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Enhanced magnetostriction through dilute Ce doping of Fe-Ga
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Doping of magnetostrictive galfenol (Feg,Gaig, in at. %) with rare-earth elements significantly enhances
magnetostriction, with the largest gains achieved in textured melt-spun ribbons. Here, it is demonstrated that
even extremely dilute Ce, as little as 65 ppm, can double the magnetostrictive response of galfenol when coupled
with an appropriate heat treatment. This improvement is correlated with a compression of the host lattice, both
of which reach their maximum extent at the calculated solubility limit of Ce in in body-centered cubic (bcc)
galfenol, ~ 50 ppm. Beyond this point, excess Ce segregates into CeGa,, which forms an interdendritic network
throughout the sample at high Ce levels and cannot be resolutionized through heat treatments. These findings
point to the importance of solubility limits (i.e., equilibrium thermodynamics) in determining appropriate doping
levels or heat treatment couples to optimize magnetostrictive performance, confirming that overdoping is actively

detrimental to both material properties and cost.
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I. INTRODUCTION

Magnetostrictive materials such as galfenol (Feg,Gaig)
and Terfenol-D (Tbg 3Dy, ;Fe,) display a magnetostructural
coupling that leads to volume-conserving deformation un-
der an applied magnetic field. Technologies that employ
such magnetostrictive materials rely on the reversible ex-
change of magnetic and mechanical energy resulting in
strain-induced deformation or, conversely, a stress-induced
change in magnetic permeability. The versatility in response
of these materials to external forces make them useful across
a range of industrial applications, including high-precision
actuators, sensors, and potentially tunable inductors [1,2].
However, the presence of critical rare earths (REs) Tb and Dy
in Terfenol-D makes it expensive and vulnerable to supply dis-
ruptions, necessitating the development of alternative, lower
cost magnetostrictive materials that retain large relative length
change A under a magnetic field. Recently, it has been shown
that doping REs into the body-centered cubic (bcc) lattice of
Fe-Ga can lead to a significant increase in magnetostriction,
with reports of values as high as 1500 ppm for 0.2 at. %
La additions to melt-spun ribbons [3,4]. Authors of several
studies have investigated ribbons with varying Ga content,
Fe100-+Ga,REg, [3] and several different RE species with
levels ranging from 500 to 4000 ppm [4-9]. They showed
significant increase in magnetostriction because of RE doping,
attributing the benefits to local solute strain induced within the
disordered bcc A2 lattice. The gains that can be achieved are
apparently limited by the solubility of the RE within the FeGa
lattice, with further addition of RE leading to the formation
of additional RE-Ga compounds rather than enhancing mag-
netostriction. Here, the melt spinning provides an extremely
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fast cooling rate that significantly increases the solubility of
the RE due to the far-from-equilibrium process conditions.

In this paper, we investigate dilute concentrations of Ce,
from O to 10000 ppm, focusing particularly < 500 ppm to
probe the effects of the solubility of Ce on the magnetostric-
tive properties of galfenol. Cerium should be a particularly
effective dopant for enhancing magnetostriction due to its
large negative quadrupole moment, as investigated by He et al.
[3]. Our work is guided by thermodynamic calculations us-
ing the calculation of phase diagrams (CALPHAD) method,
which permits prediction of phase stability and transitions
across temperatures and compositions for multicomponent
systems. This knowledge is used to improve the alloy compo-
sition and processing parameter (i.e., heat treatment) couple
to avoid phases that might prove deleterious to enhancing
magnetostriction such as CeGa,. Samples are fabricated by
arc melting then heat treated (homogenization into the single
bce phase domain) and quenched to conserve the predicted
thermodynamic equilibrium. This approach produces poly-
crystalline samples without a preferred orientation, leading to
a reduced magnetostriction compared with single crystals or
the highly textured ribbons produced by melt spinning.

