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The evolution of the structural phases of the Fe-38.4 at%Ga alloy was studied in neutron diffraction ex-
periments performed with high-intensity continuous scanning in a wide temperature range. The as-cast
alloy consists of ~70% Fe;3Gag intermetallic and ~30% bcc-based disordered A2 solid solution (or its partially
ordered/short-range ordered B2 variant). The research proves that during the first heating of the cast alloy,
the Fe 3Gag phase is stable up to T = 550 °C, then it transforms into a-FegGas, fcc-based L1, and B2 phases. At
the same temperature, the disorder-order transition A2 — B2 begins, ending at T = 720 °C. The Fei3Gag
phase does not restore during subsequent cooling and next heating and cooling cycles. The structural
parameters of the identified phases are refined. The research also shows that the transition temperatures
depend on the alloy prehistory.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Fe-Ga-based alloys are widely recognized as materials with
special functional magnetic properties that lead to the formation of
several interesting physical effects. A surge of interest in Fe-xGa al-
loys occurred in the early 2000s after discovering increased values of
the magnetostriction constant, which for the region x ~ 18-28 at% is
10-20 times higher than for iron [1]. As a result, the structural
features of the Fe-xGa compositions in the range of the phase dia-
gram up to x = 30 at% are well studied and widely presented in the
literature [2-4]. On the contrary, the region of high gallium con-
centrations (x > 33 at%) has not yet been studied in sufficient depth.
In particular, there is still no complete understanding of what phases
can form under certain conditions, and their atomic structure con-
tinues to be refined. For example, for Fe-38.4Ga and Fe-45Ga, their
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phase composition after quenching from the melt and structural
characteristics at room temperature were determined only recently
[5,6]. It was also shown that a two-phase nonequilibrium state is
formed upon Fe-38.4Ga quenching. One of the detected phases is a
disordered bcc A2 phase or a partially ordered B2 phase with a low
level of order, and the second phase, as shown by diffraction
methods, belongs to the intermetallic Ni;3Gag structural type (space
group C2/m). Previously, the existence of this phase was only men-
tioned in Ref. [7] as an M-phase and as Fe;3Gag at Ref. [8], but in-
formation about the atomic structure was not presented. A detailed
analysis of neutron and X-ray diffraction patterns and the use of
numerical simulation methods allowed the authors of Ref. [5] to
establish the cell parameters and the atomic coordinates of the
Fe3Gag phase.

In this paper, the stability of the Fe;3Gag phase under heating
conditions and the features of phase transitions in the none-
quilibrium state of the Fe-38.4Ga alloy are studied. The analysis of
the evolution of the phase composition of the alloy in the framework
of two cycles of its heating and subsequent cooling is also carried
out. In situ real-time neutron diffraction was used as the main ex-
perimental method. The high neutron penetration depth allows
observation of bulk effects and exclusion of the influence of the
surface layer (evaporation of gallium) and local inhomogeneities of
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the structure. It also allows interpretation of the differential scan-
ning calorimetry, dilatometry, and internal friction data.

2. Experimental methods
2.1. Material

Fe-Ga alloy with nominal compositions 38 at% Ga was produced
by induction melting (Indutherm MC-20 V mini furnace) from pure
Fe (commercial purity) and pure Ga (99.99%) in a ceramic crucible
under protective high-purity argon gas and cast into a copper mold
of the inner dimension of 4 x 16 x 60 mm?>. The chemical compo-
sition analysis by EDX Spectroscopy revealed that the composition is
indeed Fe-(38.4 + 0.1) at% Ga. The EDX was calibrated based on high
purity Fe and Ga. This calibration process gives the tolerance of
(£0.1). The standard error of measurement of the chemical compo-
sition is 0.1-0.2%. In this paper, we use only atomic % to indicate
chemical composition.

2.2. Neutron diffraction experiments

Neutron diffraction patterns (NDPs) were measured at a high-
resolution (Ad/d = 0.0015) Fourier diffractometer (HRFD) operating
at the IBR-2 pulsed reactor in JINR (Dubna, Russia) [9]. This is a time-
of-flight (TOF) instrument that can be easily switched between high
resolution (Ad/d 0.0015) and high-intensity (Ad/d = 0.015) diffrac-
tion modes, which are both used for the analysis of phase transfor-
mations in Fe-Ga alloys.

