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Kinetics of structural phase transitions in the Feg) sGay 5 alloy
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This work is devoted to the Monte Carlo simulation of the kinetics of phase transitions of the order-disorder type
in the FegysGajo s alloy using the Blume—Emery—Griffiths Hamiltonian. The study of phase transformations was
carried out in two stages: (1) different cooling rates (different number of Monte Carlo steps at a constant value of
the binding energy); (2) isothermal annealing (the binding energy depends on the number of Monte Carlo steps at
a fixed temperature). In the first case, a high cooling rate leads to one phase transition A2 — D03 + A2 at 700°C,
while slow cooling leads to a transition A2 — D03 + A2 at 700°C through a mixture of phases A2, D03, B2 and
L1, in the temperature range from 850 to 700°C. In the second case, an increase in the volume fraction of the L1,
phase is shown with an increase in the duration of annealing at 750°C. Based on the data obtained, a thermokinetic

diagram of phase transformations was constructed.
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1. Introduction

Fe-Ga-based alloys are of interest of scientists all over
the world because of a series of properties of practical
concerns. In particular, these alloys are used for manu-
facture of sensors and pressure transducers [1-4]. Note,
that among the iron-based alloys record-breaking values
of magnetostriction are observed in Fe-Ga alloys. The
most interesting properties are observed for the alloys with
Gallium content from 19 to 27at.%, since within that
range of concentration the alloys have the best functional
properties.  Also note two magnetostriction peaks are
observed within that range [4,5]. The work [6] presents
the study of phase diagram for Fe-Ga alloy, of which
the following phases originate: A2, B2, D03, D09, L1,
depending on Ga content.

The work [7] has studied the structure and phase
composition of Fejgo_xGax alloys with Ga content from 15
to 45at.% depending on the effect of long-term annealing
within the temperature range 300—600°C. It is shown that
the phase A2 predominate within the concentration interval
15 < X < 21, phase L1, — within the concentration interval
21 < x < 33, while at a higher content of Ga a mix of
phases FegGas, a-FeqGas and -FegGas appears. The study
of kinetics of the phase transformations for the Fe-Ga alloys
with Gallium content of 17.5—19.5at.% is shown in the
work [8]. Generation of L1, phase takes place at long-
term isothermal keeping within the temperature interval
450—-550°C and the maximum content of phase L1, is
about 25% for the Fe-19.5Ga alloy. Similar studies of
evolution of the volumetric portion of the L1, phase for
Fe-27.4Ga alloy were done in the work [9]. It is shown that
the phase L1, is formed as clusters and its content reach

100% within the temperature interval 400—500°C during a
long annealing for about 300 h.

Fe-Ga-based alloys were studied in a series of theoretical
works [10-14]. In the works [10-12] structural and
magnetic properties of the Fejpo_xGay alloys are studied
by means of VASP and SPR-KKR software packages.
The work [10] presents theoretically derived phase dia-
gram for the alloy Fejgo_xGax (X =0-31.25%). The
work authors mentioned the following phase transforma-
tions are observed in the alloy in question: D03 — A2
within the range of Gallium concentration from 6.25
to 18.75at.%; D03 — L1, — A2 (18.75 < x < 21.88 at.%);
L1, — D09 — B2 — A2 (21.88 < x <31.25at%) and
the phase A2 only is observed for the Gallium concentration
range up to the value 6.25. The works [13,14] are devoted
to theoretical simulation of structural transformations in
the Fe-Ga alloys. It is shown that the transformation is
observed in these alloys via non-diffusion reconstruction
of the volume-centered cubic lattice to face centered cubic
structure of the high-temperature equilibrium phase to the
L1, phase. The work [14] noted the alloys with Gallium
concentration of 15—20 at.%, have a high magnetostriction
and this is because of the nano-particles axes rotation
induced by the magnetic field.

