2? B2 congruent order-
ing—the direct A2? DO3 congruent ordering at this com-
position is forbidden by the thermodynamics since the
temperature of such an ordering is significantly lower than
550 �C. The DO3 phase forms only at the second stage at
t� > �0.3 as a result of the B2? DO3 secondary congruent
ordering. It occurs when the increasing l.r.o. parameter of
the primary ordered B2 phase, x, reaches the critical value
providing the secondary B2? DO3 congruent ordering at
the temperature of annealing, T = 550 �C. The details of
this ordering for the composition c = 0.21 follow from
the simulated local images in Figs. 8a,b and 9a,b. These
results are in agreement with the cascade of
bcc? B2? DO3 congruent orderings that was predicted
in Section 2 using general thermodynamic arguments illus-
trated by Figs. 2 and 3. The atomic structure and two-
phase morphology of the third stage, the DO3? A2 +
DO3 decomposition, is illustrated by Figs. 8c and 9c.

5. Discussion

Interest in Fe–Ga alloys has been increased by the dis-
covery of GM within the range 17–19.5 at.% Ga. A his-
tory-dependence and the correlation of this property with

the phase diagram are indicative that the special magne-
tomechanic properties of the system are associated with
structural transformations. The known phase diagram of
Fe–Ga is complicated by the existence of three thermody-
namically competing ordered phases and decomposition.
TEM studies [6–10] have demonstrated that a Fe–Ga alloy
within this range is not the homogeneous disordered bcc
A2 phase, but rather is a coherent dispersion of nanoscale
clusters. A polarized neutron diffraction study under an
applied magnetic field [27] showed that these clusters are
tetragonal and that the orientation of their tetragonal lat-
tice is changed by the application of a magnetic field—
the effect predicted by the KV model of extrinsic model
of GM [4,5].

Even prior to this work, there were compelling reasons
to believe that the equilibration of Fe–Ga alloy within
the investigated composition range develops via a cascade
of ordering and decomposition reactions. Given a well-
established dependence of magnetostriction on thermal his-
tory as well as observations of nanoscale heterogeneities,
any nanoscale transformation in the system producing
structurally and compositional inhomogeneous states [6–
10] is of great interest.

To clarify structural aspect of complex phase transfor-
mations in Fe–Ga magnetostrictive alloys, we carried out
a computational prototyping of atomic-scale diffusion at
compositions of 19 and 21 at.% Ga at a typical temperature
T = 550 �C. It was shown that the transformations do not
develop in accordance with the textbook scenario of nucle-
ation and growth of the equilibrium DO3 phase within the
A2 (bcc) matrix. Instead, they develop via a cascade of
ordering and decomposition reactions producing transient
phases along the pathway to the equilibrium of the two-
phase (A2 + DO3) state.

One reason for this complexity is the disparity between
rates of congruent ordering developing without changes
in composition and decomposition. The ordering is a much
faster process because it requires atomic diffusion over dis-
tances comparable with the interatomic distances. On the
other hand, the decomposition is much slower because it
develops via atomic migration over comparatively long dis-
tances comparable with distances between precipitates.
Equilibration of the supersaturated solid solution under
these circumstances initially develops by the fastest avail-
able mode, and this mode is a congruent ordering main-
taining compositional homogeneity of the crystal (with
accuracy of effect produced by employed random noise
mimicking thermal fluctuations [13]). The diffusionless
phase diagram with the A2, B2 and DO3 phases describing
the congruent ordering is shown in Fig. 3. Because the dia-
gram is diffusionless, the phase fields on this diagram are
separated by boundary lines rather than existing as a
two-phase field as is required by the Gibbs phase rule.
The lines are the locus of points where the free energies
of the neighboring phases are equal at the same composi-
tion. After a system reaches “diffusionless equilibrium”,
further evolution to the two-phase equilibrium occurs by
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decomposition. The two-phase field equilibrium after
decomposition is completed is described by Fig. 4.

