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Magnetic heat-treatment induced uniaxial magnetic anisotropy
and dynamic precipitation in Fe-Ga magnetostrictive alloys
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ABSTRACT: Introducing coherent tetragonal nanoprecipitates
into a cubic matrix has recently been found to significantly
increase the magnetostriction of Fe-based alloys. Combining this
novel strategy with conventional approaches, such as the
introduction of uniaxial magnetic anisotropy (uniaxial alignment
of magnetic domains), may improve the magnetostriction
performance. On the basis of this consideration, a large-
magnetostriction alloy, Fe;;Ga,; (at%), was subjected to magnetic
heat treatment (MHT) to introduce uniaxial anisotropy and
nanoprecipitates simultaneously. The results showed that strong
uniaxial magnetic anisotropy (well-aligned magnetic domains) is
induced together with the formation of dense nanoprecipitates,
hence improving the magnetostriction from 65 ppm for the
solution-treated (ST) counterpart to 140 ppm by 115%. However,
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such magnetostriction enhancement effect is weaker than that observed in the sample subjected to heat treatment for the same
time at the same temperature in the absence of a magnetic field. Further microstructural investigations revealed that compared
with isothermal annealing, MHT led to dynamic precipitation, the formation of coarser and incoherent tetragonal nanoprecipitates
and even a face-centered cubic (FCC) equilibrium phase with intrinsic negative magnetostriction. These results suggest that the
magnetic field provides an extra driving force to accelerate precipitation kinetics and that the magnetic annealing conditions
should be carefully controlled to prevent the overgrowth of tetragonal nanoprecipitates to enhance the magnetostriction

performance.
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1 Introduction

Materials with large magnetostriction (large magnetic field-
induced strain) can expand or contract under an external
magnetic field, thus making them useful for actuators, sensors and
energy-harvesting devices [1-3]. Recently, beyond the prototype
magnetostrictive materials based on brittle rare-earth transient-
metal intermetallic compounds (a well-known example is
Tb, 3Dy, Fe, alloy, commerially known as Terfenol-D [4]), a
special class of materials based on Fe-alloys (such as Fe-Ga [5],
Fe-Mo [6], and Fe-Al [7]) has attracted much attention owing to
their better ductility and smaller switching field. The large
magnetostriction of these materials is also sensitive to nanoscale
structural heterogeneities [8,9] in addition to spin-orbit coupling
(the origin of homogeneous magnetostrictive materials, such as
Terfenol-D [10]). For example, in the extensively studied system
Fe-Ga, introducing coherent L6,-type tetragonal nanoprecipitates

into the body-centered cubic (BCC) matrix either by alloying rare-
earth elements [11] or by short-term isothermal aging [12] can
significantly increase magnetostriction by more than three-fold.
The nanodispersive precipitates can not only distort the
mechanically subsequent BCC matrix via coherent elastic
interactions, substantially enhancing saturation magnetostriction
[13,14], but also reduce the net magnetocrystalline anisotropy
(MCA) via random magnetic interactions, effectively reducing the
switching field [15], thus enabling large and sensitive
magnetostriction performance that is highly desirable for
applications. Consequently, there is great interest in achieving
high-performance magnetostriction by engineering nanopre-
cipitates in this special class.

There are also conventional approaches to enhance
magnetostriction, called “grain orientation” and “domain
orientation” engineering [16]. “Grain orientation” engineering
refers to the growth of oriented crystals with all grains along or
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close to the easy magnetization direction (EMD), along which the
magnetostriction constant is the largest [17-20]. The “domain
orientation” engineering refers to the constrained domain
configuration with magnetic domains aligned along one specific
direction (the so-called uniaxial magnetic anisotropy) so that the
subsequent magnetization process involves only 90° domain
switches, avoiding 180° domain switches for a thermally
demagnetized state (in which the magnetic domains are aligned
along equivalent EMDs on average) that cannot contribute to
magnetostriction [21,22]. In general, the constrained domain
configuration can be realized by cooling the magnetostrictive
material in an external magnetic field across its Curie temperature
(T¢c). The physical principle is that the MCA is relatively weak in
the vicinity of Tc.. Thus, the domains can be easily aligned along
the external magnetic field direction [23]. For example, the
magnetostriction of Terfenol-D polycrystals can be enhanced after
magnetic annealing [24,25]. Therefore, there is a simple
motivation: If coherent tetragonal nanoprecipitates were
introduced into a cubic matrix with an aligned magnetic domain
state, one could achieve better magnetostriction performance in
heterogeneous Fe-based magnetostriction alloys, such as Fe-Ga.
This approach is technically feasible because the nanoprecipitates
can be formed, and magnetic domains can be realigned
simultaneously by performing magnetic tempering at
temperatures above the effective nucleation temperature (T,q) of
the precipitates and by performing magnetic cooling across T of
the matrix.