It should be noted that the study of order-disorder phase
transformations is of a high interest. For example, the
work [15] studies the order-disorder transformation for the
Cu-Zn-Al alloys with volume-centered cubic lattice with the
shape memory effect observed. Experimental results are
compared to the data obtained by using Monte Carlo (MC)
simulation. The work authors obtained a good coincidence
of the experimental transformation temperature and the
transformation temperature obtained as a result of MC
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simulation. This indicates that the MC method can be used
for simulation of phase transformations in other alloys, ie.
in Fe-Ga alloys.

This theoretical work is devoted to the study of kinetics of
the order-disorder phase transformations in the Fegy 5Gajo s
alloy by using MC simulation.

2. Computational details

Simulation of phase transformations in the FegpsGajg s
alloy was made for the cubic lattice of D03 type consisting
of four interpenetrating face centered cubic-structure sublat-
tices (I-IV) (see Fig. 1).

In order to determine a phase we used probabilistic
approach to assessment of Ga or Fe atoms location in
one or another site of a sublattice expressed in terms
of the occupation probability pk. Here, the atom type
is determined by the A index, and the sublattice site is
determined by the k index. Determine a series of conditions
characterizing the phases A2, B2, L1,, DO;. The phase
A2 features disordered location of Ga and Fe atoms in the
sublattice nodes

PA=PA=Ph =PA- (1)
For the phase B2 the relationship of probabilities is

Ph=PA # Ph = PR (2)
The phase D03 features the relationship

PA=PaA =P # P (3)

The order parameters were determined in accordance
with the following expressions [15]:

Xa = (Pa-+ Pa — Pa — Pa')/4,

Ya = (Pa+ Pa)/2,
Za=(Pa' — PR')/2. (4)

By analyzing the equations (1)—(3), one can derive the
relationships of the order parameters for each phase: for the
phase A2 — Xa = Ya = zZa = 0; for the phase B2 and for
the phase L1, — Xa # 0 and yp = za = 0; for the phase
DO; — Xa#0, ya=0, za#0. We can see that the
order parameters for the structures B2 and L1, are similar,
because these belong to the same spatial group Pm3m
Therefore, in order to make a difference between the phases
B2 and L1, one must refer to an additional analysis, because
in the model lattice one also may observe an aggregate of
the phases considered above.

In this work the assessment of the L1, phase content
percentage was made at various temperatures. For this
purpose, in the studied structure consisting of 3925 atoms
we were searching for the areas by the L1, order type
with relevant assessment of its content percentage. Fig. 2
shows typical locations of Fe and Ga atoms for the

Figure 1. The studied crystalline structure consisting of four
sublattices (I-IV). The phase features the probability of the atoms
allocation in specific sublattice node.

phases DO; and L1,; Fig. 2,b visualizes the structure
L1, as two lattices within the structure D0;. Note that
in experimental studies the crystalline structures often
contain a series of point defects, in accordance with these
data our work has considered two types of point defects
((1): one atom type is replaced with another; (2):two
atoms with different names are located in positions of
each other).

The temperature of order-disorder transformation and
phase stability of the alloys FeggsGajg s was assessed by
using MC simulation. The analysis used Hamiltonian
operator of the Blume-Emery-Griffiths model (BEG) and
the Metropolis algorithm. Simulation was done for the
crystalline lattice consisting of 3925 atoms with periodic
limit conditions. Interaction was considered within the
framework of two coordination spheres. Cooling process
was considered, ie. the initial configuration was the
disorder phase, which is observed experimentally in that
alloy at high temperatures. At the first stage we formed
the initial configuration of the atoms location in the
lattice, then we chose arbitrary sites in the lattice and
derived energies for the initial and new configurations
subject to repositioning of the atoms. In case of the
energetic benefits of a new configuration we preserved
such a beneficial configuration. This procedure was being
performed until a number of configurations is generated to
be equal to the number of all sites in the lattice. This
process makes one step of the MC simulation. Moreover,
the simulation was done depending on the MC steps
number, which allowed studying the process of order-
disorder transformations to the time. MC step was taken
as the time unit.
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Figure 2. Location of Fe and Ga atoms in the model lattice corresponding to the phases D03 (a) and L1, (b).