In the case of the Fe–Ga alloys, congruent ordering is
complicated because the alloys have two lines of congruent
ordering, the bcc/B2 and B2/DO3 lines. The further equil-
ibration of the congruently ordered B2 or DO3 nonstoi-
chiometric phases occurs via their decomposition. Our
modeling demonstrates a sequence of transient microstruc-
tures formed along the transformation path, and this
sequence is determined by the thermodynamics of the sys-
tem and the disparity in the rates of the bcc? B2,
B2? DO3 ordering and decomposition. The dependence
of the transformation path on the thermodynamics is deter-
mined by the position of the representative (T, c) point of
isothermal annealing with respect to lines of the congruent
equilibrium on the diffusionless phase diagram shown in
Fig. 3. Given the fact that the high magnetostrictive states
are heterogeneous, any specifics of the microstructure
transformation within the T–c range, where these states
are observed, is of a special interest [6–10]. The use of the
atomic-scale model and the ADF theory [16–18] allowed
us to obtain images of nanoscale microstructures formed
within the T–c range of interest at atomic-scale “resolu-
tion”. In particular, we considered the equilibration kinet-
ics at T = 550 �C and Ga compositions of c = 0.19 and
c = 0.21.

The main result of our modeling is that the congruent
ordering in Fe–Ga produces the transient phase with the
B2 ordered structure although B2 phase does not exist on
the phase diagram at a temperature of 550 �C and below
(Fig. 1). The latter is a key point for understanding the
GM if we assume that it this caused by the magnetic
field-induced reorientation of tetragonally transformed
nanoprecipitates of the B2 phase—the tetragonally dis-
torted B2 phase is in fact the L10 phase.

Although the contribution of the elastic strain generated
by the crystal lattice misfit between the phases was taken
into consideration, it turned out to be insufficient to appre-
ciably affect the microstructure morphology. One of the
reasons for that is the comparatively small misfit between
the matrix and precipitate phase. The other reason is the
small precipitate size. As follow from our simulation, a typ-
ical size is �5–10 nm. Since this size is small and the strain
energy is proportional to the volume of a precipitate, we
have a situation wherein the strain energy, which is volume
dependent, is significantly smaller than the interfacial
energy, and thus this is the interface energy that determines
morphology of precipitates. Observation of the {1 0 0} fac-
eting only for large particles of the DO3 ordered phase
(�100 nm) [28], which is typical for the cases wherein the
strain energy contribution is significant, is in agreement
with this interpretation.

To compare our results with experimental data, we also
have to be sure that the rate of the decomposition and
ordering in Fe–Ga alloys at 550 �C is sufficient to produce
the effects described by modeling. This can be done by the
estimation of a relation between the reduced time used in

the modeling and the real time at the temperature of iso-
thermal annealing. To do this, we used the Ikeda et al. data
[3]. They observed formation of ordered precipitates
300 nm in size after 3 days of aging at 550 �C. On the other
hand, our modeling at the same temperature and reduced
time t� = 5.1 shows the formation of DO3 phase precipi-
tates with a medium size of 8 nm. By assuming a relation
R2 � Dt. between the size of a precipitate, R, and growth
time, t, and the same diffusivity, D, for nanosized particles
and particles 300 nm in size, we have a proportionality
(300/8)2 � (3 � 24 � 3600 s/to) where to is the actual
annealing time resulting in the formation of 8 nm precipi-
tates (it corresponds to the reduced time t� = 5.1). This
relation gives an estimate of to �3 min for the reduced time
t� = 5.1 required for formation of nanoprecipitates at
550 �C. Therefore, our estimate for the reduced time at this
temperature is �35 s. This diffusion rate is sufficient to pro-
duce B2 ordered nanoprecipitates for most cases of
cooling.