On the basis of this consideration, here, we attempt to
introduce both tetragonal nanoprecipitates and uniaxial magnetic
anisotropy simultaneously by selecting a proof-of-principle
reference, Fe,;Ga,, (at%) alloy. This alloy was selected for the
following reasons. First, the solution-treated (ST) Fe,;Ga,; alloy is
known to exhibit peak magnetostriction in the Fe-Ga system and
has faster L6, precipitation kinetics than the other peak-
magnetostriction composition Feg Gaq [9]. Second, previous work
[26] has shown that the nose temperature (T,) for the
precipitation of L6, nanoprecipitates is ~400 °C, which is slightly
higher than T of the cubic matrix (as shown in Fig. 1(a)), thus
making it possible to simultaneously introduce L6,
nanoprecipitates and uniaxial magnetic anisotropy by performing
magnetic tempering and cooling at temperatures above 400 °C.
More importantly, although magnetic heat treatment (MHT) was
found to enhance the magnetostriction of Fe-Ga alloys [27], the
reason has been attributed merely to magnetic domain

realignment (induced magnetic anisotropy), and the precipitation
of L6, phase that could concurrently occur has not been discussed
in the past. Herein, we performed a comparative study on bulk
Fe,;Ga,, polycrystals by holding the sample at the same
temperature for the same time and then cooling to room
temperature at the same rate in the presence and absence of an
external magnetic field, 12 T. The differences in microstructure
(especially the morphology and structure of precipitates) and
magnetic domain configuration between them were investigated,
and their differential influences on magnetostriction performance
were also discussed.

2 Experimental

Ingots with a nominal composition of Fe;;Ga,, were prepared via
the induction melting of Fe and Ga metals with a purity of 99.99%
in an argon atmosphere and then cast into a copper mold with an
inner diameter of 12 mm. After two ends were cut with a casting
shrinkage cavity and surface contamination was removed, the rod
with a length of 120 mm was then sealed in quartz tubes filled
with high-purity argon and subsequently homogenized for 72 h at
1100 °C, followed by quenching in ice-water. According to
previous work [28,29], ST state of this alloy bears a BCC average
structure, consisting mainly of DO; phase and a minority of A2
phase. Using a vibrating sample magnetometer (Lakeshore7407,
Lake Shore Cryotronics, USA), the magnetization vs. temperature
(M-T) curve of ST sample was measured (Fig. 1(a)) upon heating
at 5 °C/min under 2 kO, from which the T of D0; phase, the
subsequent A2/D0; to L1, phase transition temperature, and L1,
to DO,y phase transition temperature [29] were determined and
are shown in Fig. 1(a). The samples were further heat-treated on
the basis of these temperatures. Two sections with the diamter of
12 mm and length of 40 mm cut from the same ST rod were
subjected to further heat treatments. The same furnace (JMTD-6-
30, Jastec, Japan), around which a strong magnetic field of 12 T
can be provided, was used to conduct heat treatments. As
illustrated in Fig. 1(b), each sample was heated to 450 °C (above
Tc-DO0; and within the temperature scope of A2/D0; to L1, phase
transition), held for 1 h, and then cooled to room temperature.
The selection of 1 h annealing time was based on our previous
work [6,12], since annealing at this temperature for 1 h resulted in
a magnetostriction peak for random polycrystalline Fe,;Ga,,. The
difference is that one sample was heat-treated in the presence of
12 T at 450 °C and cooled through T-DO0; (red segment shown in
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Fig.1 (a) M-T curve of ST Fe,;Ga,, sample under a 2 kOe external magnetic field. “F.” refers to ferromagnetic, and “P. ” refers to paramagnetic. (b) Schematic
illustration of heat-treatment procedure. Inset is a schematic illustration of MHT under 12 T'and NMHT under 0 T.
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Fig. 1(b)), and the other was heat-treated in the absence of a
magnetic field. The treatment magnetic field (H,,) was applied
along the rod length direction, which was expected to produce the
precipitation of L6, (intermediate phase of L1,) and realign the
magnetic domains of BCC matrix simultaneously. To distinguish
these two conditions, one is referred to as MHT, and the other is
referred to as nonmagnetic heat treatment (NMHT).

