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Abstract: A set of stacked ribbons with the composition of Fe;,Ga,; were prepared with different wheel velocities of 7 m/s, 12.5 m/s
and 25 m/s (named as S;, Si»5 and Sjs, respectively). High resolution X-ray diffraction patterns of these ribbons show that all the
ribbons present the disordered A, structure, whereas an additional modified-DO; phase is detected in Sy, 5 and Sys. Sys has stronger
(100) texture than other two samples. Ga K-edge extended X-ray absorption fine structure results indicate that both bond distance and
the number of Ga atoms in the second neighbor shell around Ga decrease with increasing wheel velocity. No Ga cluster is detected in
the studied ribbons. A short-range ordering Ga-rich phase and large local strain have no obvious influence on magnetostriction of S;.
It is believed that both the (100) texture and the additional modified-DO; phase play a positive role in magnetostrictive properties of

Fe;;Gay; ribbons.
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1 Introduction

Fe—Ga alloy (Galfenol) is a new type of
magnetostriction material, which has received extensive
attention because giant magnetostriction of Fejqy-.Ga,
alloys (15<x<27) offers potential application for future
generation of sensors and actuators [1]. [100] oriented
FejpoGa, single crystal with 13<x<23 can exhibit
magnetostriction of 400x107 [2]. However, the high cost
of single crystal drives people to find other novel
synthetic method. Thin melt-spun ribbon minimizes
ac-eddy current losses and will be well suitable for
working at high frequency. In addition, thin melt-spun
ribbon has probable higher magnetostriction than single
crystal. For example, the saturation magnetostriction of
Fe—Ga melt-spun ribbon was reported to reach the values
as high as 2000x10°°, if the magnetostriction was
measured along the ribbon length applying the magnetic

field perpendicular to the ribbon plane using strain-gauge
method [3,4]. To explain the origin of giant
magnetostriction in Fe—Ga alloys, WU [5] proposed a
model and suggested a tetragonal “modified-DO; (or
B,-like)” structure from first principles calculation.
Subsequently, CULLEN et al [6] modeled the behavior
of the magnetocrystalline anisotropy of Fe—Ga alloys
and concluded that such a “modified-DO;” structure
could be formed by Ga atom pairs distributed along
[001] direction. In 2003, LOGRASSO et al [7] found an
abnormal diffraction peak around 44° in the X-ray
diffraction (XRD) pattern of (100) and (111)-oriented
single crystal, and using the model based on the
modified-DO; phase, they theoretically explained this
abnormal diffraction peak perfectly. In recent work, a
diffraction peak split in XRD pattern of A, matrix has
been reported and attributed to the occurrence of
modified- DO; phase [8—10]. But these conclusions were
controversial because this split of XRD peak could result
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from not only the modified-DOj; phase but also DO; and
B, phase. In addition, the superlattice reflections were
very weak due to little difference between the atomic
scattering factor of Fe and Ga. In fact, there are several
difficulties in phase identification using normal XRD due
to limitation of instrument resolution and the feature of
samples. Therefore, there were no sufficient
experimental data to evidence the existence of modified-
DOs; phase in Fe—Ga alloy. Furthermore, the Ga-cluster
model was proposed to explain the giant magneto-
striction in Fe—Ga alloys [11], and this model was
excluded by PASCARELLI et al [12]. Consequently,
more researches especially on the microstructure of
Fe—Ga alloy are needed to elucidate the origin of giant
magnetostrction in melt-spun ribbons.

Previous reports indicated that the magnetostriction
of Fe—Ga ribbons with the same composition was
different. In this work, in order to study the difference
between the magnetostriction of Fe—Ga ribbons with the
same composition and origin of giant magnetostriction in
Fe—Ga ribbons, a set of ribbons with the nominal
composition of Fe;;Ga,; were prepared with different
wheel velocities and thus with different cooling rates.
High resolution X-ray diffraction (HRXRD) was
performed using synchrotron radiation facility to observe
the weak superlattice reflections in XRD patterns. As a
supplement of HRXRD, extended X-ray absorption fine
structure (EXAFS) was utilized to characterize the local
structure of ribbons. Then the influence of wheel velocity
on the microstructure and the magnetostrictive properties
of Fe—Ga ribbon was further discussed.

