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High Pr-content (Tbg5Prg.s)(Feg4C006)1.93-xBx magnetostrictive alloys
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High Pr-content (Tbg,Pryg)(Feq4Cogg);93-B, magnetostrictive alloys (0.05<x<0.15) with a
single cubic Laves phase were synthesized by arc-melting and subsequent annealing. The Curie
temperature, T,, and the lattice parameter, a, of the Laves phase in the alloys increase with
increasing the boron content up to x=0.10, which is ascribed to the preferential occupation of boron
in the interstitial sites of the Laves phase. The addition of a small amount of boron to the
(Tbg,Prg g) (Fe 4Cog )1 93 alloy reduces the magnetocrystalline anisotropy constant K; and improves
the magnetostriction A\,=N;—\, at relatively low magnetic fields at room temperature. The
composition dependence of the ratio N\,/K; for (Tbg,Pryg)(Feq4Coy6);93-,By alloys reaches a
maximum value at x=0.10, suggesting that the (Tbg ,Pr, 3)(Fep 4Cog )1 33Bo 1 alloy should be a good
candidate material for magnetostriction applications. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.2034088]

The C15 cubic Laves phase compounds
(R,R")Fe, (R,R' =rare earths), such as Tby,;Dy,7;Fe,
(Terfenol-D), have been widely applied as magnetostrictive
materials in acoustic transducers, sensors, actuators, etc.l?
The single-ion model indicated that the giant magnetostric-
tion of the pseudobinary system was mainly due to the R3*
ions, which was originated from the large spin—orbit interac-
tion between the electron spin and spatially anisotropic 4f
charge, and predicted that at 0 K a larger magnetostriction
should be generated by a Pr’* ion than a Tb®* or Dy3* ion."?
Furthermore, a magnetostrictive alloy with high Pr-content
should have a good practical prospect because Pr is much
cheaper than Tb or Dy. Thus, much attention has been fo-
cused on the synthesis and the study of the magnetostrictive
properties of (R,Pr)Fe, compounds.”™ However, it is very
difficult to synthesize a single phase of Pr-containing mag-
netostrictive alloy with Laves structure if the Pr content
exceeds 25 at. % in the rare-earth sublattice, due to
the large radius of Pr**. It was found that the
(Tbg,Pryg)(Feq4Cop¢)1 9 alloy, with a large spontaneous
magnetostriction A;;; as high as 2370 ppm, could be
a potential candidate for use as a magnetostrictive
material.® Nevertheless, this alloy contained some amount of
(Tb,Pr)(Fe,Co); phase with a rhombohedral PuNis-type
structure.® It was reported that a small amount of boron can
effectively inhibit the appearance of the PuNis-type ]7)hase
and help to form the Laves phase with high Pr content. “In
this Letter, structural,magnetic, and magnetostrictive proper-
ties of(Tby,Pryg)(Fey4Cog¢)193_,B, alloys are reported.
High Pr-content (Tby,Prys)(Fep4Cope)193_,B, (0.05<x
<0.15) alloys with a single Laves phase are synthesized suc-
cessfully, due to the introduction of boron and the proper
annealing process, thanks to the improved Fe-Pr
phase diagram.10 A high Curie temperature, a low
magnetocrystalline anisotropy, and a large magnetostriction
at relatively low magnetic fields are achieved for
(Tbg,Pry g)(Fey 4Coy6)1 83Bo.1 alloy, which should be a good
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candidate for practical magnetostrictive material.

All  polycrystalline  samples  of  (Tbg,Pryg)
(Feq4Coy¢)1.03-:B, alloys with x=0, 0.05, 0.10, 0.15, 0.20,
0.30, and 0.40 were prepared by arc melting the appropriate
constituent metals in a high-purity argon atmosphere. The
purities of the constituents are 99.9% for Tb, Pr, and B, and
99.8% for Fe and Co. The ingots were homogenized at
700 °C for seven days in a high-purity argon atmosphere,
which was carefully chosen based upon the improved Fe-Pr
phase diagram.10 Temperature dependences of AC initial sus-
ceptibility y,c were measured at H=2 Oe to determine Cu-
rie temperatures 7, of the compounds in the alloys. X-ray
diffraction (XRD) data were recorded at room temperature
with Cu K, radiation in a Riguku D/max-2500pc diffrac-
trometer with a graphite crystal monochromator. High-
precision XRD step scanning was performed for the (440)
line of the Laves phase and then the effect of the K, radia-
tion was removed with a standard method, in order to inves-
tigate its spontaneous magnetostriction coefficient \;;;. Mag-
netization curves at room temperature were measured by a
quantum design superconducting quantum interference de-
vice (SQUID) magnetometer at fields up to 50 kOe. The
magnetostriction at room temperature was measured either
parallel or perpendicular to the applied field using a standard
strain gauge technique.