Experimentally, we find that the optimal doping level for
Ce in Feg; 7Gag 3 is as low as ~ 65 ppm, close to the solubil-
ity limit of Ce in Feg; 7Gag 3, as above this level, CeGa, for-
mation is preferred, and more Ce confers no additional benefit.
By 675-ppm Ce, the addition of Ce is actively detrimental to
magnetostrictive performance, as the formation of the CeGa,
phase reduces observed volume change. Further, it cannot
be removed easily using solutionizing heat treatments due to
the extremely low solubility and mobility of Ce in Fe [10].
This finding is consistent with previous reports of nonequi-
librium synthesis methods such as melt spinning, where
maximum magnetostriction is reached at 0.05 to 0.2 at. %
RE (corresponding to 500 and 2000 ppm, respectively)
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[3,5,6,8]. Above this point, networks of REGa, intermetallics
form, leading to reduced magnetostriction for overdoped
samples.

II. EXPERIMENTAL

Iron shot (99.99%, Alfa Aesar), gallium ingot (99.99%,
Alfa Aesar), and cerium rod (99.99%, Alfa Aesar) were arc
melted with a target volume of 2 mL. Each sample was melted
4 times, flipping between melts to ensure homogeneity. Por-
tions of the as-melted samples were heat treated at 1200° C
for 4 h under flowing UHP Ar, followed by a water quench
to reduce the CeGa, fraction. Samples were wrapped in Ta
foil to minimize oxidation and suspended in a vertical tube
furnace, then dropped into water upon completion of the heat
treatment. Target Ce compositions were 0, 10, 50, 200, 1000,
and 10000 ppm. Cerium concentration in the cast alloys was
determined by inductively coupled plasma mass spectrometry,
after digestion of alloy pieces in 8M hydrochloric acid (Fisher,
trace metal grade). Actual compositions of 0, 30, 65, 155, 675,
and 10260 ppm were found—measured numbers will be used
to identify samples throughout this paper.

Magnetostriction measurements were performed using
Omega strain gauges with large active areas (5 x 10 mm)
mounted using M-bond 200 adhesive and standard surface
preparation procedures. Samples were typically 15 x 10 x
1 mm slabs, with the magnetic field constrained to lie within
the plane of the sample to minimize demagnetization effects.
Gauges were mounted such that the sensitivity axis of the
strain gauge was perpendicular to the cooling direction (paral-
lel to the hearth surface of the arc melter). Measurements were
conducted in a Quantum Design Physical Properties Measure-
ment System, with samples mounted on a rotating sample
holder using GE varnish, such that the applied field was swept
in the plane of the sample. The resistance of the strain gauge
was measured using AC detection with a frequency of 17 Hz,
and magnetostriction was calculated using the relative change
in resistance and the gauge factor of the strain gauge (typically
2.06). Measurements were conducted at 300 K, either as a
function of angle between strain gauge and a fixed field of
5 kQe, or as a function of applied field parallel and perpen-
dicular to the sensing direction of the strain gauge [11]. The
reported maximum magnetostriction represents the difference
in magnetostriction between measurement with field paral-
lel to the strain gauge and normal to the strain gauge. This
eliminates errors due to an undefined initial magnetic domain
distribution.

X-ray diffraction measurements were performed on pol-
ished slabs using a Bruker D8 diffractometer (Cu Ko
radiation, Ni filter) and a Lynxeye 1D detector. Significant
background was observed due to secondary fluorescence from
the Fe content.

X-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) measurements were conducted
at beamline 6.3.1 of the Advanced Light Source (Berkeley,
California), using surface-sensitive total electron yield (TEY)
mode at the Fe L, 3 and Ce M, 5 absorption edges. Samples
were polished in an Ar glove box to remove surface oxide
and transported to the beamline sealed under Ar to minimize
surface oxidation. Samples were loaded into an ultra-high

vacuum chamber in < 5 min; however, some evidence of
oxidation was present at the Fe absorption edges. Spectra
were acquired in flying scan mode with typical velocity of
1 eV/s, with a fixed negative polarization. A magnetic field
of 4 kOe was applied parallel to the beam; this was flipped
between scans to enable calculation of XMCD from the dif-
ference between sequential scans. Data were normalized to
the incident beam intensity, collected immediately upstream
of the measurement chamber, to correct for energy and time-
dependent fluctuations. Then a linear background was fitted to
the pre-edge region and subtracted. The step edge was scaled
to 1 for XMCD sum-rule analysis.

