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New-generation magnetostrictive applications in micromanipulation instruments, torque sensing, and trans-
ducers require materials that offer a combination of large magnetostriction and good structural properties.
Fep0—.Ga,-based (x = 17-19) alloys are potential candidates. In this work, the solidification behavior of
Tb-doped FeGa alloys is investigated by theoretical simulation and experimental observation; directional solid-
ification parameters are optimized to obtain the largest solid solubility of Tb while keeping the (100) preferred
orientation. The multiscale evolution of the structure with Tb additions that enhances both magnetostriction and
tensile properties is systematically studied in alloys prepared under optimal directional solidification conditions.
Magnetostriction of 387 ppm is accompanied by a remarkable tensile fracture strain of 12.5% in 0.05 at.% Tb-
doped Feg;Ga,q. The values represent an improvement of ~29% in magnetostriction and a sixfold enhancement
in tensile fracture strain compared with undoped binary Feg;Ga,o. The increase in magnetostriction is attributed
to the higher density of tetragonally modified D03 nanoinclusions induced by traces of Tb. The enhancement in
ductility is explained by the dislocation concentration around the submicron-scale Tb-rich precipitates which can
effectively hinder their motion. The FeGa alloys doped with traces of Tb can be easily processed to thin sheets
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or wires and are likely to be extensively applied because they contain only traces of rare earths.
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I. INTRODUCTION

Magnetostrictive materials have attracted considerable
attention due to their increasingly important role in
micromanipulations, torque sensing, liquidometers, and
ultrasonic transducers [1-6]. Their performance has been
gradually optimized in recent decades [1,2,7,8]. For a long
time, a large magnetostriction and excellent ductility were
contradictory requirements. The Fe/Ni-based alloys possess
superb ductility, allowing them to be processed to thin sheets
and wires [9-13], but their magnetostriction does not exceed
100 ppm, which precludes applications where a large value
is required. The (TbDy)Fe, alloys have been found to offer
giant magnetostriction of over 1000 ppm with minimum
cubic anisotropy, but at a high cost for the heavy rare earths
[8,14,15]. Furthermore, the brittleness of the Laves phase
alloys mean that they fracture in tension and cannot be
processed into other shapes. They are used in the form of
oriented rods prepared by directional solidification [3,16]. A
severe problem for magnetostrictive materials during normal
operation is eddy-current loss in high-frequency alternating
magnetic fields, which is proportional to the thickness
of the magnetostrictive laminations. Sheets or wires have
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advantages in many applications. For example, high-power
ultrasonic transducers based on magnetostrictive sheets can
play a key role in nondestructive flaw detection, thanks to the
low eddy-current loss. Another example is the liquid level
sensor, which requires wires with large magnetostriction, so
a combination of large magnetostriction and good ductility
is essential. Therefore, combining large magnetostriction
with significantly better mechanical properties and low cost
is a significant step towards realizing devices that integrate
structural integrity and magnetostrictive functionality [1,4].
Figure 1 illustrates the payoff between magnetostriction and
mechanical properties of the materials we discuss, and it
situates the Fe-Ga alloys doped with traces of Tb that we have
prepared in the present work [7,11,17-26].

The RE-free FeGa magnetostrictive alloys, discovered in
2000, offer a combination of large magnetostriction (approxi-
mately 300 ppm for Feg; Ga9 single crystals [27]) and moder-
ate fracture strain (~0.3% for polycrystals and ~2% for single
crystals [22,28,29]). Moreover, the saturation field of all FeGa
rods is rather low (<300 Oe) [23,30]. These advantages make
the alloys interesting for new-generation magnetostrictive ap-
plications. Even so, their ductility is insufficient for some
processes such as rolling, forging, and wire drawing, and
a still larger magnetostriction would be welcome. Boron or
carbide (NdC, TaC) dopants improve the magnetostriction
and mechanical properties simultaneously, but the gains are
not large [21,24,31-36]. Alloying p or d elements such as
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FIG. 1. Summary of measured magnetostriction and tensile frac-
ture strain for common Fe-based magnetostrictive materials and
Terfenol-D. SC: single crystal.

Mn, Mo, Co, Ni, Al, and Zn can significantly enhance the
mechanical properties, but generally do nothing to improve
the magnetostrictive performance [34,35,37-39]. Recent re-
search has concentrated on the surprising effects of trace
rare-earth (RE) doping [40,41], and it has been discovered that
the magnetostriction can be enhanced to more than 600 ppm
in melt-spun FeGa ribbons containing Pr, Tb, Dy, or some
other rare-earth elements [41-43]. This enhancement has been
attributed to the tetragonal distortion of the matrix induced by
the solid solubility of traces of RE atoms [41-45]. Besides the
significant improvement in magnetostriction, RE simultane-
ously benefits the mechanical properties. In as-cast FegzGay
alloy, a 0.2 at.% addition of Tb or Y can induce a transition
from brittle to ductile fracture, with a tensile strain of 4%,
nearly ten times larger than binary polycrystalline material
[18,29]. The simultaneous improvement in magnetostriction
and ductility opens some new possibilities for applications.
Oriented rods are required for FeGa alloy-based actuators be-
cause the magnetostriction of FeGa is anisotropic and largest
along the (100) directions [3,23,46,47]. Directional solidifi-
cation (DS) is the key technology for preparing rods with the
necessary orientation, so RE doping has to be incorporated.
This is the focus of our work: we first investigate the evo-
lution of microstructure and magnetostriction under different
withdrawal rates in order to determine the optimal conditions
by simulation and experiment. Then we prepare Feg;Ga;7 and
Feg1Gayg alloys with different small Tb concentrations under
optimal conditions and study the variation of magnetostriction
and tensile properties. Finally, we explain the mechanism
whereby traces of Tb simultaneously enhance magnetostric-
tion and ductility, acting on quite different length scales, and
discuss the implications for magnetostrictive applications.

II. EXPERIMENTS

Master alloys
(Feg3Gay7) 100 Tby
(Feg1Gayg) 00— Tby

with nominal atomic composition
(x =0,0.05,0.1,0.2,0.5) and
(x=20,0.05,0.1) were prepared by

vacuum arc melting under Ar atmosphere. Mixtures of
constituent elements with purity greater than 99.99% were
melted with a 2% excess of Ga. Ingots were remelted four
times to ensure homogeneity and then cast in a chilled
copper mold to obtain master rods with a diameter of 7 mm
and length of about 150 mm. Directional solidification at
growth rates of 25, 3000, and 6000 mm/h was predicted
using PROCAST software, which allows the modeling of
thermal heat transfer including radiation fluid flow with the
thermal solution using the finite-element method (FEM). The
simulation parameters of Fe-Ga alloys are selected from the
report by Elliott et al. [48].

