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a b s t r a c t

The microstructures and phase compositions of FeeGa alloys with Ga contents from 15 to 45 at.% are
investigated in detail applying prolonged annealing treatments at temperatures below 600 �C. X-ray
diffraction (XRD), transmission electron microscopy (TEM), vibrating-sample magnetometry (VSM), and
Electron backscatter diffraction (EBSD) coupled with scanning electron microscopy (SEM) methods were
used in this investigation. The results are compared with predictions of four existing FeeGa phase di-
agrams proposed by W. K€oster et al. (1977), J. Bras et al. (1977), O. Kubaschewski (1982), and H. Okamoto
(1993). Several important inconsistencies are found and required corrections of the positions of three
equilibrium boundaries. Below 400 �C, an incomplete, if any, transition from a metastable (A2 or D03) to
the equilibrium (L12) state is seen after annealing for 300 h. Alloys with 25.5e28.1%Ga annealed at 450
e500 �C for 300 h exhibit only the equilibrium L12 phase. Annealing at 575 �C for 300 h leads to an
incomplete transition, too, indicating that the highest transition rate occurs at 100e150 �C undercooling.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The structure and phase composition of FeeGa alloys have been
investigated through the last decades [1e13] with diverse tech-
niques including X-ray diffraction, light microscopy, calorimetry,
dilatometry, and M€ossbauer spectroscopy. Most recently, special
attention has been paid to the ordering of the bcc-derivative pha-
ses. The main features of the FeeGa phase diagram were deduced
by identifying the liquidus and solidus curves [1]. The range for the
Fe6Ga5 phase in the phase diagram has been identified by K€oster
et al. [2,3], which was not considered in Ref. [1]. The b-Fe6Ga5 phase
forms via a peritectoid reaction B2 þ Fe3Ga4 4 b-Fe6Ga5 at 800 �C,
and it transforms polymorphically to a-Fe6Ga5 below 778 �C.

The L12 phase is found to be stable up to a temperature of 600 �C
with a composition varying from 29 to 33%Ga (in this paper we use
only atomic percentage), according to Ref. [1,7]. K€oster et al. iden-
tified two different types of the Fe3Ga compound. First, the a-Fe3Ga
(L12) is stable until 605 and 619 �C with a composition range
oscow, Russia.
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between 26.1 and 29.5% Ga, respectively. Secondly, the b-Fe3Ga
(D019) phase is stable above these temperatures up to 681 �C for
27.5% Ga where it transforms to the a00 (B20) phase. The concen-
tration of 47.5%Ga corresponds to themaximumGa solubility in bcc
iron (A2). Freezing of the B2 phase inside the structure by
quenching from its high temperature range was used in Ref. [4,7].
The equilibrium phase D03 was identified by K€oster et al. in the
concentration range of 21e26% Ga for the temperature range of
580e680 �C [2,3].

At the same time as K€oster, J. Bras et al. (1977) published a
different diagram with wider L12 and D019 regions and narrower
D03 region [9]. The FeeGa phase diagram by O. Kubaschewski [11]
is based on the data by K€oster et al. [3], and it has become the most
widely used FeeGa phase diagram. In the FeeGa phase diagram by
Okamoto [8], several boundaries are shifted in the opposite direc-
tion compared with [9]. For example, and not exclusively, the L12
single-phase region is reduced to the range from 26.8 to 28.6%Ga.
This phase diagram also proposes the narrowest range for the
equilibrium A2 phase at low (below 450 �C) temperatures. O. Ikeda
et al. used conventional diffusion couple technique and micro-
structural investigations to determine ranges for A2, B2, D03, L12,
and D019 phases in the Fe-rich part of the FeeGa binary system [13].
They found that all the boundaries below 25%Ga almost coincide
with the Okamoto phase diagram [8] and suggested a wider single
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Fig. 1. Multi layered FeeGa equilibrium phase diagrams adapted from Refs. [3,8,9,11] and plotted together. The alloys structures after 300 h annealing are represented by pie-type
charts (circles). Green, red, and blue colors represent the A2 (or D03), L12, Fe6Ga5 structures, correspondingly. For the Fee45%Ga composition, dark blue and orange colors represent
the a- and b-Fe6Ga5 phases, respectively. The yellow-encircled symbols indicate the alloys which phase compositions disagree with the predictions of the phase diagram after
Kubaschewski [11]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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L12 phase region that reaches to about 30%Ga and 690 �C. Finally, a
phase diagram was recently calculated using the CALPHAD-type
Thermocalc database [10].