Optical micrograph observations revealed that the present
MHT does not influence the grain size or texture of the present
random polycrystalline sample. Therefore, the possible influence
of grain size/texture on magnetostriction was not considered in
this work. The average structure of the samples was identified via
an X-ray diffractometer (XRD; 7000, Shimadzu, Janpan) with Cu
Ka radiation. The 26 angle range was from 30° to 90°, which was
facilitated at a controlled scanning rate of 2 (°)/min. Using a
physical property measurement system (PPMS; 14LH-9T,
Quantum Design, USA) magnetometer, magnetization curves
were measured by setting the measurement field direction (H,,)
along and perpendicular to H, to characterize the possible
unijaxial magnetic anisotropy. A sample with a size of 10 mm x
2 mm x 1 mm was cut from the heat-treated sample. The parallel
magnetostriction of the sample was measured via the standard
strain gauge technique. To avoid surface damage induced by
mechanical grinding, the sample surface was carefully polished
with water-based diamond suspensions, followed by a vibration
polisher (Buehler, Vibromet 2, USA) with 0.1 pm colloidal silica
polishing suspensions. Transmission electron microscopy (TEM)
foil samples were prepared via a twin-jet electropolisher (MTP-
1A, Jiaoda, China) at temperatures below 243 K, followed by ion
milling to remove surface contamination. The microstructure and
magnetic domain configuration were characterized via TEM (JEM-
2100F, JEOL, Japan) at 200 kV. Digital micrograph software
(version 3.21.1374.0, Gatan, Inc., USA) was used to analyze the
high-resolution TEM (HR-TEM) images. The magnetic domain
structure was observed via the Fresnel method.

3 Results

Figure 2(a) shows the magnetostriction curves of Fe,;Ga,; samples
in ST state and with MHT. The saturation parallel
magnetostriction A, (technical strain along the measurement
direction) is 65 ppm in ST state and significantly increases to 140
ppm after MHT, and the corresponding increase ratio is ~115%.
This demonstrates that MHT is also effective in enhancing the
magnetostriction of Fe-Ga polycrystalline samples, similar to that
observed in oriented single crystals [30]. However, the
magnetostriction enhancement effect induced by MHT is weaker

than that induced by NMHT for the same time at the same
temperature. As shown by the green curve in Fig. 2(a), A/, of the
NMHT sample is 154 ppm, which is ~137% greater than that of
ST sample. In addition, the saturation magnetic field of the
magnetostriction curve of the MHT sample is greater than that of
the NMHT sample. In homogeneous ferromagnets, MHT can
induce uniaxial magnetic anisotropy, which not only enhances
magnetostriction but also strengthens effective magnetocrystalline
anisotropy. Since the saturation field is proportional to the
effective MCA, MHT usually contributes to increasing the
saturation magnetic field [31,32]. Note that Fe-Ga is a
heterogeneous ferromagnet, and its microstructure can be tailored
by heat treatment [9]. In the following, we show that MHT of
heterogeneous Fe-Ga alloys not only induces uniaxial magnetic
anisotropy but also changes structural heterogeneities, which helps
in understanding the differences in magnetostriction and
saturation fields between MHT and NMHT samples.

The uniaxial magnetic anisotropy can be characterized by the
measurement-direction dependence of the magnetization and by
the constrained magnetic domain configuration. Figure 2(b)
shows the M-H hysteresis loops of Fe,;Ga,, samples in ST state
and with MHT. The red and blue curves represent those of MHT
sample with H,, parallel and perpendicular to H,,, respectively.
Since Fe-Ga is a soft ferromagnet, the present field of 20 kOe is
sufficient to magnetize the MHT sample to a saturated state along
either the parallel or perpendicular direction. Note that the
magnetization curves of these two cases do not overlap with each
other before reaching the saturation state, demonstrating the
existence of uniaxial magnetic anisotropy induced by MHT
[33,34]. Owing to the uniaxial magnetic anisotropy, applying a
parallel field excludes the 90° domain rotation process, whereas
applying a perpendicular field still evolves 90° domain rotation
process. As a result, it will be easier to approach the saturation
state (exhibiting a larger slope in the M-H curve at low-field
regions) for measuring parallel to the MHT field direction than
for measuring perpendicularly. This measurement direction
dependence of the magnetization process is unlike that for the
thermally demagnetized random-polycrystalline sample, where
the magnetization curves are measured along two directions with
a 90° overlap with each other. In addition, the saturation
magnetization (M) is ~135 emu/g for the MHT sample, which is
11% higher than that of the ST sample (~122 emu/g). This
indicates that a new phase with higher magnetization than the
BCC matrix also formed after MHT. As reported in Refs.
[12,29,35], this increase can be attributed to the formation of
L6,/L1, phases toward equilibrium.
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Fig.2 (a) Magnetostriction curves of Fe,;Ga,, samples after different heat treatments. (b) Magnetization curves of samples measured along different directions.
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Figures 3(a) and 3(b) show de- and over-focus Lorentz-TEM (L-
TEM) Fresnel images of the MHT sample, where the white or
black contrasts opposite those displayed in the de- and over-focus
images are magnetic domain walls (DWs). The magnetic DWs
exhibit straight lines in this sample. The magnetic DWs are nearly
parallel to each other, indicating that they are 180° DWs.
Therefore, the magnetization vectors of adjacent domains
separated by these 180° DWs are opposite to each other. This
means that the domains are constrained along the treating field
direction, further confirming the uniaxial magnetic anisotropy
induced by MHT. This configuration is unlike that at the
thermally demagnetized state, for which the magnetic domains are
averagely distributed along EMDs, ie., the six equivalent <100>
axes for Fe-Ga alloys [36].