Directional solidification was used to prepare Tb-doped
(Feg3Gay7)999Tbg; rods at withdrawal rates of 25, 500,
1500, 3000, or 6000 mm/h. Liquid metal with chemical
composition Gagg sIny; 5Sng fills the water-cooled cylinder,
where it has no influence of the chemical compositions of
the master rods but can create a large temperature gradi-
ent near the solid-liquid interface because its thermal con-
ductivity coefficient is as large as ~16.5W/mK~!. A se-
ries of (Feg3Gaj7)i00—xIb, (x =0,0.05,0.1,0.2,0.5) and
(Feg1Gayg)100—xThy (x =0,0.05,0.1) as-cast rods were di-
rectionally solidified with a FeGa (100) single-crystal seed at
the bottom, using optimal parameters determined by theoret-
ical simulation and previous experiments. The cross-section
and longitudinal section surfaces of the rods were ground,
polished, and etched with a dilute acid solution (7 ml HCI, 3
ml H,O,, and 20 ml H,O) to reveal the microstructure, which
was observed by optical microscopy and JEOL JXA-8100
Electron Probe Microanalysis (EPMA). The average size of
the precipitates was analyzed using NANOMEASURE software,
and their volume fraction was analyzed by image-recognition
technology applied to the EPMA images. The chemical phase
compositions were determined with an energy dispersive
spectrometer (EDS) in the EPMA. The crystal structure and
orientation were identified with a D/max 2500 x-ray diffrac-
tometer (XRD) using Cu-K, radiation (A = 154.18 pm) at a
scanning speed of 6°/min. The microstructures of the alloys
were examined in more detail by JEOL JEM-2100F transmis-
sion electron microscopy (TEM). The TEM specimens were
prepared from ~100 um slices of the rod that were mechani-
cally ground to about 50 pm thick, and thinned by ion milling.
Magnetostriction was measured by the standard strain gauge
method along the growth direction. Two-dimensional phase-
field simulation is performed to explain the mechanism of en-
hanced magnetostriction in the Tb-doped alloys, considering
both magnetization field and composition field. The lattice pa-
rameters of the modified-D03 nanoinclusions are determined
from first-principles calculations to be a = 0.2861 nm and
¢ = 0.2867 nm [42], and Tb solid solution effect on the lattice
parameters of modified-D0; nanoinclusions is ignored be-
cause the solubility of Tb is very low. Detailed information on
the phase-field simulation method is given in Ref. [42]. Spec-
imens for tensile tests with dimensions 10 mm (length) x 4
mm (width) x 1 mm (thickness) were cut by the electric-spark
method along the directional solidification direction. Room-
temperature tensile tests were carried out on a computer-
controlled Instron-8801 testing machine at a constant stain
rate of 1 x 10~*s~! and the fracture surfaces were examined
using scanning electron microscopy (SEM). One rod with
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FIG. 2. (a) Finite-element mesh of the rod. The (b) simulated solid-liquid interface morphology, (c) growth process, and (d) temperature

contour at the withdraw rates of 25, 3000, and 6000 mm/h.

chemical composition (Feg;Gajg)gg9sTbgos was forged at
1270 K to reduce the thickness to 15 mm. After hot soaking
at 1270 K for 1 h, the forged samples were then hot rolled at
1270 K, giving a 70% reduction to a thickness of ~1.7-2 mm.
Subsequently, a warm rolling at 720 K was performed to pro-
duce a sheet with a thickness of 0.6 mm. After an intermediate
annealing at 770 K to release the stress, the sheets were rolled
to be thinner than 0.1 mm at room temperature.

III. RESULTS AND DISCUSSION
A. Evolution of directional solidification behavior

In 2008, Lograsso et al. investigated the Ga dependence
of the magnetostriction in Fejp_,Ga, (x = 0-35) single
crystals, observing two magnetostriction peaks appearing in
the composition ranges of x = 17-19 and x = 28-30 [27].
The x = 17-19 alloys are more favorable for future applica-
tion as magnetostrictive materials because they have similar
magnetostriction and contain less costly gallium. Therefore,
Feg3;Ga7 and Feg;Gajg9 compositions were selected to inves-
tigate the microstructure and properties in this work.

It is well known that the morphology of the solid-liquid
interface plays a key role in crystal growth during directional
solidification. A convex interface (for the vertical Bridgman
method, the liquid phase is above and the solid phase below)
is beneficial to weed out misoriented crystal grains and it
is usually adopted for single-crystal growth [49]. A con-
cave interface will induce chaotically directed growth and
this leads to randomly orientation material [50]. A planar
interface allows the grains to grow stably and maintain their
orientation. Moreover, the chemical composition can be ho-
mogeneous over the cross-section surface [49,50]. Therefore,
controlling the liquid-solid interface is the key to obtaining
a (100) preferred orientation in Fejp_Ga, (x = 17, 19) DS
rods. In order to forecast the thermal profiles and the solid-
liquid interface morphology, we used PROCAST to simulate
geometries with the rotational symmetry of the casting, as
seen in Fig. 2(a). The critical model parameters are summa-
rized in Table I. A unique aspect of the simulation is the
use of a location-dependent boundary condition to simulate
interaction of the mold with the heater, insulating layer, and
coolant. The simulated solid-liquid interface morphologies at
withdrawal rates of 25, 3000, and 6000 mm/h are shown in
Fig. 1(b). The interface remains planar at withdraw rates of
up to 3000 mm/h, and changes to concave at 6000 mm/h.
According to solid-liquid interface morphologies, the crystal-
growth process can be simulated as shown in Fig. 1(c). For

the first two rods in Fig. 2, the interface advances with a
planar morphology, while the interface gradually becomes
more concave during growth in the last rod. The followed
experiments also support these results.

The predicted distribution of temperature during the DS
process is shown in Fig. 2(d). The shape of the isothermal
lines is consistent with the solid-liquid interface morphology.
They are straight for withdrawal rates of 25 and 3000 mm/h,
and concave for withdrawal at 6000 mm/h. The solidification
rate (V) can be calculated from the withdrawal rate (R) and
the temperature gradient (G) near the solid-liquid interface
by [45,50,51]

V =RG,, ey

where G, is obtained from the temperature field distribution
results in Fig. 2(d). The solidification rate V at different
withdrawal rates is summarized in Table II. The solidification
rate at 25 mm/h is only ~0.8 K/s, which is close to the
rate of cast processing. When the withdrawal rate exceeds
3000 mm/h, the solidification rate can reach 100 K/s and it
enters the region of subrapid directional solidification [45]. An
increase of V may lead to a higher content of dissolved Tb and
improves the magnetostrictive performance in the Tb-doped
FeGa alloys [40,41,43,45,52].