In addition to the equilibrium phases, W. K€oster et al. outlined
the effect of heating and cooling rates on the FeeGa phase transi-
tions from metastable to stable states in their phase diagram
[2,3,12]. Another metastable phase diagram was proposed by O.
Ikeda et al. as a result of the growing interest in FeeGa alloys in the
21st millennium [13].

The aim of this study is to analyze the transition rates from
metastable (as-cast) to equilibrium states and to check the existing
phase diagrams in the temperature range below 600 �C, i.e., in the
range where the metastable phases in as-cast alloys transform to
their equilibrium states. Earlier we studied this transition in the ex-
and in-situ regimes [14e18] which indicated several crucial in-
consistencies and contradictions between the different versions of
the reported phase diagrams but, as a rule of thumb, those
annealing times were relatively short (up to 10 h) except only for a
composition of Fee27%Ga [17]. This appealed strongly for a sys-
tematic examination of the phase evolution on prolonged time
scales.
2. Materials and methods

Induction melting was used to melt Fe (of commercial purity)
and Ga (99.99%) followed by casting and rapid solidification in a
copper mold to produce twenty four FeexGa alloys with
x ¼ 15e45% under protective high-purity argon gas using an
InduthermMC-20 V mini furnace. The chemical composition of the
produced ingots was checked by Energy Dispersive X-ray Spec-
troscopy (EDX). The EDX tolerance is ±0.1% after careful calibration
by measuring standard samples with a purity of 99.9999% of each
element. The standard error of measurements of the chemical
composition is 0.1e0.2%.

The structure of the long-term annealed samples was crystal-
lographically analyzed by using a Bruker D8 Advanced diffrac-
tometer with Cu Ka radiation at room temperature XRD. The
samples were wrapped in tantalum foil and placed in quartz am-
pules. Annealing treatments were carried out in argon atmosphere
(99.999% purity) during 300 h at different set temperatures: 300,
350, 400, 450, 500, and 575 �C. The temperatures were measured
with an accuracy of 1 �C. After annealing, the ampoules were cooled
with calm air.

Scanning electron microscopy (SEM) operating at 20 kV using a
TESCAN VEGA LMH microscope with a LaB6 cathode and an energy



Fig. 2. XRD patterns for the Fee17.5%Ga alloy annealed at 450 (a), 500 �C (b) and Fee18.6%Ga annealed at 575 �C (c) for 300 h. Note that the intensity is graphically re-scaled in
logarithmic scale. The SEM images for the Fee17.5%Ga alloy annealed at 500 �C (d), with higher magnification for the area “e” showing needle-shaped L12 precipitates in the grains
(e), and the EBSD image for the same sample of selected area with a large amount of L12 phase (red color) at grain boundary (f) and in grain body (g). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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dispersive X-ray microanalysis system (Oxford Instruments, Soft-
ware Advanced AZtecEnergy) was used to analyze the microstruc-
tures of the samples. Additionally, the structure of selected alloys
was examined by transmission electron microscopy (TEM) using a
FEI Tecnai G2 F-20 microscope operated at 200 kV.

Magnetization (VSM) curves were obtained using a VSM-130
vibrating sample magnetometer with a heating rate of 6 �C/min
under a magnetic field of z800 kA/m.
3. Results and discussion

All as cast FeeGa alloys studied here presented metastable
structures at room temperature, in fact either A2, D03, B2 or b-
Fe6Ga5. The structures of as-cast Fee(9e33%)Ga alloys were
recently reported in our papers [19e21] and for as-cast Fee38.4
and 45% Ga alloys this data will be published elsewhere. The
Fee(15e45%)Ga alloys can be divided into five groups according to
their metastable structures as follows:

1. Ga < 20%, А2 structure,
2. 20% <Ga < 27%, D03 clusters embedded into anА2matrix (there

is a possibility for the existence of a small amount of B2
inclusions),

3. 27% < Ga < 31%, D03 and B2 structures,
4. 31% < Ga < 38%, B2 or D03þFe6Ga5 phase,
5. Ga ¼ 45%, the Fe6Ga5 phase (this phase has two polymorphic

modifications, namely high and low temperature ones denoted
as b (or H) and a (or R), respectively. The a/b designation was
used by Kubaschewski [11] and the H/R one was used by K€oster
et al. [3,12]).