XRD  patterns  of  homogenized  (Tbg,Pryg)
(Fep4Cog6)1.093-.B, alloys are shown in Fig. 1. It is seen that
the matrix of (Tbg,Prgg)(FeqsCogg)ios alloy consists pre-
dominantly of the cubic Laves phase with MgCu,-type struc-
ture, coexisting with a small amount of impurity phase with
PuNis-type structure. Homogenized B-containing alloys, up
to x=0.15, are almost single Laves phase. As the boron con-
tent further increases, some weak peaks emerge in the XRD
patterns, which belong to the excessive rare earth phase. No
trace of the noncubic PuNis-type phase is found in all the
boron-containing alloys. This result shows that a small
amount of boron can effectively inhibit the appearance of the
PuNij-type phase and that boron is helpful for the formation
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FIG. 1. (Color online) X-ray diffraction patterns of the

(Tby 2Pry 5) (Fep 4Coy ) 1 93-<B, alloys.

of the (Tb,Pr)Fe, Laves phase, in consistent with the previ-
ous report.

The concentration dependence of the lattice parameter a
of the Laves phases in (Tbg,Pryg)(Feq4Cog )1 93_B alloys
is shown in Fig. 2(a). The lattice parameter increases with
increasing the boron concentration up to x=0.10 and then
decreases in the range of 0.15=<x=0.40. This suggests that
the boron atoms can occupy either the substitutional or inter-
stitial site. Because of its small size, the boron occupies pref-
erentially the interstitial sites until its concentration reaches
the solubility limit x=0.10 (about 3.41 at % in this system).
Above this value, the boron atom starts to occupy the Fe/Co
sites in the lattice, which leads to the lattice contraction.

The Curie temperature of all the alloys was detected
from the measurements of AC initial susceptibility yc. Two
peaks were observed at 418 and 621 K, in the x,—T curves
for the (Tby,Prgg)(FeqsCog¢)ios alloy. The former corre-
sponds to the Curie temperature of the Laves phase, while
the latter is for the PuNis-type phase. As the boron is intro-
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FIG. 2. (Color online) Concentration dependence of (a) lattice parameter
a and (b) Curie temperature 7, of the Laves phases in the
(Tbg 5Pro ) (Feg4C0p.6)1.93-,B, alloys.
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FIG. 3. (Color online) Magnetization curves and the magneto-

crystalline anisotropy constant K; at room temperature of the
(Tby2Pr ) (Feg4Cop6)1.93-,B, alloys.

duced into the lattice, only does one peak appear in the
xac-T curve, which is attributed to the Curie temperature of
the Laves phase. It is in consistence with the XRD result
that the single phase with the Laves structure forms, free
of the PuNis-type phase. The concentration dependence of
the Curie temperature 7, for the Laves phases in
(Tbg,Prg g) (Feq4Cop )1 93-,B, alloys is represented in Fig.
2(b). The Curie temperature T, increases with increasing the
boron concentration in the alloys when 0 <x=<0.10, indicat-
ing that the exchange interaction in the Laves phase en-
hances since the boron atoms occupy the interstitial sites.®!!
Then the Curie temperature 7. decreases when 0.15=<x
=0.40, because of the weakening of the exchange interaction
in the Laves phase when the boron atoms substitute the
Fe/Co atoms.

