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Abstract
Fe-Ga and Fe-Ga-Al alloys are studied by diﬀerent mechanical spectroscopy techniques,
conventional microscopy, DSC and dilatometry. Main contribution to amplitude dependent
damping is assigned to magnetomechanical damping, which is very sensitive to structural
state of alloys. Both temperature dependent thermally activated relaxation eﬀects and eﬀects
due to phase transitions are discussed in terms of alloy structures and their ordering.
K e y w o r d s : Fe-Ga, internal friction, damping, ordering

1. Introduction
The Fe-Ga alloys have recently become the focus
of attention due to their giant magnetostriction in low
saturation magnetic ﬁelds and good mechanical properties, except maybe low ductility. The magnetostriction (λ) of single Fe-Ga crystals approaches 400 ppm
along the <100> direction [1]. The magnetostriction
of polycrystalline Fe-Ga exhibits a peak near 19 % of
270 ppm [2]. Galfenols have the potential to be widely
used in magnetostrictive actuators and sensor devices.
They are also good candidates for damping applications [3]. According to the Smith and Birchak’s theory
[4], the maximal value of damping is proportional to
λ of ferromagnetic materials: Q−1
max ∼ λ.
It is believed that an increase in the magnetostriction of Fe-Ga alloys is due to the preferential <001>
Ga-Ga pairing in the disordered body centered cubic
(bcc) structure [5]. Fe-Ga alloys are known by ordering of Ga atoms in bcc iron: the type of order depends
on temperature and % Ga atoms (Fig. 1 [6]). Ordering
decreases mobility of magnetic domain walls (MDW)
and dislocations, leads to low ductility and decreases
damping capacity (DC).
The formation of the equilibrium fcc L12 ordered
phase below 630 ◦C according to the equilibrium Fe-Ga
diagram (Fig. 1a) is rather slow, and in most cases the
*Corresponding author: e-mail address: i.golovin@misis.ru

ordering develops in accordance with the metastable
diagram (Fig. 1b); at room temperature it is presented by a mixture of A2 and D03 phases. Quenching
suppresses the formation of the D03 structure in favor of a disordered A2 structure and creates freeze-in
vacancies. Furnace cooling or annealing of quenched
samples may produce two-phase mixture of A2 + D03
(or L12 ) for alloys with 11–20 % Ga.
Taking into account that the Fe-Ga metastable diagram is similar to the Fe-Al phase diagram, it is not
surprising that alloys of both systems have a lot in
common. Both Al and Ga enhance the magnetostriction of bcc Fe, making a magnetoelastic contribution
to damping capacity. Atomic ordering in both systems
(equilibrium long-range D03 in Fe-Al and equilibrium
L12 in Fe-Ga) is expected to decrease damping due
to pinning of MDW at antiphase boundaries. A short
range D03 ordering may take place in both systems
under certain conditions: e.g. at slow cooling or annealing.

2. Experimental procedure
2.1. Samples
In this paper we use at.%. The Fe-Ga and Fe-Ga-
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Fig. 1. Stable (a) and metastable (b) Fe-Ga phase diagrams adopted from Ref. [6]. Vertical lines indicate compositions of
studied binary alloys.

T a b l e 1. Studied alloys
n

Nominal
composition

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15

Fe-3Ga
Fe-8Ga
Fe-13Ga
Fe-17Ga (NbC)∗
Fe-18Ga (C, B)
Fe-19Ga
Fe-21Ga∗
Fe-22Ga
Fe-27Ga
Fe-8Ga-4Al
Fe-13Ga-5Al
Fe-12Ga-6Al
Fe-9Ga-8Al
Fe-6Ga-12Al
Fe-18Ga-5Al

Structure according
to E.D/non-E.D
A2
A2
A2 + L12 /D03
A2 + L12 /D03
A2 + L12 / D03
A2 + L12 /D03
A2 + L12 /D03
A2 + L12 /D03
L12 /D03
unknown
unknown
unknown
unknown
unknown
unknown