For comparison, we investigated the magnetic domain
configurations for the NMHT sample in the thermally
demagnetized state, as shown in Figs. 3(c) and 3(d). It has a
disordered magnetic domain configuration, where the
magnetizations between adjacent domains are not antiparallel to
each other, unlike the well-aligned, ordered domain configuration
of the MHT sample. In addition, DWs are not straight lines but
are twisted. As discussed in our previous work [12], such twisted
magnetic DWs are formed due to random exchange coupling
(short-range magnetic interactions) between the dispersive
nanoprecipitates formed during the NMHT process and the BCC
matrix, which results in the collapse of the net MCA and
contributes to more sensitive magnetostriction. Note that,
compared with those of the MHT sample, the sizes of the
nanoprecipitates are smaller for the NMHT sample, and most
nanoprecipitates are coherent with the matrix. This comparison
indicates that the 12 T external magnetic field applied during the
heat treatment process not only induces strong uniaxial magnetic
anisotropy but also induces dynamic precipitation of the
secondary phase.

Prior to presenting the microstructure difference between the
MHT and NMHT samples, the precipitation of the L6,/L1, phases
in the Fe-Ga alloys occurred via a diffusive-displacive mixed-
mode phase transformation mechanism [35]. The complete
transformation from BCC (A2/D0;) metastable phase to the L1,

(b) Over-focus

() De-focus

(¢) De-focus

Fig.3 De- and over-focus L-TEM Fresnel images of Fe;;Ga,, samples with
(a,b) MHT and (c, d) NMHT.
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equilibrium phase requires both atomic diffusion (e, = —11%) and
drastic Bain distortion (e, = 26%) [37,38] and has extremely slow
kinetics [39-41]. L6, nanoprecipitates have been suggested as
precursors of the ordered face-centered cubic (FCC) LI,
equilibrium phase [12,42], which refers to a state in which the
atomic diffusion may have already finished but the lattice
parameters are constrained at the early transformation stage.
Experimental studies revealed that the L6, nanoprecipitates exhibit
size-dependent tetragonality ranging from 1/+/2 (for ideal BCCs)
to 1 (for ideal FCC) [42], characterized by a gradual increase in
{111}-L6, lattice spacing during their growth and further
transformation toward equilibrium L1,.

Figure 4 shows the XRD patterns of the samples subjected to
different heat treatments. ST sample has a BCC average structure,
as judged from the corresponding {110}, {200}, and {211}
fundamental reflections at 26 angles of ~43.5°, ~63.2°, and ~80.2°,
respectively. The lattice parameter a is 0.29 nm if these reflections
are indexed as the A2 phase. According to previous electron
diffraction studies [29,43], the ordered-BCC DO0; phase evolved
within the ST sample, and these fundamental reflections can also
be indexed as {220}, {400}, and {422} for the DO; phase. For the
NMHT and MHT samples, extra weak reflections are observed at
Bragg angles smaller than those for {110}-BCC, which can be
indexed as the {111} reflection of the L6y/L1, phases [44].
Comparably, the intensity of this extra peak is weaker for the
NMHT sample than for the MHT sample, indicating that the
presence of a 12 T magnetic field during the heat treatment
process promotes the precipitation of the L6y/L1, phases, ie.,
increases their volume fraction. In addition, the 20 angle of {111}
reflection is ~43.2° for the NMHT sample, which is larger than the
~42.2° for the MHT sample. The lattice spacing d-{111} = 0.209 nm
(L6,) for the NMHT sample is smaller than the d-{111} = 0.214 nm
(L1,) for the MHT sample. Therefore, the weak reflection in the
NMHT is attributed to the nonequilibrium L6, phase, not the
equilibrium L1, phase. Note that the L6, nanoprecipitates have
size-dependent tetragonality [42]. The larger its size is, the greater
its tetragonality. The small L6, nanoprecipitates may not be
distinguished by XRD since their reflections could overlap with
those of the BCC matrix. This finding also indicates that the
presence of a 12 T magnetic field during the heat treatment
process makes it easier for the precipitate structure to reach
equilibrium at L1,. This result is consistent with the morphology
shown in Fig. 3, in which the MHT sample contains larger
nanoprecipitates than the NMHT sample does.