In a high-resolution mode, the diffraction patterns were mea-
sured for initial (as-cast) and final (after two cycles of heating-
cooling) states in the range dp = 0.5-5 A. The data evaluation by the
Rietveld method was carried out on the data corresponding to a d-
spacing range of 0.8-3.6 A using the software package FullProf [10].

In situ study, which includes two cycles of heating up to 900 °C
and the following cooling to room temperature, were performed in
the high-intensity mode. The holding time at the final heating
temperature was 20 min in the first cycle and 40 min in the second
cycle. The in situ experiment was carried out with heating and
cooling rates close to 2 °C/min. The diffraction patterns were mea-
sured continuously with a 2 min exposure time in a d-spacing range
of 0.8-5 A. The data evaluation by the Rietveld method was carried
out on the data corresponding to a d-spacing range of 0.8-3.6 A
using the software package MAUD [11].

2.3. Calorimetry and dilatometry

The Labsys Setaram system was used to perform Conventional
differential scanning calorimetry (DSC) measurements with a
heating up to 900 °C and a heating rate of 10 °C/min in an air at-
mosphere to characterize the intervals of the alloys’ phase transi-
tions. The dilatometry (DT) tests were recorded at temperatures
ranging from 20 °C to 800 °C at a heating rate of 5 °C/min using a
Dilatometer Linseis L75.

2.4. Temperature dependent internal friction tests

The temperature-dependent internal friction (TDIF) tests per-
formed on the same alloy with a heating rate of 2 °C/min in an air
atmosphere using bending forced vibrations at DMA Q800 TA
Instruments up to 600 °C were recently published in Ref. [12] and
are also used in this paper for discussions.
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Fig. 1. ND pattern (high resolution) of the Fe-38.4Ga as-cast sample processed by the
Rietveld method. The experimental points and the calculated line are shown. The
vertical bars indicate the peak positions of Fe;3Gag (1) and A2 (2).

3. Results
3.1. Neutron diffraction

The phase analysis conducted using neutron diffraction (Fig. 1)
showed that in the initial as-cast state, the Fe-38.4Ga alloy contains
Fei3Gag (sp.gr. C2/m) and A2 (sp.gr. Im3m) (or partially ordered B2
(sp.gr. Pm3m)) phases in the amount of ~70% and ~30%, respectively.
The superstructure diffraction lines of the B2 phase (100 and others)
have weak intensities, and they can be skipped in the pattern in the
case of a small phase content or low ordering level. This is why we
will further denote the bcc-based state without a clear presence of
the B2 superstructure lines as A2/B2. The Fe3Gag phase was pre-
viously detected in the studied alloy, and the results of its crystal
structure analysis are given in the paper [5].

The in situ NDPs measured under heating and subsequent cooling
of the as-cast sample with a rate of 2 °C/min are shown in Fig. 2, and
typical diffraction patterns measured during heating at several par-
ticular temperatures are presented in Fig. 3.

The Rietveld method was used to estimate the volume fractions
of the coexisting phases and their evolution upon heating. It follows
from Fig. 4 that the A2/B2 +Fe3Gag state is stable up to 7=550 °C.
Then the metastable Fe;3Gag phase disappears, and two equilibrium
phases, fcc-based L1, (sp.gr. Pm3m) and monoclinic a-FegGas (sp.gr.
C2/m), appear in addition to A2/B2.

The volume occupied by the A2/B2 phases and the ordering level
begin to increase markedly at T > 550 °C, and the superstructure
peak 100 becomes clearly visible already at T= 600 °C (Fig. 3b). With
a further increase in temperature, L1, completely disappears at
T=660 °C, and then a-FegGas also disappears at T= 720 °C. Only the
B2 phase is observed in a temperature range of above 720 °C. Con-
trary to the expectation [13], there is a noticeable increase in the unit
cell parameter of the A2/B2 phase from 2.92 to 2.94 A at T=570°C
(Fig. 5), which is also visible in Fig. 2. The possible cause of this effect
is discussed in the next section. It should be noted that the indicated
transition temperatures are determined from the actual appearance
or disappearance of diffraction peaks of the corresponding phases
with a continuous temperature change, and the real region of their
existence in the equilibrium diagrams may be somewhat different.