ED and n-ED – equilibrium and non-equilibrium phase
diagrams
* – forging plus rolling

-Al alloys were produced by direct solidiﬁcation. Most
of the samples were annealed at 1000 ◦C for 40 min,
then (i) water quenched (wq), (ii) furnace cooled (fc)
or (iii) water quenched and annealed at diﬀerent temperatures (wq + an) for 2h. Information about the
studied alloys is collected in Table 1.
2.2. Methods
Light microscopy, scanning (SEM) and transmission (TEM) electron and magnetic force (MFM) microscopy, X-ray diﬀraction (XRD), vibrating sample
magnetometry (VSM), heat ﬂow (DSC) and mechanical spectroscopy (MS) were employed in this
study. TEM investigations were performed by JEOL

JEM1400 transmission electron microscope operated
at 120 kV. The thin foils were prepared by electropolishing at a temperature of –25 ◦C and applied
voltage of 23 V in HClO4-ethanol-2-Butoxyethanol
(A2) electrolyte using Struers TenuPol 5 double-jet
polisher. Thermal analysis was carried out using Labsys Setaram equipment with heating rates from 20
to 40 K min−1 . The magnetic hysteresis loop was
measured at room temperature (RT) using vibrating
sample magnetometer (Foner magnetometer Oxford).
The structure of samples was examined by X-ray diffraction (XRD) analysis using a Bruker D8 Advanced
diﬀractometer with Cu Kα radiation.
MS is the simultaneous testing of anelastic (internal friction, Q−1 ) and elastic (Young’s modulus,
E) properties. We measured frequency-, amplitudeand temperature dependent internal friction (IF) and
elastic modulus (FDIF, ADIF, TDIF) using forced
bending (dynamical mechanical analyzers Q800 TA
Instruments and DMA50 Metravib). IF was measured
as tanϕ (= Q−1 ) at forced vibrations, where ϕ is the
phase lag between the applied cyclic stress and the resulting strain: σ = σ0 cos(ωt) and ε = ε0 cos(ωt + ϕ);
ω = 2πf and ϕ is the phase or loss angle.
2.3. Results
FDIF tests were carried out using forced vibrations at DMA (bending, f from 0.01 to 200 Hz, ε0 =
0.007 %) and pendulum (torsion, 0.0001–50 Hz, ε0 =
0.0005 % [7]). Figure. 2a shows DMA tests at RT for
several alloys and the choice of frequencies for TDIF
tests. Tests performed at f > 30–40 Hz exhibit an artiﬁcial peak-like eﬀect due to an unfortunate ratio of
sample and apparatus stiﬀness: absolute damping values in this range are not reliable. An increase of relaxation time with lowering frequency below 30Hz leads
to a slight decrease in modulus and increase in damping. The highest reliable damping values in this range
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Fig. 2. FDIF tests at (a) RT for several Fe-Ga-(Al) alloys in wq and wq + an states, (b) 450–550 ◦C (P3) for Fe-12Ga-5Al
wq + an sample.

Fig. 3. ADIF tests: (a) at diﬀerent temperatures, (b) with and without magnetic ﬁeld, c) after wq and wq + ann,
(d) diﬀerent static stress.

correspond to Fe-19Ga, the lowest – to Fe-21Ga alloys.
Tests at f < 0.3 Hz are time consuming: for TDIF tests
with a typical heating rate of 1 K min−1 they lead to
a low density of experimental points. Thus, ﬁve frequencies: 0.3, 1, 3, 10 and 30 Hz were chosen for TDIF
and f = 3 Hz for ADIF tests with a ﬁxed temperature.
Figure 2b shows the FDIF results at 450–550 ◦C in the
vicinity of the P3 peak (see below).
ADIF: inﬂuence of composition, magnetic ﬁeld,

