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Abstract: Fe-Ga is a promising magnetostrictive rare-earth free alloy with an attractive combination
of useful properties. In this review, we consider this material through the lens of its potential use in
magnetostrictive applications at elevated frequencies. The properties of the Fe-Ga alloy are compared
with other popular magnetostrictive alloys. The two different approaches to reducing eddy current
losses for such applications in the context of the Fe-Ga alloy, in particular, the fabrication of thin
sheets and Fe-Ga/epoxy composites, are discussed. For the first time, the results of more than a
decade of research aimed at developing each of these approaches are analyzed and summarized. The
features of each approach, as well as the advantages and disadvantages, are outlined. In general,
it has been shown that the Fe-Ga alloy is the most promising magnetostrictive material for use at
elevated frequencies (up to 100 kHz) compared to analogs. However, for a wide practical application
of the alloy, it is still necessary to solve several problems, which are described in this review.

Keywords: Fe-Ga alloy; magnetostriction; magnetostrictive materials; elevated frequencies; AC
magnetic properties; rolling; magnetostrictive composites

1. Introduction

Magnetostrictive materials play an important role in modern electrical engineering. Typ-
ical devices based on such materials are various sensors [1], actuators [2], transducers [2,3],
and vibration energy harvesters [4]. Additionally, they can be used in various biomedical
applications [5] and in flexible electronics [6,7]. A significant part of these applications
involves operation in conditions of elevated remagnetization frequencies (from one up to
hundreds of kHz). Such application conditions have their specifics and dictate additional
requirements for materials. This is mainly due to the need to deal with eddy current
losses, which become a serious problem with increasing remagnetization frequency. To
minimize eddy current losses, various engineering approaches are used to reduce the
continuous volume of a conductive ferromagnetic material, for example, slicing. These
approaches have their specifics and limitations depending on the magnetostrictive material
used, which must be investigated for each case. This information is necessary to develop
optimal modes for manufacturing magnetostrictive devices with the best performance and
energy efficiency. Additionally, of course, the properties of the magnetostrictive material
itself are also important, which determine the behavior at elevated frequencies. Thus, to
create magnetostrictive devices based on a certain alloy, complex studies are required both
on the specifics of using various engineering approaches to reduce eddy current losses and
on the AC magnetic properties of the material.

Traditionally, the most common magnetostrictive alloys used on an industrial scale are
FeTbDy (Terfenol-D) and FeCo. In recent years, the Fe-Ga alloy has also gained popularity.
It combines higher magnetostriction than FeCo and much lower saturation fields and cost
compared to FeTbDy. In addition, it has many other advantages, such as good temperature
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stability, corrosion resistance, the possibility of tailoring properties in wide intervals due to
structure control, and others [8–10]. Since the discovery of high magnetostriction in the
Fe-Ga alloy by Clark et al. [11], this alloy consistently attracts increased attention from
researchers and engineers, which is confirmed by publication dynamics (Figure 1).
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In the initial stages of research, they were mainly aimed at studying the structural
features of the alloy to reveal the mechanisms of the anomalous increase in iron magne-
tostriction upon the addition of gallium. To date, a sufficient amount of information has
been obtained regarding the optimal methods for manufacturing an alloy and methods
for increasing magnetostriction. As the next stage in the development of the material and
the next step toward its industrial application, research is needed in the context of the
specifics of its practical use under certain conditions. This review considers the prospects
and features of using the Fe-Ga alloy for AC applications at elevated frequencies.

Based on this alloy, some experimental magnetostrictive devices operating at elevated
frequencies, such as sound and ultrasound transducers [12,13], underwater transducers [14],
magnetostrictive vibrators [12,15], and others, are already being prepared and tested. It
should also be noted that magnetostrictive energy harvesters [4] are considered a promising
direction for the practical use of the Fe-Ga alloy. In recent years, a large number of papers,
both experimental and theoretical, have been published in this direction [16–19]. It was
shown that, due to the optimal combination of its magnetic and mechanical properties,
the Fe-Ga alloy can be successfully used in energy harvesters of various types, which
are capable of efficiently converting mechanical vibration energy into an electrical one.
However, to expand the range of possible applications and achieve the best performance of
devices, as well as scaling to the industry, complex research is needed to study the features
of the manufacture and use of Fe-Ga at elevated frequencies. To date, there are scattered
studies on this issue. In this review, for the first time, the previously obtained information
is summarized and analyzed; in addition, directions for further research are proposed.

