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a b s t r a c t

A wide range of complementary research technique - XRD, SEM, TEM, MFM, HV, and low temperature
heat capacity, in situ neutron diffraction, resistivity, vibrating sample magnetometry, internal friction,
dilatometry, and differential scanning calorimetry - is applied to study structure and phase transitions at
heating and cooling of two FeeGa functional alloys with 25 and 27 at.% Ga. Using high resolution neutron
diffraction, it is unambiguously proven that the initial state of both as-cast samples at room temperature
is the D03 phase which results from ordering of the high temperature A2 phase during cooling. Heating
of as-cast samples and their subsequent cooling leads to a cascade of phase transitions which change the
samples’ structural, mechanical and physical properties. These transitions and properties are discussed in
the paper. Transition from metastable D03 to stable L12 phase at heating or isothermal annealing leads to
significant changes in macro (grain size) and micro (ordering) structure, hardness and magnetic prop-
erties (magnetostriction, magnetization). According to our structural studies (ND, XRD), composition Fe-
25.5 at.%Ga below ~600 �C belongs to a single phase (L12) range of the equilibrium phase diagram, while
in the Fe-26.9Ga alloy some amount of the D019 phase is also present.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Magnetostrictive materials appear poised to play an increas-
ingly important role in applications ranging from active vibration
control, control surface deployment and energy harvesting to stress
and torque sensing. One of the reasons for the promise of these
materials in a host of applications is the development of a new class
of structural magnetostrictive materials, ironegallium alloys (gal-
fenol). These alloys exhibit moderate magnetostriction (~350 ppm)
oscow, Russia.
oscow, Russia.
in), abdelkarim.abdelkarim@
under very lowmagnetic fields 100 Oe (8000 A.m�1), have very low
hysteresis, and demonstrate high tensile strength (500MPa) and
limited variation in magnetomechanical properties for tempera-
tures between �20 and 80 �C [1]. These materials are machinable,
ductile and can be welded. Thus, they can be easily threaded,
attached to existing structures and used as load bearing members.
They have a high Curie temperature [1] and are corrosion resistant
[2] and biodegradable [3]. The raw materials used to produce
FeeGa alloys are relatively inexpensive [2]. All these factors
demonstrate that FeeGa alloys have great promise as an engi-
neering material for actuation and sensing applications.

The past few decades have witnessed extensive magnetostric-
tive materials applications in such different fields as sensors, ac-
tuators and transducers [4,5], in which alloys of giant room-
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temperature magnetostriction of Terfenol-D (Tb1�xDyxFe2) have
beenwidely used. However, Terfenol-D is limited by its mechanical
brittleness, heavy use of rare earth elements, and high magnetic
saturation field [6]. Galfenol (Fe1�xGax) alloys have the advantages
of excellent ductility, low cost, and low magnetic saturation field
[7]. Ironmagnetostriction is enhanced tenfold when a fraction of its
atoms is replaced by nonmagnetic Ga [8e11], although it is still
much lower than that of Terfenol-D. Great efforts have been made
to further improve the magnetostriction by adding 3d and 4d
transition elements such as Ni, V, Cr, Mn, Co, Mo, and Rh [12e15], or
interstitial elements such as C, B and N [16,17].

Further optimization of FeeGa alloy properties is possible if
phase transitions of sequence and kinetics is completely charac-
terized. Some calculations of phase stability were recently done in
Ref. [18]. In spite of the longstanding interest to FeeGa alloys with
attractive magnetic properties, the existing phase diagrams, both at
equilibrium [19e21] and metastable [22], do not provide proper
information about the structure of the alloys produced within
commercially applied heat treatment regimens (cooling and heat-
ing with different rates and isothermal annealing). Usage of these
simple tools allows the varying of their micro- and phase structures
and, consequently, their functional properties to a large extent.

The aim of this paper is twofold: it is not only to study both the
structure and sequence of phase transitions in metastable alloys
(as-cast Fe-25Ga and Fe-27Ga alloys), but also to examine the rates
of the transitions using different techniques, including both in situ
tests with different heating rates and long-term isothermal
annealing treatments. Those properties are of high interest and
importance in order to design specific microstructures with desired
properties.

2. Experimental procedure

This work was carried out on two alloys with nominal compo-
sitions Fe-25%Ga and Fe-27%Ga. The alloys were produced by the
same manner in an Indutherm MC-20 V mini furnace by induction
melting under protective high-purity argon gas. After preparation,
the analysis of the chemical composition by Energy Dispersive X-
ray Spectroscopy (EDX) revealed the following compositions Fe-
26.9±0.1at.%Ga (nominal composition Fe-27Ga) and Fe-25.5±0.1at.%
Ga (nominal composition Fe-25Ga). The tolerance (±0.1) comes
from the calibration by measuring standard samples with a purity
of 99.9999% of element. The standard error of measurement of the
chemical composition is 0.1e0.2% wt. In this paper we use only
atomic %.

Neutron diffraction (ND) patterns were measured with a high-
resolution Fourier diffractometer (HRFD) operating at the IBR-2
pulsed reactor at JINR (Dubna, Russia). The HRFD can be switched
between high-resolution (Dd/dz 0.0015) and high-intensity (Dd/
dz 0.015) diffraction modes, both of which are needed for a joint
analysis of the changes in the atomic structure and microstructure
of the material upon heating or cooling. A detailed description of
the method is given in Ref. [23], where a comparative analysis of
the results obtained on as-cast and powder samples of the Fe-27Ga
alloy was carried out. Most of the in situ experiments were carried
outwith heating and cooling rates of 2 �C/min. Some tests were also
carried out with a heating rate of 20 �C/min and cooling rates of 1, 4,
8 �C/min, respectively.