temperature and scheme of loading. Most of studied
Fe-Ga-based alloys exhibit a peak at ADIF at (1–
3) × 10−4 , the height of which decreases with increase
in test temperature (Fig. 3a) and in magnetic ﬁeld
(b) proving its magneto-mechanical origin. The inﬂuence of heat treatment is complicated: for alloys with
< 13 % Ga furnace cooling leads to highest damping, while residual stresses in quenched state decrease
damping. For alloys with about 13–20 % Ga quenching
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Fig. 4. Magnetic domains in wq900◦ (a), fc900◦ (b) and wqan350◦ (c) Fe-19Ga samples; magnetostriction curves (d) for Fe-19Ga (wq1000◦ , wq900◦ , fc900◦ , wqann350◦ ) and wq1000◦ C Fe-8Ga, Fe-8Ga-4Al and Fe-13Ga-5Al specimens; Magnetization
curves (e) for Fe-19Ga (wq900◦ , fc900◦ ): inset – data magniﬁcation around 0 ﬁeld.

leads to highest damping; furnace cooling and annealing after quenching decreases damping due to ordering processes in the alloys. In alloys with 21–23 % Ga
damping is low even in water quenched state. Damping in Fe-27Ga becomes again much higher (Fig. 3c).
Absolute damping values depend on test conditions. Three point bending tests exhibit higher damping (d) compared with cantilever tests due to diﬀerent stress distribution in the sample [8]. Increase in
static strain from 5 to 15 × 10−4 lowers damping and
shifts the peak to higher amplitude. With increase of
static stress MDs adjust their shape and volume to
applied stress: their mobility under cyclic stress becomes lower and damping decreases. Highest damping at three point bending (tan ϕ ≈ 0.05) is recorded for binary (18–19) %Ga alloys. Free decay tests
give damping nearly twice higher than forced bending vibrations in cantilever mode. Substitution of Ga
by Al atoms decreases damping and magnetostriction
(Fig. 4) by 20–25 %.
Magnetostriction and the structure of magnetic domains. Magnetic domain patterns of the wq, fc, and
wq + an Fe-19Ga alloy are shown in Fig. 4 a-c, correspondingly. Stripe-like domains with a high degree of
alignment dominate due to an increasing perpendicular anisotropy in the wq sample. Average domain width
is ≈ 0.5 µm and its length is above 10 µm. In contrast,
irregular maze-like domain patterns with a low degree

of alignment typical for ordered atomic structure are
found in the fc and wq + an samples.
Magnetostriction curves for several wq Fe-Ga-based alloys are shown in Fig. 4d, magnetization
curves – in Fig. 4e. These ﬁgures underline: (i) an
increase in λS with Ga up to 19 %; (ii) the role of
heat treatment: furnace cooling and annealing after
quenching provoke atomic ordering, which opposes
magnetic DWs motion, decreases saturation magnetostriction λS (from 310 to 220 ppm), magnetization
MS (from 155 to 144 emu g−1 ), and increases coercive force HC (from 240 to 560 A m−1 ) and hardness
(HV from 250 to 272–281); (iii) a decrease in λS with
substitution of Ga or Fe by Al.
Temperature dependent eﬀects. TDIF original results have been presented in our papers [7, 11–17]. In
this paper, we suggest two schemes which describe
most of the experimental data (Fig. 5). Both schemes
have at least two thermally activated IF peaks P1 and
P3, they also have a range of irreversible structural
transition (ST) at 150–300 ◦C, characterized by an increase in the modulus. The main diﬀerence occurs in
the range of 300–450 ◦C. The P2 peak in scheme (a)
is at least partly a thermally activated eﬀect, in contrast the PTr peak temperature in scheme (b) does not
depend on testing frequency. The relaxation strength
of both peaks rapidly decreases with increase in frequency.
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Fig. 5. Typical schemes for TDIF at heating of quenched Fe-Ga alloys.
T a b l e 2. Anelastic eﬀects in selected Fe-Ga-based alloys after water quenching from 1000 ◦C
Eﬀect

Alloy

H (eV)
Heating (Cooling)

τ 0 (s)
Heating (Cooling)

Ref.

