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a b s t r a c t

The structure, internal friction (IF) behavior, resistivity and magnetostriction property of Fe-18Ga alloy
were systematically analyzed in this investigation. In the IF spectra of Fe-18Ga alloy covered from room
temperature (RT) to 800 �C, a prominent IF peak (labeled as Ptr peak) was observed in the high tem-
perature range 530 �Ce690 �C besides the reported IF peak related with grain boundary relaxation in the
moderate temperature range 400 �Ce530 �C. The peak position of Ptr peak hardly changes with
measuring frequency, implying that its mechanism is most possibly related with phase transition.
Considering from the wide peak shape, Ptr peak can be decomposed into two components: the lower
temperature Ptr1 peak located around 530 �Ce605 �C and the higher temperature Ptr2 peak located
around 605 �Ce690 �C. Combined with calculated phase diagram, resistivity and magnetostriction
analysis, the mechanism of Ptr peak was suggested to originate from the order-disorder phase transition
related with Ga atom distribution in Fe-18Ga alloy: Ptr1 peak was ascribed to D03/B2 transition and Ptr2
peak was ascribed to B2/A2 transition, respectively.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Fe-Ga based alloys, as novel magnetostrictive materials, have
become the focus of attention due to their excellent comprehensive
properties in the past two decades [1e3]. These properties include
small brittleness, high mechanical strength, lower cost, good
thermal stability and high magnetostriction coefficient [4]. Fe-Ga
based alloys, similar to Fe-Al, Fe-Mo and Fe-Cr based ferromag-
netic materials, also exhibit high-damping property [5e7]. The
main damping mechanism is associated with magnetomechanical
damping, that is: when the external stress is applied, the internal
magnetic domain of the material will slip and rotate. The slip and
rotation of the magnetic domain will consume energy and there-
fore exhibits high damping effect [8]. The previous studies revealed
that the magnetostriction coefficient of polycrystalline Fe-Ga
ang), qinghe5525@163.com
binary alloy was closely related to Ga content, and it has two
maxima of magnetostricition (ls) at 17e19 and 27 at% Ga [9]. Ac-
cording to Smith and Birchak's theory [10], maximal hysteretic
internal friction (IF) (labeled as Q�1

max) is proportional to magneto-
striction coefficient  ls of ferromagnetic materials: Q�1

max � ls.
Especially for Fe-18Ga and Fe-27Ga alloys, the maximum IF (Q�1

max )
can be as high as 0.04 and 0.06 respectively owing to their high
magnetostricition properties [11]. Therefore, Fe-Ga based alloys
may be good candidates as high damping materials, which have
wide application in decreasing vibration, noise reduction and other
related fields.

In the aspect of crystal structure, Fe-Ga based alloys exhibit
relatively complex multi-phase structures. Under certain condi-
tions, a variety of phase structures, such as A2, B2, D03, D019 and L12
as well, appear in Fe-Ga alloy with Ga concentration between 15
and 30 at.%. Among these phases, A2 (sp. gr. Im3m) belongs to bcc
structure with Fe atom randomly replaced by Ga atoms, B2 (sp. gr.
Pm3m) has a CsCl-type structurewith Ga atom staying at the body-
centered sites, while D03 (sp. gr. Fm3m) has a BiF3-type structure
with a unit cell lattice parameter extending about twice that of bcc
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iron [1]. The formation of equilibrium fcc-based L12 ordered phase
in Fe-Ga binary alloys below 650 �C is rather slow in nature. So in
most cases, the phase transition in Fe-Ga alloy develops in accor-
dance with the metastable diagram shown in Fig. 1a [1], and is
expected to an equilibrium of A2 and D03 phases at room tem-
perature (RT).

It is necessary to point out that the formation of transient
nonstoichiometric B2 phase in Fe-Ga alloy possibly takes place
prior to D03 phase in terms of theory simulation [12]. For example,
related simulation results show that A2 phase in Fe-18 at% Ga alloy
can decay as A2/B2/D03 gradually, accompanied by the forma-
tion of B2 nanoprecipitates with the gain size from 3 to 10 nm at the
intermediate stage, as shown in Fig. 1b [12]. This result is not
accordancewith the existing experimental phase diagram shown in
Fig. 1a, in which the single A2 phase at high temperature(~550 �C)
directly transforms into a mixture of A2 and D03 phase, and the
intermediate B2 phase isn't formed in the Fe-Ga system if Ga ratio is
less than 22%. More importantly, calculated results demonstrated
that the nonstoichiometric B2 phase could be responsible for the
high magnetostriction coefficient in Fe-Ga alloys. Thus, how to
explore B2 phase predicted by theory simulation as well as the
existence temperature range is very important owing to the key
contribution of the nonstoichiometric B2 phase in high magneto-
stricition properties.

