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This work describes the evolution of texture in anisotropy compensated HoggsTbo 15Fe1.95 alloy which
was conventionally cast and directionally solidified at four different growth rates by adopting modified
Bridgman technique. The development of texture as a function of solidification rate has been investigated
by analyzing the experimental X-ray pole figures. A strong (3 1 1) texture component has been observed
for the sample solidified at lower growth rate and mixed texture components of (311), (112), (331)
(53 1) and (11 0) for the samples solidified at higher growth rate. Consequently, larger magnetostriction
has been observed in the sample solidified at lower growth rate than in those solidified at higher growth

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The research and development on the giant magnetostrictive
materials (RFe;: R-rare earth) is being pursued with profound
interest for several years due to its wider implication in revolu-
tionizing magnetostrictive actuators and transducers [1-3]. A large
initial magnetostriction (or large dA/dH) is considered as the fig-
ure of merit while designing a transducer or an actuator. This
condition is generally met by growing the material in cylindri-
cal rod form with preferred grain orientation and by controlling
the alloy chemistry to yield a microstructure consisting of only
the giant magnetostrictive phase. Directional solidification by float
zone technique (for rods of smaller diameter ~10 mm or less) and
modified Bridgman (MB) technique (for rods of larger diameter
>10mm) are commonly adopted to impart the desired grain ori-
entation in these materials [3]. The processing conditions such
as solidification rate (v) and temperature gradient (G), affect the
resultant texture of the directionally solidified rod. Among sev-
eral rare earth-iron intermetallics, the cubic Laves phase (C15
type) RFe, compounds display giant magnetostriction and large
magnetocrystalline anisotropy. In an effort to decrease the magne-
tocrystalline anisotropy and thereby reduce the level of bias field
requirement, anisotropy compensated mixed rare earth alloys such
as (Tb,Dy)Fe,, (Ho,Tb)Fe, and (Tb,Pr)Fe, etc. have been evolved
[1]. Among these, the (Tb,Dy)Fe, exhibiting large magnetostriction
has been extensively studied both from fundamental and tech-

* Corresponding author. Tel.: +91 40 24586677; fax: +91 40 24340884.
E-mail address: jarout@yahoo.com (J.A. Chelvane).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.07.145

nological perspectives, while (Tb,Pr)Fe, to a lesser extent owing
to the existence of additional phases such as (Tb,Pr)Fes, (Tb,Pr)-
rich, (Tb,Pr);Fe7 which appear even for smaller substitution of
Pr for Tb. Both (Tb,Dy)Fe; and (Tb,Pr)Fe, phases are formed as a
result of incomplete peritectic reaction [L (liquid)+ RFe; — RFe;]
and as a result some remanent pro-peritectic RFe3 phase detri-
mental to magnetostriction is seen in the microstructure [1,4,5]. In
contrast to these two anisotropy compensated pseudo-binary sys-
tems viz., (Tb,Dy)-Fe and (Tb,Pr)-Fe mentioned above, the Ho-Tb-Fe
system has an advantage since the gap between liquidus and
(Ho,Tb)Fe, peritectic temperature is almost negligible. Hence by
adopting directional solidification with high temperature gradient
the formation of detrimental pro-peritectic (Ho,Tb)Fe3 phase can
be suppressed. Although there are several reports on the magnetic
properties of this system, the effect of grain orientation and its rela-
tion to magnetostriction is still elusive [6,7]. In this context, a study
was carried out to directionally solidify Hog g5Tbg 15Feq g5 alloy at
different growth rates by modified Bridgman technique and inves-
tigate the texture development. An attempt has also been made
to bring out correlations between texture and magnetostriction in
this material.