We performed further TEM characterization to identify the
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Fig.4 XRD patterns of Fe,;Ga,, samples after different heat treatments.

Materials and Solidification, 2025, 1(1): 9580004



Magnetic heat-treatment induced uniaxial magnetic anisotropy and dynamic precipitation in Fe-Ga magnetostrictive alloys

9580004-5

nanoprecipitates, focusing on the differences in size and structure
between the NMHT and MHT samples. Figure 5 shows the TEM
results for the NMHT sample. In the bright-field image taken
along the {111}-BCC zone axis (Fig. 5(a)), dispersive L6,
nanoprecipitates are embedded within the matrix. This is due to
the size-dependent tetragonality of the L6, nanoprecipitates,
where the smaller nanoprecipitates have tetragonality slightly
greater than 1/v/2 (for ideal BCCs) and the larger
nanoprecipitates have tetragonality close to 1 (for equilibrium
L1,). In the corresponding selected area electron diffraction
(SAED) pattern (Fig. 5(b)), weak diffraction spots can be observed
at the 1/2 position due to the formation of a small fraction of L6,
nanoprecipitates. According to the Bain orientation relationship,
[111]-D0,//[101]-L6, and (220)-D0,//(020)-L6, these weak
diffraction spots can be indexed as {010} and {101} superlattice
reflections for three-equivalent L6, variants. Since most
nanoprecipitates are coherent with the BCC matrix, the
fundamental reflections of L6, variants overlap with the {220}-
BCC reflections.

Figure 6 shows the TEM results for the MHT sample. In the
bright-field image (Fig. 6), the sample still has a heterogeneous
microstructure, and the precipitates in the dark or bright contrasts
are much coarser than those observed in the NMHT sample. In
addition, the nanoprecipitates vary greatly in size. For example,
the sizes of finer precipitates within the white circle region are less
than 100 nm, whereas the sizes of coarser precipitates within the
blue circle region are greater than 1 um. The corresponding SAED
pattern (Fig. 6(b)) reveals that the white region contains a BCC
matrix and coherent L6, nanoprecipitates, as judged by the 1/2
weak diffraction spots indicated by red arrows. The SAED pattern
(Fig. 6(c)) of the coarse precipitate region (blue region in Fig. 6(a))
reveals the coexistence of L1, twins and the BCC matrix. As
indexed in Fig. 6(a), the strong spots are attributed to the twin set
of L1, variants sharing {111} as their twin plane, and the extra
weak spots indexed in white are attributed to the untransformed
BCC matrix surrounding the L1, twin variants. Since the bright-
field image in Fig. 6(a) was taken by tilting the beam incidence
along the {110} direction of the L1, twin variants (inside the blue
circle), the L1, twin variants are in dark contrast, which can then
be distinguished from the surrounding BCC matrix and other L1,
variants in brighter contrasts. Figure 6(d) shows a higher
magnification bright-field image taken along the same beam
incidence, which reveals a larger number of L1, twin variants,
which are named V1 and V2. As reported in our previous

Fig.5 TEM characterization of NMHT sample
purple (variant-3) arrows indicate superlattice reflections of L6, variants.

https://doi.org/10.26599/MAS.2025.9580004

work [42], L6, nanoprecipitates have size-dependent tetragonality.
The larger its size is, the greater its tetragonality, ie., its
tetragonality c/a varies from 1//2 (0.707) for the ideal BCC to 1
for the equilibrium phase L1, Thus, the fine nanoprecipitates
formed at the early stage have small tetragonality, which is
coherent with the BCC matrix, whereas the coarse
nanoprecipitates at the later stage have greater tetragonality, which
is incoherent with the BCC matrix. Figures 6(e) and 6(f) show
dark-field images of L1, variants, where sharp {111} twin
boundary separates V1 and V2. In addition, the dark field images
also reveal heterogeneous morphology and SFs inside L1, variants,
which are typical features led by mixed-mode phase
transformation, as reported in our previous work [36].