The Hamiltonian of BEG is [15]:

nn nnn

H= Z{Jlow'j + K10',20'j2} + Z{Jzow'j + K20',20'j2},

(i (i

(5)
where the value o of spin variable is related with location
of the Gallium and Iron atoms in the sublattices, the value
o = —1 is associated with the Gallium atom, and o = 1
with the Iron atom. The values J;i, Jy, K, K, presented
in the expression were derived in accordance with the
following formulae:

w®
Kk = _T9
(k)
J = = (6)

Here the value k-number of coordination sphere (takes the
values k = 1, 2), W — bond energy.

For theoretical simulation of kinetics of the processes in
Fe-Ga alloys we consider the bond energy depending on
the Monte Carlo steps, which is an analog of the annealing
time in the experimental work [8]. The dependencies of
the bond energies on the number of Monte Carlo steps
are given in Fig. 3. The values of the bond energies in
the work were assessed in accordance with the generation
energies obtained from ab initio analyses of the properties
of main state of that composition [10-12]. The value
of generation energy corresponds to the state of the
system at the maximum thermalization value. Since the
system comes over time into its equilibrium state, then
the values of bond energies shall be dependent on their
cooling down rate. The values of the bond energies were
derived by reproduction of the transformation temperatures
corresponding to experimental ones. The possibility of
phase transformation was assessed by analysis of change
of the order parameters according to the equations (1)—(4).

In this theoretical work we have done two simulation
stages of the phase transformations in accordance with
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Figure 3. The dependencies of the bond energies W on the
number of MC steps.

the experimental work [8]. The first stage is related with
simulation of the temperature dependencies of the order
parameters characterizing phase transformations between
the phases A2, B2, D03 and L1, at a different cooling down
rate (ie. at different number of MC steps). The second
simulation stage is similar to the long-term annealing pro-
cess. First, we cooled down the model lattice from 1500 K
(1227°C) to 800K (527°C), 750K (477°C) and 450K
(177°C) at constant value of the bond energy W, next we
performed further isothermal simulation of the system with
change of the bond energy depending on the number of MC
steps.

3. Results and discussion

Consider the results of simulation of the temperature
dependencies of the order parameters characterizing phase
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Figure 4. Curves of the order parameter change in case of the temperature change for a — 1.5 - 10> MC steps; b — 5 - 10° MC steps.

transformations between the phases A2, B2, DO; and L1,
at a different cooling down rate (see Fig. 4). Based on the
data obtained one may conclude that at high temperatures
the disordered phase A2 is observed, which coincides the
experimental data available in publications [6]. Based on
the analysis of relationship of the order parameters for the
number of MC steps equal to 1.5 - 10° (high cooling down
rate) it is concluded on the phase transformation from the
phase A2 to a kind of a mixed phase containing a portion
of the phase A2. Consideration of the low-temperature
area allows concluding that in this case there is a mixed
phase with predominant phase D03, because the order
parameter value is z < 0.5, while the net phase D03 features
the order parameter z = 0.5. Ideally, the net phase DO0s
must be observed only in the stoichiometric composition
Fe75Ga25.

The presence of mixed phases in the analyses presented
indicates the need for additional studies aimed at clarifi-
cation of the phase composition (percentage of the phase
L1, content) in case of change of the alloy temperature and
cool down rate. According to the experimental work [8] the
presence of the phase L1, in the alloy Fegy sGajg s depends
on the material cool down rate and the temperature, and its
temperature area falls within the range from 400 to 550°C
(673—823 K). Therefore, according to the experiment [8]
the second simulation stage was similar to the process of
long-term isothermal annealing. In this case the model
system was cooled down to certain temperature at constant
bond energy value, and further isothermal simulation of
the system was performed with change of the bond energy
depending on the MC steps number. At specified number of
the MC steps (from 1-10° to 1- 10° steps) we assessed the
content of volumetric portion of the phase L1, in the model

lattice. This analysis allowed studying of the evolution
process of the phases areas L1, in the model cell at specified
temperature.

