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Abstract

The melt-textured technique in a magnetic field for giant magnetostrictive materials TbFe, and Tby 3Dy 7Fe, (1.9 < x < 2) alloy was investigated.
The cooling rate, melt temperature, and the chemical composition were found to influence the texture formation along the easy magnetic axis during
crystallization in a field. The experiments showed that the (1 1 1) orientation of Tbg3Dyg7Fe; ¢ and TbFe, ¢ alloy was dominant in the samples
when those alloys were solidified at a cooling rate of less than 0.8 °C/min from a temperature slightly above their melting point, respectively, while
in a magnetic field of above 100 mT. However, with the Fe concentration increasing from x=1.93, excessive RFe; phases precipitate in the melt
and degrade the orientation degree of the sample during the slow solidification, Therefore the chemical composition of Tbg 3Dy ;Fe, and TbFe,
alloy should be controlled within 1.90 < x < 1.93 for better orientation and comprehensive performance.
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1. Introduction

The rare-earth giant magnetostrictive materials, TbFe, and
Tbg3Dyg.7Fe, (x=1.9-2.0), are of significant technological
interest [1-6] for their excellent magnetostrictive properties at
room temperature. In particular, the alloy composition with
Tbo.3Dyg.7Fex (x=1.9-2.0), known as Terfenol-D, possesses
low magnetocrystalline anisotropy energy, and can exhibit high
sensitivity to an external magnetic field as well as large mag-
netostrictive strains in a considerably lower magnetic fields [3].
Because of the strong anisotropy of the magnetostrictive strain,
A111> A1o0 [7], the preparation of defect-free crystals with
(111) orientation is desirable for those compounds. The direc-
tional solidification methods, such as the Czochralski method,
the modified Bridgman method, the vertical float zoning method
and the zone melting liquid metal cooling method, have been
used to manufacture rods of Terfenol-D alloy [8—11]. However,
the (110) and (1 12) orientation were obtained by using such
directional solidification methods. The (1 1 1)-oriented crystal
can only be achieved by seeding technique [12,13], but appli-
cation of the technique requires a high quality seed crystal. The
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process has proved to be too complex to suit commercial pro-
duction.

For TbFe, and Tbg 3Dy 7Fe, (x=1.9-2.0) alloy, the (11 1)
direction with the greatest magnetostrictive constants for TbFe,
and Tb,Dy;_.Fe, (x=0.27-0.3, y=1.9-2.0) alloy is also their
crystallographic orientation of easy-magnetization axis. So dur-
ing the process of preparing Terfenol-D alloy sintered compacts,
a static magnetic field can be used to induce pre-alignment of
the powders [14]. The pre-alignment of the powders by powder
metallurgy technique is performed at temperatures below the
material’s Curie temperature. Mei et al. [14] have investigated
those works. The intensity of (1 1 1) peak in the final products
was slightly stronger, and many other peaks can be observed in
the X-ray pattern and some pores defects existing in matrix were
inevitable.

The recent investigations indicate that due to the persistence
of residual magnetocrystalline anisotropy at high temperature far
above their Curie point, texturing of magnetic materials along
their easy magnetic axes can be achieved directly by solidifica-
tion in a magnetic field [15,16]. The value of the anisotropy of the
paramagnetic susceptibility A x =3 x 1078 m3/kg for SmyCoy7
was measured at temperature of 1175 °C [16]. Textured bulk
samples of the high temperature superconductor YBayCuzO7
had been produced successfully by slow cooling in a magnetic
field of 5T [15]. Legrand et al. prepared SmCo compounds by
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solidification in the copper crucible in a magnetic field of 2.5 T,
solidification occurred within only a few seconds and a high
degree of orientation in sample was also obtained though in
unfavorable conditions of solidification [16].