It is well known that the IF behavior is particularly sensitive to
phase transition and defects in solid materials. The complex phase
structures as well as structure evolution in Fe-Ga alloys generally
produce rich IF phenomena, and the related analysis and research
based on IF phenomena and mechanism can thus provide impor-
tant information for designing and developing Fe-Ga based high
damping materials owing to its excellent magnetostricition effect.
M. Ishimoto et al. studied the effect of temperature on IF behavior of
Fe-17 at% Ga alloy [13], and found that there was a high-damping
plateau over the temperature range -190-300 �C, where the
damping value can be up to 10�2. Golovin et al. carefully studied the
IF behavior of the quenched Fe-19 at% Ga alloy, and a series of IF
peaks were reported in temperature spectra [11,14,15]. Besides the
high damping plateau below 300 �C, a phase transition IF peak near
450 �C caused by D03/L12 transition and a relaxational-type IF
peak related to grain boundary near 500 �C were also observed by
Golovin et al. [14]. It worth noting that a weak frequency inde-
pendent IF peak was observed at around 490 �C, but its mechanism
has not been well explained due to the peak temperature close to
Fig. 1. (a) Metastable phase diagram of Fe-Ga alloy [1];
D03 to A2 phase transition and the Curie temperature of D03 or-
dered phase [15e17]. Though Fe-Ga alloy, as a new kind of high
damping material, has attracted more attention in recent years, the
investigated temperature regime is generally concentrated in RT to
600 �C, and the IF behaviors at higher temperature range, which
play an important role related with their good magnetostriction
property, have not been reported till now.

In this paper, the IF behavior of Fe-18Ga alloy through a wide
temperature range (RT~800 �C) was investigated. Besides the re-
ported IF peaks in the lower temperature range (RT~530 �C), two
prominent IF peaks were observed in the higher temperature range
(530e690 �C). The mechanism of the two peaks was suggested to
originate from the order-disorder transition related with Ga dis-
tribution in Fe-18Ga alloy: from the long-range ordered D03 phase
to the transient B2 phase, and further transform into disordered A2
phase with increasing temperature. The approximate temperature
range of B2 phase in Fe-18Ga alloy was firstly determined by IF
method. The obtained results are not only helpful to understand the
enhancement mechanism of magnetostriction in Fe-Ga alloy
caused by atomic ordering, but is also advantageous to design and
develop high damping Fe-Ga based alloy with excellent
performance.
2. Experimental technique

The ingots of Fe-18Ga alloy were produced in a vacuum arc
melting furnace using pure Fe (99.99wt%) and pure Ga (99.99wt%).
The actual concentrations of Ga were determined to be
18.3± 0.2mol% by high resolution inductive coupled plasma
emission spectrometer (ICP) and energy-dispersive spectroscopy
(EDS). The measured samples were cut from the ingots using a
cutting machine. Besides preserving original as-cast sample (As-
cast), the Fe-18Ga samples were subjected to two different heat
treatments: the samples were annealed in the Ar atmosphere for
1 h at 1000 �C at first, thenwater quenched (Wq1000o

C) or (ii) furnace
cooling (Fc1000o

C).
Structural characterization was performed with an X-ray

diffraction meter (XRD, X'Pert Pro MPD) and a transmission elec-
tron microscope (TEM, JEM-2000FX). For convenience of compar-
ison, all XRD samples were mechanically polished as the same size
(10� 10� 2mm3). The scanning rangewas 20e120� for 2q at a step
size of 0.033�/s. In order to resolve the overlapping peaks of
different phases, high resolution scans around 2q¼ 81.5� were
(b) Calculated phase diagram of FeeGa alloy [12].
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taken using a smaller step size of 0.008�/s. TEM samples were
prepared by a TENUPOL 5 twin-jet polisher using 7% HNO3 þ 93%
CH3CH2OH (volume fraction) as electrolyte at �30 �C.