X-ray diffraction (XRD) analysis of the crystallographic struc-
ture of the samples were performed with a Bruker D8 Advanced
diffractometer with Cu Ka radiation. The room temperature XRD
tests and selected SEM-EBSD tests we used after 300 h annealing in
vacuum at different temperatures, namely: 300 �C, 350 �C, 400 �C,
450 �C, 500 �C, 575 �C, respectively.

M€ossbauer spectroscopy was carried out on spectrometer Ms-
1104 Em at room temperature using g-source 57Co and powdered
samples. Isomeric (chemical) shift determined relative to a-Fe.

Resistivity measurements (RM) The resistivity is measured by
the so-called four-probe technique during heating and cooling rate
of 1 �C/min. Experimentally we use a LabView program designed by
F. Gasser, and an experimental device described by Abadlia et al.
[24] and more recently by Messaoud et al. [25]. The relative accu-
racy can be better than 0.1% and the resolution reaches 0.01%. This
technique is very sensitive, measuring very small resistivity varia-
tions to microstructure details including defects, ordering, and
presence of impurities.

Internal friction (IF), or the loss factor Q�1, were obtained from
forced vibrations by measuring the phase lag tan4 between the
applied cyclic stress and the resulting strain: s¼ s0 cos(ut) and
ε¼ ε0 cos(utþ4), correspondingly. u¼ 2pf and 4 is the phase lag or
the loss angle [26]. The temperature-dependent measurements
were conducted as a function of temperature between 0 and 600 �C
using forced bending single cantilever vibrations with ε0¼ 7� 10�5

with heating and cooling rates of 2 �C/min.
Differential scanning calorimetry (DSC) experiments using a

Labsys Setaram systemwith heating rates of 5, 10 and 20 �C/min in
air atmosphere allowed us to carry out the sample's thermal
analysis.

Low-temperature heat capacitywasmeasured using a physical
property measurement setup (PPMS by Quantum Design) in the
temperature interval from about 2 to 100 K for alloys and from 2 to
400 K for pure reference metals (Fe and Ni). After cooling and
equilibration at about 2 K, single heat pulses are applied to the
sample and its temperature response is measured. The so-called
two-tau method [27] was followed. A special low-temperature
grease was applied to the heating stage to guarantee a good ther-
mal contact. The specific heat capacities of the systems “heating
stage þ grease þ sample” and of “heating stage þ grease” were
measured separately. Further details are identical to those in
Ref. [28].

The dilatometry tests (DT) were recorded at temperatures
ranging from 20 �C to 800 �C at the heating rate of 5 �C/min using a
Dilatometer Linseis L75.

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 z400 kA/m.

SEM-EBSD microstructures of the alloys were identified by
scanning electron microscopy (SEM) operating at 20 kV using a
TESCAN VEGA LMHmicroscope with a LaB6 cathode and an energy
dispersive X-ray microanalysis system (Oxford Instruments, Soft-
ware Advanced AZtecEnergy). Both backscattered electron and
secondary electron imaging were used in the analysis. Electron
backscatter diffraction (EBSD) analysis of the alloys was investi-
gated using the NordlysMax2 detector (Oxford Instruments, Soft-
ware Advanced AZtecEnergy) with a Crystal Structure Database
supplied by Oxford Instruments. The mean angular deviation
(MAD) of 0.25 was used in the analysis.

TEM: Electron transparent specimens for transmission electron
microscopy (TEM) were prepared using focused Ga ion beam
sputtering in a scanning electron microscope (ThermoFisher Helios
440). The ion energies were gradually decreased from 30 kV to 5 kV
as the specimen thickness approached ~100 nm. The TEM specimen
was attached to a copper Omniprobe grid regularly used for lift-out
specimen preparation. The surface damage was reduced by low-
energy focused Ar ion milling at 0.9 kV ion energy (Fischione
Nanomill). Bright-field (BF) TEM images and selected area electron
diffraction (SAED) patterns were recorded using a charge couple
device (CCD) camera in a field emission transmission electron mi-
croscope operated at 200 kV (ThermoFisher Tecnai G2).

MFM: A Dual Scope C26 magnetic force microscope, MFM (DME
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Company, Copenhagen, Denmark) was used to obtain the magnetic
force gradient image with a typical lift height of 250 nm and a high
moment Co-coated tip magnetized normal to the sample surface.
The MFM facility used for this study is equipped with an optical
microscope with a magnification of 300�.

Hardness (HV) of the alloys was measured with a micro-
indentation Vickers tester 402-MVD WOLPERT with a dwell time
of 15 s and a load of 100 g. For the HV tests we used the samples
after 300 h annealing in vacuum at different temperatures, namely:
300, 400, 500 �C.

Heating rates and atmospheres used in the experiments are
summarized in Table 1.
Fig. 1. Equilibrium phase diagram Fe-Ga [19e21] with two vertical red lines corre-
sponding to the studied compositions. Green/red circles indicate alloy structure after
300 h annealing at indicated temperatures. Red and green colors correspond to EBSD
colors in Fig. 4: green shows volume fraction of BCC derivative D03 phase; red reveals
e FCC derivative L12 phase. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
3. Results and discussion

3.1. As-cast state of alloys

According to the phase diagram proposed by K€oster et al.
[19e21] and Kubashevski [29] the equilibrium structure of Fe-
26.9Ga and Fe-25.5Ga alloys at room temperature (RT) must be
100%L12 phase and about 90%L12 þ 10%A2 phase respectively
(Fig. 1). In contrast to the equilibrium diagram, the as-cast alloys
exhibit a D03 ordered structure with lattice parameters 5.8130 and
5.8172Å, correspondingly (Fig. 2 a, b). These results are in agree-
ment with our previous estimations of structure and lattice pa-
rameters [30].