Therefore, our prototyping of the equilibration kinetics
in Fe–19 at.% Ga demonstrates that this does not develop
by a conventional mechanism of nucleation and growth of
the equilibrium DO3 phase within the supersaturated bcc
matrix of the A2 phase. Rather it has three structurally
and morphologically distinctive stages.

The first stage (arrow 1 in Fig. 2) is congruent A2? B2
ordering (Figs. 6a and 7a). This ordering produces nonsto-
ichiometric transient B2 phase (B2) phase in a single-phase
state (Figs. 6a and 7a). APBs of this phase have the locally
disordered bcc structure of the A2 phase and thus in fact
are built-in nuclei of the A2 phase.

The second stage (arrow 2 in Fig. 2) is decomposition of
the nonstoichiometric phase B2 phase into a mixture of the
A2 phase and transient Ga-rich B2 phase (B200), the latter
being further gradually enriched by Ga. Therefore, the ini-
tial microstructure consists of nanoprecipitates of the tran-
sient B2 phase within the A2 matrix. The microstructure
forms by wetting APBs of the previously formed nonstoi-
chiometric B2 phase by the disordered A2 phase, thicken-
ing of wetted APBs into layers of the A2 phase (Figs. 6b
and 7b), and eventually transformation of these layers into
A2 matrix. This process is accompanied by migration of
Ga atoms from regions adjacent to the wetted APBs to
the adjacent newly formed Ga-rich B200 phase. The equili-
bration of transient B2 phase occurs by gradual increase
of Ga content, which provides a route for the eventual
transition to the equilibrium DO3 phase. The formation
of transient B2 phase prior to the equilibrium DO3 phase
is illustrated by Figs. 6b and 7b, and especially by
Figs. 6c and 7c.

In the third stage (arrow 3 in Fig. 2), the formation of
the DO3 phase starts when the increasing content of Ga
in the B200 phase reaches the concentration corresponding
to the line of the B2/DO3 diffusionless equilibrium at the
annealing temperature (the evolution of the representative
point (T, c) of the B2 phase in this process is described
by a horizontal line in the phase diagrams in Figs. 3 and
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4). When the Ga-rich B2 precipitates reach this composi-
tion limit, they undergo B2? DO3 congruent ordering
and form particles of nonequilibrium DO3 phase. Further
equilibration occurs by Ga enrichment of the DO3 phase
due to migration of Ga atoms from the A2 matrix and
eventual attainment of the equilibrium composition in both
phases (Figs. 6d and 7d). This multi-stage transformation
sequence obtained in our computational modeling is also
supported by the general thermodynamic arguments pre-
sented in Section 2.

The observations of the maximum of the magnetostric-
tion in Fe–Ga alloys within the 15–19.5 at.% Ga composi-
tion range can be easily understood in terms of the KV
theory of extrinsic magnetostriction [4,5] and these model-
ing results. We simply have to assume that nanoprecipi-
tates of the transient cubic B2 phase formed at early
stage of annealing undergo the cubic? tetragonal mar-
tensitic transformation during cooling of a sample to room
temperature and thus become precipitates of the L10
ordered phase. This assumption is consistent with the
experimental data reporting that the GM of Fe–Ga alloys
is associated with the B2 ordered phase, and the formation
of the DO3 phase is detrimental to the magnetostriction
[29]. On the other hand, our computer modeling indicates
that the volume fraction of the transient B2 phase is max-
imum at about 19 at.% Ga. Therefore, the magnetostric-
tion associated with the tetragonally transformed B2
phase, and thus the dependence of its volume fraction on
composition (and time), should have a maximum at the
same compositions. An observed reduction in magneto-
striction with time is also explained by a gradual vanishing
of the volume of the transient B2 phase during prolonged
annealing, which is obtained in our modeling at c � 0.19.
Our results also explain why a choice of composition of
Ga within the two-phase region also reduces the magneto-
striction: such a choice increases the volume fraction of the
DO3 phase (and thus decreases the volume of the transient
B2 phase).