Long-term annealing was carried out to reach the equilibrium
state. Below 300 �C no phase transition from themetastable state of
the as cast alloys to the equilibrium state was observed (Fig. 1).
Most of the XRD tests were done using bulk samples. About one
quarter of all the tested bulk samples, including those with struc-
tures that were different compared to the equilibrium structures
proposed by the existing phase diagrams, were also used to prepare
powders. Additional XRD tests were carried out using these pow-
ders to confirm the results on the bulk samples. Two different
methods were used to estimate the phase fractions for the studied
samples:

1) the heights of the 110A2 (¼220D03
) and 111L12

peaks are
compared (Fig. 2),

2) the areas under all the peaks corresponding to each phase are
compared.

The difference between these two methods does not exceed 2%.
The ratios for the phase fractions are represented in Fig. 1 by the
pie-type charts on top of the multi layered FeeGa phase diagrams
[3,8,9,11]. Green color stands for the bcc and bcc-derived D03 phase,
and red color represents the equilibrium fcc-derived L12 phase.

Alloys with 25.5e28.1%Ga reveal the equilibrium L12 state after
annealing at 450 and 500 �C for 300 h. Below and above these
temperatures, the transition is not complete, i.e., 300 h annealing is
not sufficient to yield 100% of the equilibrium L12 structure in these
alloys, even annealing for 720 h is insufficient to obtain the equi-
librium state as reported in Ref. [22]. This behavior corroborates the
Time-Temperature-Transformation (TTT) diagram [17], which ex-
plains the nose-type temperature dependence of the transition
rates for the alloys with about 27%Ga. All the Fee(17.5e45)%Ga
alloys follow a similar behavior during the transition from meta-
stable to equilibrium states during long-term annealing. Alloys
with Fee(31e45%)Ga exhibit a three-phase structure, i.e., a mixture
of D03 (or B2), L12, and a- or b-Fe6Ga5 phases after long-term
annealing.

The alloy Fee17.5%Ga was found to show some amounts of the
equilibrium phase L12 after annealing at 450 and 500 �C for 300 h
(Fig. 2a and b). This fact substantiates the necessity to shift the A2/
(A2 þ L12) boundary to a lower Ga content. It is further supported
by the experimental results for Fee18.5, 18.6 and 19.5%Ga alloys
annealed at 575 �C, which still exhibit 2e6% of L12 phase (Fig. 2c).
The XRD results are confirmed by the SEM-EBSD images for the



Fig. 3. Magnetization dependences on temperature during heating and cooling
(dotted lines) for FeeGa alloys with Ga ¼ 16.5, 17.5, 18.6, 20.7, 24.5% (a) and Ga ¼ 25.5,
26.9, 28.1, 28.9, 31.1% (b).

Fig. 4. SEM-EBSD structures of Fee27.4%Ga alloy after annealing at 475 �C for 15 (a), 25 (b),
phases and red color represents the L12 phase. These colors are also used in Fig. 1 to in
interpretation of the references to color in this figure legend, the reader is referred to the
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Fee17.5Ga alloy annealed at 500 �C for 300 h shown in Fig. 2deg. It
is obvious that the L12 phase originated at grain boundaries (Fig. 2d
and f) and in the grains with needle-shaped precipitates (Fig. 2e
and g). Fig. 2e is a high magnification image for area “e” in Fig. 2d.
The EDX analysis exhibits that the needle-shaped L12 precipitates
have an average Ga content of 18.7%, while the A2/D03 matrix has a
concentration of 17.5%Ga.

Regarding the position of the (A2 þ L12)/L12 phase boundary of
the phase diagram, our experiments confirm the phase diagram by
J. Bras et al. [9]. Furthermore, all the annealed samples of the
Fee28.9%Ga alloy do not demonstrate a single L12 structure at all,
which is in a good agreement with the FeeGa phase diagrams by
K€oster et al. and by Kubaschewski [3,11].

By introducing the recommended changes, namely, by shifting
the boundary delimiting the A2 phase and A2þL12 phase mixture
regions on the phase diagram towards lower Ga concentrations, the
lever rule would reproduce well all our results for the
Fee(17.5e24.5)%Ga long-term annealed samples. This is especially
true for the samples annealed at 450 and 500 �C, i.e., at the tem-
perature at which the metastable to equilibrium transition is
completed by annealing for 300 h.