From the analysis of the diffraction peak widths, it may be
concluded that the initial state of both samples consists of domains
of about 1400e1800 Å in size with long-range ordered D03 struc-
ture. This statement is supported by the data presented in Fig. 3,
where one can see that the widths of all diffraction peaks (funda-
mental and superstructure) for both samples can be fitted by a
single dependence on d-spacings. Details of the Williamson-Hall
analysis can be found in Ref. [23].
3.2. Phase transitions during heating

Three disordered (A1, A2, A3) and four ordered (B2, D03, L12,
D019) phases were observed in this study at different temperatures
either by in situ neutron diffraction tests or after long-term
annealing by XRD:

1. A1 with g-Fe-type structure with Fe and Ga atoms randomly
distributed, sp.gr. Fm3m;

2. A2 with a-Fe-type structure with Fe and Ga atoms randomly
distributed, sp. gr. Im3m;

3. A3 with hexagonal close packed disordered structure, sp.gr. P63/
mmc;

4. B2 with a CsCl-type structure with Fe and Ga atoms partially
ordered, sp. gr. Pm3m, aB2 z aA2;

5. D03 with a BiF3-type structure with Fe and Ga atoms partially
ordered, sp. gr. Fm3m, aD03 z 2aA2;
Table 1
Test conditions: heating rate, atmosphere, highest temperature.

In situ tests

RM ND TDIF DT

Heating rate,
�C/min

1 2 2 5

Atmosphere Argon Vacuum air air
End T, �C 1000 800 600 800

RT e room temperature tests after 300 h annealing of the samples at different temperat
6. L12 with a Cu3Au-type structure with Fe and Ga atoms partially
ordered, sp. gr. Pm3m, aL12 z aA1;

7. D019 with a MgCd3-type structure with Fe and Ga atoms
partially ordered, sp. gr. P63/mmc, aD019 z 2aA3, cD019z cA3.
3.2.1. In situ neutron diffraction
In situ neutron diffraction studies were carried out with heating

rates of 2 �C/min for both alloys proving the following phase
transitions:

- for Fe-25.5Ga and heating rate of 2 �C/min: D03 / L12 / D019
/ (А2 þ B2) / A2 in contrast with the cascade of transitions
suggested by the equilibrium phase diagram: D03/ (L12þD03)
/ (D019 þ D03)/ B2/ A2. This difference is discussed below.
The partially ordered B2 phase appearing shortly in the
(700e750)�С temperature range occupies not more than 30% of
the sample volume, i.e. it coexists with the disordered A2 phase.

- for Fe-26.9Ga and a heating rate of 2 �C/min: D03/ L12 /D019
/ (А2 þ B2) / A2 in full agreement with existing phase dia-
grams. In the case of a heating rate of 20 �C/min, the B2 phase
Tests at RT

VSM DSC XRD EBSD HV

6 5, 10, 20 RT RT RT

air air vacuum vacuum air
750 800 RT RT RT

ures.



Fig. 2. High-resolution neutron diffraction patterns of the Fe-25.5Ga (a¼ 5.8130 Å) (a) and Fe-26.9Ga (a¼ 5.8172Å) (b) alloys measured in their initial state (before heating). Both
samples are in the D03 phase. Miller indices of several first peaks are specified, the vertical bars indicating the calculated peak positions.

Fig. 3. The (Dd)2 over d2 dependences (Williamson-Hall plots) for Fe-25.5Ga (a) and Fe-26.9Ga (b) samples in the as-cast state. The (Dd)2 values are multiplied by 106. The statistical
errors of the experimental points are about the symbol size. The coherently scattering domain size (L) and the Miller indices of several first peaks are pointed out.
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was indistinguishable and instead of the D019 / B2 / A2 re-
action we recorded only the D019 / A2 transition;

In situ neutron diffraction measurements performed with a
heating rate of 2 �C/min show some similarities of the phase tran-
sitions for the two studied alloys at temperatures below ~600 �C,
but with some differences at higher temperatures (Fig. 4 a, b).

At room temperature the Fe-25.5Ga sample (a) is in the D03
state, which is characterized by the 111, 200, and 311 superstructure
diffraction lines. After that the phases L12 (100 and 110 lines), D019
(100 and 101 lines), B2 (100 line), and A2 appear. At cooling, the
process occurs in the opposite direction (without the formation of
the D019 phase) with the appearance of a stable phase L12. At room
temperature the Fe-26.9Ga sample (b) is in the D03 state, which is
characterized by the 111, 200, and 311 superstructure diffraction
lines. The subsequent phases L12 (100 and 110 lines), D019 (100 and
101 lines), B2 (100 line) and A2 appear. During cooling, the process
proceeds in the opposite direction with the appearance of a mixed
state D019 þ L12 below 500�С.