The IF behavior of Fe-18Ga alloy was measured by a computer-
controlled automatic inverted torsion pendulum with the force-
vibration mode, in which different frequencies (1e5Hz) were car-
ried out in one measurement run with a heating rate of 2 K/min
over a temperature range from RT to 800 �C. The sample size in the
IF measurement is about 2� 1� 23mm3. The maximum torsion
strain amplitude was kept at 3� 10�5 in all measurements. The
whole measuring process was carried out in vacuum to avoid
oxidation at high temperature.

The order-disorder transition of Fe-Ga alloy is often accompa-
nied by an anomalous change in the resistivity-temperature curve
(r-T curve). The resistance measurement in this investigation was
measured by a four-electrode method with a constant current of
100mA. Both resistance and IF measurements were carried out
simultaneously in a same apparatus to ensure the accuracy and
consistency of temperature. Through the resistance measurement,
the r-T curve was derived by r¼ RS/L, where the sectional area S is
about 2mm2, and the sample length L is about 23mm.

Magnetic behavior of the investigated Fe-18Ga samples treated
at different temperature was investigated at RT with magnetic field
up to 2000 Oe. The RT magnetostriction was measured by the
Quantum Design's physical property measurement system (PPMS-
9), and the applied magnetic field is paralleled to the sample plane.
The strain gauge bonded longitudinally on the Fe-18Ga samples
was used to determine the magnetostrictive coefficient, and the
corresponding noise level is less than 2� 10�6.
Fig. 2. (a) X-ray diffraction spectra for the Fe-18Ga samples at different heat treatment state
the peak has been fitted using a pseudo-voight profile.
3. Results

3.1. XRD characterization

Fig. 2a shows the XRD profiles for the Fe-18Ga samples at three
different heat treatment states of As-cast, Wq1000o

C, and Fc1000o
C,

respectively. The basic diffraction peaks are (110), (200), (211),
(220), and (310), respectively, and all samples exhibit the similar
cubic structure as a-Fe. The unit cell parameters of the samples are
about 2.883Å deduced by MDJ Jade full-spectrum fitting, which is
slightly larger than that of a-Fe (2.863Å). The main reason is that
the solution of larger radius Ga atom (0.140 nm) in lattice in com-
parison with Fe atom (0.124 nm), which results in an increase of
unit cell parameter. To further explore the tiny difference caused by
heat treatment, Fig. 2bed shows the fine diffraction spectra near
2q¼ 81.5� for the As-cast, Wq1000o

C, and Fc1000o
C samples, respec-

tively. It can be seen from Fig. 2bed that small diffraction peak
splitting is observed at a slightly higher angle (2q¼ 81.8�) in the
Fc1000o

C sample besides the main diffraction peak (211) of A2 phase.
The slight splitting actually corresponds to the diffraction peak of
D03 phase [9]. The coexistence of A2 and D03 phases in Fe-18Ga
alloy is in agreement with the reported results in Refs. [9,15], and
the distribution of Ga in Fe-Ga alloys had been determined as long-
range disorder by T. A. Lograsso et al. [18,19].

It is known that the diffraction intensity of XRD peak is closely
related with the phase content in muti-phase materials. The slight
splitting of (211) peak for the Fc1000o

C sample indicates that the
volume fraction of D03 phase in the two-phase Fe-18Ga alloy is
actually much lower than that of A2 phase. Further, according to the
s; (bed) high resolution scans for (211) reflection peak in the vicinity of 79�e83� , and
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similarity in the atomic scattering factors among different Fe-Ga
phases, the volume fraction of different phases in the Fc1000o

C
sample can be evaluated by diffraction intensity, as shown in
Fig. 2d. The area analysis evaluated by MDJ Jade fitting reveals that
the volume fraction of A2 phase and D03 phase is about 70.81% and
29.19%, respectively. After making precise comparison of XRD
profiles between in As-cast and Wq1000o

C samples, the half
maximum (FWHM) of the (211) line for the As-cast sample (0.644�)
is found to be slightly wider than that of the Wq1000o