2 Experimental

The ingot with nominal composition of Fes,Gay;
was prepared using high purity Fe and Ga (99.999%) in
an induction furnace under argon atmosphere. It was
re-melted 5 times to make ingot homogeneous. The
as-cast ingot was crushed into small pieces of about 5 g,
which were then melt-spun to ribbons using linear
velocities of 7 m/s, 12.5 m/s and 25 m/s. Hereafter these
three ribbons were named as S;, S;»s and Sys,
respectively. The as-spun ribbons are with the width of
2.5 mm and the thickness of 30—80 pm while the wheel
velocity increases from 7 m/s to 25 m/s.

Optical micrographs of samples S;, Sj5 and Spys
were obtained by optical microscopy. HRXRD patterns
and rocking curve of (200) plane were measured at beam
line BL14B of Shanghai Synchrotron Radiation Facility
(SSRF) with wavelength of 0.12438 nm. Transmission
extended X-ray absorption fine structure spectroscopy
(EXAFS) measurements were performed at beam line
1W2B of Beijing Synchrotron Radiation Facility (BSRF)
using double crystal Si (111) monochromator. The

ribbons were polished to be about 30 um thickness to
provide one unit absorption jump at the Ga K-edge. The
stacked samples were made by gluing about 20 ribbons
together, and sticking on standard strain gauges to
measure the magnetostriction in the corresponding
directions applying the magnetic field along the normal
direction of the ribbons. Magnetization of ribbons was
measured using vibrating sample magnetometer (VSM).

3 Results and discussion

3.1 Microstructural characterization of Fe;;Gays

ribbons
3.1.1 Metallographic analysis of Fe;;Ga,; ribbons

The micrographs of the cross section of samples S;,
Sipsand Sys are shown in Fig. 1. The microstructure of
ribbon shows columnar grains in the solidification
direction. The columnar grains originated from large
temperature gradient appear along the normal direction
of the ribbon during the quenching procedure [13]. This
columnar grains were also observed in bulk Fe—Ga alloy
prepared by copper mold casting and the Fe—Ga
rods [14,15]. As the wheel velocity is increased from 7 to
12.5 m/s, the cooling rate increases and therefore the
columnar grains are elongated and almost crossed the
whole section due to the larger temperature gradient.
When the cooling rate and the driving force of
solidification are enhanced for the case of wheel velocity
of 25 m/s, the thermal diffusion replaces the solute
diffusion in the leading role of grain growth. Therefore,
the crystal nucleus grows rapidly and meets to form large
grains. This result indicates that the increase of wheel
velocity induces higher cooling rate and improves the
crystallization quality significantly. A little dark dots are
detected in samples S, sand Sss.

Sample Sy 5

Fig. 1 Optical micrographs of samples S;, Sy, 5and Sjs

3.1.2 HRXRD analysis of Fe;,Gay; ribbons

The HRXRD patterns shown in Fig. 2(a)
demonstrate that the disordered A, phase is the main
phase in all samples. As shown in the inset of Fig. 2(a),
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split of (200) peak is detected in sample S;,5 which
probably results from an ordered DO; or modified-DO;
phase. Comparing with the standard XRD pattern of A,
phase, it is found that only two main diffraction peaks
exist while a weak diffraction peak at 24.6° emerges and
(211) peak at 63° disappears in sample S,s. High
intensity of (200) peak indicates that there is an obvious
(100) texture in Sys sample. Rocking curve of (200) peak
in Sys sample is measured and presented in Fig. 2(b). Two
peaks in Fig. 2(b) may relate to the (100) texture of A,
phase and another ordered phase. In addition, the [100]
orientation is approximately parallel to the ribbon normal
concluding from the rocking curve. As known to all,
grains orient randomly in ideal polycrystal and all the
diffraction peaks exist in the XRD pattern, therefore the
rocking curve of the lattice plane is shown as one straight
line parallel to the w-axis. For the case of ideal single
crystal, the whole crystal could be seen as one large grain
and diffraction peaks should be from (%kl) or (nh, nk, nl)
lattice plane, therefore, the rocking curve of (hkl) or (nh,
nk, nl) will be one narrow peak with full width at half
maximum (FWHM) of about several arc seconds. The
disappearance of (211) diffraction peak in sample Sysand
the shape of the rocking curve indicate that the (100)
texture is enhanced by increasing the cooling rate. The

(a)
25 24,25 36 | Sample S,s
145 50 525 Sample S, 5
l Sample S,
A
(110) As-cast alloy
(200) (211)
15 20 25 30 35 40 45 50 55 60 65 70
200(°)
(b)
B
240 245 250 255 260 265 270 275
w/(”)