These results with the corresponding temperature intervals of
the phase transitions are shown in Fig. 5 a and b for Fe-25.5Ga and
Fe-26,9Ga, respectively. The lattice parameters for different phases
as a function of temperature for similar alloys can be seen in
Ref. [23].
3.2.2. Electrical-resistivity
To the best of our knowledge, this method is used for the first

time to characterize phase transitions in FeeGa. The resistivity is, in
some sense, similar to X-ray and neutron diffraction: in these three
techniques, the particles (X-rays, neutrons and free electrons inside
the metal) are scattered by different potentials. Only the electrons
at the Fermi level may be scattered and contribute to the resistivity.
X-rays examine the surface while neutrons and electrons study the
bulk. Like neutrons, electrons also react to the magnetism of the
metals. The Curie point corresponds to a change of the slope of the
resistivity versus temperature, (see the paper of Abadlia et al. [24]).
Resistivity and DSC give the same physical information when the
heating rate is the same. However, resistivity measurements offer
advantages for measurements at low rates, since the signal
magnitude does not depend on the heating or cooling rate. In fact,
resistivity measurements continue to give information even if the
temperature does not change any further, e.g. for ageing at constant
temperature.

As can be seen in Fig. 6, we observe a first change of the slope at
399 �C, then a second at 430 �C (±2 �C). The resistivity increases
continuously from 430 �C and its increase ends at 485 �C consid-
ering the derivative curve. This is coherent with the D03 to L12
transition observed in Fig. 5. The derivative curve maximum is at
462 �C. At 615 �C we observe the onset of a new phase transition.



Fig. 4. A 2D visualization of the diffraction pattern evolution of the Fee25.5Ga (a) and Fee26.9Ga (b) samples in the as-cast state measured upon slow heating up to 850�С and
subsequent cooling down in the real-time mode. The temperature (and time) axis goes from top to bottom; d-spacing axis goes from left to right.

Fig. 5. Temperature dependences of the intensities of the fundamental diffraction peaks and their first derivatives (transformation rate, right upper Y-axe) of different phases during
the transition from the initial (D03 phase at RT) to the final (A2 phase above 750 �C) state of the alloy Fe-25.5Ga (a), and of the alloy Fe-26.9Ga as well (b) during heating.

Fig. 6. Temperature dependence of the resistivity (during heating and cooling) and its
first derivative for the as-cast Fe-26.9Ga alloy.
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The maximum is reached at 624 �C and ends at 628 �C. The change,
which begins at 615 �C and ends at 628 �C, can be compared to the
L12 to D019 transition near 610 �C on the equilibrium phase diagram
and on Fig. 5. Above 628 �C the next change of the slope is observed
at 693 �C, where it can be associated with the D019 to B2 transition
temperature of 678 �C in the phase diagram. The change of slope at
825 �C corresponds to the B2 to A2 phase transformation.
3.2.3. Vibrating sample magnetometry
The magnetization of both samples decreases in the existence

range of the D03 phase with an increase in temperature up to
400e450 �C. Above TSz 400 �C (Fig. 7a), a growth of the ferro-
magnetic L12 phase leads to an increase of sample's magnetization.
The highest rate of this phase transition at instant heating is around
500 �C (Tm) according to the derivative curve. After reaching
maximal magnetization at about 550 �C, M(T) slowly decreases
with increasing temperature until 620e625 �C. At this temperature,
the ferromagnetic L12 phase undergoes a transition to the non-
ferromagnetic phases D019 and D03. If the heating and cooling cy-
cle is repeated several times (Fig. 7b), the magnetization of the
sample at room temperature increases due to the remaining L12
phase (see section 3.3), while an increase in magnetostriction
during heating starts at a lower temperature due to the easier
growth of already existing grains with L12 structure.
3.2.4. Internal friction
Temperature dependent internal friction curves during heating



Fig. 7. Temperature dependence of the magnetization and its first derivation for Fe-25.5Ga and Fe-26.9Ga samples at heating (a), and magnetization in three subsequent heating
and cooling runs for the Fe-26.9Ga sample (b).
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and cooling of Fe-26.9Ga as-cast alloy are presented in Fig. 8.
Similar results for the Fe-25.5Ga alloy were recently published in
Ref. [31]. In the same reference, the nature of a thermally activated
anelastic effect at 300e400 �C (depending on the measuring fre-
quency) was discussed in terms of the Zener effect [32], i.e. in terms
of stress-induced re-orientation of GaeGa pairs in the FeeGa solid
solution. The D03 to L12 transition leads to the formation of a
transient internal friction effect (PTr) which starts (TS) from about
400 �C and has the highest transformation rate at 485 �C (Tm). The
PTr peak is accompanied by an increase in Young's modulus, which
is presented in Fig. 8 in arbitrary units.

3.2.5. Dilatometry
The thermal expansion of the alloy Fe-25.5Ga is shown in Fig. 9a.

The slope of the expansion is almost constant until the temperature
TS (¼460 �C) is reached, where the transition from a D03 phase to an
L12 phase causes, an increase in slope. The D03 phase is a BCC de-
rivative structure and the L12 phase is an FCC derivative structure;
thus, their respective packing densities are around 68% and 74%,
and therefore one could expect the opposite effect.

An explanation is given by this alloy's change of magnetization
during the phase transition. As discussed earlier with the magne-
tization curves in section 3.2.3, the phase transition between the
D03 and L12 phases are accompanied by a sharp increase in the
magnetization. Thus, despite the difference of the packing den-
sities, it is the transition from a paramagnetic phase to a
Fig. 8. Temperature dependent internal friction and Young's modulus for the as-cast
Fe-26.9Ga alloy.
ferromagnetic phase which causes the increase of the thermal
expansion.