C sample
(0.535�). This result implies that the As-cast sample most possibly
contain a little amount of D03 phase, rather than single A2 phase,
owing to the slower cooling rate in the air than that in the water
quenched condition, and further studies will be discussed in detail
in the following IF measurement.
3.2. IF measurement

Fig. 3 shows the variation of IF and relative modulus (M) versus
temperature for an As-cast Fe-18Ga sample at three different vi-
bration frequencies of 1, 3 and 5 Hz, respectively, and the heating
rate is maintained at 2 K/min. It can be seen from Fig. 3a that a high
damping plateau with IF value of 0.012 is observed over the tem-
perature range of RT to 200 �C, and then the IF value decreases
rapidly to about 0.003 around 310 �C. Further increasing tempera-
ture to 800 �C, two pronounced IF peaks (labeled as P1 at lower
temperature and Ptr at higher temperature) are observed. In the
temperature regime of IF peaks, obvious variation of relative
modulus is observed.

The high damping plateau over the temperature range from RT
to 200 �C had been suggested to be related to two main damping
mechanisms: non-magnetic damping (dislocation, grain bound-
aries, and point defects) and magneto-mechanical damping [16].
The magneto-mechanical damping behavior in ferromagnetic ma-
terials originates from stress-driven irreversible movement of the
magnetic domain walls [8]. With increasing temperature, the
magnetism of ferromagnetic alloy gradually decreases, and there-
fore leads to the decrease of damping related to magnetic domain
wall movement in Fe-18Ga alloy. For P1 peak, the peak center is
located at 467 �C at 1 Hz, and the peak position shifts toward a
higher temperature with increasing frequency, which is a typical
characteristic of a relaxation IF peak. The relaxation mechanism of
P1 peak was mainly ascribed to grain boundary relaxation [11]. As
for Ptr peak at higher temperature range (530 �Ce690 �C), the peak
Fig. 3. Temperature dependence of the IF (Q�1) and the relative modulus (M) for an
As-cast Fe-18Ga sample at three different frequencies of 1, 3, and 5 Hz with a heating
rate of 2 K/min. Insert: the variation of peak height DQ�1 versus frequency.
position hardly changed with increasing measurement frequency,
while the net peak height (DQ�1

Ptr
) after subtracting IF background

decreases with increasing frequency (See the inset in Fig. 3). Both
peak position and peak height exhibit typical characteristics of a
phase transition. In Fe-Ga alloys, the observed Ptr peak was not
reported in the previous literature, and the corresponding mech-
anismswill be further discussed based on double subpeak structure
in the following sections.
3.3. Resistivity measurement

Fig. 4aec shows the temperature dependence of IF, resistivity,
and resistivity difference (drdT) over the temperature range of
500e730 �C for the As-cast Fe-18Ga alloy sample. Both measure-
ments are carried out simultaneously at a same heating rate of 2 K/
min to ensure the consistency of temperature. It can be seen from
Fig. 4a that an obvious and broad peak is observed in the investi-
gated temperature range. Further considering the peak shape, Ptr
peak can be decomposed into two subpeaks: the lower tempera-
ture component located around 530 �Ce605 �C is labeled as Ptr1
peak and the higher temperature component located around
605 �Ce690 �C is labeled as Ptr2 peak.

The resistivity result is shown in Fig. 4b, in which the resistance
gradually increases from 0.64Um to about 0.68Umat first and then
saturate at this value in the investigated temperature regime. In the
temperature range of IF peak from 530 �C to 690 �C, the resistivity
curve varies smoothly and no abrupt change is detected. To further
explore the relationship between resistivity and temperature, the
resistivity differential curve (drdT) versus temperature was given, as
shown in Fig. 4c. Two obvious transition zones (labeled as A and B)
are observed, which correspond well to Ptr1 peak at lower tem-
perature and Ptr2 peak at higher temperature, respectively.

Combined with the metastable diagram of Fe-Ga binary alloy
shown in Fig. 1, there is a D03/A2 phase transition around 500 �C
at 18 at.% Ga, from an ordered state of Ga atom distribution to
disordered state. This phase transition most possibly results in the
variation of resistivity as well as the transition in differential curve.
Considering conduction in metals, the resistance is caused by the
scattering of electrons in the alloy. When the electrons move in the
disordered solid solution, the probability of electrons scattering is
Fig. 4. IF(a), resistivity (b), and resistivity differential (drdT) (c) versus temperature for
the As-cast Fe-18Gaalloy with a heating rate of 2 K/min.
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higher than that in the ordered solid solution. Thus, the average
free path of electrons in the disordered solid solution is shorter,
leading to higher resistivity than that in more ordered atomic
structure, as shown in Fig. 4b.