2. Comparison of AC Functional Properties of Fe-Ga with the Most Common
Magnetostrictive Alloys

First, it is necessary to analyze the properties of the Fe-Ga alloy, which are important
from the point of view of applications at elevated frequencies, and compare them with the
most common analogs. It should be noted that in this article, we are talking about an alloy
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with a gallium content of about 19 at. %, i.e., near the first peak of magnetostriction on the
plot of magnetostriction versus composition [20]. In terms of the ratio between the price
of the chemical elements of the alloy and the magnitude of the magnetostriction, Fe-Ga
and FeGaRE (RE = rare earth element) alloys are the optimal solution compared to the
many binary and ternary magnetostrictive alloys (Figure 2). Of course, it is not the only
important criterion. The Fe-Ga alloy, although significantly inferior to TbDyFe in terms
of magnetostriction, has many other advantages, which are discussed below. A compari-
son of the main properties of common magnetostrictive loys Fe2Tb0.3Dy0.7 (Terfenol-D),
Fe30Co70, and Fe81Ga19 is shown in Table 1. In addition, a representative of a promising
group of magnetostrictive materials, FeGaRE, has been added to the comparison, namely
(Fe81Ga19)99.8Tb0.2. It is well known that small additions of rare earth elements have a posi-
tive effect on the magnetostriction of the alloy without significant price increases [21,22];
therefore, such alloys are considered promising replacements for binary Fe-Ga. The identifi-
cation of the physical reasons for the increase in Fe-Ga magnetostriction upon the addition
of rare earth elements is still the subject of many studies [8,23–25].
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textured polycrystal. Magnetostriction values are taken from the literature [26–33]. The scattering
of magnetostriction values is related to the dependence on the method of obtaining samples and
heat treatment, as well as measurement conditions. Actual prices of metals were taken from open
web resources.

Table 1. Comparison of several common magnetostrictive alloys in terms of the main properties
important in the context of their use at elevated frequencies. Data taken from literary sources [34–38].
The information for bulk as cast polycrystalline samples is preferably used. Rounded data are given.

Alloy Coercivity,
A/m

Saturaion Field,
kA/m

Electrical
Resistivity,
µΩ·cm

Real Part of Complex
Permeability at 10 kHz

Fe81Ga19 ≈100 ≈18 100 50

(Fe81Ga19)99.8Tb0.2 ≈200 ≈40 135 35

Fe30Co70 ≈1000 ≈40 33 * 16

Terfenol-D ≈2000 ≈160 60 10
* Calculated value using JMatPro.
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First of all, the magnitude of the coercivity and the magnetic field, which is necessary
to apply to achieve the maximum magnetostriction, are compared. These properties are
extremely important in the context of the practical application of magnetostrictive alloys. A
low coercivity is necessary to minimize the hysteresis component of magnetic losses. At the
same time, the weaker the magnetic field is required to saturate the material, the easier it is
to create miniature and energy-efficient devices on its basis. In terms of coercivity, Fe-Ga is
noticeably superior to analogs and has an order of magnitude lower values (Table 1). It
should be noted that this parameter is very sensitive to the structural state, the number
of defects, and the purity of the chemical elements used. The value can vary greatly in
different experiments depending on the conditions of sample preparation, so the table
shows approximate averaged data. However, the trend of much lower coercivity in Fe-Ga
alloys persists in all cases. The same is true for the saturation field, which also depends on
which sample was measured (single crystal or polycrystal), its orientation (in the case of a
single crystal) or crystallographic texture (in the case of a polycrystal), the level of micro-
distortions, and chemical purity. Moreover, due to the demagnetizing factor, the shape
and size of the samples play an important role and significantly affect the magnetostriction
curves as a function of the magnetic field. In this case, again, Fe-Ga shows the best result,
although the difference with FeCo is not so significant. Addition of 0.2 at. % Tb also leads
to a significant increase in the saturation field.