3.2.6. Differential scanning calorimetry
The dependences of the heat flow for three different heating

rates (namely 5, 10, and 20 �C/min) are presented in Fig. 10. The
exothermic reaction corresponding to the phase transition from
D03 to the L12 phase shifts to lower temperatures by decreasing the
heating rate (565, 545 and 515 �C at heating rates of 20, 10 and 5 �C/
min, respectively). This is true also for other reactions. Approxi-
mations for all three transitions (from D03 to L12, from L12 to D019,
and from D019 to B2) to ‘zero heating rate’ gives the following
temperatures: the D03 to L12 transition starts at 458 �C and ends at
540 �C. It reaches a maximum of the transition rate at 506 �C. For
the L12 to D019 transition, the maximum rate occurs at 633 �C; for
the D019 to B2 transition the maximum occurs at 698 �C. These
temperatures are collected in Table 3 in the column “0 �C/min”.

All used techniques have demonstrated sensitivity to phase
transitions in FeeGa alloys. Technical limitations for DMA con-
cerning the maximum temperature allow the analysis of only the
D03 to L12 transition. Table 2 summarizes the parameters of this
transition in Fe-27Ga e the beginning, the end of the transition and
the temperature of the maximal rate of the transition as recorded
by all methods. The methods used are given in the order of
increasing heating rate. ND and DSC tests were carried out for
several heating rates.

3.3. Phase transitions during cooling

In situ neutron diffraction gives a general picture of non-
equilibrium phase transitions during cooling. For a cooling rate of
2 �C/min, the following transitions take place (Fig. 11):

- in Fe-25.5Ga: A2 / (B2 /) D03 / L12 þ 1% (D019 þ A2),
- in Fe-26.9Ga: A2/ B2/ (D019þ L12), as it can be seen in Fig. 4.

It should be mentioned that an increase of the cooling rate to
8 �C/min leads to the appearance of some amount of A2(D03) phase
with increasing volume fraction.

The small difference between these two alloys is that in the Fe-
25.5Ga alloy the volume fraction of the L12 phase after cooling with
2 �C/min is about 99%, while in the Fe-26.9Ga alloy after cooling the
ratio of L12/D019 is about 1/2. Phase transition temperatures are
collected in Table 3.

During cooling, the phase transition shifts to lower tempera-
tures; for example, the transition B2/D019 takes place at a lower



Fig. 9. Dilatometric test for Fe-25.5Ga (a) and Fe-26.9Ga (b) alloys.

Fig. 10. Heat flow for as-cast Fe-25.5Ga (a) and Fe-26.9Ga (b) alloys at different heating rates (5, 10, 20 �C/min).

Table 2
Temperatures of beginning, end and most intensive D03 to L12 transition during heating according to different measuring techniques for alloy Fe-27Ga.

RM ND TDIF DT VSM DSC

Heating rate, �C/min 1 2 2 5 6 0 (appr) 5 10 20

The D03 to L12 transition

Start of transition Ts, �C 430 425 425 468 410 458 465 480 495
Maximal rate Tm, �C 462 440 485 514 505 506 515 545 565
Finish of transition Tf, �C 485 465 505 544 550 540 560 590 630

The L12 to D019 transition

Start of transition Ts, �C 615 600 e 617 617 622 630 640
Maximal rate Tm, �C 624 610 e 631 633 639 644 657
Finish of transition Tf, �C 628 625 e 651 645 655 660 681

The D019 to B2/A2 transition

Start of transition Ts, �C 665 e 680 683 686 693
Maximal rate Tm, �C 693 685 e 699 706 707 722
Finish of transition Tf, �C 715 e 732 738 747 760

*DSC data approximation to zero heating rate.

I.S. Golovin et al. / Journal of Alloys and Compounds 811 (2019) 152030 7
temperature (650 �C at the cooling rate 5 �C/min) as compared to
the reversed transition during heating (706 �C at the heating rate of
5 �C/min). By decreasing the cooling rate, the temperature corre-
sponding to the phase transition increases (Fig. 12). The transition
D019/L12 takes place when reaching 505, 515 and 535 �C at
cooling rates of 20, 10 and 5 �C/min, respectively.

Resistivity and VSM results during cooling are shown for the
resistivity in Fig. 6 and for magnetometry in Fig. 7 (a and b), both
together with data obtained during heating. For the resistivity
measurements, a sample was heated up to 1000 �C and
immediately cooled at the same rate of 1 �C/min. A cooling curve
change of slope is observed at 674 �C, indicating a phase transition.
The curve passes continuously from a maximum to a nearly linear
curve until room temperature. Naturally, at cooling there is no
phase transition around 462 �C, as the transition at this tempera-
ture during heating corresponds to the transition from the meta-
stable D03 phase in as-cast samples to the equilibrium L12 phase.
Phase transition may also depend on the highest temperature
reached.

Variations in cooling rate from 1 to 2000 �C/min and analysis of



Fig. 11. Temperature dependencies of different phases of the fundamental diffraction peaks during a transition from initial (A2 phase) to final L12 phase state of the alloy Fe-25.5Ga
(a), and to the L12þD019 phases state of the alloy Fe-26.9Ga (b) during cooling.

Table 3
Temperatures of onset, end and most intensive A2 to (D019 þ L12) transition during
cooling according to different measuring techniques for alloy Fe-27Ga.