At present, Minggawa et al. have produced samples with
(111) crystallographic alignment of the crystal grains for TbFe;
and Tbg3Dyg7Fe; 9 alloy by a magnetic field 4.5 x 1072 and
3.7 x 1072 T respectively in microgravity [17,18], it provided
good orientation, but cracks easily formed in samples during
rapid cooling. The convection and heat disturbance in melt
were totally suppressed in microgravity. When the solidifica-
tion experiments were performed in normal gravity by the same
field and cooling rate, no texture formed in samples. The process
in microgravity also lacks industrial value presently.

It is essential for determining the orientation formation to
suppress the turbulence in melt during solidification and crystal-
lization. In normal gravity, a strong magnetic field of several tesla
was usually used to suppress the thermal convection, mass trans-
fer, and temperature fluctuation. In research on Y-Ba—Cu-O
superconductor, it has been shown that the turbulence in melt
also can be reduced by slowing down the solidification rate [19].
Such results suggest that the heat disturbance should be further
controlled during slow cooling by the use of a relatively weak
magnetic field. Utech and Flemings [20] and Chedzey and Hurle
[21] showed that fluctuation of temperature during zone melt-
ing and Bridgeman crystal growth can be suppressed mainly by
application of a weak magnetic field of several hundreds mT,
which are also enough to satisfy with industrial production to
manufacture semiconductor nowadays. In this article, the exper-
iments relating to the solidification of TbFe, and Terfenol-D
alloy in a magnetic field are reported.

2. Experimental procedure

The melting and solidification experiments were per-
formed in vacuum container of the super high temperature
gradient directional solidification installation. Master alloys
of TbFe, (x=1.86-1.88, and 1.96-1.98) and Tby 3Dy 7Fe,
(x=1.85-1.87, and 1.96—1.98) with size of @ 16 x 20 mm were
firstly prepared from high quality start materials with 99.9 wt%
purity by induction melting under purified argon at a pressure
of 0.08 MPa. The alloy compositions were analyzed by using an
inductively coupled plasma (ICP) method.

A magnetic field apparatus made by us was introduced into
the container of the solidification installation. Ingot bar of mas-
ter alloy was contained in an Al,O3 crucible of 16 mm i.d., then
fixed in the center of magnetic poles and the axis of cylinder sam-
ple was parallel to the direction of magnetic field and gravity.
The following re-melting and solidification experiments were
also carried out in argon atmosphere at a pressure of 0.08 MPa
after the container was evacuated below 5 x 1072 Pa. Those
samples were preheated rapidly to about 1050 °C for a short
time, and then heated slowly to the temperature slightly above
their melting point for TbFe, (x =1.86—1.88, and 1.96-1.98) and
Tbo.3Dyg.7Feyx (x=1.85-1.87, and 1.96—1.98) alloy respectively.
After the samples were melt fully, they were kept for 10 min in
a static magnetic field of 100-140 mT in order to even the tem-

perature field in the melt. Then they were solidified at a different
cooling rate. Solidification in a magnetic field from the temper-
ature below the melting point was also studied.

The specimens from the middle section of samples were
examined, X-ray diffraction with Cu Ko radiation was used
to determine the crystal orientation of those specimens
along the external magnetic field, and the scanning electron
microscopy and the optic microscope were used to observe
the microstructure and macrostructure in the specimens, respec-
tively. The specimens were etched by the nital solution (HNO3,
5.0 vol%/C,H50H).

3. Results
3.1. The effects of cooling rate on orientation

The master alloy of Tbo 3Dy 7Fe; g6 was heated to the tem-
perature of 1260 °C. In the presence of the magnetic field
140 mT, the melt solidified at four cooling rates, namely, a rapid
cooling rate, 3.5, 1.5, 0.8 °C/min in the field. The rapid cooling
rate is about 0.7 °C/s.

Fig. 1 shows that slower cooling rates yields a higher degree
of (111) growth. Fig. 1a demonstrates the randomly oriented
state for crystal grains while solidification occurred at a rapid
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Fig. 1. X-ray diffraction patterns of Tbg 3Dyg 7Fe; 9 from the samples solidified
in a magnetic field of 140 mT at difference cooling rate (a: 7 °C/s, b: 3.5 °C/min,
¢: 1.5°C/min and d: 0.8 °C/min).
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