The magnetic field dependence of the magnetization at
room temperature for the (Tby,Pryg)(FepaCopg)ioz—«By
(0=<x=0.20) alloys is shown in Fig. 3. The magnetization at
the maximum available magnetic field of 50 kOe decreases
with increasing the boron content x. It is well-known that in
the rare-earth—transition-metal compounds there are parallel
(or antiparallel) alignments between the magnetic moments
of praseodymium (or terbium) and iron/cobalt atoms. The
magnetic moment u of the (Tbg,Prgg)(Feq4Coge)i93-.By
Laves phase can be described as

p=0.8pr = 0.2 + (1.93 = X) tpesco- (1)

From this formula it would be not difficult to understand
why the magnetization decreases with increasing x, if the
influence of the small amount of impurities phase on the
magnetization were neglected.

The magnetocrystalline anisotropy constant K; of the
(Tbg ,Pry g)(Fey4Cop 6)1.93-,B, Laves phase was determined
by simulating the M-H curves using the approximate law of
the saturation as follows:'*

b
M:MS<1—§—I?)+XP-H, 2)
and the relation'?
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FIG. 4. (Color online) Magnetic field dependence of magnetostriction \a
(=NI=\ L) forthe (Tby,Pryg)(Fey4Cog6)1.93-.B alloys. The insets show the
step-scanned (440) XRD line profiles of the Laves phase of the
(Tbyg2Pro ) (Feg 4C0g6)1.03-B, alloys.
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where M, is the saturation magnetization, a and b are con-
stants, y, is the susceptibility of the paramagnetic (parallel)
magnetization process. wg is the permeability of free space.
The dependence of the anisotropy constant K; on the nomi-
nal boron content x for the Laves phase is shown in the inset
of Fig. 3. It can be seen that the anisotropy constant K;
decreases when x is increased from 0 to 0.15. As the boron
content is further increased, the anisotropy constant K; in-
creases slightly, which reveals that in the high boron range,
the influence of the large amount of the impurities cannot be
neglected.

The step-scanned profiles for the (440) XRD line of the
Laves phases in (Tby,Pryg)(Fep4Cogg);03-B, alloys with
0=<x=<0.15 are shown as insets in Fig. 4. The split (440)
lines are clearly observed for the alloys with x=0 and 0.05,
and become heavily overlap for the alloys with x=0.10 and
0.15. The spontaneous magnetostriction constant \;;; was
calculated from the distance between the double splitted
(440) line.*" N, decreases from 2370 ppm for x=0 to a
small value for x=0.15, which is too small to be distin-
guished by XRD method. The magnetic field dependence of
the linear anisotropic magnetostriction N,=N;—\; of the
(Tbg,Pry ) (Fe.4Cop6)1 93_,B, alloys is shown in Fig. 4. The
magnetostriction A, for x=0.05 is larger than the free
B-containing alloy, which can be accounted for by the sup-
pression of the PuNis-type phase and the decrease of the
magnetocrystalline anisotropy by the boron introduction. A,
at the maximum available magnetic field decreases with in-
creasing x when 0.05 <x=0.20, due to the decrease of \;;;.
A large N\, can be observed for x=0.10 at relatively low
magnetic fields, indicating that this alloy has a good magne-
tostrictive property for practical application. It is further
proved by the composition dependence of the ratio \,/K|,
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FIG. 5. (Color online) Composition dependence of the ratio \,/K, for the
(Tby2Pr ) (Feg4Cop6)1.93-,B, alloys.

plotted in Fig. 5, where a peak exhibits at x=0.10, at differ-
ent magnetic fields from 1 to 6 kOe.

In conclusion, the introduction of the small amount of
boron to (Tby,Pryg)(Fey4Coyg); o3 alloys is helpful for the
formation of the cubic Laves phase. High Pr-content
(Tbo'zprolg)(Fe()ACOO.ﬁ)1.93_xBx (005 S)C$015) alloys with a
single Laves phase have been synthesized. The addition of
the small amount of boron enhances the exchange interaction
as well as the Curie temperature 7, of the Laves phase. K;
and X\;;; of the Laves phase in the (Tby,Pryg)
(Fep4Cog6)1.93-.B, alloys decrease with increasing the boron
content. The (Tby,Prg)(Fey4Cope)1 3B alloy with a
single Laves phase has a large A, at relatively low magnetic
field and a large A,/K,, which should be a potential candi-
date for use as a magnetostrictive material.
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