VSM tests were carried out to investigate the transition from
metastable to equilibrium states. The magnetization for the first
group of the alloys with the metastable A2 structure is higher than
that of the second group with D03 þ A2. The presence of a volume
fraction of the B2 phase instead of the A2 phase in the third group
of alloys further decreases the magnetization. The observed
stronger decrease in the fourth and fifth groups results from the
presence of the non-magnetic Fe6Ga5 phase in addition to the D03
or B2 phases in the fourth group or the absence of any magnetic
phase in the fifth group (Fig. 3). By heating, the magnetization
decreases featuring several effects due to the transition between
the phases with different magnetization:

� Fee(15.5e18.6)%Ga shows a uniform decrease of the magneti-
zation which diminishes at the Curie temperature,

� Fee(25.5e28.1)%Ga shows first a decreasing magnetization (for
D03) that is reversed due to the growth of the ferromagnetic L12
phase (at 400e450 �C).

Continuous heating of Fee17.5%Ga induces a specific response of
35 (c), 45 (d), 60 (e) and 90 min (f), green color represents the bcc-originated (A2, D03)
dicate the phase ratios. (g) The dependence of the %L12 on the annealing time. (For
Web version of this article.)



Fig. 5. TEM results for Fee26.9%Ga; (a and d) for the as cast state and (b, c, e, and f) for samples annealed at 300 �C for 300 h; (a) SADP taken on the A2/D03 matrix, (d) BF image for
the as-cast sample. (f) BF image for the annealed sample showing the precipitation of the L12 phase along the A2/D03 grain boundary, (e) SADP for L12, (b) and (c) SADPs for the A2/
D03 matrix. (a), (c) and (e) SADPs taken with zone axis direction is along [011], (b) SADP taken with zone axis direction along [111] for (c).
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the magnetization in the temperature range of 275e425 �C due to
the A2 / D03 and subsequently the D03 / A2 transition. This
effect exists in the Fee18.6 and 19.5%Ga alloys, too, but at higher
temperatures (Fig. 3a). These results confirm unambiguously our
recommendation for shifting the first equilibrium boundary to a
lower Ga content.

The Fee25.5%Ga alloy exhibits almost the same behavior as
Fee26.9%Ga, whereas the peak for the one phase L12 structure does
not appear in Fee24.5%Ga (Fig. 3a and b). This supports the pres-
ence of the (A2 þ L12)/L12 boundary between 24.5 and 25.5% Ga.
The smaller height for the L12 peak shown by Fee28.9%Ga and the
existence of a minor shallow part with a small inclination angle is
due to the appearance of a small amount of the Fe6Ga5 phase during
heating besides L12.

In the Fe3Ga type alloy, a nose of the TTT curve is close to 475 �C
[17]. The kinetics and morphology of the phase transition from a
metastable to the equilibrium (L12) state for Fee27.4%Ga are
Fig. 6. TEM; BF images for Fee32.9%Ga annealed at 450 �C for 300 h (a), for the same sample
for the latter one (d).
studied by an orientation imaging microscopy using the EBSD
analysis. Fig. 4aef, demonstrate the gradual nucleation and growth
of the L12 phase (red color) at grain boundaries of the D03 phase
(green). The L12 phase starts to nucleate slowly at the grain
boundaries showing moderate growth rates until it covers almost
all boundaries after 35 min of annealing (Fig. 4c). By increasing the
annealing time, the growth rate for the L12 phase increases until its
fraction reaches 90% at 90 min. For longer annealing times
(>90 min), the L12 phase grows slower to approach 100%. Fig. 4g
summarizes the kinetics of this transition. It is notable that the
transition rate of the D03 to L12 reaction increases in the presence of
magnetic field [23].