The mechanism of Ptr peak should be also ascribed to the order-
disorder phase transition related with Ga distribution owing to its
typical phase transition characteristic. Moreover, the two sub-
component structures show that this phase transition could be
quite complex, but not a single structural phase process. The
complexity of the phase transition can be also confirmed by the
two-inflection zones in resistivity differential curve shown in
Fig. 4c. The detailed IF mechanism related the phase transition will
be further analyzed in the following discussion.
Fig. 6. Temperature dependence of IF curves for the Fe-18Ga alloys under different
heat treatments (Fc1000o

C, As-cast, and Wq1000o
C) at 1 Hz.
4. Discussion

4.1. Relaxation parameter of P1 peak

According to the experimental results shown in Fig. 3, P1 peak
exhibits typical relaxation characteristic, and the mechanism is
ascribed to grain boundary relaxation [11]. The IF curve related
with relaxation mechanism, such as point defects and grain
boundary, can well fitted by one or more Debye peak and an IF
background Q�1

B based on a non-linear fitting method [20]. Here,
Q�1
B can be described as Q�1

B ¼ Bþ Ce�Qb=kT , where both B and C
are frequency-dependent constants, Qb is an apparent activation
energy. In Fig. 5a, the nonlinear fitting results of P1 peak based on
one Debye peak are presented, where the symbols represent the
data points at different frequencies, the solid line is the fitting peak,
and the gray dash line is the fitting background. Thus the peak
temperature Tp at different measurement frequencies can be pre-
cisely determined.

As known that for a relaxation process related with thermal
activation, the IF peak occurs at the following condition [21]:

ut ¼ ut0 exp
�

H
kTP

�
¼ 1;

where t is the relaxation time, t0 is the pre-exponential factor, u is
the circular frequency (¼2pf, f is the measuring frequency), H is the
activation energy, k is Boltzmann constant, and TP is peak tem-
perature of IF peak. From the relationship between the logarithm of
circular frequency u and the reciprocal of peak temperature (1/Tp),
the activation energy H and pre-exponential factor t0 can be
Fig. 5. (a)Temperature dependence of IF (Q�1) for an As-cast Fe-18Ga sample measured a
background. (b) Arrhenius plot of P1 peak. The relaxation activation energy was deduced a
evaluated, as shown in Fig. 5b, where the Arrhenius plot of P1 peak
for as-cast Fe-18Ga alloy is given. In terms of such linear fitting, the
relaxation activation energyH and the pre-exponential factor t0 are
determined as 2.3 eV and 10�17s, respectively. The obtained pa-
rameters related with grain boundary are well consistent with the
reported results (H¼ 2.4 eV, t0¼10�17s) in similar Fe-Ga system by
Golovin et al. [16].
4.2. Mechanism of Ptr peak

In order to clarify the factors that affect the formation of Ptr peak
in Fe-18Ga alloy, Fig. 6 gives the IF curves around peak temperature
range (520 �Ce720 �C) after different heat treatments (Fc1000o

C, As-
cast, and Wq1000o

C). During the whole experiments, the measure-
ment frequency, strain amplitude and heating rate were 1 Hz,
3� 10�5 and 2 K/min, respectively. It is clear that from Fig. 6 the
peak position of Ptr1 peak remains unchanged with different heat
treatment (Fc1000o