Metallographic specimens were prepared with standard
mount and polish methods. Scanning electron microscopy
(SEM) micrographs were collected on a Thermo Fisher
Apreo, primarily at 10 kV accelerating voltage and with the
T1 in-lens detector. This detector primarily detects backscatter
electrons, making Ce-rich regions appear bright while also
providing some channeling contrast to distinguish areas with
different crystallographic orientation. Electron backscatter
diffraction (EBSD) provided information on the crystallo-
graphic morphology of the specimens. The samples were
ground flat and polished to a 40-nm colloidal silica surface
finish. The patterns were collected with a 20-kV accelerating
voltage, 6.4-nA beam current, and 12-mm working distance.
The step size for the scans was set to 3 wm. In postprocess-
ing, EDAX OIM Analysis software was used to perform a
neighbor confidence index (CI) correlation cleaning step (min
CI 0.1, integration factor 0.05) altering 5% or fewer data
points in the final dataset.

III. THERMODYNAMIC MODELING

Thermodynamic modeling provides guidance in finding a
temperature-composition space where Ce solubility in bcc-
(Fe-Ga) is maximized for optimal magnetostrictive properties.
The CALPHAD method [12—14] is based on mathematical
models that use adjustable parameters to describe Gibbs ener-
gies as a function of temperature and composition of various
phases in each alloy system. These models are used to per-
form equilibrium calculations and predict phase stabilities for
an efficient and effective method to design magnetostrictive
materials. This paper is based on the extrapolation of three
constituent binaries reported in Fig. 1: Fe-Ga [15], Fe-Ce [16],
and Ce-Ga [17].

The Fe-Ga system is modeled using four stoichiomet-
ric phases— — Fe;Ga, FegGasFe;Gay, and FeGaz— — and two
solid solution phases on the Fe-rich side, bcc-Fe and fcc-Fe,
with an appreciable amount of solubility of Ga in bcc-Fe
(47.5 at. % ~ 900° C). As a first approximation, the ordered
phases (e.g., Fe-Ga with B2 structure, which consists of two
interpenetrating simple cubic lattices) are not considered and
are the focus of a separate study. The Fe-Ce phase diagram has
been assessed by Su and Tedenac [16] and includes very low
solubility of Ce in bee-Fe (< 0.05 at. %) and a eutectic point
at 592°C and 16.7 at. % Fe for liquid = CeFe, + y — Ce.
There are two thermodynamically stable intermetallic phases
CeFe; and Ce,Fe|; modeled as stoichiometric compounds.
The Ce-Ga phase diagram was assessed by Liu et al. [17]
and includes four solution phases (liquid, bcc-Ce, fcc-Ce,
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FIG. 1. (a)—(c) Calculated binary phase diagrams extrapolate to (d) Fe-Ga-Ce at 597° C. Green lines in (d) are tie lines, marking the
compositions of phases that exist in equilibrium with each other at this temperature, and are only present in the two-phase region.

and orthorhombic-Ga) and five intermetallics, where Ce;Ga,
CesGa,, CeGa, and CeGag (« and g allotropes) are modeled
as stoichiometric compounds and CeGa, is modeled with a
two-sublattice model to include the hyperstoichiometric ho-
mogeneity range (antisite defect on the Ce sublattice). The
three CALPHAD assessments of the binary systems (Fig. 1)
are combined in a self-consistent database to explore phase
stability in the ternary composition space. An extrapolation
in the ternary phase space based on the binary interaction
parameters at 597° C (i.e., isotherm) is presented in Fig. 1.
Experimental data for the ternary phase diagram exist at
597° C by Lapunova et al. [18], who reported two ternary in-
termetallic compounds: 7; = CeFesGay and 1, = CeFe,Gag,
both of which are out of the composition and phase equilibria
ranges studied here and are therefore not included in this pa-
per. While some discrepancies exist between the extrapolated
phase diagram and experimental findings, the computed phase
boundaries within the intended composition range of this
paper [(Fe1Oo,xGax)100_},Cey with 15 <x <20 and y < 1]
agree well with experimentally drawn phase boundaries and
is sufficient for our analysis.