In addition to magnetostriction and AC magnetic properties, an important parameter
is electrical resistivity ρ. It is not a functional property of magnetostrictive alloys and is
not important in the case of near-DC applications; however, with an increase in operating
frequencies, its importance increases dramatically. This is because this property largely
determines the eddy current losses, which are inversely proportional to the electrical
resistivity value. In addition, ρ affects the processes of dynamic magnetization reversal and
the resonant frequency since, in a conductive ferromagnetic material, the moving domain
walls are mainly retarded by eddy current damping [39]. The binary Fe81Ga19 alloy has
a relatively high electrical resistivity for a metal compound (Table 1). The reason is that
the alloy mainly has the structure of a solid solution in which gallium atoms replace iron
atoms in the α-Fe lattice. Given the significant difference in the size of the atoms, this
leads to the appearance of lattice distortions, which reduces the electron mean free path
and increases the electrical resistivity [40]. Moreover, a further increase in the ρ value is
possible due to the alloying of the binary alloy with various elements such as Mn [41]
or RE [36]. For example, the addition of 0.2% Tb leads to an increase of more than 30%
compared to a binary alloy (Table 1). Other magnetostrictive alloys used for comparison
have much lower electrical resistivity, which is associated with an ordered structure in the
case of Fe2Tb0.3Dy0.7 and the lack of difference in the size of atoms of Fe (124 pm) and Co
(125 pm) [42] in case of a Fe30Co70 solid solution.

Finally, we compared the magnetic permeability of alloys at elevated frequencies. For
this, we used the real part of complex relative permeability µr’ at room temperature. This
is an important parameter that reflects how easy it is to magnetize a material at a certain
frequency. As the remagnetization frequency increases, the value of µr’ decreases, so it
is important to control it in the region of frequencies of interest. Table 1 shows values at
10 kHz. It can be seen that the Fe-Ga alloy again outperforms the others. The addition of
Tb reduces the permeability of a binary alloy but increases the resonant frequency [43].

3. Engineering Solutions for High-Frequency Applications of Fe-Ga

As noted earlier, traditionally, the creation of high-frequency magnetic (including mag-
netostrictive) devices is based on a simple idea, which consists of reducing the continuous
cross-section area of the conductive material that is perpendicular to the applied field. It
should be noted that, depending on the purpose, the Fe-Ga alloy is obtained in the form
of a wide range of different products, some of which, among other things, can be used at
elevated frequencies, e.g., amorphous ribbons [21], thin films [44], wires [45], and rods [46].
For example, thin films are in a promising direction and appropriate for high-frequency ap-



Condens. Matter 2023, 8, 80 5 of 15

plications due to their very low thickness of <1 µm and deserve a separate study. However,
this review focuses on the possibilities of creating bulk magnetostrictive devices based
on the Fe-Ga alloy, which can perform certain (including mechanical) work at elevated
frequencies. One more important criterion is the low cost of manufacturing technology and
the possibility of scaling into the industry. Therefore, we do not consider the slicing (cutting
into thin slices) of single crystals approach since the use of single crystals entails a signifi-
cant increase in costs. In some individual cases, this may be justified, but much cheaper
polycrystals are needed for widespread industrial use. In addition, the absence of grain
boundaries in a single crystal is a negative factor from the point of view of applications
at higher frequencies [47]. Slicing of polycrystals is a weakly efficient approach because it
does not allow the creation of necessary crystallographic texture, the importance of which
is described in more detail below. There are two main directions for the manufacture of
bulk magnetostrictive products suitable for applications at elevated frequencies. They are
laminated stacks and metal/insulator composites (Figure 3), both of which are appropriate
for Fe-Ga. Each of these approaches has its specifics, advantages, and disadvantages. In
this article, we consider both of them.
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3.1. Laminated Stacks