The above characterizations clearly reveal that MHT can
simultaneously induce uniaxial magnetic anisotropy and dynamic
precipitation, thus enabling greater magnetostriction than the
parent state of ST. However, its magnetostriction is lower than
that of the NMHT sample. We have yet to find that they exhibit
obvious differences in both domain configuration and
microstructure. In the next section, we explain in detail why
applying a strong magnetic field during the heat treatment process
cannot result in a magnetostriction-strengthening effect
comparable to that of NMHT processing.

4 Discussion

In a homogeneous cubic ferromagnet with {100} EMD (BCC-
structured Fe is one example of this type), tetragonal lattice
distortion occurs during the Curie transition, ie., spontaneous
magnetization process [45], generating a lattice strain & = (c—a)/a
along the [001] axis, where ¢ and a are the long and short axes of
the tetragonal lattice, respectively. € = (c—a)/a is also called the
spontaneous magnetostriction constant Ay,. In homogeneous
ferromagnets with cubic structures, the magnetostriction
generated by tetragonal lattice distortion during the Curie
transition can be expressed by Eq. (1) [46-48]:

3 n,+n, —n, —n,
A//s = 5/"[001] — Ny n,+n, —n; (1)
— Ny —n, n.+n,

where Ay is the magnetostriction constant measured along the

[001] direction for a single crystal; #,, n,, and n, are the volume

fractions of the domains along [100]/[100], [010]/[010], or

[001]/[001] directions with the constraint n, + n, + n, = 1. The
® ° .

220 DO

’ﬂ‘ﬂﬁ
022

Brlght ﬁeld image taken along [111]-BCC zone axis. (b) SAED pattern, where red (variant-1), green (variant-2), and
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Fig.6 (a) Low-magnification bright-field image of MHT sample. (b) SAED
pattern of white circle region in (a), taken by tilting BCC matrix along [111] zone
axis. Red arrows indicate superlattice reflections for coherent L6,
nanoprecipitates. (c) SAED pattern of blue circle region in (a), taken by tilting L1,
variants along {110} zone axis. (d) High-magnification bright-field image and
(e, f) dark-field images of region containing L1, twin variants, taken from
reflections indicated by white circles in (c), respectively. “SFs” refer to stacking
faults.

rows correspond to the [100], [010], and [001] field directions (or
their opposite directions), and the columns correspond to the
[100], [010], and [001] measurement directions for
magnetostriction. In the thermally demagnetized state, the
magnetic domains inside a single crystal are aligned along six
equivalent EMDs (i.e., [001], [100], [010], [001], [100], and [010]),
as shown in the upper channel of Fig. 7(a) (where the domains
perpendicular to the view direction are not shown), with n, = n, =
n, = 1/3. When an external field is applied along the horizontal
direction (e.g., [001]), both 90° and 180° domain switches occur
via DW (domain wall) motion and domain rotation, forming a
single domain state, such as that shown in the bottom channel of
Fig. 7(a). The saturation technical strain A, equals A
according to Eq. (1). Since the motion of 180° DWs does not
contribute to magnetostriction, the magnetostriction generated by
the 90° domain switches from 4 of the 6 kinds of domains ([100],
[010], [100], and [010] domains) A, is then 2/3 (c/a — 1) [47,48].
When an external magnetic field is applied during cooling
through T, the magnetic domains are constrained along a specific
direction, i.e., forming uniaxial magnetic anisotropy, such as that
shown in the upper channel of Fig. 7(b). Supposing that the MHT
field direction was along [100], there would be only [100] and
[100] domains, which means that n, = 1, n, = n, = 0. Upon the
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subsequent magnetization process by applying a magnetic field
along the horizontal direction (e.g., [001] direction), only a 90°
domain switch occurs, and A is 3/2 Aoy [9,21,49], similar to that
shown in the bottom channel of Fig. 7(b). This is also the
theoretical magnetostriction limit that a homogeneous
ferromagnet can reach. Theoretically, the saturation strain of
induced uniaxial anisotropy can be increased to 1.5 times that in
the thermally demagnetized state.