The CALPHAD method was used to compute the relevant
phases present in the ternary Fe-Ga-Ce system with nominal
alloy compositions of (Feloo_xGax)loo_yCey for15 < x < 20
and y < 1. The selected Fe compositions were 80, 82.5, and
85 at. %. Initial Ce doping of 1 at. % indicated formation

of a CeGa, phase consuming most of the Ce and signif-
icant amounts of Ga, reducing the gallium content in the
bce-(Fe-Ga) matrix by 7-11 at. %. Alloys of composition
(Feg1.7Gajg.3)100-yCe, were chosen to account for some po-
tential Ga loss in the bce matrix while maintaining a specific
matrix composition at Feg; 7Gas 3, near the peak of magne-
tostriction [19,20]. Cerium solubility was probed as a function
of composition (0.001 < y < 1) indicating a maximum solu-
bility of ~ 50 ppm, independent of Ga content. The evolution
of the equilibrium phase fractions and Ce solubility in the
bce phases is reported in Fig. 2 for the Feg; 696Gaig.299Ce0.005
alloy. The maximum solubility of Ce in Fe (bcc) occurs
~ 1200° C, which was chosen as the annealing temperature
for these alloys. Below 1200° C, the formation of CeGa, is
dominant [Fig. 2(a)], consuming the Ce additions, where Ce
content decreases in Fe (bcc) with decreasing temperature as
indicated in Fig. 2(b).

Simply adding Ce to one composition therefore simulta-
neously changes two important variables for magnetostriction
(Ce and Ga contents in the bee matrix). To isolate the effect of
Ce content on magnetostriction, the overall Ga concentration
was adjusted to keep the bcc matrix at a constant composition.
This matrix composition was fixed as 18.35 at. % Ga based on
prior experimental results. The calculation for appropriate Ga
content at a given Ce level consists of a linear interpolation
between two alloys, one at the maximum solid solubility of
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FIG. 2. Calculated (a) phase fraction and (b) fraction of Ce in each phase as a function of temperature for Feg; 9sGais.209Ce0.005,
demonstrating the propensity of Ce to form CeGa, rather than entering the body-centered cubic (bcc) Fe-Ga phase. This can be mitigated
by heating to 1200° C followed by a rapid quench. At higher Ce contents, the composition of the matrix phase must be adjusted to account for

Ga that is pulled into the CeGas.

Ce in Fe-Ga (calculated to be 0.005 at. % Ce or 50 ppm at
1200° C) and one at an arbitrary upper limit for Ce, 1 at. %
or 10000 ppm. The overall Fe:Ga ratio of each alloy was
iterated until the matrix composition was 18.35 at. % Ga. The
alloys found by this method are Feg; ¢45Gas.350Ceo.005 and
Feq9.200Gaig.800Ce1.000 (in at. %). Compensated compositions
were obtained by a linear interpolation between these two
endpoint alloys. Table I lists compositions and relevant phase
content for the endpoint alloys and interpolated alloys of in-
terest in this paper.

IV. RESULTS AND DISCUSSION

The magnetostriction as a function of angle between strain
gauge axis and applied field is presented in Fig. 3(a) for select
as-melted samples, demonstrating the sinusoidal response as
the sample contracts or expands relative to the sensitivity
direction of the strain gauge while it is rotated with respect
to the (fixed orientation) applied field of 5 kOe. Addition
of as little as 65 ppm Ce leads to a more than twofold in-
crease in response when the field is perpendicular to the strain
gauge compared with pure Fe-Ga, a remarkable increase for
such a dilute doping level. Increasing Ce content past this
point causes maximum magnetostriction to decrease, and at
10260 ppm, the value is comparable with that of the undoped
sample. This suggests that formation of other Ce-bearing
phases, such as CeGas,, is actively detrimental to the magne-
tostrictive performance of the host lattice, a phenomenon that

has previously been observed in melt-spun Fe-Ga doped with
La, Er, or Dy [3,6,8].