In order to verify the simulation results,
(Feg3Gay7)99.9Thg ;1 DS rods (without a FeGa (100) seed at the
bottom) were prepared at withdrawal rates of 25, 500, 1500,
3000, and 6000 mm/h. Another rod with the same chemical
composition was prepared by arc melting and subsequent

TABLE I. Model parameters for solidification modeling [48].

Thermophysical properties

Liquidus temperature 1750 K
Solidus temperature 1700 K
Rod thermal conductivity 80Wm'K!
Mold thermal conductivity 2.5Wm~'K™!
Interface heat transfer

coefficients
Rod mold 200Wm2K™!
Mold heater 0 (emissivity = 0.4)
Mold insulating layer 500Wm—2K™!
Mold coolant 4000 Wm—2K™!
Run parameters
FE mesh size 0.5 mm
Nodes 542539
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TABLE II. Simulated temperature gradient and calculated cool-
ing rate at different withdrawal rates.

Withdrawal rate Temperature gradient Cooling rate

(mm/h) (K/mm) (K/s)
25 109.4 0.8
3000 129.6 108.1
6000 128.1 2135

casting into the copper mold without DS for comparison.
Microstructural images of these rods are shown in Fig. 3.
Figures 3(a)-3(e) show the macrostructural morphology of
longitudinal sections of the rods observed in the optical
microscope. For the as-cast rod, the fine grains grow towards
the edge of the rod because the latent heat is mainly dissipated
through the cold copper mold during solidification. The
as-cast rod is generally isotropic and no preferred orientation
can be achieved. For the rod grown at 25 mm/h, only one
large grain and almost no grain boundaries can be seen in
the longitudinal section surface, which suggests that the
solid-liquid interface is absolutely planar and the specimen
grows stably to be almost single crystal. When the withdrawal
rate increases to 500 mm/h, several straight columnar
grains are observed, indicating quite stable growth but some
interfacial instability. The columnar grains are mostly at
inclined angles to the growth direction, and the ones with
suitable crystallographic orientations can grow significantly
in the columnar region. When the withdrawal rate reaches
3000 mm/h, the morphology of columnar grains is retained
but the grains are refined and more crooked compared with
those in the 500 mm/h rod. However, when the withdrawal
rate is doubled to 6000 mm/h, the morphology of columnar
grains is thoroughly destroyed and fine grains are distributed
over the longitudinal section surface. Stable crystal growth
cannot be achieved in this case. The optical morphology above
agrees with the simulated results, indicating that the choice of
parameters in the PROCAST simulations is reasonable.

The evolution of microstructure and crystal orientation
are analyzed through backscattered electron (BSE) im-
ages and x-ray diffraction (XRD) patterns, respectively.
Figures 3(f)-3(h) shows the BSE images of the as-cast alloy

Volumn fraction of

and the cross-section surface of DS rods grown at 25 and
3000 mm/h. For the as-cast alloy, white precipitates are
distributed inside the grains and along the grain boundaries.
These precipitates possess a hexagonal Th,Zn,7-type crystal
structure with space group Rm [29,53]. For the DS rods, both
volume fraction and precipitate size decrease significantly
compared with the as-cast rod. The precipitates are dispersed
throughout the rods. The average size and volume fraction of
precipitates are summarized in Fig. 3(i). The former decreases
from ~0.9 to below 0.4 um when the withdrawal rate is
increased from 25 to 6000 mm/h, and the latter decreases
from approximately 0.12% to 0.08%. Excellent mechanical
properties require small, well-dispersed precipitates [45,52],
while improved magnetostriction demands more solid solu-
tion of Tb [45,54]. The evolution of average size and volume
fraction of precipitates indicated by the BSE images may
therefore lead to a simultaneous improvement in structural and
functional properties.

XRD patterns of the cross-section surfaces of the rods are
shown in Fig. 4(a). The diffraction peaks can be indexed in
the body-centered-cubic A2 structure for all the specimens.
Although the A2 and D03 phases can both be formed accord-
ing to the previous studies and have similar body-centered-
cubic (bce) lattice structures [27,55,56], our TEM confirms
the A2 structure of the matrix for all of the alloys in this
work (Sec. IIIDI1). No additional diffraction peaks can be
observed since the size and volume fraction of precipitates is
extremely small. With increasing solidification rate, the (200)
diffraction peak of the A2 matrix gradually shifts to lower
angles [as shown in the enlarged figure in Fig. 4(a)], indicating
an increase in lattice parameter. The chemical compositions
of both matrix and precipitates determined by EPMA confirm
that the compositions of the two phases stabilize around
Feg3Gay; and Feg)GaspTbyg and that their compositions do
not depend on the withdrawal rate. Since the composition
of the matrix remains almost unchanged, the shift of the
(200) peak suggests that more Tb atoms are dissolved in the
matrix, in accordance with the reduced volume fraction of
precipitates shown in Fig. 3(i). So increasing the withdrawal
rate is an effective method to improve the solid solubility of
Tb. Here the diffraction peak intensity ratio /119/loo is used
to evaluate the degree of (100) orientation because (110) and
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FIG. 3. (a)-(e) Macrostructure of the longitudinal section surface for as-cast and DS (Feg3Ga;7)999Tbg; rods; the dashed line in (e)
indicates the shape of the solid-liquid interface during the DS process. (f)—(h) Backscattered electron images of the cross-section surface
for as-cast and DS (Feg3Ga;7)999Tby | rods: (f) as-cast, (g) R = 25 mm/h, and (h) R = 3000 mm/h. (i) The withdrawal rate function of the
average size and volume fraction of the Tb-rich precipitates in DS (Feg;Ga;7)999Tbg 1 rods.
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the lattice parameter a for (FegzGa;7)99.9Tbg; DS rods.

(200) are the two main A2 diffraction peaks in Fejgo_Ga,
(x = 17, 19). The dependence of the peak intensity ratio and
lattice parameter a on the withdrawal rate is summarized
in Fig. 4(b). The lattice parameter exhibits a linear increase
due to the linear relation between withdrawal rate and solid
solubility of Tb. The I119/hoo ratio also increases linearly
with withdrawal rate, indicating gradual deterioration of the
(100) orientation. For the rods grown at 3000 mm/h or less,
the ratio is less than 1, indicating that (100) orientation is
preferred. When the withdrawal rate increases to 6000 mm/h,
the columnar grain morphology disappears so the 1119/l
value increases significantly but it remains three times less
than that of the as-cast rod, which is marked by the red solid
line in Fig. 4(b). The (Feg3Gai7)99.9Thy, rods prepared by DS
are anisotropic despite quite different grain morphologies, and
a significant (100) preferred orientation can be realized in an
appropriate processing range.

