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An intermetallic compound of nominal composition Tb0.3Dy0.7Fe1.95 was conventionally cast in the

form of cylindrical rods of 8 mm diameter and directionally solidified by zoning at three different

growth rates. Compounds of the same nominal composition were also directionally solidified in the

form of cylindrical rods of 20 mm diameter by modified Bridgman technique, at two different

growth rates. The microstructure of the directionally solidified compounds has been investigated as

a function of solidification rate and compared with that of conventionally cast compound. The

observed microstructural features of these samples have been correlated with the magnetostriction

measured on the corresponding samples. Further, by examining the longitudinal sections cut along

its cylindrical axis, a correlation of microstructure with magnetostriction has been brought out for

each directionally solidified sample as a function of distance from the initially solidified end to the

other. It has been observed that a large magnetostriction �at 4.5 kOe� and a high initial slope of

magnetostriction versus applied magnetic field are realized in the directionally solidified samples as

compared to the conventionally cast sample. An improvement in the property has been observed

among the directionally solidified samples when solidified with higher growth rates. It is surmised

on the basis of the observed microstructural features in this study that a large magnetostriction is

realized if formation of �Tb,Dy�Fe2 occurs by congruent solidification rather than by the peritectic

reaction L+ �Tb,Dy�Fe3→ �Tb,Dy�Fe2. © 2006 American Institute of Physics.

�DOI: 10.1063/1.2356913�

I. INTRODUCTION

The anisotropy compensated �TbxDy1−x�Fe2−y interme-

tallic compounds with x�0.3 and y�0.03–0.1 exhibit a

large room temperature magnetostriction
1,2

and are generally

grown in the form of cylindrical rods by adopting directional

solidification �DS� methods of either zoning
3

�up to a diam-

eter of �8 mm� or modified Bridgman
4

�for larger diameter,

typically �15 mm� technique. Efforts have been on
5–11

for

achieving a large magnetostriction ��� and high magnetome-

chanical coupling coefficient �k33� over a wide temperature

range. One of the means is through substitutions aimed at �i�

extending the near zero magnetocrystalline anisotropy to a

wide temperature range,
7

and �ii� evolving a microstructure

consisting of mainly the magnetostrictive Laves phase,

�Tb,Dy�Fe2 with �Tb,Dy� rich as a minor phase distributed

in the intergranular regions. On the other hand, in the mate-

rial processing, the main emphasis is placed on achieving

sharp and uniform texture throughout the sample in order

to realize a large and uniform �along the length� magneto-

strictive strain at low applied magnetic fields. Therefore, the

uniformity of texture is critical and a greater interest in

interrelating the measured magnetomechanical properties

with grain orientation and microstructural features.
8–11

Some

of the key parameters that have a profound effect on the

texture and the microstructure in this material system are

composition, method of premelting and casting, and direc-

tional solidification conditions such as solidification rate,

temperature, gradient, etc. Earlier investigators
10–12

have

used arc melted precast cylindrical samples for zoning,

whereas in the current work, the precast rod samples have

been prepared by vacuum induction melting and casting.

While the temperature gradient is assumed to be constant in

zoning �Z� technique, a gradual variation in the gradient is

expected to prevail in the modified Bridgman �MB� tech-

nique. Thus an investigation involving both zoning and MB

allows one to comparatively assess the effect of the tempera-

ture gradient on the resultant microstructure and subse-

quently correlate these to the magnetomechanical properties.

In each of these techniques, samples have been grown at

different solidification rates and characterized for the magne-

tostrictive properties. Further, to assess the extent of property

uniformity in the DS samples, longitudinal sections of the

samples as a function of distance from one end �initial so-

lidification� have been studied. The results of these investi-

gations are presented and discussed in this paper.
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II. EXPERIMENTAL DETAILS

As mentioned earlier, directional solidification experi-

ments in this study were carried out by zoning and modified

Bridgman techniques. The compound Tb0.3Dy0.7Fe1.95 was

prepared by melting the elements �Tb, Dy �99.5% purity;

Fe �99.9% purity� in a recrystallized alumina crucible using

a vacuum induction melting furnace and casting the molten

compound in quartz tubes of 8 mm diameter. The conven-

tionally cast �CC� rods were then sealed in quartz tubes un-

der vacuum and zoned at three different speeds, namely,

18 cm/h �Z1�, 36 cm/h �Z2�, and 72 cm/h �Z3�, using an

induction coil powered at 450 kHz.