Fig. 2 HRXRD patterns of samples S;, Si55 and Sjs (a) and
rocking curve of (200) diffraction peak of sample S, (b)

split of left-side peak in the rocking curve should result
from the mosaic structure with small deviation angle.
3.1.3 EXAFS analysis of Fe;;Ga,; ribbons

In order to probe the local environment of the
ribbons and reveal the origin for the split of (200)
diffraction peak and appearance of the diffraction peak
around 24.6° in HRXRD pattern, Ga K-edge EXAFS of
all the ribbons were measured. The Athena and Artemis
programs based on the IFEFFIT library of numerical
XAFS algorithms were applied [16]. The EXAFS
oscillations were extracted from the experimental data
standard procedures [17]. The pre-edge
background was subtracted with a linear function while
Ry parameter was equal to 0.12 nm. The normalized
H(E) is shown in Fig. 3(a). It is found that behind the
absorption edge, there is an obvious difference between
the shape and amplitude of the normalized u(E) curve of
these three samples. Especially for the sample S, its first
oscillation in normalized w(E) is weaker than that in
samples Si,s and S,s. The K weighted y(k) data, to
enhance the oscillations at higher k, were Fourier
transformed (FT), and the FT was calculated using the
Hanning filtering function. Besides the amplitude
damping factors S,°, the intensity of FT peaks reflect
both the coordination of ions of those radial distances

(a)
Sample S,5

using

fw'\ Sample S5 5
JMW Sample S,
102 104  10.6 10.8 11.0 11.2

ElkeV
4
(b) — Sample S, 5
3k Sample S,

S le S, ;
S Experimental data

---- Fitting curve

(3]

Magnitude of fourier transform

=

0.1 02 03 04 05 0.6 0.7
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Fig. 3 Nomalized u(E) curve of Ga K-edge EXAFS of samples
S;, Sipsand Sys (a) and experimental and fitting curves of Ga
K-edge EXAFS in R space (b)
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and the Debye—Waller factor (disorder factor). HRXRD
patterns of ribbons imply that all the samples maintain
BCC matrix, so the numbers of atoms in the first and
second neighbor shells around Ga in all the ribbons are 8
and 6, respectively. In addition, the difference between
the shapes of FT peaks may be from the proportion of Fe
and Ga atoms in the coordination shells, thus the FT
peaks shown in Fig. 3(b) are believed to correspond with
S, atomic disorder and the proportion of Fe and Ga
atoms. The fitting is performed in the range from
20 nm '<k<130 nm'. The fitting range in R space is
from 0.1 nm to 0.3 nm which covers two neighbor shells,
but only one FT peak can be observed, therefore special
fitting procedure must be used to distinct these two
shells.

To make the fitting results more credible, Ga
K-edge spectra of three samples in R space were fitted
simultaneously. The number of atoms in the first and
second neighbor shells around Ga in all the ribbons was
set as 8 and 6, respectively. The Eyg. and Ey_g, were
fixed to 1.8 eV and 7.8 eV, respectively. Ga atoms in the
first neighbor shell of Ga atom were tested by
substituting one Ga for one Fe. Unfortunately, the
reduced y,” increases sharply when Fe atom is substituted
by Ga atoms in the first shell. Therefore it should be
concluded that there is no Ga atom in the first shell of
studied ribbons. This result is consistent with that for the
FegyGay, ribbon reported by PASCARELLI et al [12].
They concluded that the absence of first shell Ga atoms
resulted from the mechanism for the distorted crystal to
minimize the elastic energy. The absence of Ga atoms in
the first shell implied that Ga clusters did not exist in
these studied ribbons. Thus the proportion of Ga in the
second neighbor shell around Ga atoms is only fitted.
The S, of samples S;, Sip5 and S,s are fitted to be 0.5,
0.71 and 0.68, respectively. Figure 3(b) shows the results
of fitting. The Structural parameters obtained from fitting
are listed in Table 1. From these structural parameters, it
can be concluded that as the wheel velocity increases, the
number of Ga atoms in the second neighbor shell around
Ga atom decreases and the bond distance shrinks a little.
Since the substitution of Fe by Ga introduces local strain,
the interatomic second shell Ga—Ga distance (~0.3 nm) is
larger than the corresponding Fe—Fe distance of the host
lattice (~0.288 nm). In sample S;, the interatomic second
shell Ga—Ga distance reaches 0.307 nm, which is larger