After a 20-min exposure at 900 °C, cooling was performed at a
constant rate of 2 °C/min down to T=150°C, and then the tem-
perature decreased nonlinearly owing to the natural cooling of the
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Fig. 2. 2D visualization of the neutron diffraction pattern evolution of the Fe-38.4Ga sample in the as-cast state measured upon slow heating up to 900 °C, annealing at this
temperature for 20 min, and subsequent cooling down in the real-time mode. The temperature (and time) axis goes from bottom to top. Heating and cooling were performed with
a rate close to 2 °C/min. The dashes indicate the peaks’ positions from the phases indicated on the right. The symbol (*) denotes the peaks from the screens of the furnace in which

the sample was located.

furnace. Phase transformations during cooling proceeded according
to a scenario that significantly differed from the nonequilibrium
phase diagram of Fe-Ga [8]. In particular, the transition from the
single-phase B2 region to the two-phase B2 +a-FegGas occurs at
T=730°C. The release of the L1, phase begins at T=570 °C.

Upon cooling, the B2 phase does not disappear immediately upon
reaching a temperature of 625 °C, which corresponds to the B2 + -
FesGas — D09 transition according to the Fe-Ga phase diagram [8].
As shown below, the A2/B2 phase is present in the material until
complete cooling, and it is detected at the beginning of the second
heating-cooling cycle. It is known that bcc-based phases can be
observed at low temperatures in Fe-Ga nonequilibrium alloys with
the gallium content of 28.6-44.4 at%. Thus the paper [14] presents
the phase analysis of alloys with 28.9, 32.9, and 38.4 at% Ga quen-
ched from the melt and then annealed at 300-575 °C for 300 h. It
was shown that the heat treatment time is insufficient for the
transition of the alloys to the equilibrium state, and the bcc phase
was present in all the studied states. Nevertheless, its volume frac-
tion regularly decreased with an increase in the annealing tem-
perature. Thus, we can argue that after the first heating-cooling
cycle, the phase composition of the Fe-38.4Ga alloy corresponds to
the state L1, +a-FegGas + A2/B2.

The in situ NDPs measured under the second heating-cooling
cycle are presented in Fig. 6 and typical diffraction patterns mea-
sured at heating are shown in Fig. 7. The intensities of the peaks
corresponding to the L1, phase increase and the intensities of the
peaks corresponding to the A2/B2 phase decrease upon heating in a
temperature range of 460-600 °C. The intensity of the peaks of the
a-FegGas phase virtually does not change. The peaks corresponding

to the A2/B2 phase almost completely disappear upon reaching
T =610 °C. Thus, the transition of the alloy to the equilibrium L1, + a-
FesGas state occurred, and an increase in the volume fraction of L1,
occurred completely due to a decrease of the nonequilibrium A2/B2
phase fraction.

Further, as the temperature rises above 600 °C, the formation of
the B2 phase begins. A complete transition to the two-phase o-
FegGas + B2 state occurs after the disappearance of L1, at T=650 °C.
The single-phase state B2 is reached at T=740 °C, which is slightly
higher than in the case of the first heating. During the second
cooling, the precipitation of monoclinic a-FegGas occurs at T= 750 °C
and the diffraction peaks corresponding to L1, appear at T=620 °C.
These temperatures are slightly (20-50 °C) higher than those of si-
milar phase transitions in the first heating-cooling cycle.

The neutron diffraction pattern (Fig. 8) measured after two
heating-cooling cycles shows L1, and a-FegGas as the main phases;
however, the bcc-based phase is also seen. Obviously, the cooling
rate (2 °C/min) does not provide a complete transition of the alloy to
the equiliprium L1, + a-FegGas state. Weak peaks with d =2.28, 2.46,
and 3.35A are also found. They could not be assigned to any phase
known for the Fe-Ga system.