The magnetostrictive properties of the as-cast and DS
rods were measured along the longitudinal direction using
the standard strain gauge method. Optimal magnetostriction
requires several tens of MPa precompressive stress to ini-
tialize the magnetic domain state (this is called the stress

effect on magnetostriction) [30,57,58]. Here we measured
magnetostriction in the stress-free condition and under 30
MPa, as shown in Figs. 5(a)-5(f). A summary of magne-
tostriction is provided in Fig. 5(g), where three regions, i.e.,
(I) enhanced region, (II) stable region, and (III) declining
region, are indicated by different colors. In region I, the
excellent (100) orientation and increasing Tb solid solubility
lead to a significant increase of magnetostriction from ~160
to ~220 ppm. In region II, more Tb is dissolved in the matrix
and it improves the magnetostriction further, but the (100)
orientation is gradually degraded. These opposite influences
stabilize the magnetostriction here at around 215 ppm. In
region 111, the destruction of (100) orientation sharply reduces
the magnetostriction to ~100 ppm.

We find that the (100) orientation can be improved by
placing a (100) single-crystal seed at the bottom of the master
rod during DS, providing the grains maintain a stable axial
growth (this method is called SDS). A withdrawal rate of 3000
mm/h [as marked by the arrow in Fig. 5(g)] is considered to
be optimal to prepare FeGa-Tb magnetostrictive rods with a
seed crystal because the Tb solubility is largest, with relatively
good (100) orientation.

250
200 (a) As-cast (b) 25 mm/h ® —~240 | 1
g As=90 ppm 30 MPa <— Selected rate
a.| 5ot 100 0e 0 220+ for SDS method
2| 100 30 MPa Q
et : 0 MP = = 200}
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FIG. 5. (a)-(f) Measured magnetostriction curves under the stress-free condition and under compressive stress of 30 MPa for as-cast and
DS (FegzGay7)99.9Thg rods. (g) The withdrawal rate dependence of the largest measured magnetostriction.
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concentrations is also exhibited in (j) for comparison. (k) Room-temperature x-ray diffraction patterns for (Feg;Ga7)100—. Tb, (x = 0-0.5) and
(Feg1Gayg)100—xTh, (x = 0—0.1) SDS rods with the x rays incident on the cross-section surface. The inset shows the evolution of the lattice

parameter with the Tb content of the SDS rods.

B. Microstructure of SDS FeGa-Tb alloys

Rods of two FeGa alloys systems: (FegzGaj7)i00—xTby
()C = O, 005, 0.1,0.2, 05) and (FeglGalg)loo_bex
(x=20,0.05,0.1), are prepared by the SDS method. For
convenience, the alloys are denoted as Gal7-x and Gal9-x,
where x expresses the percentage of Tb atoms.

Figures 6(a)-6(e) shows the macromorphologies of the
longitudinal section of Gal7-x (x = 0-0.5) SDS rods grown
at 3000 mm/h. Obviously, straight columnar grain morpholo-
gies are observed for all of them, whatever the Tb content. The
Tb concentration does not change the crystal-growth process.
The morphology of the solid-liquid interface is frozen by
rapid quench at the rate of 72000 mm/h (2 x 10* um/s), and
the interface morphology of an x = 0.1 rod is illustrated in

Fig. 6(f). The lower part shows the columnar grains formed
during the SDS process, and the upper part is the master rod.
The solid-liquid interface marked by the yellow dashed line
is obviously planar. Similar grain morphologies are observed
in Gal9-x (x = 0-0.1) rods. The planar interface provides the
opportunity for stable crystal growth.

BSE images in Figs. 6(g)-6(i) show the longitudinal sec-
tions of Gal7-0, Gal7-0.1, and Gal9-0.5 rods. For the bi-
nary alloy, a single-phase microstructure is confirmed by the
homogeneous color of the image. When a small amount of
Tb is added, dispersive Tb-rich precipitates in the submicron-
size range are formed in the A2 matrix. With the increas-
ing concentration of Tb, the volume fraction and size of
the precipitates increase. Figure 6(j) summarizes their Tb

033401-6



MULTISCALE INFLUENCE OF TRACE Tb ADDITION ON ...

PHYSICAL REVIEW MATERIALS 3, 033401 (2019)

00
350{(a)Gal7-0
o 200 Oe

(b)Ga17-0.05 ©)Ga17-01 30 MPa

30MPa | [ ommmmmecccnn

30 MPa

A5=296 ppm 2As=328 ppm

0 MPa 0 MPa

0 MPa

0 400 800 1200 0 ) 400 800 1200

f@catro2

1200 0 400 800
(e)Ga17-0.5

30 MPa 30 MPa

250} gy,

0 MPa

12249 0 MPa
100 —
of o eem (=221 ppm

0 400 800 1200 0 400 800 1200

anof(f)Ga19-0
350 30 MPa

(h)Ga19-0.1

Magnetostriction (ppm)

0 MPa

= 1s=308 ppm ¢ 1.=387 ppm g %.=335 ppm

100 0MPa 0MPa 0MPa

0 400 800

1200 0 400 800

Magnetic field (Oe)

1200 0 400 800 1200

@ Feg;Ga,; single cristal [60]

% Feg Ga,4 single crystal [23] Tb content (at. %)

0 1 I
-

" 200 -

-
(=] A
o o
1 1

A
o
1

Ga17-as-cast [29]
02 03 04

Magnetost

0.0 0.1 0.5

FIG. 7. (a)-(h) Measured magnetostriction curves under the stress-free condition and the compressive stress of 30 MPa for
(Feg3Gay7)100—Th, (x = 0—0.5) and (Feg; Gaj9)100— Ty (x = 0—0.1) SDS rods. (i) Tb content function of largest measured magnetostric-
tion for as-cast (Feg3Gay7)i00—.Tby (x = 0-0.5) alloys (the data is from Ref. [29]), SDS (Feg3Gay7)100—Tby (x = 0-0.5) rods, and SDS
(Feg1Gajg)100—xTb, (x = 0 — —0.1) rods. The magnetostriction of Feg;Ga;; and FegGa;g single crystals is also exhibited; data is extracted

from Refs. [60] and [23], respectively.