C, As-cast, and Wq1000o
C), while the peak height

decreases successively, and trend of Ptr2 peak is similar to that of
Ptr1 peak. The peak temperature of Ptr1 and Ptr2 peak is independent
of the frequency, implying that they should be caused by phase
transition.
t 1 and 3 Hz. Solid lines are the fitting curves of P1 peak, and the dash line is fitting
s 2.3 eV by calculating the slope of the fitting line.
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According to the XRD results above, the quenched Fe-18Ga
sample from high temperature exhibits single A2 phase, and the
formation of D03 ordered phase is suppressed. On the contrary, a
very small amount of D03 phase precipitates in A2 parent phase in
the As-cast sample when the alloy is cooled slowly. For the furnace
cooled sample, more D03 precipitate is observed owing to the
slowest cooling rate, as evidenced by the splitting of (211) diffrac-
tion line. In terms of phase diagrams of Fe-Ga alloy as well as re-
sistivity measurement, the mechanism of Ptr peak is ascribed to the
order-disorder phase transition related D03 phase. The basic IF
theory predicted that the intensity of IF peak caused by phase
transition is proportional to the transformation amount of mate-
rials [21]. The consistence between the intensity of IF peak and D03
amount confirms that Ptr peak is most possibly caused by the phase
transition related to D03 phase. But the two subcomponent struc-
tures for Ptr peak implies that the phase transition should be not
only ascribed to single D03/A2 transformation, but should contain
two structural transition processes related with Ga atom
distribution.

According to simulated phase diagram shown in Fig. 1b, the
phase transition doesn't occur simply from D03 to A2 in fact, but
fromD03 to B2 at first and then from B2 to A2 phasewith increasing
temperature, which covers a relatively wide temperature range in
the whole phase transition. Generally, it is quite difficult to explore
B2 phase in A2 matrix owing to the small difference in crystal
structure between A2 and B2 phase by structural analysis.

In Fig. 7a, the RT magnetostriction results are presented for the
five Fe-18Ga samples. These samples were annealed for 30min at
450, 560, 620, 680, and 750 �C at first, and then water quenched,
respectively. The applied magnetic field is from zero up to a
maximum value of 2000 Oe. As can be seen from Fig. 7a, the
magnetostriction coefficient (ls) rapidly increases at first and then
gradually saturates for all measured samples when the applied
magnetic field reaches and exceed about 800 Oe. The saturated
magnetostriction coefficient varies substantially with annealing
temperature, and a maximum value of 112 ppm is found for the Fe-
18Ga sample quenched at 620 �C (labeled as Wq620o

C). This value is
obviously larger than that of other samples (60e80 ppm). T. Y. Ma
et al. also found that the magnetostrictive coefficient of Fe-19Ga
alloy quenched near the phase transition zone was about 71.4%
higher than that of the sample quenched from higher temperature
(1000 �C) [22]. Such magnetostriction results may confirm the ex-
istence of transient B2 phase in intermediate temperature region,
as predicted by theory simulation result [12].
Fig. 7. (a) Magnetostriction curves for Fe-18Ga samples quenched at different temperatures
of Fe-18Ga sample quenched at 620 �C; (c) an FFT image of the bright area marked by the
references to colour in this figure legend, the reader is referred to the Web version of this
To understand the enhancement of magnetostriction, Fig. 7b
gives the HRTEM image of the uniform A2 field of the Wq620o

C
sample. In the bright area, the FFT image of the A2 field exhibits
(022) and (202) spots along the [111] direction, as shown in Fig. 7c,
which corresponds to the diffraction pattern of A2 phase. In the
bright area, the FFT image of the A2 field exhibits (110) and (112)
spots as shown in Fig. 7d, which corresponds to the diffraction
pattern of the distorted B2 phase [23]. For paramagnetic B2 phase,
it cannot be responsible for the good magnetostriction at RT in Fe-
Ga alloys. Boisse J et al. studied the structural transformations of Fe-
Ga alloy by using computer modeling of the atomic-scale ordering
and clustering in the atomic density field approximation [12], and
suggested that the cubic B2 phase at higher temperature would be
distorted into a tetragonal B2 phase (i.e. L10 phase) by a cubic to
tetragonal martensitic transformation in cooling process. The
tetragonal L10 phase belongs to ferromagnetic phase at RT, and the
reorientation of tetragonal phase under a magnetic field thus ex-
hibits high magnetostriction [12,24,25]. Based on the theoretical
results above, the enhancement of magnetostriction shown in
Fig. 7a is speculatively ascribed to the cubic/tetragonal transition
in Fe-18Ga alloy at present. It is necessary to point out that to
clearly understand its mechanism, more direct experimental evi-
dences are still needed in the future research.