The directional solidification of the Tb0.3Dy0.7Fe1.95

compound by MB technique was performed by first prepar-

ing the compound in a vacuum induction melting furnace

and then pouring the melt into a preheated �1350 °C� open

ended 20 mm diameter quartz tube provided with a water-

cooled chill plate at the bottom. The compound was then

directionally solidified by lowering the mould from the hot

zone at controlled withdrawal rates of 14 cm/h �MB1� and

70 cm/h �MB2�.

The microstructural investigations on the sample surface

parallel and perpendicular to the direction of solidification,

i.e., on longitudinal and transverse sections, respectively,

were carried out using optical and scanning electron micro-

scope �Leo 440i scanning electron microscope �SEM� with

Oxford energy dispersive spectroscopy �EDS� detector with

a resolution of 136 eV at Mn K��. The sample surfaces were

prepared using standard metallographic technique and etched

with Villela’s reagent �95 ml methanol+5 ml HCl+1 g pi-

cric acid� for optical microscopy. The x-ray diffraction

�XRD� of the samples was performed using a Philips �model

3020� x-ray diffraction unit and the magnetostriction parallel

to the growth direction was measured under dc magnetic

field using temperature and field compensated resistance

strain gauges.

III. RESULTS AND DISCUSSIONS

A. Microstructure

The compound selected for the investigation is slightly

rare earth rich relative to the stoichiometric �Tb,Dy�Fe2

phase. Assuming that the Tb–Dy–Fe system behaves as

pseudobinary �Tb,Dy�–Fe, the composition at room tempera-

ture corresponds to a two phase ��Tb,Dy�Fe2 and �Tb,Dy�

rich� region of the binary phase diagram.
13,14

However, the

microstructure �Fig. 1� of the conventionally cast

Tb0.3Dy0.7Fe1.95 shows the presence of properitectic

�Tb,Dy�Fe3 phase in addition to the expected �Tb,Dy�Fe2

and �Tb,Dy�-rich phases. In contrast, the zoned samples ex-

hibit �Fig. 2� the presence of these two phases only. The

microstructure �Fig. 3� of the longitudinal sections of the

samples zoned at different rates exhibits cellular �Tb,Dy�Fe2

grain morphology at lower zoning speed, and progressively

changes to dendritic as the zoning speed is increased. For the

samples directionally solidified by modified Bridgman tech-

nique, the volume fraction of the properitectic �Tb,Dy�Fe3

phase formed appears to depend on the rate of solidification

and the temperature gradient. At a lower solidification rate

�14 cm/h�, �Tb,Dy�Fe3 is observed �Fig. 4� throughout the

length of the sample �MB1�, whereas at the higher rate

�70 cm/h�, the formation of �Tb,Dy�Fe3 seems to be sup-

pressed up to about 40 mm away from the chilled end. Fur-

ther away from 40 mm, �Tb,Dy�Fe3 phase starts appearing

with a progressively increasing volume fraction as the dis-

tance from the chilled end increases.

The solidification sequences as inferred from the present

study of different samples are described in Table I and com-

pared with the solidification sequence under equilibrium con-

dition. Depending on the absence/presence of �Tb,Dy�Fe3

phase, it is observed that the �Tb,Dy�Fe2 phase forms either

congruently from the liquid or through a peritectic reaction

depending on the prevalent solidification conditions. The

presence of �Tb,Dy�Fe3 in the microstructure occurring at

FIG. 1. Back scattered electron �BSE� image of the transverse section of the

conventionally cast Tb0.3Dy0.7Fe1.95.