dependence, and they are compared with those in as-cast
alloys from Ref. [29]. The precipitate size exhibits a positive
correlation with Tb content, and finally settles at approxi-
mately 1.0 um when x exceeds 0.5. The volume fraction of
precipitates in SDS rods and as-cast alloys both exhibit a
linear relation with Tb content. Although traces of Tb can
enter the lattice, the solid solubility can never be great due
to the large difference in atomic radius between Tb and Fe or
Ga. The vast majority of the Tb forms Tb-rich precipitates, so
the volume fraction of precipitates has a linear relation with
Tb content. The remarkable reduction of the volume fraction
suggests that more Tb atoms are in solution in the SDS rods
compared with the as-cast alloys while the overall chemical
composition remains unchanged, due to the higher solidifi-
cation speed of the SDS method. Moreover, the precipitates
basically distribute along the crystal-growth direction, which
is marked by the yellow arrows in Figs. 6(h) and 6(i). The
reasons are discussed in Sec. IIID 2. XRD patterns of the
cross section are performed to analyze the crystal orientation
and lattice parameters. All the Gal7 and Gal9 SDS rods
possess a satisfactory (100) orientation since (200) is the
only prominent diffraction peak and the (110) and (211) peak
intensities are almost negligible. The crystal lattice expands in
Tb-doped rods compared with Tb-free rods in both Gal7 and
Gal9 alloy systems, as shown in Fig. 6(1).

In summary, the microstructural analysis has proved that
highly (100)-orientated FeGa-Tb rods can be prepared by
placing a (100) seed on the bottom of the master rods and set-
ting the withdrawal rate at 3000 mm/h. Fine precipitates with
submicron sizes are formed by trace Tb addition, and they
distribute dispersively parallel to the crystal-growth direction.

C. Magnetostrictive and tensile mechanical properties
of SDS FeGa-Tb alloys

Figures 7(a)-7(h) shows the magnetostrictive measurement
curves for Gal7 and Gal9 SDS rods along the growth direc-

tion in the free state and under the precompressive stress of 30
MPa. Here we only compare the maximum magnetostriction
actually measured rather than the 1.5 times of the measured
magnetostriction in the stress-free state because the initial
direction distribution of magnetic domains is random and the
measured maximum magnetostriction under precompressive
stress is always lower than the calculated value [27,45,59].
For practical applications, it is the measured magnetostriction
that counts, which is the one we choose to compare. The
Tb dependence of magnetostriction measured under 30 MPa
is summarized in Fig. 7(i); the corresponding values for a
Feg3Gai7 single crystal [60], a Feg;Gajg single crystal [23],
and (Feg3Gaj7)100—x T, as-cast alloys [29] are also marked in
the figure in order to make the comparison. On transformation
from an isotropic system (as-cast alloys) to an anisotropic
system (SDS rods), the magnetostriction undergoes a re-
markable improvement, establishing the benefit of seeded
directional solidification. The magnetostriction reaches 224
and 308 ppm in the binary Feg3;Ga;; and Feg;Ga,9 orientated
rods, respectively. The two values are close to that of a
binary (001) single crystal with the same chemical compo-
sition [23,60], showing that the existence of grain bound-
aries parallel to the growth direction does not decrease the
performance significantly. When traces of Tb are doped into
the FeGa alloys, magnetostriction reaches 328 and 387 ppm
for the Gal7-0.1 rod and the Gal9-0.05 rod, respectively.
These values are higher than the binary single crystals, but
beyond a certain Tb content, the magnetostriction starts to
fall off.

We mentioned in Sec. I that FeGa binary alloys are brittle
solid solutions, where the tensile fracture strain can reach
only ~0.3% [18,29] and 2% [22], respectively, for as-cast
polycrystalline and single-crystal samples. In previous work,
we discovered that an appropriate density and morphology
of Tb-rich precipitates can significantly improve the tensile
fracture strain in as-cast FeGa magnetostrictive alloys as the
material transforms from a brittle single-phase alloy to a
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FIG. 8. (a)-(h) Tensile stress-strain curves for (Feg3Ga7)100—Tb, (x = 0—0.5) and (Feg;Gajg)100—Tb, (x = 0—0.1) SDS rods measured
at room temperature. (i) Tb content function of tensile fracture strain for as-cast (Fes3Ga;7)100—xTb, (x = 0—0.5) alloys (the data is from Ref.
[29]), SDS (Feg3Gaj7)100—xTby (x = 0—0.5) rods, and SDS (Feg;Gajg)100—Tb, (x = 0—0.1) rods. The tensile fracture strain of a binary single
crystal is exhibited by the dashed line; the data is extracted from Ref. [22].

ductile dual-phase alloy [38,52]. Here, the tensile measure-
ments are performed for all the rods along the (100) direction.
Figures 8(a)-8(h) shows the tensile stress-strain curves of all
the Gal7 and Gal9 directionally solidified specimens, and
the corresponding fracture strains are indicated below each
curve. Plastic behavior appears in most specimens except
Gal7-0.5. However, a zigzag shape is seen in the plastic range
which is different from the as-cast FeGa(-Tb) alloys [29]. The
reason is discussed later. Since the yield strength and ultimate
tensile strengths for all the specimens are concentrated around
~300-350 MPa and ~400-450 MPa, respectively, only the
fracture strain of each specimen is summarized and compared
with the as-cast alloys in Fig. 8(i). For Gal7 and Gal9 SDS
rods, the fracture strains are almost equal for as-cast alloys
and SDS rods when the Tb addition is the same. The fracture
strain for the binary oriented rods is just over 2%, which is
close to the performance of the binary single crystal [22,61].
When a little Tb is added into the binary system, the fracture
strain shifts up to over 10%, accompanied by the formation
of submicron-sized precipitates. The 12.5% strain obtained
in the Gal9-0.05 SDS rod is over 40 times larger than that
in the binary as-cast alloy. At a Tb content of 0.1 at.%, the
fracture strain is still over 5% and the ductility of SDS rods is
significantly superior to that of as-cast alloys. However, with
further increase of Tb content, the fracture strain falls sharply
and the values almost overlap with the as-cast alloys. In
Fig. 8(i), a purple dashed line marks brittleness and ductility,
which correspond to the tensile fracture strain of a FeGa single
crystal [22]. Obviously, the SDS method broadens the range
of Tb content for high ductility. Moreover, the yellow block,
which denotes the ductile region, surrounds the performance
peak for SDS rods. Here the superb tensile fracture strain
is quite enough for further processing and regular operation
under pressure. Our results indicate that an appropriate den-
sity of precipitates is good for ductility and the best tensile
properties.