Fig. 5 shows diagrams of the phase L1, and mixed phase
D03 + A2 + B2 distribution in the volume of the studied
structure at the temperature T =750 K and specified
number of MC steps (4-10°, 6-10°, 10-10°). As you
can see from the presented data, originally the phase L1, is
formed generally by small localized clusters, then both the
growth of their volumes and their number is observed as far
as the MC steps increase. This observation coincides the
available experimental data [§]. Note that the maximum
values of the phase L1, content make 10%. At the
same time the phase L1, is generally formed by clusters
consisting of several lattices. The alloy cooling down
to 450K and its further isothermal keeping indicate the
absence of the phase L1, in the model lattice, which also
corresponds to the experimental data [8].

Based on the analyses of the first stage of simulation we
determined the temperatures of the phase transformations
and built the phase diagram shown in Fig. 6. The tempera-
tures of phase transformations obtained during simulation of
phase transformations depending on the cool down rate are
designated in diagram as black squares, while the portion
of phase L1, at different temperatures is represented as
empty square symbols. When building the phase diagram
the phase L1, presence criterion is considered the value
higher 1%.

In case of a high cool down rate there is the phase
transformation A2 — D03 + A2, and the cool down rate
decrease results in generation of the phase A2, B2, DO0s
and L1,. According to the simulation, the phase L1,
appears within the interval of temperatures 680—820 K.
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Figure 5. The results of simulation of the phase L1, and mixed phase D03 + A2 + B2 distribution in the volume of the studied structure
at T = 750 K. MC steps number was 4 - 10° (a), 6 - 10° (b), 10-10° (c).

Moreover, the portion of that phase in the mentioned
temperature interval increases as far as the temperature
change rate falls down. Therefore, one may conclude
that the cool down rate increase results in faster reaction
processes and some phases fail to generate during the
transformation process.

Proceed with consideration of the results of simulation
of the phase L1, content evolution at constant temperature
depending on the MC steps number. In this case the portion
of the phase L1, is represented as numerical values near
to empty round symbols (see Fig. 6). As we can see
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Figure 6. Theoretically derived phase diagram for the alloy

Fego.5Gaigs. The temperatures of phase transformations obtained
at the first simulation stage indicated as black squares on the
diagram. The derived values of the phase L1, percentages at dif-
ferent temperatures are represented as empty square symbols. The
results of study of evolution of the phase L1, content at constant
temperature, derived during the second stage of simulation, are
presented in the phase diagram as numeric values near to empty
round symbols and refer to the phase L1, percentage in the studied
3D structure.
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from the presented data, the phase L1, content percentage
also increases as far as the MC steps number is increased,
which can nominally be treated as analog of increase of the
time of isothermal keeping according to the experimental
work [8]. In general, we observe a good coincidence
between theoretical and experimental phase diagram.

4. Conclusion

This work deals with simulation of kinetics of the
order-disorder phase transformation by using Monte Carlo
simulation and Blume-Emery—Griffiths lattice model. The
studies were performed on 3D crystalline lattice in two
stages: simulation of temperature dependences of the
order parameters characterizing the phase transformations
at different cool down rate and the simulation of isothermal
annealing. Based on the obtained data we built the
phase diagram. High cool down rate results in the phase
transformation A2 — D03 + A2, while its next decrease
generates the phases A2, B2, D03 and L1,. The volumetric
volume of the phase L1, increases as far as the temperature
change rate falls down. The presented studies allow
concluding on the cool down rate may significantly affect
the process of phase reactions and their generation.
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