It should be noted that the original KV model [4,5]
assumes that the tetragonal nanoprecipitates are tetrago-
nally transformed precipitates of the cubic DO3 phase
which, in fact, is the tetragonal DO22 phase. However,
the current modeling results and the experimental data
[29] require a slight modification of this assumption. We
still have to assume that the tetragonal precipitates are
formed by the cubic? tetragonal martensitic transforma-
tion of precipitates of the ordered cubic phase upon cooling
to room temperature. However, this cubic phase is the
transient B2 phase rather than the DO3 phase. If this is this
case, the Bain distortion of the B2 phase produces the fer-
romagnetic tetragonal L10 phase rather than the DO22

phase obtained by the tetragonal distortion of the DO3

phase and assumed by the KV model. This clarification
does not affect the KV mechanism of extrinsic magneto-
striction because this is a tetragonality of nanoprecipitates
rather than a type of their atomic order that is really
important for the KV mechanism. Therefore, according

to a modified KV mechanism, the DO3 phase formed in
the ordering is assumed to be cubic at all stages of the sys-
tem equilibration. The tetragonal phase responsible for the
amplified magnetostriction is the transient L10 phase,
which is formed by the martensitic B2? L10 transforma-
tion within B2 precipitates upon cooling.

The modeling results also allow us to understand why
quenching alloys with c � 17–19% provides higher magne-
tostriction than slow cooling. Indeed, if the cooling is suf-
ficiently slow to allow the A2? B2 congruent ordering,
but is too fast for the B2? DO3 precipitation, the trans-
formation produces either a congruently ordered B2 phase
or Ga-rich B2 nanoparticles embedded into disordered A2
phase. This is the structure obtained at early stages of the
simulated annealing. Since the nanoparticles of the B2
phase are assumed to be martensitically transformed and
thus are tetragonal nanoparticles of the L10 phase, they
should, according to the KV model, provide high values
of the magnetostriction. Otherwise, if the cooling is suffi-
ciently slow to allow the B2? DO3 decomposition, then
the volume of the tetragonally deformed B2 phase is either
reduced or vanishes, which is detrimental to the magneto-
striction and which is observed.

6. Conclusion

The numerical solution of the ADF kinetic equations
shows that the kinetics of equilibration of disordered Fe–
Ga alloys at 550 �C develops as a cascade of phase trans-
formations, A2? B2? DO3, including congruent order-
ing and decomposition. The composition range of these
transformations is within the range of the observed GM
in Fe–Ga alloys.

At a concentration of 19 at.% Ga the transformation
starts as A2? B2 congruent ordering. The formation of
the nonstoichiometric single-phase B2 ordered state is fol-
lowed by the B2? B20 + B200 isostructural decomposition.
The Ga-rich B200 subsequently decomposes as B200 ?
A2 + DO3. An important detail of this congruent ordering
and subsequent precipitation is the formation of Ga-rich
B200 nanoprecipitates �3–10 nm in size. This size is compa-
rable to the size of precipitates observed in the HRTEM
images.

At a concentration of 21 at.% Ga, the decomposition at
T = 550 �C develops much faster, as a A2? B2? DO3

sequence of two congruent orderings followed by the pre-
cipitation of the equilibrium DO3 phase resulting in the for-
mation of the A2 + DO3 two-phase equilibrium.

The obtained microstructure evolution can explain the
observed maximum in magnetostriction at c � 0.19 in
terms of the KV model by relating this maximum to the
maximum of the volume fraction of the transient B2 phase
obtained by modeling at c � 0.197.

The obtained microstructure evolution can also explain
the reduction in magnetostriction during prolonged anneal-
ing by a gradual disappearance of the transient B2 phase
dictated by the thermodynamics.
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The microstructures predicted by our computer simula-
tions agree with recent experimental observations on Fe–
Ga alloys.
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