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The structure of the Fe-(17.5–19.5)at.%Ga alloys in as-cast and nearly equilibrium states is studied using
XRD, ND, and EBSD. In disagreement with the existing phase diagrams, the long-term isothermally
annealed at 450–500 �C Fe-17.5%Ga alloy has a two-phase structure with two co-existing ferromagnetic
phases: bcc-originated A2(D03) as a matrix and a fcc-originated A1(L12) needle-shaped precipitates. The
phase transitions during cooling of 17.5 and 19.5%Ga alloys from the A2 range of the phase diagram with
different cooling rates were used to plot, at least partly, Time-Temperature-Transformation (TTT) dia-
grams. The critical cooling rates for starting first- and second-order transitions are determined for the
Fe-19.5%Ga alloy. The effect of long-term annealing on magnetostriction is reported.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction lowed by casting and rapid solidification in a copper mold
The discovery of adding gallium to iron, which leads to enhancing
the magnetostriction of iron by order of magnitude [1–3], has created
a novel design model for devices that utilize magnetostrictive materials.
There are two maxima for magnetostriction, depending on the Ga con-
tent in a-Fe [4]. The functional properties are extremely sensitive to the
phases present in the alloy [5,6]. The cooling rate has an obvious effect
on phase transitions from a high-temperature A2 phase to less meta-
stable or equilibriumphases in the Fe-27Ga alloy [7,8]. It is believed that
alloys with 17-19at.%Ga do not exhibit first-order phase transitions that
decrease magnetostriction. Here, we demonstrate that this is not true,
and even in the alloy with as low Ga% as 17.5at.%, the first-order transi-
tion occurs both at instant slow cooling or long-term isothermal anneal-
ing. Consequently, the existing phase diagrams [9] need to be corrected.
2. Material and methods

Three alloys with nominal compositions Fe-17, 18, and 19%Ga
(in this paper, we use only atomic %) were studied in this work.
The alloys were produced by induction melting for Fe (commercial
purity) and Ga (99.99%) under protective high-purity argon gas fol-
(4 � 16 � 60 mm) using an Indutherm MC-20 V mini furnace.
The chemical composition analysis by Energy Dispersive X-ray
Spectroscopy (EDX) revealed the following compositions: Fe-17.5
± 0.1%, Fe-18.6 ± 0.1%, and Fe-19.5 ± 0.1%Ga.

The neutron diffraction (ND) patterns were measured at a high-
resolution Fourier diffractometer [9], which operates at the IBR-2
pulsed reactor at JINR (Dubna). The time-of-flight of the
instrument can be easily switched between high-resolution
(Dd/d�0.0015) and high-intensity (Dd/d�0.015) diffraction modes.

The samples dimensions used for XRD and SEM-EBSD analyses
are 10 � 10 � 2 mm, and for ND, they are 30 � 8 � 4 mm. The cool-
ing rates of 1, 2, 4, and 8 �C/min were chosen for the in situ ND tests
performed in a vacuum furnace. The cooling path for these tests in
in situ ND from 850 to �250 �C is linear. Below 200 �C, the furnace
follows slower natural cooling. The phase transitions below 200 �C
can be neglected as they are very slow in Fe-Ga alloys [10,11].

For long-term annealing, the samples were evacuated in quartz
ampules. The heat treatments were conducted in argon atmo-
sphere (99.999%-purity) for 300 h at chosen temperatures between
300 and 575 �C ± 1 �C, followed by air-cooling.

3. Results and discussion

All the samples have a single A2 phase in the as-cast state in
agreement with the relevant literature, including our recent study
[7,12]. In this paper, we used three types of experiments to study
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transitions in the supercooled A2 (a-Fe-Ga solid solution) phase,
namely:

1. XRD study of the samples’ structure after cooling down from
850 �C with different rates (from 0.8 to 2000 �C/min);

2. In situ ND study of the phase transitions during cooling from
850 �C with cooling rates between 1 and 8 �C/min;

3. Study the samples’ structure after long-term isothermal anneal-
ing in a temperature range of 300–575 �C using XRD and SEM-
EBSD analyses.