The manufacturing technology of magnetostrictive laminated stacks was borrowed
from Fe-3% Si electrical steel, which has been widely used in this form for many years. It
can also be used in the case of the Fe-Ga alloy [48]. For the manufacture of laminated stacks,
relatively thin sheets of Fe-Ga (0.5 mm and thinner) are used, which are coated with an
electrical insulator (for example, MgO) and put together into a three-dimensional product.
The optimal way to obtain thin sheets, both in terms of the availability of technology and
the possibilities that they provide, is rolling and subsequent heat treatment. The main
advantage of rolling over the simple cutting of an ingot into slices is the ability to change
the grain structure and, more importantly, the crystallographic texture. The presence of
a certain crystallographic texture in the Fe-Ga alloy is a critical condition for achieving
high values of magnetostriction due to pronounced anisotropy [49]. At the micro level, the
Fe81Ga19 alloy usually has a body-centered cubic structure. A noticeable amount of other
phases is possible only with extremely long annealing of several hundred hours [50], so they
can be neglected. There are three main crystallographic directions in the cubic structure:
<100>, <110>, and <111>. It is known that in the Fe81Ga19 alloy, the magnetostriction
constant λ100 is maximum and is about 250 ppm. At the same time, λ110 is also quite high
(about 150 ppm). And finally, λ111 is minimal and, according to various sources, varies from
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−20 to 0 [51–53]. Thus, the optimal texture is one that contains as many <100> directions as
possible along some external direction (for example, the rolling direction) and, at the same
time, the minimum content of <111> directions. It has been experimentally established that
the value of magnetostriction in a sheet correlates well with the content of these texture
components [52,54,55]. It should be noted that the creation of a texture of this type in a
bcc alloy is a rather difficult task. In recent years, attempts have been made to actively
solve this problem by studying the mechanisms of texture formation in Fe-Ga [53,56] and
the selection of deformation and recrystallization parameters [52,53,55,57–65]. In terms of
technology, there are two approaches to creating desirable texture in Fe-Ga sheets. The
most popular direction is the creation of the so-called Goss texture {110}<100> and close
to it using the technology of secondary recrystallization [52,64,66–73]. This technology
has previously proven itself well in the production of grain-oriented FeSi sheets and has
also shown its effectiveness in the case of Fe-Ga. Its essence lies in the introduction of
special nanosized inhibitors into the composition of a binary alloy, which are usually
carbides [52], borides [61], or sulfides [74]. Distributed along grain boundaries, they inhibit
grain growth during primary recrystallization, thereby inhibiting the development of
unfavorable texture components, which grow most intensively under normal conditions.
Due to this, favorable conditions are formed for the abnormal growth of the <100>{110}
component during subsequent high-temperature annealing (1000–1300 ◦C), which makes
it possible to overcome pining centers. In addition, in order to additionally stimulate
the development of such a texture due to the difference in surface energy [75] (so-called
surface-energy-induced selective grain growth), secondary recrystallization is carried out
in a special atmosphere enriched with hydrogen [64] or sulfur [52,67]. More detailed
information regarding the technology and mechanisms of texture formation can be found
elsewhere [76]. The purpose of these studies in relation to the Fe-Ga alloy is to approach the
one-component Goss texture in sheets, and, as a result, the magnetostriction value close in
magnitude to a single crystal. For this, deformation modes, temperature, time, heating rate,
and atmosphere during annealing are usually varied. In the last few years, approaches have
been developed that allow achieving an ideal Goss texture in Fe-Ga sheets, for example, due
to twin roll casting, warm rolling, and high-temperature annealing, magnetostriction of the
order of 200 ppm was achieved in sheets with a thickness of 0.5 mm [72]. Unfortunately, the
technology for creating texture due to secondary recrystallization has several disadvantages.
First, technological difficulties caused by the need to add inhibitors to the binary alloy,
as well as long-term high-temperature annealing in a certain atmosphere. However, a
more serious problem is the grain structure of the sheets. Abnormal grain growth during
secondary recrystallization leads to the fact that the final structure contains grains reaching
a size of several centimeters or more (depending on the size of the sample). This leads
to the degradation of mechanical properties that are important for many applications of
magnetostrictive devices that require operation under stress conditions for example the
non-destructive testing based on ultrasonic guided waves [77]. In addition, large grains are
unfavorable in terms of eddy current losses.