FIG. 2. BSE image of the transverse section of the samples Z1, Z2, and Z3

zoned at 18, 36, and 72 cm/h, respectively, showing the presence of

�Tb,Dy�Fe2 and �Tb, Dy�-rich phases.

FIG. 3. Optical micrograph of longitudinal section of zoned samples, show-

ing the transition of cellular to dendritic morphology of �Tb,Dy�Fe2 phase

with increase in solidification rate.
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intergranular/cellular boundaries of the main �Tb,Dy�Fe2

phase suggests an incomplete reaction �as is common in most

reactions of peritectic type�. The phase selection theory pro-

posed by Umeda et al.
15

on peritectic solidification can be

considered to discuss the solidification sequence as given in

Table I. The theory explains the stability of growth of the

competing phases on the basis of their corresponding solid-

liquid interface temperatures, which is a function of tempera-

ture gradient and growth rate prevalent during solidification.

According to the theory, the phase possessing higher inter-

face temperature attains stability of growth over the other

competing phases. It is proposed that if the rate of solidifi-

cation exceeds a critical velocity �Vtr� for a given thermal

gradient, then the interface temperature of the peritectic

�Tb,Dy�Fe2 phase exceeds that of �Tb,Dy�Fe3 phase. Under

such conditions, �Tb,Dy�Fe2 can form congruently from the

liquid. As the thermal gradient increases, Vtr decreases, fa-

cilitating the formation of �Tb,Dy�Fe2 directly from the liq-

uid even at lower solidification rates. In zoning, high thermal

gradient always prevails owing to good thermal conductivity

of the sample and rapid conduction of heat from the thin

layer of the liquid puddle. Therefore, it is supposed that the

critical velocity �Vtr� for the congruent formation of

�Tb,Dy�Fe2 from liquid is lower than 18 cm/h, the lowest

zoning rate employed in this study. In MB1 experiment,

however, the temperature gradient prevalent was lower as

compared to the zoning experiment and hence, the Vtr may

be higher than rate of solidification �14 cm/h�, favoring the

formation of �Tb,Dy�Fe3 right from the initial stage of so-

lidification. In contrast, during the initial period of solidifi-

cation of the MB2 sample, the rate of solidification em-

ployed �70 cm/h� exceeds Vtr resulting in the formation of

�Tb,Dy�Fe2 congruently from the liquid. Thus, the Vtr value

lies between 14 and 70 cm/h for the thermal gradient that

prevailed during the MB experiments. However, the tem-

perature gradient starts decreasing at regions away from the

chilled zone, and at some distance away from the chilled

surface, the solidification rate becomes lower than Vtr and as

a consequence �Tb,Dy�Fe3 phase starts forming as primary

phase �MB2 sample�.

1. Widmanstatten precipitate

A network of fine platelet-type Widmanstatten precipi-

tate �WSP�, which is distributed in the matrix of �Tb,Dy�Fe2

phase is noticed in the CC sample �Fig. 5�. A similar network

of fine precipitate has been noticed in all sections of MB1

also. Interestingly, these precipitates were not observed in

MB2 and in all the zoned �Z1, Z2, and Z3� samples. Earlier

investigators
14,16,17

have identified these precipitates to be

�Tb,Dy�Fe3 phase, describing its formation on the basis of

existence of a narrow solubility range for the Laves phase

towards the rare earth rich side. As the solidification

progresses the precipitates of �Tb,Dy�Fe3 are formed prefer-

ably on the facets of �111� of �Tb,Dy�Fe2 phase leading to

the formation of WSP. This being a diffusion assisted process

the reaction kinetics has a strong dependency on the rate of

FIG. 4. Longitudinal sections of samples grown at 14 cm/h�MB1� and

70 cm/h�MB2� by modified Bridgman technique depicting the formation of

�Tb,Dy�Fe3 at lower solidification rate.