The details of the two-phase state are clarified by using the
results of the TEM study on the Fee26.9%Ga sample. A small
amount of the L12 phase forms precipitations at the grain boundary
between two D03 grains in the Fee26.9%Ga sample annealed at
300 �C for 300 h, as shown in Fig. 5. The Fee26.9%Ga as-cast sample
with a higher magnification (b), for Fee38.4%Ga annealed at 500 �C for 8 h (c), and DP
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shows a A2/D03 matrix as revealed by the bright field (BF) image,
Fig. 5a. Fig. 5f shows the annealed sample with L12 precipitates in
the A2/D03 matrix. The selected area diffraction patterns (SADP)
taken along the [011] zone axis for the as cast and annealed states
are shown in Fig. 5a and c, respectively. The superlattice diffraction
spot (002) originates from them-D03 phase in agreement with [21].
The additional weak spots surrounded by a light red rectangle close
to the (002) diffraction spot may be related to surface oxidation
according to Refs. [24,25]. The indexed superlattice diffraction spots
(113) and (111) correspond to the D03 phase. The ratio between the
intensities of the (002) and (111) reflections is about 2 for both
states, while the ratio should be 1 for the single D03 phase [25].
Thus, the TEM measurements substantiate a phase mixture of D03
and A2 matrices in the as-cast sample, which confirms the results
in Refs. [19,21]. In Fig. 5c, the two reflections indicated by the two
arrows also correspond to surface oxidation, and it is obvious that
two crossed reflections from two phases are present. The SADP for
the annealed sample taken along the [111] zone axis confirms the
presence of the tetragonal m-D03 (L60) phase due to the super-
lattice diffraction spots observed in Fig. 5b. The BF image for the
annealed sample shows that it is composed ofmainly the D03 phase
with some fine precipitates with an approximate size of a few tens
nanometers on anti-phase boundaries and other plate-like pre-
cipitates (see Fig. 5f) in agreement with [25].

The alloys with Ga contents higher than 30% show, in addition to
the D03 and L12 phases, two polymorphic types of the Fe6Ga5
phase: a and b. A detailed study of the structure of FeeGa alloys
with a Ga content higher than 30% using complementary proced-
ures including neutron diffraction, electron backscattering pattern
(SEM-EBSP), TEM, and in situ methods will be reported in the next
paper. EDX was applied to analyze the chemical composition of all
the precipitates that originate at the grain boundaries of the
metastable phase after long term annealing at 450 �C for Fee32.9Ga
alloy (Fig. 6a and b). BF image and diffraction pattern (DP) for 8 h
annealed sample at 500 �C of the Fee38.4%Ga alloy are shown in
Fig. 6c and d, respectively.

Table 1 summarizes the chemical compositions of the areas
marked on the BF images for Fee32.9%Ga annealed at 450 �C. It is
obvious from the chemical composition that the Fe6Ga5 phase,
which is identified by points with 42e45% Ga, appears as dark grey
precipitates at the grain boundaries (Fig. 6a and b). Thus, the TEM
results are consistent with both SEM-EBSD and XRD results pre-
sented in Figs. 1 and 4 with respect to the sample structure after
long-term (300 h) annealing.
4. Conclusions

1. The XRD and SEM-EBSD results, revealing the presence of an
amount of the L12 phase in Fee17.5%Ga annealed at 450 and
Table 1
Chemical composition for each point in Fig. 6a and b by EDX.

Phase Ga, % Fe, % No.

D03 26.9 73.1 1
L12 26.7 73.3 2
L12 25.7 74.3 3
Fe6Ga5 42.5 57.5 4
Fe6Ga5 35.8 64.2 5
Fe6Ga5 42.7 57.3 6
D03 27.7 72.3 7
D03 26.9 73,1 8
L12 26.6 73.4 9
L12 26.5 73.5 10
Fe6Ga5 44.2 55.8 11
Fe6Ga5 43.8 56.2 12
500 �C for 300 h, substantiate positioning of the equilibrium
boundary between the A2 (a Fe) and the A2 þ L12 regions for
Ga<17.5%. This is confirmed by the appearance of a specific peak
in the VSM curve. The alloys with Ga contents between ~18.5
and 20.6% show the L12 phase at higher temperatures as
compared to the existing FeeGa phase diagrams. The location of
the phase boundary is completely identified by the XRD results,
as shown in Fig. 1.

2. With respect to the position of the phase boundary between the
A2þL12 and L12 regions, our results match perfectly the equi-
librium boundary on the phase diagram proposed by J. Bras [9].
This fact is supported by the appearance of a single L12 phase
after annealing of Fee25.5 and 26.1%Ga at 450 and 500 �C for
300 h, and the similarity of the corresponding VSM curves to
that for the Fee26.9%Ga alloy.

3. XRD and VSM confirm the position for the equilibrium boundary
between L12 and L12þa Fe6Ga5 recorded by K€oster et al. [3], O.
Kubaschewski [11] and Okamoto [8].
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