The first TTT diagram for the Fe-Ga alloy with 27%Ga was
reported in [8]. There are two differences between the present
study of the Fe-(17-19)Ga alloys and the alloy with 27%Ga:

i) according to the equilibrium phase diagram, the appearance
of the L12 phase is not expected in alloys with Ga less
than 18%, especially below 450 �C [9,13–15],

ii) first-order transition in Fe-(18–19)Ga is slower than that of
in Fe-27 Ga.

Typical second-order transition in 17–19%Ga is the A2 ? D03 as
reported in many papers but the A2 ? B2 transition is also men-
tioned in several studies, e.g. [16]. As an example, the dependen-
cies of intensities of some fundamental (A2) and superstructure
(D03) peaks as functions of temperature for the cooling rate of
2 �C/min for Fe-19.5%Ga are shown in Fig. 1a. The dependencies
are similar for the cooling rates of 1, 4, and 8 �C/min. The appear-
ance of superstructure peaks clearly indicates the formation of the
ordered D03 structure at cooling. The ordering temperature for a
chosen cooling rate can be more accurately determined from the
behavior of the lattice constant (Fig. 1b). The dependence a(T)
clearly illustrates a decrease of the lattice constant under transition
between disordered and ordered states (see, e.g. [17]). Though the
transition is stretched over the temperature range, its beginning
can be accurately determined. For 1, 2, 4, and 8 �C/min cooling
rates ordering starts between 490 and 470 �C and ends between
420 and 400 �C (with accuracy ± 10 �C). Weak peaks of the fcc
A1 phase (less than 1%) appear in the ND patterns after cooling
with 1 and 2 �C/min. Ordering of the A1 phase in Fe-Ga leads to
the formation of the L12 phase [18]. In the case of a small amount
of the fcc phase, the superstructural peaks are too small, and it is
impossible to distinguish between the A1 and L12 phases.

To trace the A2? A1(L12) transition, an XRD study of long-term
annealed samples was used. The results are shown by pie charts
(Fig. 2a) on the Fe-Ga equilibrium phase diagram [9]. The red color
represents the L12 phase fraction. Fig. 2b shows the XRD patterns
for Fe-17.5 Ga, 300 h annealed samples at 450, 500 �C and
Fig. 1. (a): Intensities of the two fundamental peaks (220) and (400) as a function of tem
superstructural peaks (200) and (311) with a larger scale in the inset. (b): The lattice con
vertical dashed lines represent the ordering starting and finishing temperatures.
Fe-19.5 Ga at 575 �C. The contribution of the A1(L12) phase
(111) peak is obvious. The intensities are re-scaled in the logarith-
mic scale in the insets.

The microstructural investigation of the 300 h annealed Fe-
17.5 Ga sample at 450 �C shows a bcc A2(D03) phase matrix with
needle-shaped precipitates (Fig. 2c,d). These precipitates corre-
spond to the equilibrium A1(L12) phase located at the grain bound-
aries and inside grains. Fig. 2(e,f) show the SEM-EBSD image for the
300 h annealed Fe-18.6 Ga sample at 575 �C with a similar
microstructure with the L12 phase located mainly at the grain
boundaries possibly due to mechanism discussed in [19]. The L12
needle-shaped precipitates inside grains and at the grain bound-
aries are presented in the SEM images for 300 h annealed samples
of Fe-18.6 Ga at 500 �C, Fe-19.5 Ga at 450, 500, and 575 �C with two
different magnifications Fig. 2(g-j).

The magnetostriction (3/2k) for water quenched and long-term
annealed at 400 �C Fe-17.5 Ga samples is shown in Fig. 2k. After
high-temperature annealing followed by quenching (2000 �C/
min), the Fe-19.5 Ga alloy shows a maximum 3/2ks value
94.6 ppm, and it is 74.5 ppm in Fe-17.5 Ga, both with the A2 struc-
ture. Long-term annealing of the Fe-17.5 Ga alloy decreases mag-
netostriction of the as quenched sample to 48.3 ppm.