For heterogeneous ferromagnets, introducing coherent
tetragonal nanoprecipitates can distort the soft cubic matrix locally
due to the mutual elastic interaction between them [50]. This
phenomenon increases the average tetragonality of the matrix
lattice, i.e., the spontaneous magnetostriction constant Ay,. Fe-Ga
alloys are one example of this type, in which nanosized L60-type
tetragonal nanoprecipitates have been identified by various
techniques [11,13,29,51]. When the L6, nanoprecipitates are
smaller than the effective exchange interaction length between L6,
and the BCC matrix, the magnetizations of both the L6,
nanoprecipitates and the BCC matrix can slip in an external
magnetic field [52], as shown in Fig. 7(c). Owing to the increased
spontaneous magnetostriction constant (described here in terms
of X'y, which depends on the size, tetragonality, and coherency of
the nanoprecipitates), the obtained A,, (2/3 Xy, for a single
crystal) is larger than that for the nanoprecipitate-free matrix (i.e.,
2/3 Agy1). As reported in our recent work [26], by optimizing the
size, tetragonality, and coherency of L6, nanoprecipitates in
Fe-Ga alloys, the magnetostriction enhancement ratio can be
doubled (~200%). In addition, the fine L6, precipitates can also
randomly coupled with the matrix via short-range magnetic
interactions, resulting in the collapse of the net MCA [52].
Therefore, the NMHT sample has a lower saturation magnetic
field than its ST counterpart.

Therefore, inducing both uniaxial magnetic anisotropy and
coherent nanoprecipitates can enhance magnetostriction.
However, the magnetostriction enhancement ratios for both the
NMHT and MHT samples (when compared with their ST
counterparts) are smaller than the theoretical values mentioned
above. For the NMHT sample with nanoprecipitates only, the
obtained magnetostriction A, of 154 ppm is smaller than the
optimum magnetostriction of 180 ppm in the same Fe,;Ga,, alloy
after isothermal aging for 1 h at 400 °C and subsequent quenching
[26]. This can be attributed to the formation of some incoherent
L6, nanoprecipitates (Figs. 3(c), 3(d), and 5(a)) because isothermal
aging at a temperature (450 °C for the present work) higher than
its T, (~400 °C) accelerated the growth of L6, nanoprecipitates.
When the size of L6, nanoprecipitates is greater than a critical
value, the enlarged tetragonality makes them incoherent with the
BCC matrix. As a result, the weakened elastic interaction between
the incoherent nanoprecipitates and the BCC matrix deteriorates
the spontaneous magnetostriction constant A’y of the matrix. For
the MHT sample with both uniaxial magnetic anisotropy and
nanoprecipitates, the magnetization process is schematically
illustrated in Fig. 7(d), from which the obtained A, should be 3/2
Ao However, compared with that of ST counterpart, its
magnetostriction enhancement is just 115%, which is smaller than
that either for inducing uniaxial magnetic anisotropy or for
inducing coherent tetragonal nanoprecipitates. This can be
attributed to two reasons: i) the spontaneous magnetostriction
constant A"y, resulting from the introduction of coarse L6,
nanoprecipitates (Figs. 3(a) and 3(b)) is much smaller than A’
resulting from the introduction of fine and coherent L6,
nanoprecipitates, and ii) the magnetostriction enhancement is
offset by the coexisting harmful L1, equilibrium phase (Fig. 6)
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Fig.7 Schematic diagrams of magnetostriction of cubic ferromagnets at different initial magnetic states. (a) Homogeneous ferromagnet at thermally demagnetized state
(upper) and corresponding saturation magnetic state (bottom). (b) Homogeneous ferromagnet with uniaxial magnetic anisotropy (upper) and corresponding saturation
magnetic state (bottom). (c) NMHT heterogeneous Fe-Ga alloys with coherent L6, nanoprecipitates in a thermally demagnetized state (upper) and corresponding
saturation magnetic state (bottom). (d) MHT heterogeneous Fe-Ga alloys (incoherent L6,/L1, precipitates embedded within matrix with uniaxial magnetic anisotropy)

(upper) and corresponding saturation magnetic state (bottom).

since this phase has a negative intrinsic magnetostriction constant,
which is opposite to that of the BCC matrix [53]. In addition, it
was reported that the L1, phase has a larger MCA constant K,
than the BCC matrix [9,54]. Thus, the formation of the L1, phase
and the induced uniaxial magnetic anisotropy contribute to
strengthening the effective MCA, thus leading to a larger
saturation field in the MHT sample (Fig. 2) than in the NMHT
sample.