For this reason, an alternative direction is being developed, namely, the creation of the
necessary crystalline texture due to primary recrystallization, which does not lead to the
formation of large grains [53,54,58,59,62,63,65,78]. The main problem with this approach
is the much weaker <100>//RD (rolling direction) texture compared to secondary recrys-
tallization. However, by optimizing the parameters of thermomechanical processing, it is
possible to obtain a significant proportion of such a texture and an acceptable level of mag-
netostriction. For instance, it was shown that especially promising in this direction is cold
rolling with medium deformation degrees (60–70%), which, in combination with primary
recrystallization, makes it possible to achieve magnetostriction of the order of 150 ppm
and good mechanical properties in sheets with a thickness of 0.5 mm [53]. In addition, an
important parameter is the initial structure of the sample that is subjected to rolling. For
example, the authors of [58] propose to use secondarily recrystallized sheets with Goss
texture as a workpiece for further rolling (also with a medium deformation degree) and



Condens. Matter 2023, 8, 80 7 of 15

primary recrystallization. This leads to a large proportion of the {100}<001> cubic texture
(more than 90%), an optimal grain size, and a good combination of magnetostriction and
mechanical properties in ultrathin sheets (Fe83Ga17)99.9(NbC)0.1 with a thickness of about
0.1 mm. It is also shown that, in addition to varying the parameters of deformation and an-
nealing, the proportion of favorable texture components can be increased due to additional
external influences, such as the annealing atmosphere and magnetic field [55,78]. In general,
although primary recrystallization does not lead to such a sharp texture as the technology
using secondary recrystallization, it has potential because, under certain conditions, it leads
to an optimal combination of magnetostriction and mechanical properties. In addition, this
technology is usually much simpler and cheaper.

It should be noted that there is no need to achieve 100% content of the <100>//RD
component in sheets during their manufacture. From the point of view of the formation
of high values of magnetostriction in the sheet, it is sufficient to obtain the predominant
number of such grains and minimize the content of grains with directions <111>//RD.
The desire to create a texture close to a single-component one usually does not pay off the
efforts made since it does not provide a very large gain in magnetostriction. So, for example,
samples after primary recrystallization with the content of η (<100>//RD) components
of the order of 70% demonstrate magnetostriction 150 ppm [53], while 100% of such a
texture in samples after secondary recrystallization leads to magnetostriction of the order
200 ppm [72]. In fairness, it should be noted that the magnetostriction values given in
different papers cannot always be compared with each other. This is primarily due to
differences in measurement methods and protocols. In addition, the composition of the
samples varies slightly in different experiments (gallium content from 17 to 20% at.) as
well as the alloying elements. And finally, the magnetostriction of Fe-Ga polycrystals is
determined not only by the texture but also by the features of atomic ordering at the nano
level [79], which is highly dependent on heat treatment [80] and may vary from experiment
to experiment.

In order to obtain volumetric magnetostrictive devices, Fe-Ga sheets with optimal
structure and properties should be used to create laminated stacks. To do this, it is nec-
essary to solve a number of technical problems aimed at developing optimal modes for
manufacturing such objects. In addition, it is necessary to investigate their functional
properties. However, to date, such works are practically absent, except [48].