A similar trend is observed in Fig. 3(b), which shows
magnetostriction as a function of field strength, with the strain
gauge aligned parallel and perpendicular to the applied field.
Low levels of Ce again significantly increase the magne-
tostrictive response but notably also decrease the saturation
field required to achieve the maximum magnetostriction, an
important gain for application spaces. The 65-ppm sample
showed the lowest saturation field in magnetostriction of all
compositions, which could be attributed to a reduced grain
size with Ce addition before the formation of CeGa,, as
well as demagnetization effects which are significant in mag-
netically soft materials such as Fe-Ga. Increasing Ce levels
>150 ppm erodes this benefit too, though the effect is not
as pronounced as the drop in maximum magnetostriction.
The full range of magnetostriction (length change for a 90°
rotation of applied field) is plotted in Fig. 3(c), displaying
a peak in magnetostriction in the 65-155-ppm Ce range.
Samples were also subject to a 4 h solutionizing heat treat-
ment at 1200° C, followed by a water quench, to maximize
Ce solubility into the bce-(Fe-Ga) matrix phase and thereby
increase magnetostriction. While this is not comparable with
the rapid cooling achieved though nonequilibrium synthesis
techniques such as melt spinning, it does lead to some gains
in magnetostriction, most notably between the pure binary
and 65-ppm samples, which reach relative length changes of
120 and 170 ppm, respectively. At higher Ce contents, the

TABLE I. Alloy composition in this paper. Fe and Ga content are adjusted as a function of Ce doping to keep the Ga concentration in the

bcec solid solution constant at ~ 18.35 at. %.

Alloy composition (at. %)

Distribution of Ce and Ga (at. %)

Target Ce doping (ppm) Ce Fe Ga Ce in bee solid solution  Cein CeGa, Gain CeGa,  Ga in bee solid solution
50 0.005 81.645 18.350 0.005 0.000 0.000 18.351
200 0.020 81.608 18.372 0.005 0.015 0.030 18.351
1000 0.100 81.412 18.488 0.005 0.095 0.190 18.352
10000 1.000  79.200  19.800 0.005 0.995 1.990 18.359
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FIG. 3. (a) Magnetostriction for Feg; 7Gag3 samples with vary-
ing Ce concentrations at 300 K for as-melted samples in an applied
field of 5 kOe as a function of angle between field and strain. Two
data points are present at each angle to denote forward and backward
sweeps; in most cases, these overlay, but some hysteresis is visible
due to mechanical issues in the rotator. (b) Magnetostriction as a
function of field in the cardinal directions, showing that, in addition
to 65-ppm Ce having the largest response, it also displays the lowest
saturation field. (c) Maximum magnetostriction (peak parallel minus
peak perpendicular) for as-melted and heat-treated samples, showing
a peak in magnetostrictive response around the solubility limit of Ce
in Fe-Ga. Overdoping causes magnetostriction to decrease to levels
like the binary alloy. Right axis indicates the calculated CeGa, phase
fraction, showing sharp increase in nonmagnetic phase content at
higher Ce levels.

heat treatment has minimal or even detrimental effect, indi-
cating that it is not possible to dissolve the CeGa, back into
binary Fe-Ga—a finding in agreement with thermodynamic
calculations and corroborated by electron microscopy (see
below). Magnetometry measurements did not show an evo-
lution of saturation magnetization as a function of Ce content,
as expected for such dilute concentrations. The coercivity of
rectangular prisms cut from the ingots was close to identical,
within error of the superconducting magnet.