TABLE I. Inferred solidification sequence of the Tb0.3Dy0.7Fe1.95 alloy under different growth conditions.

Under equilibrium condition

according to phase diagram CC and MB1 samples MB2, Z1, Z2, and Z3 samples

L L L

↓ ↓ ↓

L+ �Tb,Dy�Fe3 L+ �Tb,Dy�Fe3 L � �Tb,Dy�Fe2

↓ ↓ ↓ ↓

L � �Tb,Dy�Fe2 L � �Tb,Dy�Fe3 � �Tb,Dy�Fe2 �Tb,Dy�-rich �Tb,Dy�Fe2

↓ ↓ ↓ ↓ ↓ �

�Tb,Dy�-rich �Tb,Dy�Fe2 �Tb,Dy�-rich �Tb,Dy�Fe3 �Tb,Dy�Fe2 �Tb,Dy�Fe2

� � �

�Tb,Dy�Fe2 �Tb,Dy�Fe2 WSP �Tb,Dy�Fe3

FIG. 5. Secondary electron �SE� image of CC and BSE image of MB1

revealing the formation of WSP of �Tb,Dy�Fe3 phase. The BSE image of

MB2 shows the absence of WSP which is attributed to higher solidification

rate.
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cooling. It is evident from this study that the formation of

WSP is difficult either at a higher rate of solidification or at

higher temperature gradient �or both�. Therefore, slow rate of

solidification would aid diffusion and cause precipitation of

�Tb,Dy�Fe3 as observed in the CC and MB1 samples. On the

contrary, the diffusion kinetics is inhibited due to higher tem-

perature gradient in the zoned samples �Z1, Z2, Z3� and due

to higher solidification rate in MB2 sample. Hence, forma-

tion of WSP was found suppressed in all the zoned �Z1, Z2,

Z3� and MB2 samples.

B. Magnetostriction

The plots of magnetostriction ��� versus applied dc mag-

netic field �H� for CC and directionally solidified �Z1, Z3,

MB1, and MB2� samples are given in Fig. 6. The improve-

ment brought about in magnetostriction by directional solidi-

fication is remarkably high compared to that obtained in the

conventionally cast condition. This is attributed to �i� the

preferred grain orientation as a result of directional solidifi-

cation and in accordance with the earlier reported values by

several investigators
9–11,18–20

and �ii� suppression of

�Tb,Dy�Fe3 phase.

When comparing the effect of different solidification

rates adopted in the study, it is inferred that a higher rate of

solidification within those employed in the present study is

beneficial to realize large magnetostriction and also a sharp

rise in the magnetostriction from zero. This is one of the

important quality factors of the material for the transducer

applications. Considering that the solidification rates are

comparable for Z1 and MB1 on one hand, and Z3 and MB2

on the other, the magnetostriction values are also expected to

be closer for these two sets of samples. However, an exami-

nation of the magnetostriction plots �Fig. 6� of these samples

reveals that the high “initial magnetostriction” �for H�up to

1.0 kOe� is achievable at lower solidification rates in zoning

than in the modified Bridgman technique. Another interest-

ing observation is that the difference in the value of magne-

tostriction among the zoned samples grown at different so-

lidification rates is small whereas it is remarkably high for

the samples �MB1 and MB2� grown by Bridgman technique.

The magnetostriction values obtained for Z3 and MB2

samples are comparable to that reported earlier by the other

researchers.
11,12,18

The consistency of magnetostriction in the entire length

of the sample was evaluated for Z3 and MB2 samples by

plotting � versus applied field for different sample sections

cut along the cylindrical axis of the solidified rod. While

very little deviation ��1% � in magnetostriction was noticed

in the zoned samples, considerable variation was observed

�Fig. 7� for the MB2 sample, being maximum at the initially

solidified section �chill end� and decreasing as a function of

distance from the chilled end. A similar trend has been no-

ticed in the value of initial magnetostriction too. While relat-

ing the observed variation of magnetostriction to the micro-

structure of the corresponding sections of the samples, the

appearance of �Tb,Dy�Fe3 phase at 40 mm away from the

chilled surface seems to be the main cause for the decrease in

the magnetostriction.