From the resistivity and magnetostriction results, the mecha-
nisms of Ptr peak is suggested to be related to the order-disorder
phase transition, i.e. long-range ordered D03 phase to the inter-
mediate B2 phase and further transformation into the completely
disordered A2 phase. It is necessary to point out that only the D03
phase contained in the A2 matrix participates in the phase transi-
tion owing to the existence of A2 phase in the whole temperature
range. Moreover, according to the two component configuration of
Ptr peak as well as to the calculated phase diagram shown in Fig. 1b,
themechanism can be explained by a two-phasemodel. Ptr1 peak at
lower temperature and Ptr2 peak at higher temperature are ascribed
to D03/B2 transition and B2/A2 transition, respectively.

The schematic IF diagram related the phase transition is pre-
sented in Fig. 8. Noting that the phase transition of Ptr peak actually
covers a wide temperature range from 530 �C to 690 �C, which
means that the transition process related with Ga distribution
should be quite slow. As known that IF in a phase transition process
is closely related to transformation amount. In the initial stage
(~530oC-560 �C), the phase transition fromD03 to B2 phase starts to
initiate, which corresponds to the nucleation and growth of the
new B2 phase. With the increase of the temperature, the D03
(560 �C,560 �C, 620 �C, 680 �C and 750 �C); (b) An HRTEM image of the uniform A2 field
red line; (d) an FFT image of the dark area by the green line. (For interpretation of the
article.)



Fig. 8. Phase transition schematic diagram of Ptr peak in Fe-18Ga alloy based on two-
phase model.
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gradually transforms into the B2 phase. Further at the top point of
Ptr1 peak(~580 �C), the phase transformation rate from D03 to B2
phase reaches up to maximum according to the proportion relation
between IF value and phase transition rate. The occurrence of such
phase transition also leads to the remarkable increase of resistivity,
as shown in Fig. 4. Continuously increasing experimental temper-
ature, the IF gradually decreases, implying the drop of trans-
formation rate from D03 to B2 phase. As suggested above, Ptr2 peak
centered at 625 �C is ascribed to B2 to A2 phase transition, which is
finally ended at about 690 �C. The center peak position located at
625 �C corresponds to the maximum transformation rate from B2
to A2 phase. In the intermediate temperature region from 580 �C to
625 �C, both two-phase transition processes possibly occur simul-
taneously, which corresponds to the gradual end of D03 to B2 phase
transition and the beginning of B2 to A2 phase transition. It should
be pointed out that our interpretation based on IF result only de-
scribes the phase transition steps relatedwith Ga distribution in Fe-
18Ga alloy, themechanism description on atomic scale still requires
further experimental investigation.
5. Conclusions

The IF behaviors of Fe-18Ga alloy with different heat treatment
were carefully analyzed by a computer controlled automatic
inverted torsion pendulum under a temperature range of RT to
800 �C. Besides the high damping plateau over the temperature
range from RT to 200 �C, two prominent IF peaks were observed,
labeled as P1 peak and Ptr peak, respectively. The lower temperature
P1 peak located around 467 �C at 1 Hz exhibits typical relaxation
characteristic, and themechanism is ascribed to the grain boundary
relaxation. The corresponding relaxation activation energy H and
the pre-exponential factor  t0 are determined as 2.3 eV and10�17s,
respectively. With regard to higher temperature Ptr peak covered a
wide temperature range 530 �Ce690 �C, it is actually composed of
two components: the lower temperature Ptr1 peak located around
530 �Ce605 �C and the higher temperature Ptr2 peak located
around 605 �Ce690 �C. The insensitivity of peak position with
measuring frequency implies its mechanism is most possibly
related to a phase transition. Combining the calculated phase dia-
gram of Fe-Ga alloy as well as the resistivity and magnetostriction
measurement results, it is proposed that the mechanism of Ptr peak
originates from the order-disorder phase transition related with Ga
distribution: Ptr1 peak is ascribed to D03/B2 transition and Ptr2
peak is ascribed to B2/A2 transition, respectively. Our investiga-
tion also demonstrates that the existence of B2 phase in Fe-Ga
matrix can enhance its magnetostriction coefficient, and the ob-
tained results are not only helpful to understand the mechanism of
magnetostriction, but also helpful to design and develop high
damping Fe-Ga based alloy with better performance.
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