than that of samples Si,5 and S,s (0.304 nm). The bond
distance change reaches 6% and indicates that a large
local strain emerges in sample S;. The number of Ga
atom in the second shell of samples Sj,s and S,s is
approximately equal to 2 while this number for sample
S; is approximately equal to 3. In HRXRD pattern of
sample S;, only three diffraction peaks of A, phase are
observed, which implies that the Ga atoms in the grain
lattice of sample S; are distributed randomly, thus the
number of Ga in the second shell should be the average
value of 1.38, but are about 3 Ga atoms in the second
shell in sample S;. This phenomenon could result from a
short-range ordering (SRO) Ga-rich phase. That is also
the reason why no superlattice reflection is observed in
the HRXRD pattern of sample S;. The SRO phase exists
in the form of nanoscale precipitate, so it could not be
observed by optical microscopy in Fig. 1 [18]. The
number of Ga atoms in the second shell of samples Si, 5
and S,s, as shown in Table 1, indicates that both the
appearance of peak at 24.6° in HRXRD pattern of Sjs
and the split of (200) peak in HRXRD pattern of S, 5 are
related to a long-range ordering (LRO) modified-DO;
phase [7]. In modified-DO; phase, there are 2 Ga atoms
in the second neighbor coordination shell. The analysis
above shows that the modified-DOj; phase is observed in
samples Si;5 and S,s. It is believed that the
modified-DO; phase exists in the form of dark dot-like
phase which is shown in Fig. 1.

3.2 Physical properties of Fe;;Ga,s ribbons
3.2.1 Magnetic properties characterization

The magnetic loops of sample S,s are shown in
Fig. 4(a). The magnetic field is applied along the length
direction and normal direction of ribbon, respectively.
Magnetization quickly saturates for the magnetic field
applied along the length direction. It indicates that there
is strong magnetic anisotropy in sample S,s. The
magnetic anisotropy includes two parts: the shape
anisotropy of ribbons and the magnetocrystalline
anisotropy due to texture. From HRXRD patterns and
rocking curve, it is known that sample S,s is of strong
(100) texture and the [100] direction orients along the
normal direction of the ribbons. Because the [100]
orientation 1is the easy magnetic axis in Fe—Ga
alloys [19], it is believed that the magnetic anisotropy in
melt-spun ribbons is mainly from the shape anisotropy

Table 1 Structural parameters obtained from fitting of Ga K-edge EXAFS

Sample R /nm Regare/nM Rgiya /1M Neaga  (01)Gare/10°0m”  (07) g 107°0m*  (62)6,/10 “nm®
S7 0.2505+0.0003  0.2893+0.0004 0.307+0.002 2.9+0.5 3.3+0.6 3.3+0.6 9+4
Sips  0.2499+0.0003 0.2886+0.0004 0.304+0.002 2.0+0.4 4.8+0.5 4.8+0.5 6+2
S»s  0.2496+0.0003 0.2882+0.0004 0.304+0.002 1.9+0.4 4.7+0.6 4.7+0.6 6+2

R, N and ¢ present bond distance, coordination numbers and Debye-Waller factor, respectively. The uncertainties are also shown (superscript I and II represent

the first and second shell, respectively)
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Fig. 4 Magnetization of sample S,s when magnetic field is
applied along length direction and along normal direction (a)
and magnetization of ribbons prepared with different wheel
velocities when magnetic field is applied along length
direction (b)

which forces magnetic moments staying within the
ribbon plane, resulting in strong demagnetizing field
along the ribbon normal direction. Similar phenomena
have been reported in Refs. [4,20].

Magnetization curves of Fe;;Ga,; ribbons with
different wheel velocities are demonstrated in Fig. 4(b).
In the measurement, magnetic field is applied along the
length direction of ribbons. It could be observed that the
saturation magnetization of sample S; is 122.2 A-m’/kg.
As the wheel velocity increases, the saturation
magnetization increases to be 124.8 A-m’/kg. This result
indicates that the SRO Ga-rich phase with more
non-magnetic atoms is of lower saturation magnetization
than that of modified-DO; phase. Therefore, the
appearance of SRO Ga-rich phase in sample S; results in
lower saturation magnetization as compared with that in
Si25 and S, ribbons.