Surface-sensitive XAS and XMCD measurements were
conducted using TEY to assess the local coordination and
magnetic character of Fe and Ce across the doping series,
with results shown in Fig. 4. Despite careful handling in
a glovebox and polishing immediately before loading into
the vacuum system of the beamline, Fig. 4(a) displays evi-
dence of limited surface oxidation, present as the high-energy
shoulder on the L3 peak at 708.5 eV. Since TEY probes to
a depth of ~ 5nm at the Fe L, 3 edges, the layer thickness
can be estimated as ~ 2nm, based on relative intensity of
the oxide (708.5 eV) and metallic (707 eV) peaks. The oxide
layer appears slightly thinner in the undoped Fe-Ga sample;
otherwise, no changes are observed in the character of the
Fe XAS as a function of Ce content, as expected for such
dilute concentrations. The XMCD shows slight evidence of
variation, with a slight increase in spectral weight on the high
side of the L edge, ~ 708 eV. This contributes to the area
of the L3 edge increasing slightly for 65-ppm Ce, which can
be an indication of an increase of the relative contribution
of orbital angular momentum to the total magnetic moment.
Similar effects have been observed for doping of Dy into pure
Fe [21], though it is unclear that this would correlate with
enhanced magnetostriction or the lattice contraction observed
below. The presence of the surface oxide precludes straight-
forward application of the magneto-optical sum rules [22,23]
to unambiguously determine the spin and orbital contributions
to total magnetic moments.

Examination of the Ce M, s edges [Fig. 4(c)] does not
show evidence of oxidation, perhaps due to increased prob-
ing depth of dilute samples reducing the importance of the
near-surface region. Rather, the Ce lineshape is unchanged
across doping level (aside from a significant increase to a
parabolic background due to the extremely weak signal at
65 ppm, which renders conventional step-edge normalization
impossible), showing that Ce entering the Fe-Ga host lattice
and forming CeGa, has the same valence and essentially
the same coordination: Ce(IIl), analogous to CeF; [24,25]
or CeCuSi [26]. A counterpart to the inflection observed in
magnetostriction past 155-ppm Ce is not observed in any of
the spectroscopic measurements, providing further evidence
that the change in magnetostrictive response is driven by a
structural change rather than an electronic one.

Lattice parameters extracted from x-ray powder patterns
(Fig. 5) show a gradual contraction up to the solubility limit
of Ce in Fe-Ga, which accords with previous studies [7]. The
minority CeGa, phase is below the detection limit in these
measurements. In common with previous work on Ce doping
in Fe-Ga, the addition of Ce causes a slight contraction in the
lattice. Notably, the point of maximum lattice contraction is
at 65-ppm Ce, which coincides with the highest magnetostric-
tion. This is in line with reports which found that maximizing
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spectrum. The low levels of Ce present in the samples lead to a large
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lattice distortions maximizes magnetostriction [3,8]; however,
in these cases, the dopants lead to an expansion in the lattice.
The contraction of the lattice with Ce presence is unexpected
in a conventional doping scenario, where the larger Ce atom
would be expected to expand the host. One possible explana-
tion for this is that Ce acts as a grain refiner, as it is observed to
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FIG. 5. (a) X-ray diffractograms for as-melted Feg, 3Ga;s7 as
a function of Ce content, displaying peaks characteristic of poly-
crystalline body-centered cubic (bcc)-(Fe-Ga). Extracted lattice
parameters are plotted in (b), where addition of Ce initially leads
to a contraction of the lattice before a slight expansion is observed at
higher doping levels, likely due to the formation of CeGa, (though
phase fractions are below the detection limit in x-ray diffraction).
Heat treatment has a significant effect on the sample without Ce, but
the effects are rather smaller in Ce-bearing samples.

lead to slightly smaller grains at low Ce levels, which changes
the stress state and thus lattice parameter of the FeGa. Further
work is required to better understand the mechanism behind
the contraction. However, in the case of all REs, overdoping
leads to the lattice reverting toward the pure binary values and
a concomitant decrease in magnetostriction [3,6-8]. These
changes are possibly associated with the formation of sec-
ondary phases, although the presence of an inflection point
remains unexplained, and the difficulty of spatially resolv-
ing such low doping levels makes it challenging to identify
whether the RE content of the matrix phase stays constant or
starts decreasing as the REGa, phase forms.