3.2. Calorimetry and dilatometry

The as-cast Fe-38.4Ga alloy shows an exothermic reaction with a
peak at 575 °C at heat flow curves at heating, which can be assigned
to the appearance of the L1, and a-FegGas phases (Fig. 9). The
transitions match the Fe-Ga diagram [15]. The change in the slope of
the DSC curve at 680 °C recorded during heating (Fig. 9, Table 1)
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Fig. 3. ND patterns measured upon first heating for several characteristic temperatures. The vertical bars indicate the peak positions of the presented phases (from top to bottom):
a - A2, Fe3Gg; b - A2/B2, L1,, a-FegGs; ¢ - B2, a-FegGs; d - B2. The symbol (*) denotes the peaks (Al) from the screens of the furnace in which the sample was located.
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Fig. 4. Evolution of the phase composition of the Fe-38.4Ga alloy in the as-cast state
upon heating to 900 °C.

corresponds to the disappearance of L1, and an increase in the vo-
lume fraction of the B2 phase (Fig. 4). The peak corresponding to the
a-FegGas + B2 — B2 transition is observed upon reaching 745 °C. Two
peaks (Fig. 9, Table 2) that correspond to the transitions first from
the B2 region to a-FegGas + B2 and then to a-FegGas + L1, + A2/B2 are
observed upon cooling. It can be noted that the temperature of the
B2 — B2+a-FegGas transition is significantly lower than that of
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Fig. 5. Temperature dependence of the lattice parameter of the bcc based phases.

observed in the ND experiment. This is probably due to the differ-
ences in the experimental conditions, namely, in the rate of the
temperature change. The temperature of the phase transformation
B2 +a-FegGas — L1, + a-FegGas + A2/B2 obtained both in ND and DSC
analyses coincides quite well.

The dependencies of the linear expansion and its rate on the
instant temperature for Fe-38.4Ga are shown in Fig. 10. The decrease
in the slope of the linear expansion dependency noted at a
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Fig. 6. 2D visualization of the neutron diffraction pattern evolution of the Fe-38.4Ga sample during the second heating-cooling cycle. The patterns were measured upon slow
heating up to 900 °C, annealing at this temperature in 40 min, and subsequent cooling down in the real-time mode. The temperature (and time) axis goes from bottom to top. The
dashes indicate the positions of the peaks from the phases indicated on the right. The symbol (*) denotes the peaks from the screens of the furnace in which the sample was

located.

temperature of 585 °C can be explained by the same transition from
the metastable structure with the A2/B2 +Fe3Gag to L1, + a-FegGas
+A2/B2 phases. Here, we would also like to remind of a transient
internal friction peak at about 580 °C reported in Ref. [12]. The
second change in the slope that can be noted in the rate dependency
(on the derivative curve) can correspond to the transition a-FegGas
+B2 to the B2 phase. It is in agreement with the neutron diffraction
results.

The values of the phase transitions temperatures that occurred
during single heating and subsequent cooling and determined by the
ND, TDIF, DT, and DSC methods are summarized in Tables 1 and 2. A
good correlation between the obtained values can be recognized.

4. Discussion

In [15], it was shown that the region of existence of the B2/B2"
phase significantly expands to the region of low temperatures
upon rapid cooling of alloys with a gallium concentration above
30 at%. B2’, as well as B2, has a crystal structure based on a bcc
lattice, and this separation was first adopted in Ref. [16]. In this
paper, we make no distinction between B2 and B2" and then use
only B2 designation. Depending on the preparation method, the
phase composition in alloys with a gallium concentration from
28.4 to 40at% according to Ref. [15]| can be represented by a
mixture of several phases from the following list: B2", M, L1,, a-
FesGas, p-FegGas. The first two phases on this list are metastable.
At the same time, in the powders of the alloy with a gallium
concentration of 30.5-39.5at% Ga upon quenching from 900 °C,
only the B2 phase was revealed by X-ray diffraction analysis, and
in the region of 39.5-45.0 at% Ga, a mixture of the B2, M, and g-

FegGas phases was detected [15]. The metastable M phase corre-
sponds to the Fe;3Gag phase recently deciphered in Ref. [5]. Thus
the phase composition A2/B2 +Fe 3Gag of the studied Fe-38.4Ga
alloy in the as-cast state, on the one hand, fully corresponds to the
set of phases that may arise, but, on the other hand, does not
correspond to the quenched states near 39.5 at% Ga concentration.
Possibly, one can distinguish the concentration range with a
nonequilibrium phase composition B2 + M, obtained as a result of
rapid cooling from the melt or high temperatures region.