3.2. Metal/Insulator Composites

Magnetostrictive composites are bulk compacted objects in which ferromagnet parti-
cles are separated from each other by some kind of compound with high electrical resistivity
(insulator) [81]. This approach allows for maintaining a relatively high magnetostriction
but, at the same time, minimizes the intra-particles eddy current, which unlocks the possi-
bility of use at high frequencies. It is necessary to distinguish this class of materials from
magnetic elastomers, which also consist of ferromagnetic particles and an organic matrix
and are also capable of changing linear dimensions when a magnetic field is applied, but
due to other mechanisms [82]. In the manufacture of Fe-Ga-based magnetostrictive com-
posites, epoxy resins are most often used as insulators [83–87] because they have suitable
mechanical properties for this purpose and are also easy to use. In addition, their important
advantage is that their use provides wide opportunities for particle orientation with the
help of an external magnetic field during solidification, which makes it possible to increase
the magnetostriction of composites. However, depending on the purpose and intended
conditions of use, other options are possible, for example, polyurethane [88] or silicone [89].
A typical process for the manufacture of magnetostrictive composites consists of mixing
the powder with epoxy in specified proportions, degassing, and solidifying under certain
conditions (temperature and magnetic field). Sometimes, a certain pressure is applied
before curing to reduce the porosity of the composites. In turn, Fe-Ga powder can be
obtained in several different ways. They include milling of ingots [90], gas atomization [84],
spark erosion [91], and mechanical alloying [92].
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In terms of materials engineering, magnetostrictive composites are quite complex
objects because there are a large number of parameters that affect properties. These param-
eters are the chemical and phase composition of the Fe-Ga alloy, the size, morphology, and
structural state of the powder, the type and amount of insulator, the method and parameters
of manufacturing the composite, as well as additional parameters such as pressure and
magnetic field applied during their manufacture. For this reason, the development of
magnetostrictive composites with optimal characteristics is a labor- and time-consuming
process. However, an analysis of the results obtained so far allows us to identify several
promising areas for the development of such materials. In recent years, it has been shown
that the replacement of the binary Fe-Ga by the ternary FeGaRE alloy with a low RE content
(up to 3 at. %) in magnetostrictive composites allows for the achievement of a significant
increase in magnetostriction [93,94]. Moreover, based on the data [36], it can be assumed
that this can also improve frequency stability and reduce core loss at higher reversal fre-
quencies. However, experimental studies of composites in this direction do not yet exist
to our best knowledge. Another important factor is the application of a magnetic field
during solidification. Since the direction of easy magnetization coincides with the direction
of maximum magnetostriction, this makes it possible to increase the number of particles
with direction <100> or close to it along one of the outer directions of the composite (along
which the magnetic field was applied). In the example of magnetostrictive composites
based on Terfenol-D, the effectiveness of this approach was shown [95]. In the case of
Fe-Ga, this also leads to a significant increase in magnetostriction, in some cases more than
three times compared to un-oriented samples [87,93]. This effect is highly dependent on the
morphology and particle size, as well as the alloy–epoxy ratio and solidification conditions,
as well as the magnitude of the applied magnetic field. There are two main driving forces
for the orientation of particles in a magnetic field, namely magneto crystalline anisotropy
and shape anisotropy [96], therefore, under certain conditions (for example, Fe-Ga in the
form of flakes with <111> in plane directions), the application of a magnetic field may not
be effective in increasing magnetostriction. Another way to improve the functional proper-
ties of composites is to select particles of a certain size. However, it should be noted that
from the point of view of the effect of particle size on the magnetostriction of composites
based on Fe-Ga, the data presented in the literature diverge. According to the data [84] the
highest magnetostriction has composites based on Fe-Ga particles with a size below 25 µm
in comparison with particles 25–40 µm and 40–75 µm. On the other hand, Walters et al. [86]
reported that the highest magnetostriction has composite based on 50–100 µm particles in
comparison with the 20–50 and 100–200 µm ones. Finally, the authors of [95] compared
composites based on particles with sizes 50 and 75 µm and showed that the latter ones have
significantly higher magnetostriction. In general, the mechanism of the effect of particle
size on the magnetostriction of Fe-Ga/epoxy composites remains unclear, and further
research is required in this direction. Table 2 lists some of the manufacturing parameters of
the composites reported in the literature and their saturation magnetostriction values.

Table 2. List of some manufacturing parameters such as alloy chemical composition, method of pow-
der preparation, particle size (D), epoxy resin content, oriented magnetic field, method of composite
fabrication, and saturation magnetostriction value (λS) measured along one of the sample directions.

Alloy
Method of

Powder
Preparation

D, µm Epoxy
Content

Applied
Field, T

Method of
Composite
Fabrication

λS,
ppm Ref.

Fe85Ga15
Spark

erosion 20–25 52% vol. 0.2 Curing in mold
at 100 ◦C 34 [91]

Fe85Ga15
Spark

erosion <20 52% vol. 0.2 Curing in mold
at 100 ◦C 15 [91]

Fe83.7Ga16.3
Spark

erosion 20–25 52% vol. 0.2 Curing in mold
at 100 ◦C 35 [91]
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Table 2. Cont.

Alloy
Method of

Powder
Preparation

D, µm Epoxy
Content

Applied
Field, T

Method of
Composite
Fabrication

λS,
ppm Ref.