3.2.2 Magnetostrictive properties characterization

Figure 5 shows the magnetostriction measured from
stacked ribbon samples S;, Si,5 and S,s. As can be seen,
the magnetostriction increases slowly in the low field

region, then increases dramatically and saturated. The
saturated magnetostrictions of samples S;, Sjs and
S»s reach —109x10° —149x10° and —235x10°¢,
respectively.
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¢ “2007 4 Sample Sys
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=
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=
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Fig. 5 Magnetostriction along length direction of melt-spun

Fe;;Gay; ribbons prepared with different wheel velocities

(Magnetic field was applied along normal direction of ribbons)

3.3 Discussion

In the process of melt-spinning, large temperature
gradient appear and grains grow along the direction of
the temperature gradient. The cooling rate is relatively
lower with lower wheel velocity and Ga-rich phase
produced by metastable liquid separation has sufficient
time to coagulate. With increasing wheel velocity, the
cooling rate increases by one order magnitude and the
coagulation of Ga-rich phase is suppressed [21]. At the
same time, the higher cooling rate improves the degree
of order, Ga atoms distribute along [100] orientation, i.e.,
the direction of the temperature gradient, thus LRO
modified-DO; phase appears in samples Sj;s and Sps.
However, no nearest neighbor Ga—Ga atom pairs was
detected in these studied ribbons. The absence of Ga—Ga
atom pairs results from the mechanism for the distorted
crystal to minimize the elastic energy. In modified-DO;
phase, Ga—Ga atom pairs locate at the body-centered
positions along [100] directions. The Ga—Ga atom pairs
can soften the modulus of elasticity and increase the
energy density and, therefore, enhance the
magnetostriction [22].

Compared the HRXRD patterns of the as-cast alloy
with the ribbons shown in Fig. 2(a), it is found that all
the ribbons exhibit (100) texture, but the (100) texture
dose not vary linearly with the increasing of wheel
velocity. The sudden increase of the intensity of (100)
diffraction peak in sample S,s indicates that there
probably exists a critical cooling rate to produce strong
(100) texture. Rocking curve and micrograph of sample
S,s indicate that an appropriate wheel velocity and
proper cooling rate could produce a good substitute of
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the single crystal. The structural anisotropy in the
ribbons induces magnetic anisotropy, as shown in
Fig. 4(a).

From Figs. 1, 4(b) interesting
phenomenon is found. The saturation magnetization and

and 5, an

saturation magnetostriction increases with the increase of
grain size. The enhancement of saturation magnetization
is believed to result from the emergence of SRO Ga-rich
phase. And the saturation magnetostriction is related to
the differences in preferred orientation. The saturation
magnetostriction of polycrystalline material depends
both on the magnetostrictive properties of the individual
crystals and on the arrangement way, i.e., on the presence
or absence of preferred domain or grain orientation [23].
Larger grain size and stronger grain orientation will be
helpful to obtaining larger magnetostriction.

From the discussion above, it is believed that there
are two main factors affecting the magnetostrictive
properties of F;;Ga,; ribbons, i.e., modified-DO; phase
and (100) texture. The sample S,s has the largest
magnetostrction of —235x10° due to modified DO;
phase and strongest (100) texture. On the other hand,
although modified-DOj; phase is detected in sample S, s,
the magnetostriction of this ribbon is smaller than that of
sample S,s due to the lack of strong (100) texture. In
sample S, the Ga-rich phase does not play a positive role
in enhancement of magnetostriction.

4 Conclusions

1) The microstructure of Fe;;Ga,; ribbons prepared
by different wheel velocities was characterized using
HRXRD and EXAFS. No Ga cluster was detected in the
studied ribbons. A SRO Ga-rich phase and large (6%)
local strain were detected in sample S, but they have no
remarkable influence on the magnetostrictive properties
of Fe—Ga ribbons.

2) As the wheel velocity increases, modified-DO;
phase appears in samples Sj;s and S,s due to high
cooling rate. In modified-DO; phase, Ga—Ga atom pairs
locate at the body-centered positions along [100]
direction. Stronger (100) texture is found in sample Sy,
and the [100] orientation is parallel to the ribbon normal
direction.

3) Both the modified-DO; phase and (100) oriented
texture play a positive role in the magnetostrictive
properties of Fe;;Gay; ribbons. The magnetostriction of
-235%10°% is obtained in sample Sys.
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