The systematic improvement in the magnetostriction as a

function of solidification rate implies that if �Tb,Dy�Fe2 con-

gruently solidifies from the liquid, the magnetostriction mea-

sured in such samples is high. On the contrary, solidification

through the peritectic reaction with the formation of primary

crystallites of �Tb,Dy�Fe3 as is the case in the CC, MB1 and

also in MB2 at some distance away from the chilled zone,

leads to reatively low magnetostriction values. According to

Verhoeven et al.,
21

the magnetostriction depends on the

�Tb,Dy� /Fe ratio of the Laves phase. From the investigation

presented here it is surmised that this ratio approaches the

stoichiometric �Tb,Dy�Fe2 if the Laves phase is formed by

direct crystallization from the liquid through congruent so-

lidification. However, if the solidification leads to the forma-

tion of �Tb,Dy�Fe3, then the ratio �Tb,Dy� /Fe deviates from

the stoichiometry and the magnetostriction consequently de-

creases. So the �Tb,Dy� /Fe ratio has an effect on magneto-

elastic coupling responsible for the rhombohedral distortion

of the cubic Laves phase. It has been reported
22,23

that the

FIG. 6. The variation of magnetostriction as a function of applied dc mag-

netic field for the conventionally cast and directionally solidified samples.

FIG. 7. Plot of magnetostriction as a function of applied dc magnetic field

for the longitudinal sections of the MB2 rod from the chilled end.
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splitting of the �440� peak in the XRD pattern can be taken

as a measure for the rhombohedral distortion of the unit cell

of �Tb,Dy�Fe2 phase. The XRD peaks of �440� correspond-

ing to the conventionally cast and directionally solidified

samples �Z3, MB1, and MB2� are shown in Fig. 8. The split

is markedly prominent for the samples �Z3 and MB2� direc-

tionally solidified at higher growth rates, whereas it is less

prominent in the sample CC and in the sample �MB1� grown

at low solidification rate. This corroborative evidence also

supports the understanding derived from the microstructural

evaluation of conventionally cast and directionally solidified

samples that large magnetostriction can be obtained if the

�Tb,Dy�Fe2 phase is formed by congruent solidification:

IV. CONCLUSIONS

The compound Tb0.3Dy0.7Fe1.95 was conventionally cast

and also directionally solidified using zoning and modified

Bridgman techniques. The microstructure of the directionally

solidified samples was studied using optical microscope,

SEM/EDS, and correlated with the magnetostriction mea-

sured by resistance strain gauges. The results are summa-

rized as follows:

�1� At higher temperature gradient and solidification rate,

formation of properitectic �Tb,Dy�Fe3 phase is not ki-

netically favored and �Tb,Dy�Fe2 phase forms congru-

ently from the liquid.

�2� Formation of fine WSP-type �Tb,Dy�Fe3 phase occurs

only if the solidification rate and temperature gradient

are sufficiently low to allow diffusion and reach equilib-

rium condition.

�3� Deviation in the �Tb,Dy� /Fe ratio of the Laves phase is

attributed to be the reason for the variation in the mag-

netostriction measured �at a given bias field� on the

samples solidified under different solidification condi-

tions. Larger deviation in �Tb,Dy� /Fe ratio occurs if

�Tb,Dy� /Fe2 phase forms through the peritectic reaction

L+ �Tb,Dy�Fe2→ �Tb,Dy�Fe3, resulting in lower mag-

netostriction ���.

�4� The formation of �Tb,Dy�Fe2 by congruent solidifica-

tion due to higher solidification rate and higher thermal

gradient, either one or both, essentially results in realiz-

ing larger magnetostriction, and is attributed to the

�Tb,Dy� /Fe ratio of Laves phase being closer to that of

stoichiometric �Tb,Dy�Fe2.
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