D. Discussion

From Figs. 7(i) and 8(i), it can be seen that the magne-
tostriction and ductility of FeGa-Tb alloys can be simultane-
ously optimized when the Tb concentration is around 0.05—
0.10 at.%. For the Ga19-0.05 alloy, the magnetostriction and
tensile fracture strain reach 387 ppm and 12.5%, respectively.
Therefore, we have a practical magnetostrictive material with
minimal RE content, which offers a remarkable combina-
tion of structure and function that opens the prospect of
widespread applications. Two main issues are now discussed:

(1) Why is the magnetostriction improved when traces of
Tb are added in the SDS rods?

(2) Why is ductility so large in the Tb-doped SDS rods?

In order to answer these questions, we have investigated the
crystal structure and phase structure in detail to understand the
relevant microstructural factors.

1. Mechanism for improved magnetostriction

According to the metastable binary Fe-Ga phase diagram
[62], both A2 and DOs phases are expected to appear in
FegsGa; and Feg Gajg alloys. Recent investigations have
established that modified-D03 (L6 structure) nanoinclusions
may also exist in the matrix, and the enhanced magnetostric-
tion of FeGa is now believed to originate from a tetrago-
nal distortion in the matrix induced by these modified-D03
nanoinclusions [43,63—-67]. The lattice structures of the three
phases are shown in Figs. 9(a)-9(c). The A2 phase has a
body-centered-cubic (bce) structure with randomly distributed
Ga atoms, while the Ga atoms in the cubic DO; phase have
a preferred occupation site along two perpendicular (110)
directions. The modified-DO0s phase has a tetragonal structure
with two Ga-Ga nearest-neighbor pairs distributed along the
same (001) direction [43]. Even so, the lattice parameters
of the three phases are very close, so they are difficult to
distinguish by XRD. We have confirmed by TEM analysis that
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FIG. 9. (a)—(c) Lattice structures for (a) A2 phase, (b) DO; phase, and (c) modified-DO; phase with the composition of Fe;Ga. (d)—(f)
Simulated electron diffraction pattern viewing from the (111) direction for (d) single A2 phase, (e) mixture of A2 phase and D05 phase, and
(f) mixture of A2 phase and modified-DO0; phase. (g) High-resolution electron microscopy morphology of the Gal9-0.05 SDS alloy viewed
from the (111) direction. (h) The corresponding fast Fourier transform (FFT) pattern for the region in (g). (i) The inverse fast Fourier transform
(IFFT) figure obtained by using the four weak (011) superlattice reflections as a mask to filter the HREM image in (h).

it is the tetragonally modified-DO03 phase rather than the cubic
DO; phase that coexists with the A2 matrix. In Fig. 10(a),
the selected area electron diffraction (SAED) pattern of [100]
zone axis for the binary Gal9-0 alloy shows a clear char-
acteristic of a single A2 structure marked by the absence
of superlattice spots in the patterns. When doping with Tb,
superlattice spots appear in the SAED pattern, as shown in
the inset of Fig. 10(d). This means that an ordered phase
appears in the alloy. Two pieces of evidence prove it is the
modified-D0; phase rather than the cubic D03 phase. First,
the cubic phase exhibits relatively negative magnetostriction
along the (100) directions [46], so its presence should de-
grade magnetostriction of FeGa alloys rather than enhance
it, as is the case with 0.05 at.% Tb dopant (20% increase).
Second, the electron diffraction patterns for A2 4+ D03 and
A2 + modified-D0s phases are significantly different when
viewed along the (111) direction. The simulated diffraction
patterns are shown in Figs. 9(d)-9(f), and is compared with
the experimental results in Fig. 9(h). No superlattice diffrac-
tion spots should appear for the A2+ DO; phases, while

(011)-type superlattice reflections will appear when A2 and
modified-D0; phases coexist. High-resolution TEM images
and the corresponding fast Fourier transform (FFT) spectrum
along (111) are used to confirm the phases, as shown in
Figs. 9(g) and 9(h). Obviously, the FFT result is in accordance
with Fig. 9(f), indicating the coexistence of the A2 phase and
modified-D0; inclusions. The absence of the D03 phase is
attributed to the rapid cooling rate during the SDS process.
Since the size of modified-D03 inclusions is generally less
than 10 nm, the lattice parameter difference between A2 and
modified-D0; phases is tiny, so it is difficult to recognize the
location and distribution of modified-D03 inclusions without
the inverse FFT analysis shown in Fig. 9(i). Four weak (011)
superlattice reflections resulting from the modified-DO0s inclu-
sions are used as a mask to filter the HREM image; therefore,
the areas with high intensities (shown by blue and red color
in the figures) in the inverse fast Fourier transform image
clearly show the positions of the modified-D0O; inclusions,
as presented by the white circles in Fig. 9(i). Figure 9(i) is
similar to the dark-field image; the homogeneous green color
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FIG. 10. (a)-(c) TEM image, HRTEM image, and IFFT patterns of Gal9-0 SDS rod. (d)—(f) TEM image, HRTEM image, and IFFT
patterns of the Gal9-0.05 SDS rod. (g)—(i) HRTEM images and IFFT patterns of matrix nearby a precipitate in the Ga19-0.05 SDS rod.

means no contribution to the (011)-type superlattice spots
selected as masks for the inverse FFT image. Therefore, the
IFFT image can effectively reflect the size and distribution
of modified-D03 inclusions, as marked by the dotted white
circles in Fig. 9(i).

The modified-D0; inclusions are tetragonally distorted
along a (001) direction, so the TEM images are next viewed
along [001]. The difference is the appearance of (001)-type
superlattice spots in Fig. 10(d) but the absence in Fig. 10(a),
which is associated with the addition of Tb. For the HREM
image of Gal9-0 alloy in Fig. 10(b), the FFT spectrum of re-
gion 1 shows no superlattice reflection, but the FFT spectrum
of region 2 shows the appearance of superlattice reflections.
The FFT spectrum of the whole region in Fig. 10(b) is placed
at the bottom right where weak superlattice spots can be
observed overall. In contrast, more intense superlattice spots
appear in the corresponding FFT spectrum of the whole region
in Fig. 10(d) for Gal9-0.05 alloy. This suggests a higher
density of modified-DOs inclusions in the Tb-doped alloy.
Four (001) superlattice reflections are again used as a mask
to get the inverse FFT images based on the HREM images.
Figures 10(c) and 10(f) compare the distribution of modified-
D05 inclusions between Gal9-0 and Gal9-0.05 alloys. The

density of modified-DO0s inclusions increases with traces of
Tb addition. Note that Figs. 9 and 10 are typical data selected
from more than 20 areas.