RM ND DT DSC

Heating rate, �C/min 1 2 5 0a (appr) 5 10 20
Start Ts, �C 674 640 650 593 592 570 568
Maximum Tm, �C 580 605 550 534 535 515 505
Finish Tf, �C 460 550 500 488 475 440 415

a DSC data approximation to zero cooling rate.
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diffraction patterns of the samples allowed us to determine the 1st
and the 2nd critical cooling rates: the 1st one is defined as the
cooling rate of beginning of the appearance of the equilibrium L12
phase out from the metastable D03 phase and the 2nd one is the
cooling rate at which no metastable phase (A2, B2 or D03) is
recorded in the sample structure at RT. These results are discussed
in the paper [33].
3.4. Impact of isothermal heat treatments

3.4.1. Microstructure characterization by SEM-EBSD, TEM, XRD
The sample microstructure and hardness were studied after

long-term annealing for 300 h at different temperatures. Obviously,
the 300 h annealing provokes a transition from metastable to
equilibrium phases at lower temperatures as compared with
instant heating. No phase transition was detected at annealing
temperatures below 300 �C. With an increase in annealing tem-
perature, one can see nucleation (Fig. 13a) on grain boundaries of
Fig. 12. Heat flow for the as-cast Fe-25.5Ga (a) and Fe-26.9G
the D03 grains and growth (Fig. 13b) of the L12 phase (red color on
EBSD images, Fig. 13). After annealing at 500 �C (Fig. 13c) shows the
transition is complete, and about 90% of the L12 phase is observed
in the structure in agreement with the lever rule. Increase of the
annealing temperature between 500 and 575 �C (both at 300 h) did
not lead to pronounced changes in the L12 phase microstructure
with an average grain size of 14 mm. The colors in Fig. 13d are the
Euler colors and it is to demonstrate much smaller grains in the L12
phase as compared with the as cast alloy having a D03 structure.

These SEM-EBSD structural results are in agreement with the
XRD study of the same samples (Fig. 14). After annealing at 300 �C,
about 97% of the volume is in the D03 phase and 3% - belongs to the
L12 phase. In contrast with neutron diffraction, there are no visible
D03 superstructural reflections in XRD spectra, as the XRD contrast
is 2.3 times smaller than in neutron diffraction spectra of FeeGa
alloys. Similarly, to Ref. [34], the splitting of the A2 phase peaks
in two components can be recorded especially in thosewith high 2q
values (Fig. 14a for Fe-25.5Ga and Fig. 14b for Fe-26.9Ga). The phase
transition from a metastable to the stable L12 phase is approxi-
mately completed between 400 and 450 �C.

As similar results were obtained from both bulk and powder
samples, we can conclude from the peak intensities that the volume
fraction of the L12 phase in Fe-25.5Ga and Fe-26.9Ga after
annealing at 300 �C amount to about 3% and 10%; respectively, after
annealing at 400 �C this value amount to 78% and 89%. Annealing at
higher temperatures leads to 100% L12 structure not only in the Fe-
26.9Ga alloy but also in the Fe-25.5Ga alloy in agreement with in
situ neutron diffraction results (Fig. 4) but in contrast with the
equilibrium phase diagram [19e21]. Chemical compositions of the
a (b) alloys at different cooling rates (5, 10, 20 �C/min).



Fig. 13. SEM-EBSD structures of Fe-25.5Ga samples annealed for 300 h at 300 �C (a), 350 �C (b) and 500 �C (c, d). In the figures aec (EBSD), the green color is reserved for BCC-
originated (A2, D03) phases and the red color for L12 phase. The same colors are also used in Fig. 1 to indicate the phase ratios. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 14. X-ray diffraction patterns for Fe-25.5Ga (a) and Fe-26.9Ga (b) alloys.

I.S. Golovin et al. / Journal of Alloys and Compounds 811 (2019) 152030 9
samples checked by EDS as well as XRD spectra were checked
several times to avoid artefacts.

Fig. 15 shows the microstructure of D03 and L12 phases in an Fe-
26.9Ga type sample after 10 h annealing at 400 �C. The phases
within the sample were identified using EBSD (not shown) and
electron transparent TEM specimen were prepared from the char-
acteristic regions. Fig. 15a shows the structure of the D03 phase and
the corresponding SAED pattern that was recorded with the elec-
tron beam direction along the [001] axis of D03. The appearance of
the forbidden reflections in electron diffraction pattern is due to
small chemical variations in the D03 phase. Our preliminary energy
Fig. 15. BF TEM images of the microstructure of D03 (a) and L12 phases (b) in an Fe-
26.9Ga sample. Insets are the electron diffraction patterns recorded along the [001]
direction of the corresponding regions.
dispersive X-ray measurements in the TEM suggest a formation of a
Ga-rich regions. Fig. 15b shows the microstructure of the L12 phase,
which typically contains a large density of planar defects and grain
boundaries. The corresponding electron diffraction pattern con-
firms the L12 structure. The appearance of the satellite reflections is
due to the overlapping of two L12 grains in the electron beam di-
rection. In general, the TEM studies reveal the large single crys-
talline D03 grains formationwith low defect density, but a chemical
variation. In contrast the L12 phase contains high density grain
boundaries and is characterized by a presence of many planar de-
fects. The details of the structure, chemical variations and the
corresponding magnetic structure in D03 and L12 phases measured
by TEM is a subject of a different manuscript.

3.4.2. Microhardness measurements
Annealing of as-cast samples leads to a sample hardness in-

crease (Fig. 16). A small HV increase after annealing at 300 �C is,
most probably, the result of additional D03 sample structure
ordering. This hypothesis is confirmed by results of M€ossbauer
spectroscopy results.

A significant hardness increases after annealing at 400 �C is due
to intensive L12 phase structure growth. Finally, a moderate hard-
ness decreases after annealing at 500 �C can most probably be
assigned to stress relaxation, which was detected in a two-phase
D03 þ L12 structure in Ref. [35].