2. Experimental details

Alloy of nominal composition, HoggsTbg 15Fe1.95, was prepared by melting the
high pure elemental ingredients in a vacuum induction furnace and casting the liquid
alloy in quartz tubes of 20 mm diameter placed over water cooled copper plate. The
cast rod was then directionally solidified by adopting modified Bridgman technique
under vacuum (~10~> mbar). Directional solidification experiments were carried
out by placing the chill cast rod on retractable water-cooled copper chill plate, which
was then lowered from hot zone (1350 °C) at various solidification rates. The initial
temperature gradient that could be achieved was 100 °C/cm. Directionally solidified
samples were obtained for four different pulling rates viz. 7, 35, 70 and 100 cm/h.
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The directionally solidified rods were then annealed at 950°C/4 days under high
vacuum (~10-> mbar). Using a Leo 440i scanning electron microscope (SEM) the
microstructure of the annealed samples was investigated and identification of the
different phases present in the samples was done with the aid of micro-chemical
analysis and X-ray micrographs. The evolution of texture during directional solidi-
fication at different rates was characterized by obtaining incomplete experimental
pole figures by rotating the test sample cut perpendicular to the axis of the rod
around normal direction (¢) and transverse direction (x). A continuous translation
(£8 mm) has been employed to scan large sample area. The Inel XRG 3000 diffrac-
tometer coupled with curved ‘position sensitive detector’ and Cu Ka radiation has
been used for this purpose. The obtained pole figures were analyzed using Labotex
software to obtain the angular co-ordinates (), ¢) of high intensity contours. The
observed angular co-ordinates were compared with standard stereograms of C15
Laves phase to determine the texture components. The room temperature static
magnetostriction was measured under dc magnetic field using field compensated
resistance strain gauges.

3. Results and discussions

The conventionally cast and annealed directionally solidi-
fied [7,35, 70 and 100cm/h] HoggsTbg 15Fe; 95 samples exhibit
a near uniform chemical composition along the entire length
of the rod with the microstructure of it displaying (Ho,Tb)Fe;
phase as the major phase and (Ho,Tb)-rich phase as minor phase
[Fig. 1].

3.1. Texture studies

The X-ray pole figures of the directionally solidified
Hoggs5Tbhg.15Fe1 95 rods corresponding to the different pulling
rates viz., 7, 35, 70 and 100 cm/h are shown in Fig. 2a-d respec-
tively. The description of the texture components, as observed
from (220),(311)and (422) pole figures, are presented briefly as
a function of pulling rates.

Sample solidified at 7 cm/h: The (31 1) pole figure of the sample
exhibits high intensity at x =1°, indicating a strong (31 1) texture
component. The presence of strong (31 1) texture component is
further seen at x =64° of (22 0) pole figure and at x=10.7° of (42 2)

pole figure. Thus, the sample solidified at 7 cm/h exhibitsonly (31 1)
as the major texture component [8].

Sample solidified at 35 cm/h: The (2 2 0) pole figure of the sample
exhibits high intensity at y =55°, from which the presence of (11 2)
texture component is inferred. Along with (11 2) texture compo-
nent, (31 1) texture component is also presentat x=35.3°0of (311)
pole figure. Interestingly, a third component (5 3 1) is also observed
at a location y =45° of the (42 2) pole figure.

Sample solidified at 70 cm/h: The sample solidified at 70 cm/h
show three major texture components viz., (311),(331)and (112)
of nearly equal intensities. The presence of (31 1) texture compo-
nent, located at the centre of the pole figure, is seen at x=3° of
(311) pole figure. It is observed from the same pole figure that, in
addition to (31 1) orientation, (1 12) texture component ( x =44.7°)
is also present. The high intensity at x=4.2° of (422) pole figure
and y=55.1° of (2 2 0) pole figure further confirms the presence of
(112) texture component. Apart from these texture components,
a strong (1 3 3) texture component is also present as inferred from
the intensity contour at x =71.6° and x =11.5° of (2 2 0) pole figure.