Fe-8Ga
Fe-13Ga
Fe-18Ga
Fe-21Ga
Fe-8Al-3Ga
Fe-18Ga-5Al

0.95 ± 0.06
0.88–0.93
0.79 ± 0.43
0.72 ± 0.33
0.82 ± 0.03
1.12 ± 0.04

4 × 10−15
8 × 10−15 –2 × 10−16
2 × 10−13
3 × 10−12
5 × 10−14
4 × 10−16

[14]
[16]
[16]
[11]
[17]

Fe-8Ga
Fe-13Ga
Fe-21Ga
Fe-23Ga
Fe-27Ga
Fe-8Al-3Ga
Fe-18Ga-5Al

1.29 ± 0.13
1.04–1.16
1.22 ± 0.33
1.21 ± 0.07
1.05 ± 0.01
1.07 ± 0.04
1.41 ± 0.04

1 × 10−18
6 × 10−14 –4 × 10−17
2 × 10−18
6 × 10−18
9 × 10−15
4 × 10−16
2 × 10−18

this work
[7]
[16]
this work
this work
[11]
[17]

P2

Fe-13Ga
Fe-17Ga
Fe-20Ga

2.43 ± 0.05
2.12
2.29–2.68 (2.44–2.65)

1 × 10−17
6 × 10−17
10−17 –10−18 (10−18 –10−19 )

P3

Fe-8Ga

3.19 ± 0.09
2.70
2.53 ± 0.05 (2.48 ± 0.07)
2.86
2.48 ± 0.10
2.87 ± 0.08 (2.71 ± 0.09)
2.84 ± 0.03 (2.69 ± 0.09)
2.47 ± 0.11
2.71/2.68
2.8

2 × 10−20
2 × 10−16
8 × 10−18 (1 × 10−17 )
3 × 10−20
5 × 10−18
6 × 10−21 (6 × 10−20 )
8 × 10−21 (6 × 10−20 )
7 × 10−18
1 × 10−18
1 × 10−18

P1L

P1H

Fe-13Ga
Fe-17Ga
Fe-18Ga
Fe-21Ga
Fe-23Ga
Fe-8Al-3Ga
Fe-13Al-5Ga

The P1 peak (Fig. 5) represents a broad relaxation eﬀect. It can be reliably decomposed into
two components in several tests: P1L and P1H (inset to Fig. 5b). According to activation parameters these peaks (Table 2) were interpreted as the
Snoek type peaks with two components Fe-C-Fe
and Fe-C-(Ga,Al) for alloys containing up to 13 %
Ga [7, 11]. Addition of strong carbide forming Nb

[7, 13]
[14]
[12]
this work
[7, 11]
[13]
[12]
[11]
[15, 16]
[16]
this work
[11]
[11]