3.4.3. M€ossbauer measurements
The M€ossbauer spectra of an as-cast sample (a) and a sample



Fig. 16. Vickers hardness dependence on the annealing temperature for Fe-25.5Ga and
Fe-26.9Ga alloys.
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that has been additionally annealed at 300 �C (b) are shown in
Fig. 17. The spectrum recorded for the as-cast sample was decom-
posed into six sextets providing the minimum value of c2, and that
for the sample additionally annealed at 300�С for 5 h was decom-
posed into four sextets, also with a minimum value of c2. The ob-
tained parameters of the spectra are listed in Table 4. According to
this summarized analysis, all six sextets in the spectrum of the as-
cast sample are explained by the appearance of Fe atoms at non-
equivalent positions in the nearest coordination sphere. The
M€ossbauer spectroscopy of the sample annealed at 300 �C shows
that atomic ordering takes place during annealing. The first sextet
refers to atoms with a coordination number of 8, in whose envi-
ronment Ga atoms are absent. The weak sextets 2 and 3 stem from
Fig. 17. Room-temperature 57Co M€ossbauer spectra of the Fe-26.9Ga alloy samples: in
as-cast state (a) and in the annealed at 300 �C, 5 h state (b).
Fe atoms that are surrounded by 1 and 2 Ga atoms, respectively, and
sextet 4 originates from configurations where Fe atoms are sur-
rounded by 4 Ga atoms. The sextets 2 and 3 with areas of 3 and 3.2%
respectively, indicate that 100% ordering does not occur, but the
degree of ordering of the alloy after annealing is quite high.

3.4.4. Magnetostriction
The magnetostriction of metastable D03 and equilibrium L12

phases has the opposite sign: positive for metastable D03 and
negative for the equilibrium phase L12 (Fig. 18). The saturation
magnetostriction for the as-cast state with D03 structure is positive
(100 ppm), whereas it is negative (�49 ppm) after annealing, since
the material consists mainly of the L12 phase [30]. Formation of the
two-phase structure consisting of metastable D03 and the equilib-
rium L12 phases leads to an interesting dependence of the
magnetostriction on the magnetic field, as discussed in
Refs. [35,36].

3.4.5. MFM measurements
The magnetic topology for such a two-phase structure in a Fe-

27Ga alloy is presented in Fig. 19. The magnetic domain structure
for D03 and L12 phases are rather different (Fig. 19b): the L12 phase
contains random and irregular magnetic domains whereas the D03
phase has plate-like magnetic domains with a distinct magnetic
substructure.

3.4.6. Low-temperature heat capacity
Low temperature heat capacity, cp, was measured for the Fe-

27Ga alloy in different states induced by selected heat treatment
procedures. The results are summarized in Fig. 20a.

At low temperatures, typically between 5 and 10 K, the heat
capacity can be presented as a sum of a linear and a T3 term cor-
responding to the electronic and Debye contributions (see Ref. [37]
for further discussion of all contributions):

cpðTÞ¼ cepðTÞ þ cDp ðTÞ ¼ gT þ bT3 ¼ gT þ 12p4

5
R
�
T
Q

�3

(1)

The parameter b is directly related to the Debye temperature Q,
b ¼ 12p4

5 R
�

1
Q

�3

. We fitted the measured cp values for different
datasets between 5 and 10 K using Eq. (1) and the determined
parameters are given in Table 1. Using the value ofQ from this low-
temperature fit, the Debye-type phonon heat capacity, cDp ðTÞ, in the
whole temperature interval was determined as the corresponding
Bloch-Grüneisen integral. Then, we determined the excess heat
capacitywith respect to the sum of the linear and Debye-type terms
as cBPp ðTÞ ¼ cpðTÞ� cepðTÞ� cDp ðTÞ. Such a contribution is known as
Boson peak in the literature on heat capacity of amorphous mate-
rials [38,39] and it is plotted in Fig. 20b.

The determination of the excess contribution is a delicate task
and a note is due here. One may use the Bloch-Grüneisen integral
(in addition to a linear term) to fit the experimentally determined
heat capacity in the whole temperature interval from 2 K to 100 K.
However, the excess contributions to the Debye-type heat capacity
e if they are presentewould affect such a fit. Typically, one expects
the excess contributions between 12 K and 50 K [37,38] which
would correspond to excess localized modes in phonon spectra.
Therefore, we have used a different approach as described in the
paper, see above, by fitting the experimental data between 5 K and
10 K where the Debye model is assumed to be appropriate.

The inset in Fig. 20b shows the excess heat capacity in the co-
ordinates of cBPp =T3 vs. T. This type of presentation is used in the
metallic glass community and it highlights the excess contributions
of low-frequency (about THz) atomic vibrations. If electronic and
Debye-type contributions to the heat capacity would solely be



Table 4
M€ossbauer parameters of the Fe-26.9Ga alloy samples: in the as-cast state and in the annealed at 300 �C, 5 h state.