Upon heating at a rate of 2 °C/min, the Fe;3Gag phase indicated in
the diagram 7] as the metastable M-phase completely disappears at
about 570 °C. This temperature coincides with the temperature of
the peritectoid reaction B2 + a-FegGas — M (570 °C) [15]. At the same
time, it was indicated in [5] that the transition from Fe 3Gag + A2/B2
to L1,+a-FegGas in the Fe-38.4Ga alloy was observed already
at 500 °C.

An abrupt increase in the lattice parameter of the phase based on
the bcc lattice is observed in the temperature range in which the
disappearance of Fe;3Gag is observed (Fig. 5). It can be assumed that
it is due to an increase in the gallium concentration in this phase.
Indeed, the volume fraction of the Fe 3Gag phase in the initial state is
~70%. Fei3Gag has a sufficiently high gallium concentration ac-
cording to the stoichiometric composition (Table 3), which is cal-
culated based on the formula unit of the phase. This means that
when Fe3Gag disappeared, a large amount of gallium was released.
Part of gallium was involved in the formation of a-FesGas, the
maximum volume fraction of which is ~30%, according to the esti-
mates made by the Rietveld method (Fig. 4). L1, is capable of dis-
solving up to 29.2 at% Ga [8], but its volume fraction in the alloy is
also low.
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Fig. 8. ND pattern of the Fe-38.4Ga sample after two heating-cooling cycles. The
vertical bars indicate the peak positions (from top to bottom) of: A2 (1), a-FegGas (2),
L1, (3). Several non-indexed lines are marked by ?.

Note that, according to the work of Okamoto [8], at temperatures
below 900 °C, three phase transitions should be observed upon
cooling for the Fe-38.4Ga alloy:

(1) B2 — B2 +a-FesGas (730 °C),
(2) B2 - D049 +a-FegGas (625 OC)_
(3) DO0qg + a-FegGas —L1, (619 t’C).
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Fig. 9. Heat flow dependencies on the temperature for the as cast Fe-38.4Ga alloy.

So, there is a disagreement between the state diagrams of
Okamoto and Godeke-Koster. As shown in this work, a two-phase
L1, +a-FegGas state is formed upon transition to an equilibrium
state in the temperature range below 619 °C, rather than L1,, as
follows from [8]. But this phase composition is in agreement with
the diagram given in [16].

In all the studied states, the a-FegGas phase was found with
crystal lattice parameters (Table 4) significantly different from those
given in Ref. [17]. A search in the Materials Project database [18],
which presents the results of numerical modeling of various mate-
rials by the DFT method, showed that the parameter ¢ and angle p
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Table 1
Temperatures of the phase transitions during first heating according to different techniques.
ND TDIF DT DSC
Heating rate, °C/min 2 2 5 10
A2[B2 +Fey3Gag — L1, +a-FegGas +B2
T, °C 570 582 585 575
L1, +a-FegGas + B2— a-FegGas + B2
T, °C 660 - - 680
a-FegGas +B2 — B2
T, °C 720 - 740 745
Table 2
Temperatures of the phase transitions during first cooling according to different techniques.
ND TDIF DSC
Heating rate, °C/min 2 2 10
B2 — B2 +a-FegGas
T,°C 725 - 665
B2 +a-FegGas — L1, +a-FegGas + A2/B2
T,°C 570 550 560
| 4 |Fe-38:4Ga, heating 10 obtained in the experiment are in good agreement with the theo-
V=5 °C/min retically calculated values. Still, there are significant discrepancies
0,8 for the parameters a and b (Table 2) [19]. Such discrepancies in the
‘ calculated and experimental data can be associated with both the
0.6 S inaccuracy of the theoretical methods used and the presence of the
' j residual A2/B2 phase. Nevertheless, the mean absolute error (MAE)
| ) for the distances between the nearest neighbors Fe-Fe, Fe-Ga, and
0.4 2 Ga-Ga does not exceed 0.02 A. It is an excellent result for the DFT
! s analysis [20].
. 0,2 'g According to the phase diagrams [8,16], the hcp-based D019 could
A form during cooling of the Fe-38.4 Ga alloy from the high-tem-
. 0,0 perature region. But it was impossible to record that phase in the
. diffraction patterns neither in the first nor in the second heating-
0.0 ' ' 02 cooling cycles. A similar situation was observed in Refs. [21,22]. It

L 600 700

300 400 500
T

Fig. 10. Thermal expansion dependencies on temperature for the as cast Fe-38.4Ga
alloy.