eliminates these peaks and annealing leads to decrease of IF nearly to the background level shown
by the dotted line. In high Ga containing alloys
(> 18 % Ga) one can also distinguish the P1L and
P1H peaks, however a structural transition, which
starts above 150 ◦C, suppresses thermally activated
relaxation processes and sometimes does not allow
reliable calculations of activation parameters. The
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double headed P1 peak is well recorded in Fe-18Ga-5Al alloy [17].
Structural transition, ST, at 150–300 ◦C (Fig. 5)
is accompanied by relative increase in modulus and
contraction at dilatometry tests, an exothermal peak
at heat ﬂow, and increase in hardness [11, 15, 16].
From the dependence of ‘a peak at heat ﬂow curves
vs heating rate’ the activation energy of the corresponding process estimated by Kissinger method is in
the range from 0.95 eV for binary alloys with 8–13 %
Ga to 0.5 eV for alloys with 18–22 % Ga and ternary
18 %(Ga + Al) alloys.
After water quenching the structure of samples
with 19–27 % Ga is A2 (dominating phase) and D03 .
Overlapping of XRD reﬂections from planes (310) A2
and (620) D03 at around 2θ 113–114◦ takes place. According to positron annihilation spectroscopy [16] and
XRD [17] studies the main processes in the temperature range of structural transition at 150–300 ◦C are decrease in vacancy concentration and D03 ordering. Ordering up to 300 ◦C leads to a shift of the main intensity of XRD reﬂection around 113◦ to higher angles, i.e.
to D03 structure. Annealing at 400 and 500 ◦C leads
to nucleation and growth of L12 phase (Fig. 6a). Corresponding microstructure after annealing at 400 ◦C
during ﬁve hours is shown in Fig. 6d.
Above the ST alloys with relatively low Ga % behave according to scheme (a), i.e. they have a combination of P2 and P3 peaks (Fig. 5). The Fe-17%Ga-NbC
alloys belong to this group, too. For alloys with higher
Ga content and/or additions of Al the scheme (b) is
more typical. Activation parameters of the P2 and P3
peaks calculated using both TDIF and FDIF tests are
given in Table 2.
The P2 peak (Fig. 5) temperature increases with
saturation due to increase in the test frequency and
its height decreases rapidly. Increase in annealing temperature (from 730 to 1100 ◦C in Fe-17Ga or from 800
to 900 ◦C in Fe-13Ga) before quenching increases the
P2 peak height. The FDIF tests of this peak in Fe-13Ga gave following values for constant temperature:
H = 0.85 eV and τ0 = 10−6 [7], which are very diﬀerent from TDIF results at instant heating rate (2.4 eV
and τ0 = 10−17 [14]), and leave the interpretation of
the physical mechanism of this eﬀect open. The frequency independent PTr peak appears in alloys with
higher Ga content and it may inﬂuence the P2 peak
parameters.
The PTr peak height (Fig. 5) is irreversibly propor−1
tional to measuring frequency: Q−1
, this
Tr = A × f
dependence is known for transient eﬀects in displacive
transformations. In [13] we proposed that this peak is
due to the D03 → L12 transition. Indeed, the formation of short-range D03 ordered domains at the ﬁrst
stage of annealing (according to XRD data – Fig. 6a)
or even after quenching (TEM image of D03 domains –
Fig. 6b) is followed by the D03 → L12 transition at the