Sample solidified at 100 cm/h: The (31 1) pole figure of the sample
exhibits the presence of (5 3 1) texture component located at x =45°
and 30.3° and (110) texture component located at x=65.1°. The
presence of (110) texture component is further reconfirmed from
the intensity located at y=27.3° of (422) pole figure. These two
texture components are accompanied by (1 3 3) texture component
with high intensity at x =16.6° of (22 0) pole figure.

The formation of (3 1 1) texture component at lower growth rate
(7cm/h) is attributed to higher atomic packing density (85%) of
(311) plane as compared to 82% and 71% atomic packing density
of (110)and (11 2)planes respectively. Therefore, the (31 1) plane
forms low energy interface with liquid resulting in the growth of
(311) as favored texture component at lower growth rate. How-
ever, the kinetics of atomic attachment to (31 1) plane is sluggish
due to less accommodation factor. Hence, at higher growth rate
(110), (112) components evolves as preferred growth orienta-
tions, owing to faster attachment of atoms to (110) and (112)

Fig. 1. Back scattered electron image of directionally solidified Hog g5 Tbo 15Fe 95 sample grown at 7, 35, 70 and 100 cm/h.
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planes, which are having lesser packing density. Although, (111)
plane possesses highest atomic packing density (95%), the growth
of (111) orientation has not been noticed even with the slowest
growth rate (7 cm/h) adopted in this study. This is attributed to
the very sluggish attachment of atoms at the solid liquid inter-
face due to least atomic accommodation factor of (111) plane.
At higher growth rate, the evolving components such as (110)
and (112) also undergo tilt during solidification and accordingly
(331) and (53 1) components were also observed. These com-
ponents can be called as ‘rotated (110)" and ‘rotated (112)>’
respectively.

A summary of major texture components observed in the Bridg-
man solidified samples grown at different rates are presented in
Table 1.

3.2. Magnetostriction

The variation of magnetostriction as a function of applied dc
magnetic field for cast and directionally solidified Hog g5 Tbg 15Fe1 g5
samples is shown in Fig. 3. The improvement in magnetostriction
brought about by directional solidification is remarkably high com-

Table 1
Summary of texture components observed for samples solidified at different growth
rates.

Growth rate Major texture components

7 cm/h (311)and (110)

35cm/h (311),(531) (rotated (112)2)and (112)
70cm/h (311), (331) (rotated (110)°)and (112)
100cm/h (531),(331)and (110)

4 (531) (rotated (112))— (53 1) ~14° away from (112).
b (331) (rotated (110))— (33 1) ~13° away from (110).

pared to that obtained in the cast alloy. It is also seen that lower
solidification rate (7 cm/h) is beneficial to realize large magne-
tostriction coupled with a sharp rise in the initial magnetostriction.
This is attributed to the strong (311) texture which is present
as single component inducing a strong magneto-elastic coupling
along the entire sample. With increase in solidification rate, the
magnetostriction decreases due to the presence of multiple texture
components such as (531), (331),(110) and (11 2) in addition to
(311) texture component. Due to the presence of multiple com-
ponents the magneto-elastic coupling is found to be affected, as

Fig.2. (220),(311)and (42 2) pole figures taken on transverse section of the sample solidified at (a) 7cm/h, (b) 35cm/h, (¢) 70 cm/h and (d) 100 cm/h.
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Fig. 2. (Continued)

each texture component having different angular relationship with
the easy magnetization direction leading to incoherent domain
motions under applied field. Therefore, magnetostriction is found
to decrease in the sample solidified at higher growth rates.

Fig. 3. Variation of magnetostriction as a function of applied magnetic field for as
cast and directionally solidified (7, 35, 70 and 100 cm/h) samples.

4. Summary and conclusions

The evolution of texture with solidification rate has been cor-
related with magnetostriction. Low solidification rates favor large
magnetostriction owing to the strong single (311) texture com-
ponent along the growth direction. Increase in solidification rate
decreases magnetostriction due to the presence of mixed grain
orientations leading to poor magneto-elastic coupling.
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