EBSD measurements were performed on the as-cast
65-ppm Ce sample to better analyze the grain structure and
determine if a preferential orientation had developed dur-
ing solidification in the arc melter. A large area EBSD map
(Fig. 6) shows grains ranging in size from a few hundred
microns to several millimeters in length, with some evidence
of subgrains within the larger grains.

Grains near the center of the sample are substantially
larger, indicating that slower cooling rates give time for sig-
nificant growth to occur, with the most pronounced growth
occurring perpendicular to the copper hearth, parallel to the
expected cooling direction. The formation of subgrains could
be related to the presence of Ce, with small local concentra-
tions leading to disruption of the cooling front. Orientation
analysis indicates partial development of a [001] texture
perpendicular with the hearth, which would act to slightly
enhance magnetostriction relative to a purely randomly ori-
ented sample. The large strain gauges employed in this paper
(5 x 10 mm active area) act to minimize the effects of tex-
turing and preferential orientation that arise from such large
grains. However, there is likely still some deviation from a
randomly oriented polycrystal, indicating that faster cooling
rates achieved through approaches such as centrifugal casting
or melt spinning could be advantageous for control of grain
size as well as Ce incorporation.

SEM micrographs of samples with 0-, 675-, and
10260-ppm Ce are presented in Fig. 7, for as-melted and heat-
treated states. The pure binary is characterized by equiaxed
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FIG. 6. Electron backscatter diffraction (EBSD) orientation maps of as-cast Fe-Ga with 65-ppm Ce. The top of the image corresponds to
the top of the sample, while the bottom is the surface nearest the hearth of the arc melter. Large grains are visible across the vertical extent of

the sample, indicating significant effects of cooling direction.

grains oE ~ 250—um diameter, which grow to 700 um after
heat treatment. At 675-ppm Ce, the formation of a dispersed
bee Fe-Ga/CeGa, eutectic microconstituent can be observed
primarily along grain boundaries. EDX point scans conducted
on this network confirm a 2:1 ratio of Ga: Ce, as expected. As
Ce content increases to 10260 ppm, the bce-(Fe-Ga)/CeGa,
eutectic becomes more copious and forms an interconnected
interdendritic network. As samples are heat treated at 1200° C
for 4 h, the eutectic network breaks up and becomes partially
spheroidized while maintaining the initial spatial distribution.
Surface energy is reduced in this state, but the CeGa, is
not dispersed, likely due to the low solubility and mobility
of Ce in Fe [10]. More of the CeGa, particles are located
within grains after grain growth, which could be responsi-
ble for the apparent decrease in magnetostriction after heat
treatment. Measurements on the 65- and 155-ppm Ce samples
appeared substantially equivalent to the O-ppm sample but
with a slightly smaller grain size: no Ce-rich regions could
be identified due to the extremely low RE content in these
materials.

V. CONCLUSIONS

In this paper, we demonstrate the dramatic impact of dilute
Ce doping on the structural and magnetostrictive properties of

A: 0 ppm Ce

Feg; 7Ga;g.3, with doping levels as low as 65 ppm leading to
a >50% increase in magnetostriction. Increasing doping past
the optimal composition causes formation of CeGa,, which
inhibits volume changes under an applied field. Solutionizing
heat treatments at 1200° C further improve magnetostriction
at low Ce levels but are unable to disperse the Ce-Ga in-
termetallics and succeed only in breaking up the network
structure. These results demonstrate the importance of con-
sidering solubility limits and kinetics during synthesis as well
as confirming the great promise of RE doping to enhance the
performance of galfenol for technological applications.
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FIG. 7. (a) Scanning electron microscopy (SEM) micrographs of (a)—(c) as-melted and (d)—(f) heat-treated Feg; 7Ga, g3 with (a) and (d) 0,
(b) and (e) 675, and (c) and (f) 10 260-ppm Ce. CeGa, formation is evident in the 675-ppm sample, and widespread in 10260 ppm, where
it forms a network of dendrites with regular arm spacing. Heat treatment breaks up these dendrites as particles spheroidize to reduce surface
energy, but it cannot redistribute the Ce into the body-centered cubic (bcc) Feg; 7Ga;s 3 matrix phase.
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