second stage (Fig. 6a – XRD and Fig. 6d – SEM). Even
this transition is diﬀusion controlled, elements of a displacive shear transformation are involved due to loss
of stability or buckling {110}<110> of the D03 phase
with formation of metastable closed packed structure
[18–20]. The Bain strain is required for the diﬀusionless part of cubic to tetragonal displacive transformation that brings the structure closer to an equilibrium
fcc-based L12 ordered phase. The features of the PTr
peak are typical for shear transformations and, thus,
it can be associated only with D03 → L12 transformation in studied alloys which is well proved by XRD
data (Fig. 6a). Huge PTr peak is recorded in Fe-27Ga
alloy (Fig. 6c) which structure below 620 ◦C consists
of 100 % L12 phase according to the equilibrium diagram. The L12 phase appears rapidly in Fe-27Ga alloy above 400 ◦C and is identiﬁed by XRD, SEM and
TEM. Sequence of phase transitions A2 → D03 (metastable ordered phase) → L12 (stable ordered phase)
is in agreement with experimental data on temperature dependences of Q−1 , E, heat ﬂow, dilatometry,
positron lifetime and hardness.
The P3 peak is observed in all alloys, except of Fe-27Ga, at heating, cooling and in subsequent heatingcooling tests, as well as at FDIF tests (Fig. 2b). Activation energy of this peak varies from 2.5 to 3.2 eV
and typical values for τ0 range from 10−18 to 10−20 s.
These activation parameters correspond to Zener relaxation in Fe-based alloys [21]. The peak height is
smaller in the ﬁrst heating test and it increases at
cooling, remaining practically unchanged in the following tests.
At cooling after heating to 600 ◦C only the P3 peak
is recorded in most alloys and it is slightly higher than
at heating (Fig. 7): this is typical for Zener relaxation in alloys with atomic ordering [22]. Decrease in
grain size increases the P3 peak relaxation strength
and enhances high temperature IF background, while
the presence of NbC particles increases the activation
energy of the P3 peak [12] giving some arguments in
favour of grain boundary sliding origin of the P3 peak.
Heating of wq samples to temperatures below 600 ◦C
(e.g. 400 ◦C) decreases the P1 peak, mainly its P1H
component, giving additional opportunities to calculate the P1L activation parameters. IF background at
cooling increases below the P3 peak with decrease
in temperature, which is typical for materials with
magnetomechanical damping (Fig. 7). There are some
variations: curves of type (1) are recorded in 18Ga,
12Ga-5Al, 9Ga-8Al, 5Ga-12Al alloys, (2) in 8Ga-4Al,
13Ga-5Al, and (3) in 8, 13, 17, 19, 21, 23Ga and 8Al-3Ga. Sometimes the diﬀerence between types 1 and 3,
1 and 2 is very small. These variations are due to the
competition between two opposite eﬀects: increase of
magnetomechanical damping in ferromagnetic phases,
mainly in the A2 phase, with lowering temperature,
and decrease of damping by nonmagnetic particles of
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Fig. 6. Fe-27Ga: (a) XRD for water quenched and annealed states, (b) TEM picture after water quenching from 1000 ◦C
(bright ﬁeld image taken in 002 D03 reﬂection and corresponding diﬀraction pattern (inset) with zone axis [010] D03 .
Black arrows mark weak reﬂections from L12 phase), (c) TDIF for water quenched sample, (d) SEM microstructure after
annealing at 400 ◦C, 5 h.

Fig. 7. Scheme for TDIF at cooling.

the L12 phase and the D03 ordering which did not
reach their equilibrium during ﬁrst heating to 600 ◦C.

3. Summary
In this paper we continue our study of hysteretic

and relaxation damping mechanisms in steels and iron
based alloys published earlier in Kovove Mater. [23,
24]. FDIF, ADIF and TDIF spectrometry of Fe-Ga
based alloys with high magnetostriction was carried
out. Fe-Ga alloys exhibit rather high damping capacity which increases with increase in Ga content up to
∼ 19 at.% (Ψ ≈ 2πQ−1 up to 30 % at forced bending vibrations), then it becomes lower at Ga > 20 %,
and again reaches maximum at Ga content 27 at.%.
The main contribution to damping comes from magnetomechanical coupling: the D03 and L12 ordering
suppresses damping. The lower limit at which short
range D03 ordering in Fe-Ga alloys may take place
is lower than that shown in Fig. 1. This conclusion
is in agreement with the results of the transmission
synchrotron X-ray study [25], where short range B2
ordering was reported.
In most cases there is a correlation between magnetosctriction values, magnetic structure and damping capacity. The absolute values of damping depend on the test method: forced vibration tests give
lower damping compared to free decay tests, cantilever
clamping decreases damping compared to three point
bending tests, static stress also decreases damping and
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shifts maximum to higher amplitude of vibrations.
Substitution of Ga by Al atoms smoothly decreases
damping capacity of Fe-Ga alloys. Aluminium stabilizes the D03 ordered phase. D03 ordering precedes the
appearance of the equilibrium L12 phase, the D03 →
L12 transition causes the PTr peak at TDIF curves at
heating. Broad P1 peak represents several relaxation
eﬀects caused mainly by point defects, and it is affected by the ﬁrst step of the ordering reaction: A2 →
D03 . The P3 peak is probably due to Zener relaxation.
The P2 eﬀect is a combination of thermally activated
relaxation eﬀect and eﬀect of the L12 phase nucleation
in the alloys.
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