The magnetostriction in Fejgo_,Ga, (x = 17, 19) alloys is
thought of as a reflection of the tetragonal distortion in the A2
matrix induced by the dispersion of tetragonal modified-D0;
inclusions [42,43]. The induced deformation of the A2 matrix
can be reoriented without hysteresis in a small magnetic field,
suggesting vanishing structural anisotropy. Simultaneously,
there is a single-ion crystal field contribution related to the
Tb quadrupole moment Q, which can also contribute to the
magnetostriction [34]. In this work, despite the limited solidi-
fication speed in the SDS method compared to melt spinning,
some Tb atoms are nevertheless dissolved in the A2 matrix.
This produces a higher density of modified-D0O; inclusions
in the matrix than the undoped alloys, resulting in larger
local strains, so the magnetostriction is enhanced. Moreover,
the microstructure in the matrix containing the submicron
precipitates is also investigated, as shown in Figs. 10(g)-10(1).
The modified-D05 inclusions exhibit a bandlike distribution
rather than being randomly distributed in the A2 matrix,
as marked in Fig. 10(g). The high density of modified-D03;
inclusions in a local region may contribute further to the
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FIG. 11. Two-dimensional (2D) phase-field simulations illustrating the relationship between modified-D0; nanoinclusion concentration
and magnetostriction. (a)—(h) The strain distribution under horizontal magnetic field (||100) and under vertical magnetic field (||001); the
calculated saturation magnetostriction is on the bottom of the figures. (i) The calculated A?‘“ vs the volume fraction of modified-D0;

nanoinclusions based on 2D phase-field simulation results.

magnetostriction. The special distribution may be caused by
the semicoherent interface between the submicron precipi-
tates and the A2 matrix, as has been shown in our previous
investigations [16]. With increasing Tb concentration, the
precipitates grow larger so that the semicoherent interface
with the A2 matrix transforms to an incoherent interface.
The positive effect on magnetostriction disappears and the
magnetostriction falls off. In this case, the effect of dissolved
Tb atoms is still present, so the magnetostriction for Tb-0.5
at.% doped alloy is approximately equal to that for binary
alloys in both isotropic (as-cast alloys) and anisotropic (SDS
rods) systems [see Fig. 7(1)].

A two-dimensional phase-field simulation is performed to
explain the mechanism where an increasing concentration of
modified-D0; nanoinclusions improves the magnetostriction,
as shown in Fig. 11. The spots in Figs. 11(a)-11(h) denote the
modified-D03 nanoclusters; the horizontal and vertical direc-
tions represent [100] and [001] directions, respectively. Here,
four concentrations of 2%, 4%, 6%, and 8% are simulated.
The calculation method of magnetostriction is as follows.
First, a horizontal magnetic field is applied along the [100]
direction to simulate the condition of applying precompres-
sive strain; then we can obtain a value of €,. Subsequently, a
vertical magnetic field along the [001] direction is applied to
simulate the condition of applying a magnetic field to measure
the saturation magnetostriction; here we can obtain another
value of g,. Therefore, the calculated saturation magnetostric-
tion should be A% = €, — &. According to the phase-field
simulation results, the calculated saturation magnetostriction
2¢4 increases almost linearly with increasing concentration
of modified-D03; nanoinclusions, from 231 ppm when the
concentration is 2% to 717 ppm when the concentration is
8%, as summarized in Fig. 11(i). Therefore, the conclusion
that a higher concentration of modified-D03 nanoinclusions
results in larger magnetostriction along the [001] direction
is confirmed, in accordance with microstructural observation
and magnetic experiments.

2. Mechanism for improved ductility

The intrinsic mechanical properties of Feg;Gaj; single
crystals were described in in Ref. [22]. However, we find

that the tensile fracture strain in the Tb-doped alloys is sig-
nificantly improved. This should be attributed to a change in
microstructure. Figures 12(a) and 12(b), respectively, present
optical and backscattered electron (BSE) images of the longi-
tudinal section surface in a Gal7-Tb0.5 rod, and the crystal-
growth direction in indicated by the white G.D. arrows to the
left of each figure. The morphology of columnar grains is
observed and the black lines mark the grain boundaries (GBs).
Moreover, there are numerous black spots aligned parallel to
the growth direction, and these spots are confirmed to be the
Tb-rich precipitates according to the BSE image. The average
width of a distribution line of the particulate precipitates is
15-20 pum according the optical image and this result is well
in line with the BSE image. The reasons for the different shape
and distribution of the Tb-rich precipitates in the SDS rods
compared with the as-cast alloys are schematically explained
by Fig. 12(c). When the withdrawal rate is quite low, the
solid-liquid interface is weakly perturbed from a microscale
perspective and these result in a cellular structure correspond-
ing to a column grain morphology. The higher the withdrawal
rate, the smaller the distance between the adjacent cellular
crystals. If the withdrawal rate increases further, the tip of
the cellular crystals becomes more pointed, the side walls
begin to destabilize, and the cellular grains tend to transfer
to dendritic grains. In our previous investigation, the Tb-rich
precipitates have been proved to have a melting point ~200 K
lower than the matrix [29]. The precipitates solidify after
the crystallization of the matrix is completed. The sidewall
instability of the cellular crystals just sets in at a withdrawal
rate of 3000 mm/h, so there are slight embossments along
the walls. The crystal-growth process of the matrix finishes
when the embossments of the adjacent cellular crystals join
up. At this point, the liquid precipitates are segregated by
the embossments, as shown in Fig. 12(c), so the particulate
precipitates distribute parallel to the crystal-growth direction.
SEM and TEM analyses are performed to understand the
mechanism of improvement in ductility due to the Tb.

In the binary as-cast polycrystals, the tensile fracture
strain is only ~0.2%-0.3% because cracks propagate rapidly
along the grain boundaries, and the fracture surface generally
exhibits the features of intergranular fracture [18,29]. The
morphology of a fracture surface for the Gal9-0 SDS alloy
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FIG. 12. (a) Optical morphology of the longitudinal section surface for the Gal9-0.05 SDS rod. (b) Backscattered electron image of
the longitudinal section surface for a Gal9-0.05 SDS rod. (c) The schematic diagram which explains the special distribution of the Tb-rich

precipitates.

is shown in Figs. 13(a) and 13(b). A striking contrast can
be observed in that the SDS alloy exhibits characteristic
transgranular fracture. The large cracks, marked by red arrows
in Fig. 13(a), are the grain boundaries. In each columnar grain,
obvious oriented distributed slip bands can be observed, as
indicated by the yellow dashed lines. In Fig. 13(b), a tiny
steplike morphology can be observed, as indicated by the
yellow arrows. That means the main slip bands perpendicu-
lar to the tensile direction are activated and they gradually
extend during the deformation. The columnar grain cracks
when the slip bands move across the grain. However, the
grain boundaries perpendicular to the growth direction are
eliminated and only a few parallel boundaries exist in the rods,
so the cracks cannot pass across the grains through the GBs.
Hence the ductility of the binary alloys is improved by SDS
processing.