Fe81.1Ga18.9
Spark

erosion 20–25 52% vol. 0.2 Curing in mold
at 100 ◦C 54 [91]

Fe81.4Ga18.6
Gas

atomization <25 30.9% vol. 2

Compaction
at 271 MPa +

curing
at 170 ◦C

58 [84]

Fe81.4Ga18.6
Gas

atomization 25–40 32.6% vol. 2

Compaction
at 271 MPa +

curing
at 170 ◦C

49 [84]

Fe81.4Ga18.6
Gas

atomization 40–75 34.4% vol. 2

Compaction
at 271 MPa +

curing
at 170 ◦C

45 [84]

Fe80Ga20
Blade

milling 20–50 20% vol. -

Compaction
at 120 MPa

(24 h) + curing
at 80 ◦C

96 [86]

Fe80Ga20
Blade

milling 50–100 20% vol. -

Compaction
at 120 MPa

(24 h) + curing
at 80 ◦C

225 [86]

Fe80Ga20
Blade

milling 100–200 20% vol. -

Compaction
at 120 MPa

(24 h) + curing
at 80 ◦C

160 [86]

Fe80Ga20 Ball milling 225
(flakes) 40 wt.% - Compaction

at 500 MPa 53 [87]

Fe80Ga20 Ball milling 225
(flakes) 40 wt.% 0.2 Compaction

at 500 MPa 70 [87]

Fe83Ga17 Ball milling <75 25 wt.% -

Compaction
between

two pieces
of plexiglass +

air drying

34 [94]

Fe83Ga17 Ball milling <75 25 wt.% 1

Compaction
between two

pieces of
plexiglass +
air drying

60 [94]

(Fe83Ga17)97Y3 Ball milling <75 25 wt.% - The same 32 [94]

(Fe83Ga17)97Y3 Ball milling <75 25 wt.% 1 The same 112 [94]

Fe83Ga17 Ball milling <75 33 wt.% - The same 42 [93]

Fe83Ga17 Ball milling <75 33 wt.% 1 The same 73 [93]

Fe83Ga17 Ball milling <75 50 wt.% 1 The same 49 [93]

(Fe83Ga17)99.8Pr0.2 Ball milling <75 33 wt.% - The same 36 [93]

(Fe83Ga17)99.8Pr0.2 Ball milling <75 33 wt.% 1 The same 168 [93]

(Fe83Ga17)99.8Pr0.2 Ball milling <75 50 wt.% 1 The same 137 [93]

(Fe83Ga17)99Pr1 Ball milling <75 33 wt.% - The same 75 [93]

(Fe83Ga17)99Pr1 Ball milling <75 33 wt.% 1 The same 320 [93]

(Fe83Ga17)99Pr1 Ball milling <75 50 wt.% 1 The same 251 [93]

It is seen that the reported data are very heterogeneous. The composition of the alloy,
the methods of manufacturing the powder, the particle size, and the content of epoxy resin



Condens. Matter 2023, 8, 80 10 of 15

are different, which is also indicated in various ways (vol. or wt.%), which is not possible
to recalculate without information on the density of the components used. Composite
fabrication parameters also vary greatly. All this is superimposed on different equipment
and protocols used by different research groups in measuring magnetostriction, which also
causes significant discrepancies. For example, round-robin tests of magnetostriction of the
same FeSi samples by the same method in nine independent laboratories showed deviation
in values up to 5% [97]. Obviously, in the case of more complex objects such as Fe-Ga/epoxy
composites and the use of different methods, this discrepancy can be exacerbated. All this
makes it impossible to analyze the correlations between manufacturing parameters and
magnetostriction in composites using data that exists today.

In addition, it should be noted that some of the data presented look doubtful. In particu-
lar, a reported magnetostriction value of about 225 ppm for the composite Fe80Ga20/20% vol.
epoxy [86]. There are no obvious physical reasons for a metal/epoxy composite with a
relatively high epoxy content to exhibit magnetostriction close to a single crystal. In addi-
tion, in none of the other experiments, such high values were obtained on a binary alloy,
regardless of the manufacturing parameters.