Sample
FeeGa

Spectrum
сomponent

Isomeric shift d,
mm/s

Quadrupole splitting
D, mm/s

Magnetic fields on the nuclei
Fe57 H, kOe

Area of
component S,%

The width of the resonance line
is G, mm/s

Fe-26.9Ga in as-cast state С1 0.08 0.02 325.9 15.4 0.52
С2 0.14 0.04 297.6 27.0 0.53
C3 0.20 0.02 272.5 24.3 0.53
C4 0.22 0.04 247.5 16.0 0.47
С5 0.27 0.00 220.2 10.1 0.44
C6 0.31 0.01 182.3 7.2 0.53

Fe-26.9Ga in annealed at
300 �C, 5 h state

С1 0.12 �0.01 327.6 36.0 0.38
С2 0.18 0.04 309.3 3.0 0.22
C3 0.21 0.01 288.1 3.2 0.21
C4 0.28 0.00 253.9 57.8 0.36

Fig. 18. Magnetostriction for the Fe-27Ga type alloy in different states: as-cast (100%
D03 phase) and with different amounts of L12 phase produced by isothermal annealing
(adapted from Refs. [30,36]).
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expected, the value of cBPp would be equal to zero in view of Eq. (1).
However, there is a systematic deviation of the cBPp values from

zero in the FeeGa alloy with two prominent features. First, both
positive and negative deviations are seen at T� 25 K for different
sets. Second, a local maximum in the cBPp =T3 curve might be indi-
cated for some curves at about 20 K if the Debye-type contribution
is subtracted.

The type of the excess contributions, i.e. with respect to the
Debye-type heat capacity, turned out to depend on the lattice type.
In its as-quenched state (the fraction of the L12 phase is almost
zero) the low-temperature approximation in Eq. (1) overestimates
the density of low-energy vibrations and correspondingly the
estimated Debye temperature is lowest, Table 5. As a result,
Fig. 19. Stitched micrograph to extend the maximum imaging size from 45� 45 mm to ab
structure.
systematic negative deviations from the anticipated Debye-type
heat capacities are seen. The applied annealing treatments
induced a lattice transformation to the FCC-derivative L12 structure,
and the Debye model works better. As soon as the fraction of L12
phase approaches almost 100%, the low-temperature approxima-
tion describes almost perfectly the resulting cp up to 100 K. One
may note a systematic trend in the Debye temperatures as a result
of annealing treatments which promote the formation of the L12
phase.
4. Conclusions

Two as-cast FeeGa alloys with structures close to the stoichio-
metric A3B composition (25.5 and 26.9 at.% Ga) were studied during
heating and cooling with different rates, including long-term
annealing (up to 300 h) by neutron diffraction, XRD, DSC, VSM,
dilatometry, internal friction, HV, SEM and TEM to make the
following conclusions:

1) Careful study of long-term annealed Fe-25.5Ga alloy suggests
that the boundary between the single (L12) and two-phase
ranges (L12 þ A2) of the equilibrium phase diagram (placed at
about 26.4%Ga in diagrams [19e21]) should be shifted to smaller
Ga concentrations (proposed in Fig. 1 by the blue dotted line). A
more detailed study of this effect is ongoing and will be pub-
lished elsewhere.

2) As-cast samples of the studied compositions definitely include
the D03 phase in agreement with the sketch-diagram proposed
by Okamoto [40] but they do not include the A2 phase as pro-
posed by the equilibrium phase diagram [19e21]. A more
out 80� 80 mm: topography (a) and MFM (b) images in the two-phase (D03 þ L12).



Fig. 20. Low-temperature heat capacity of the Fe-26.9Ga alloy in as-quenched state and after different heat treatments (a) and the extracted excess contribution to the Debye-type
heat capacity (b). The inset in (b) replots the excess heat capacity, i.e. the Boson peak cBPp , in the coordinates cBPp =T3 vs T.

Table 5
Fit parameters according to Eq. (1) for themeasured heat capacities of the Fe-26.9Ga
alloys in different states approached by annealing at the given temperatures for the
given times.

State fraction of L12 g (mJ/mol,K2) Q (K)

As-cast 0% 6.654 301
400 �C, 8 h 32% 4.768 316
435 �C, 2 h 28% 5.697 309
500 �C, 3 h ~100% 1.668 381
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detailed TEM study of the nano-sized D03 domain structure of
the alloys is discussed in Ref. [41].

3) The following phase transitions take place in both studied alloys
during heating with the rate of 2 �C/min to 850 �C, i.e. to the A2
range of the equilibrium phase diagram: D03 / L12 / D019 /
B2 / A2

The temperature ranges of the phase transitions from meta-
stable D03 to the equilibrium L12 phase were recorded for different
heating rates by different ‘in situ’ methods (ND, DSC, VSM, dila-
tometry, IF) and are collected in Table 2. These data are consistent
between the different methods. The low-temperature heat capacity
measurements reveal a systematic excess contributions variation
with respect to the Debye-type model in the Fe-27Ga alloys from a
depleted density of states with frequencies of about 1 THz to an
enhanced density when the as-quenched D03 phase is transformed
to the L12 phase.

4) If long-term annealing (300 h) of as-cast samples at 300e500 �C
is applied, the transition from the metastable structure to the
equilibrium phases starts at lower temperatures. In contrast to
the Fe-26.9Ga alloy, whose equilibrium structure is well pre-
dicted by the phase diagram [19e21], the composition Fe-
25.5Ga exhibits nearly 100% L12 structure after annealing at
450e575 �C. This suggests the necessity to correct the phase
diagram.

5) Phase transitions during cooling play an important role as they
form the final structure of the alloys. For cooling of the studied
alloys from the A2 range with a rate of 2 �C/min the following
reactions take place:

- in Fe-25.5Ga: A2 / (B2 /) D03 / L12 þ 1% (D019 þ A2),
- in Fe-26.9Ga: A2 / 2/3D019 þ 1/3L12.
Variation of the cooling rate from 1 to 8 �C/min for in situ
neutron diffraction tests of the Fe-26.9Ga alloy demonstrates that
an increase in cooling rate leads to the appearance of the A2 phase
in the sample structure.
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