In ~0.05-1 at.% Tb-doped SDS rods, the submicron Tb-
rich precipitates are linearly distributed parallel to the growth
direction [Figs. 6(h) and 6(i)]. For these specimens, the height
of the steps in the fracture surfaces is significantly larger than
that for the binary alloy, as indicated in Figs. 13(c) and 13(d).
It is suggested that the particulate precipitates have sharp
angles [see Figs. 13(e) and 13(f)] and this easily leads to
stress concentration when the grain is deformed because of
the incoherence between matrix and precipitates. Therefore,
slip bands are preferentially activated nearby the precipitates,
and more slip bands in different directions could be developed
due to the stress concentration. So the slip bands need to
move longer distances to meet and this results in the larger
height of the steps and contributes to the ductility. Moreover,
fracture requires the dislocations to cross the precipitates. The
effect of precipitates is shown in Figs. 13(e) and 13(f), which

FIG. 13. (a),(b) Fracture surface morphologies of an undoped Gal9-0 SDS rod. (c),(d) Fracture surface morphologies of a Tb-doped
Gal19-0.05 SDS rod. (e),(f) TEM images of the matrix nearby a precipitate (¢) before tensile test and (f) after tensile deformation of 2%.
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are TEM images of the region around a precipitate in the
Gal9-0.05 SDS rod. The former TEM specimen is cut from
the unstressed rod and the latter one is cut from a tensile test
specimen after 3% tensile deformation. In the unstressed rod,
no dislocations are observed around the precipitate. After the
tensile deformation, a high density of dislocations terminates
in the interface between the matrix and the precipitate, and
no dislocation is able to reach the precipitate. Therefore, the
precipitates effectively hinder crack motion. They are even-
tually cut through, forming the dimples, indicated by yellow
arrows in Fig. 13(d). Besides, the termination and activation
of dislocations caused by precipitates can also result in the
zigzag shape in tensile stress-strain curves, and the formation
of precipitates leads to a further accumulation of dislocations.
Therefore, the ductility of the Tb-0.05% and Tb-0.1% SDS
rods is significantly better than the binary rods due to the
formation of particulate precipitates.

When the size and volume fraction of precipitates is in-
creased by adding more Tb, the tensile fracture strain re-
turns to almost the same value as for the as-cast alloys (see
Fig. 8), and the improvement of ductility completely disap-
pears. There may be two reasons. First, increasing precipitate
size eliminates the semicoherent relationship with the matrix,
so their influence on dislocation motion is weakened. Second,
the intrinsic brittleness of the precipitates means that they are
sources of microcracks, and the high density of precipitates
can generate a fast track for the cracks to cross the tensile
specimen. Therefore, a combination of perfect columnar grain
morphology with appropriate density and size of precipitates
is needed for optimal ductility in FeGa-Tb magnetostrictive
alloys.

E. Summary and outlook

We have shown that the Tb-doped SDS rods combine
significantly improved saturation magnetostriction and ten-
sile fracture strain as compared to the other solid solutions
summarized in Sec. I. This offers the possibility of changing
the shape of the FeGa alloys by rolling or swagging to
form sheets or wires, thereby enlarging the range of mag-
netostrictive applications. We were able to roll the Tb-0.05
at.% SDS rod and found that it can be easily reduced to a
sheet with the thickness of 0.1 mm or even less. Sheets of
FeGa alloys with traces of Tb may now be able to replace
more conventional magnetostrictive materials such as some
metallic glasses, other Fe/Ni-based alloys, and Tefernol-D in
applications such as nondestructive testing of high-speed steel
rails or ultraprecise position control [68—70].

The comparison of the measured magnetostriction and ten-
sile fracture strain of the Fe-based magnetostrictive materials
and Terfenol-D was shown in Fig. 1 The materials in region
I show quite low magnetostriction, but those in region II
have satisfactory magnetostriction but limited ductility. The
F€32G313_5Al4.5 rod of Ref. [21] and the (FeglGalg)gglsTb()_(B

SDS rod of the present work (region III) show a combination
of outstanding magnetostriction and excellent tensile fracture
strain in region 3. Terfenol-D has a huge magnetostriction,
but extremely poor ductility. The integration of excellent
structural and functional properties has been obtained by the
combination of trace Tb addition and directional solidification
with a (100) single-crystal seed. From the point of view of
cost, raw material costs for the Tb-doped FeGa alloys are
about eight times lower for Terfenol-D, and they also have
less waste in the crystal preparation process.

The influence of Tb on two different scales—a nanometer
scale for the modified-D0; nanoinclusions and a submicron
scale for the Tb-rich precipitates—is the origin of the simul-
taneous improvement of both magnetostriction and ductility.

IV. CONCLUSIONS

There was good agreement between the experimental re-
sults for (Feg3Gaj7)999Tbg ; alloys and the growth predicted
by PROCAST simulation. The optimal growth rate for high-
performance Tb-doped Fejgo_,Ga, (x = 17, 19) alloys was
established to be 3000 mm/h. FegsGa;; and Feg;Gaj9 rods
with different Tb concentrations are best prepared with a
(100) single-crystal seed at the bottom. The effect of Tb
doping on the magnetostriction and tensile fracture strain in
the rods is explained by its presence in inclusions on two
different scales. The increase in magnetostriction is attributed
to the higher density of the nanometer-sized modified-D03
inclusions induced by traces of Tb. The enhancement in duc-
tility is explained by the concentration of dislocations around
the submicron-sized Tb-rich precipitates with the Th,Zn;;
structure which can effectively hinder their motion, resulting
in higher dislocation density in Tb-doped alloys. The magne-
tostriction of 387 ppm combined with a remarkable tensile
fracture strain of almost 12.5% are obtained in 0.05 at.%
Tb-doped Feg; Ga9, and represent a significant improvement
of ~29% in magnetostriction and a sixfold enhancement
in tensile fracture strain compared with an undoped binary
Fes;Gag single crystal. The integration of useful structural
and functional properties that has been obtained by the com-
bination of an appropriate trace rare-earth addition and di-
rectional solidification with a (100) single-crystal seed at the
bottom is likely to promote more extensive applications of
magnetostrictive materials that contain only traces of Tb or
another rare earths.
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