The comparable microstructure investigations also indicate
that, compared with the NMHT process (static heat treatment
conditions), applying a strong external magnetic field of 12 T
during the heat treatment process induces dynamic precipitation
of the L6y/L1, phases. Since L1, is the equilibrium phase (having a
lower free energy than the metastable A2/DO0; phases) [55], its
precipitation will certainly make the system stable. The free energy
difference between the L1, and A2/D0; phases then provides the
intrinsic driving force. When an external magnetic field is applied
during isothermal tempering and slow cooling processes, extra
energy alters the free energy profile and solute partitioning below
T¢, thus affecting the precipitation thermodynamics and kinetics.
The change in precipitation thermodynamics can be attributed to
the increased driving force, which includes the intrinsic chemical
driving force and the extra magnetostatic energy —AM-H, where
AM is the M, difference between the L6y/L1, precipitates and the
BCC matrix. At 450 °C (above T-DO0s), the L6y/L1, phases are
ferromagnetic, whereas the D0, phase is paramagnetic (Fig. 1(a)).
AM-H can be described by M-L6,/L1,-H, which acts as the extra

https://doi.org/10.26599/MAS.2025.9580004

driving force. Below T-DO0;, both the matrix and precipitates are
ferromagnetic, and AM-H is described by (M-L6y/L1,-M-
A2/D05)-H. The precipitation of L6 is associated with local Ga
depletion by changing its composition toward stoichiometric
Fe;Ga. This means that an increase in the Fe content of the
precipitates favors an increase in their M;. At the same time, the
Ga element expelled from the nanoprecipitates promotes D05-type
ordering of the matrix, which decreases the M; of the matrix [54].
Therefore, precipitation increases the magnetostatic energy
difference between the L6,/L1, phases and the matrix. As shown
in Fig. 2(b), precipitation of the L6y/L1, phases increases the net
M,, and L6,/L1, phases should have larger M values than A2/D0;
matrix does. Thus, in the ferromagnetic state (cooling below T(-
DO;), the extra magnetostatic energy driving force still works.
According to the thermokinetic correlation theory proposed by
Huang et al. [56,57], an increased thermodynamic driving force
accelerates phase transformation kinetics. Consequently, it is not
surprising that applying a magnetic field of 12 T (stronger than
the saturation magnetic field, see Fig. 2(b)) can induce dynamic
precipitation of L6y/L1, phases, characterized by coarser L6,
nanoprecipitates than those for the static precipitation case and by
the yet-formed L1, equilibrium phase twins (Fig. 6) that are absent
in the NMHT sample. Similar dynamic precipitation behavior has
also been reported by other groups. For example, Milyutin et al.
[58] reported that a large amount of the L1, phase was formed by
aging the Fe;Ga,,; alloy for 15 min at 450 °C under a strong
magnetic field of 25 T, where the L1, equilibrium phase was found
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to appear after aging for a much longer time (12 h) at the same
temperature in the absence of a magnetic field. More commonly,
the dynamic precipitation induced by thermomagnetic processing
is analogous to that induced by thermomechanical processing
[59], which has the advantages of shortening the peak aging time
and/or lowering the optimum aging temperature. Indeed, in the
same composition of Fe,;Ga,, alloy, either internal stress or
external stress provides an extra driving force to induce dynamic
precipitation, leading to faster growth kinetics of the L6,
nanoprecipitates than under static aging conditions [14].

To further optimize the magnetostriction performance, the
dynamic precipitation processing parameters should be carefully
controlled, e.g., by shortening the isothermal aging time, to avoid
the overgrowth of coherent nanoprecipitates into incoherent L6,
nanoprecipitates and/or the formation of harmful L1, equilibrium
phase, which awaits future study. In addition, MHT also induces
other interesting phenomena, e.g., the formation of only one kind
of precipitate variant in local regions. In Fig. 6(b), only type-1
variants are identified in the white circle region (Fig. 6(a)) of the
MHT sample, and the other two types observed in the NMHT
sample (Fig. 5(b)) are absent. Moreover, the larger precipitates
beside the white circle region of Fig. 6(a) are L1, twin variants.
This raises new questions: at what stage are the other types of
variants formed, and how do they grow into micron-sized twins?
The answers also await further study.

5 Conclusions

A comparative study on the Fe;Ga,, alloy showed that
performing MHT can simultaneously induce uniaxial magnetic
anisotropy and nanoprecipitates, thus increasing the saturation
magnetostriction from 65 ppm for the counterpart to 140 ppm by
115%. This demonstrates that combining uniaxial magnetic
anisotropy and nanoprecipitates is a feasible way to achieve high-
performance magnetostriction in heterogeneous Fe-based alloys.
However, care should be taken to control the size, structure, and
coherency of the nanoprecipitates carefully since applying a strong
magnetic field during the heat-treatment process provides an extra
driving force to accelerate the precipitation kinetics (i.e., enable
dynamic precipitation), for which the overgrowth of L6,
nanoprecipitates or the formation of the L1, equilibrium phase
may weaken the magnetostriction strengthening effect. The
present findings might broaden the knowledge of dynamic
precipitation from well-known thermomechanical processing to
thermomagnetic processing, especially in magnetic materials.
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