4. Prospects and Directions for Further Research

In this section, we discuss the steps that need to be taken to move closer to the
widespread practical use of the Fe-Ga alloy for elevated frequency applications. But before
that, let us consider the advantages and disadvantages of the two described approaches
that can be used to create energy-efficient magnetostrictive devices. In the case of laminated
stacks, the advantages are high magnetostriction in the sheets, which, in the presence of
the required texture, is close to the value for a single crystal. In addition, such objects,
subject to the optimal structure in the sheets from which they are made, are suitable for
use in a wide range of temperatures and under mechanical stress. Disadvantages are the
technological difficulties that arise during the rolling of this alloy, as well as the difficulty of
creating an optimal structure and crystallographic texture. As for Fe-Ga/epoxy composites,
their manufacture is a much cheaper process; in addition, it is possible to directly obtain
products of the required shape, avoiding additional metalworking operations and, as a
result, unnecessary consumption of material. In addition, due to their structure, such objects
will obviously have better frequency stability and lower eddy current losses compared to
laminated stacks. The disadvantages are the inability to work at elevated temperatures, as
a rule, lower values of magnetostriction than in sheets, and higher saturation fields due to
the demagnetizing factor of individual ferromagnetic particles in the composite structure.
Thus, the choice of an appropriate method for creating bulk magnetostrictive products for
operation at elevated frequencies should be based on the expected operating conditions.

In the context of magnetostrictive applications at elevated frequency, not only magnetic
properties are important, but also mechanical properties, such as fatigue behavior. To our
knowledge, the fatigue performance of Fe-Ga was studied on ingots only [98,99]. There are
no such studies for sheets; however, we can assume that Fe-Ga sheets (especially obtained
by primary recrystallization technology) have a much better fatigue performance as well as
other mechanical properties compared to Fe-Ga/epoxy composites.

In both of these directions, unsolved problems remain, which should form the basis of
further research. As shown in this review, at the moment, the main attention is focused
on the issue of creating thin Fe-Ga sheets with a given structure and optimal properties.
The next step is the creation of laminated stacks on their basis and a detailed analysis of
their properties at working frequencies (magnetostriction, permeability, and core losses).
To our best knowledge, there are no such studies yet. In addition, a promising direction is
the rolling of alloys of the FeGaRE system, which are superior to the binary Fe-Ga alloy
in terms of properties. However, such studies began to appear only this year [100] and a
little earlier for similar alloys FeAlRE [101], which does not yet make it possible to draw
unambiguous conclusions about how suitable such alloys are for rolling and the possibility
of creating the necessary crystallographic texture in them.
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As for Fe-Ga/insulator composites, this direction remains less studied compared to
Fe-Ga sheets. Approaches and parameters used in published works differ greatly, which
makes it impossible to establish correlations in the chain: manufacturing parameters–
structure–properties. This, in turn, does not make it possible to develop optimal modes
for the manufacture of composites with desired properties. To solve this problem, further
complex experimental studies are needed, aimed primarily at establishing the influence
of individual parameters on functional properties. Another problem is that in the Fe-Ga-
based magnetostrictive composites being developed, only magnetostriction is controlled,
while other functionally significant properties, such as core losses or frequency stability of
permeability, are ignored. This does not allow us to evaluate the prospects for using such
objects at different frequencies.

Thus, for the further development of this direction, it is required to focus on the identi-
fied problems, which will make it possible to significantly move towards the widespread
practical use of the Fe-Ga alloy in magnetostrictive devices operating at elevated frequencies.

5. Conclusions

This review considers the features and prospects of using the Fe-Ga alloy for magne-
tostrictive applications at elevated frequencies. In this context, Fe-Ga has been shown to
have the most attractive combination of properties compared to other popular magnetostric-
tive alloys such as FeCo and TbDyFe. It combines higher electrical resistivity and magnetic
permeability, as well as lower coercivity and saturation field. Two technologies for reducing
eddy current losses in the case of Fe-Ga are considered, such as the creation of textured
sheets by rolling and recrystallization, as well as the creation of metal/epoxy composites.
The creation of a favorable texture in Fe-Ga sheets providing high magnetostriction is
possible due to both secondary recrystallization and primary recrystallization under certain
conditions, which opens up great opportunities for optimizing their structure. Composites
based on Fe-Ga can also be a promising direction with their own advantages; however, for
this, it is necessary to develop optimal parameters for their manufacture, which has not yet
been done.
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