Table 3
Composition of the phases in the Fe-38.4Ga alloy.

was shown for the Fe-27Ga alloy that at high cooling rates, the fol-
lowing sequence of phase transitions B2 - A2 — A1 — L1, was
realized. The A2 — A1 transition is realized by a bcc to fcc lattice
transition according to the Bain scheme and is described in detail in
the works [23,24]. Therefore, it is logical to assume that in the Fe-
38.4 Ga alloy, the transformation of the nonequilibrium A2/B2 phase
into the equilibrium L1, phase follows the same scheme in the
temperature range below 606 °C. This is especially noticeable in the
second heating cycle when an increase in the volume fraction L1,
was carried out completely due to a decrease in the fraction of the

Phase Fe, at% Ga, at%
Stoichiometry Phase diagram  Stoichiometry Phase diagram A2 phase durmg the tre}nsmop of the alloy to the equilibrium state.
Fe-Ga [8] Fe-Ga [8] A few more interesting points should be noted. The second cycle
- o1 209 is distinguished by a higher temperature value of the forward a-
e d . - B - e
a-%iscis 545 55.5-545 455 445-455 FegGas +B2 — B2 and reverse B2 — a-FegGas +B2 phase transitions
L1, (FesGa) 75 71.8-73.8 25 26.2-29.2 compared to the first cycle. In both cycles, the a-FegGas +B2 — B2
B2(FeGa) 50 52.5-68.5 50 31.5-47.5 phase transition upon heating occurred at a temperature somewhat
lower than the reverse transition upon cooling, although the
Table 4
Lattice constant of a-FesGas phase.
Source a, A b, A ¢, A B, °
[17] 10.058 + 0.005 7.946 * 0.005 7.747 * 0.005 109.33 + 0.16
[19] 10.040 7918 7.689 108.38
Our data 10.081 + 0.002 7.975 + 0.002 7.699 + 0.002 108.34 £ 0.10
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opposite situation should have been observed. The only difference
between two heating cycles in the high-temperature region is that
during the first heating cycle, the formation of the ordered B2 phase
was essentially carried out from a nonequilibrium state, which is
characterized by the presence of the A2/B2 phase. In the second
cycle, B2 already formed from the L1, +a-FegGas state. It can be
assumed that due to the low diffusion mobility of atoms in alloys of
the Fe-Ga system [4,25], the temperatures of phase transformations
occurring both upon heating and cooling depend on what pre-
liminary state was formed in the material. Namely, this depends on
whether the distribution of elements in individual phases corre-
sponds to an equilibrium state.

5. Conclusion

Our research into the phase composition evolution in the Fe-
38.4Ga alloy during two heating-cooling cycles showed the fol-
lowing:

1. The first phase transformation upon heating at a rate of 2 °C/min
of the Fe-38.4Ga alloy in the nonequilibrium Fe;3Gag +A2/B2
state is observed at ~570°C. It represents the complete dis-
appearance of Fe;3Gag and the appearance of a-FegGas and L1,,
while the A2/B2 phase retains its existence in the alloy. This
temperature fully coincides with the temperature of the pertec-
toid reaction given earlier for the metastable M-phase in Ref. [ 16].

2. The further order of phase transformations during heating and
cooling, both in the first and the second cycles, corresponds to
the phase diagram of Fe-Ga, but there are differences in the
temperatures at which they occur. In particular, in two cycles, the
transition temperatures L1,+a-FegGas — B2 change upon
heating and B2 — L1, + a-FegGas upon cooling. These differences
may be associated with a low rate of diffusion processes in the
Fe-Ga system. In fact, the time of existence at the temperature of
the phase transformation is insufficient to achieve an equilibrium
state. Probably, the residual nonequilibrium A2/B2 phase remains
at low temperatures for the same reason.

3. The crystal lattice parameters of the a-FegGas phase precipitated
in all the studied states differ from the experimental data given in
Malaman's work [17] but are in good agreement with the nu-
merically calculated values given in the database [19].
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