The above discussed results are used to build the TTT diagrams
for the Fe-17.5 Ga and Fe-19.5 Ga alloys (Fig. 3(a,b)). These dia-
grams include experimental points obtained by three types of
tests: 1, 2, and 3. We reported in [20] that the air-cooled and
quenched Fe-19 Ga samples do not exhibit any degree of ordering,
and we use these results to identify the critical cooling rate for
ordering. The experiments (1) with different cooling rates conclude
that the critical cooling rate for the ordering start is 65 �C/min
(green dashed line) and for the metastable A2 phase to equilibrium
A2 + D03 + A1(L12), the phase transition is 2 �C/min (red solid line).
The blue points in Fig. 3b represent the ordering start and finish at
cooling rates: 1–8 �C/min. For the Fe-17.5 Ga alloy, the C-shaped
curve is introduced as a sketch: even 300 h annealing is insufficient
to achieve the equilibrium state (Fig. 3a). Our further research aims
to significantly increase the annealing time to precise the positions
of the C-curves.

Thus these TTT diagrams for Fe-(17, 19)%Ga alloys (Fig. 3)
develop the idea of creating maps of phase transitions in Fe-Ga
alloys proposed in [7] and they are useful for practical applications.
4. Conclusions

The structure of the Fe-(17.5–19.5)%Ga alloys was studied dur-
ing cooling with different rates and after long-term annealing by
XRD, in situ ND, and SEM-EBSD. The effect of the cooling rate on
perature at cooling with a rate of 2 �C/min for the Fe-19.5 Ga alloy. Intensities of the
stant a(T) of the D03 phase determined from the (220) diffraction peak position. The



Fig. 2. (a) Fe-Ga equilibrium phase diagram [9] with experimental points illustrating the ratio between the A2(D03) and A1(L12) phases after 300 h annealing. (b) XRD
patterns for the 300 h annealed Fe-17.5 Ga at 450, 500 �C and Fe-19.5 Ga at 575 �C samples. (c),(d) SEM-EBSD images for the 300 h annealed samples for Fe-17.5 Ga at 450 �C
and (e),(f) for Fe-18.6 Ga at 575 �C. (g) SEM images for the 300 h annealed samples Fe-18.6 Ga at 500 �C, (h) Fe-19.5 Ga at 450, (i) 500, and (j) 575 �C. Green and red colors
represent A2(D03) and L12, respectively. (k) Magnetostriction (3/2k) results for quenched Fe-17.5 Ga alloy and after 300 h annealing at 400 �C.
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Fig. 3. TTT diagrams for Fe-17.5 Ga (a) and Fe-19.5 Ga (b) alloys. The bar beside the TTT diagrams represents the equilibrium phase temperature ranges [9]. Red, light, and
dark yellow areas represent A2 + D03 + L12, A2, and A2 + D03.
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magnetostriction was recorded. The following outcomes can be
determined:

1. All the investigated as-cast alloys have a single A2 phase in the
as-cast state. Cooling from A2 range (850 �C) with cooling rates
of 1–8 �C/min leads to ordering A2? D03 + A2, according to our
in situ ND tests. Some traces of the A1 phase also appear after
cooling with rates of 1 and 2 �C/min.

2. The studied alloys show the appearance of the L12 phase frac-
tions after long-term annealing. Even the 17.5%Ga alloy shows
precipitates of the L12 phase after 300 h annealing at 450–
500 �C in contrast with the existing phase diagrams. The forma-
tion of needle-shaped L12 precipitations decreases the alloy’s
magnetostriction. The existing phase diagrams must be cor-
rected in view of these new results. As the next step, the
authors plan to apply 1000 h annealing to define the diagram
better.

3. The critical cooling rate for starting the first-order transition
A2 ? L12 (�1%) in the Fe-19.5 Ga alloy is about 2 �C/min. For
the Fe-17.5 Ga alloy, only long-term annealing helps to define
the time–temperature position for the nose’s path for the TTT
curve.
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