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Abstract

Oriented polycrystalline rods of FsDyos4(Fer_.Co,). (Wherex = 0.00, 0.10, 0.15, 0.20, 0.30) have been successfully prepared by
zone melting unidirectional solidification with high growth velocity of 240 mm/h and 900 mm/h. The measurement results skibiv@hat
preferred orientation can be formed in the quaternary alloys with dendritic solidified morphologies. The magnetostriction was measured a:
a function of applied magnetic field up to 4 kOe and compressive stresses of 5 MPa and 10 MPa over a wide temperature ra8@edrom
100°C. The magnetostriction “jump” effect was obvious in all the IdDyqes(Fe_Co,), (110 oriented crystals at room temperature and
elevated temperature (100), but not so obvious at cryogenic temperatur8Q@°C). A satisfactory magnetostrictive property was obtained
in the (11 0 oriented Tl 3sDYos4(FessC0n.15)2 crystal with the value of 181& 10- under 14 MPa pre-stress and 5 kOe magnetic field at
room temperature.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction predicted thatitis possible to tailor TBy;_ .(Fe._yCoy)2 to
obtain optimum magnetostrictive properties over a wide tem-
Giant magnetostrictive materials based on (Th,Dy)Fe perature range, because Co substitution for Fe increases the
compound can be used in acoustic transducers, sensor€urie temperatur@. of Terfenol-D. However, the increase
and actuators because of their huge magnetostriftie8i. in Tb/Dy ratio decreases the spin reorientation temperature
Considerable work has been done to improve the magne-T; [6].
tostriction and extend the operating temperature range by Due to the strongly magnetostrictive anisotrofy,1 1)
partly substituting other rare earth elements for Tb or Dy, oriented rods should exhibit excellent magnetostriction in the
or other transition metals for Hd—6]. It is known that the alloys. However, it was proved to be difficult to prepare ori-
(Th,Dy)Fe compounds exhibit different magnetostriction ented (Tb,Dy)Fg crystals with the(1 1 1) preferred growth
properties which depend on their easy magnetization direc-direction even by seed techniq[&9]. Good magnetostric-
tion (EMD). The EMD of (Th,Dy)Fe compounds ig11 1) tive property can be obtained frofd 1 2) oriented crystals
for T>T, and (100 for T < T, [7], whereT, is the spin [1], and in some cases, the magnetostrictiofldf0) oriented
reorientation temperature of the compounds. Therefore, thecrystals is not lower than that ¢f 1 2 oriented crystalgl0].
large magnetostriction at room temperature can be kept toOur group has prepargd 1 0 oriented (Th,Dy)Fg crystals
cryogenic temperature T, is low enough. Clark et al. have by zone melting unidirectional solidification with a large ve-
locity rangg[11]. Shi etal. reported thdl 1 0) oriented crys-
* Corresponding author. tals of the quaternary alloy BigDyo s(Féen.9sMno gs5)2 can be
E-mail addressxuhb@buaa.edu.cn (H. Xu). grown by directional solidificatiofiL2].
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In the present paper, we have prepared grain-aligned ]
Tho.36DYo0.64(Fe1—xCo,)2 materials with high growth veloc- ¢ e Q
ity of 240 mm/h and 900 mm/h and measured their magne- x=0.30 )\ A 240mm/h N
tostrictive properties in the temperature range freB0 to
100°C. Distinct dendritic morphologies were observed and 5 x=0.20 /5‘ A 240mm/h
the grains were regularly aligned along the solidification di-
rection (the axial direction of the rod). A clear magnetostric- > |
tion jump effect can be observed in all the crystals atroom '@ | x=0.15 900mm/h
temperature and elevated temperature, but not at cryogenic Q x=010 A 240mm/h
temperature. £ f

- Mx=0 N A 240mm/h A
2. Experimental ¥ T ' ' T
20 30 40 50 60 70 80
The purity of the constituents was as follows: Th, Dy and 26 (d.)

Fe 99.9%, Co 99.8%. Samples ofglHaDyo.ea(Fei—xCoy)2

alloys were prepared by arc melting of the appropriate con- Fig. 1. X-ray diffraction patterns from the transverse sections of the oriented
stituent metals in a high-purity argon atmosphere then arc cast P036DYo.e4(Fe1-Coy)2 samples with growth velocities of 240 mm/h or
into rods with a diameter of 6.8 mm. Oriented crystals were 900mm/h.

fabricated by a self-made crystal growth device. It has a su-

per high temperature gradient around 400cm and the rare  cessfully obtained with high growth velocity by the present
earth melting loss can be minimized by control of tempera- unidirectional solidification method.

ture and growth velocity. The oriented rods with a diameter ~ The solidification morphologies of the longitudinal sec-
of 7.2mm were prepared with a velocity of 240 mm/h and tions of each oriented sample obtained with growth velocities
900 mm/h. An optical microscope was used to observe the of 240 mm/h and 900 mm/h were examined and are shown in
solidified morphology of the longitudinal and transverse sec- Fig. 2 Itis clear that all thé1 1 0) oriented crystals show den-
tions. A Regaku D/max 2200 pc X-ray diffractometer with dritic morphologies, and the phases were arranged uniformly
Cu Ka radiation was used to check the preferred orienta- and regularly. The rare-earth rich phase was distributed at
tions on the transverse section. The magnetostrictive strainghe boundaries of the matrix Laves phase. No 1:3 phases can

were measured by standard resistant strain gauge on sambe seen in the microstructures. The solid-liquid interface re-

ples with a length of 25 mm in the temperature range from
—801to 100°C. A gas pressure cell was employed to produce

mains planar when the growth velocity is low enough, and
becomes unstable with the increase of the growth velocity,

0-15 MPa axial pre-stress. Elevated and cryogenic tempera-where the dendritic morphologies developed in the oriented
tures were reached in a homemade heating device with theThg 36Dyo 64(Fe1—Coy)2 crystals when grown with veloc-

error less than:1°C.

3. Results and discussion
3.1. (110 preferred orientation formation

Transverse sections of the rods prepared with growth ve-
locities of 240 mm/h and 900 mm/h were employed to deter-
mine the crystal orientations by X-ray diffraction, as shown
in Fig. L The ratio of the intensity of the (220) peak and
(11 3) peaM(220yl(113)is 4.07 forx=0.00, 1.05 fox = 0.10,
3.06 forx = 0.15, 1.83 forx = 0.20 and 1.70 fox = 0.30,
which can be calculated from the X-ray patterns. It demon-

ities of 240 mm/h and 900 mm/h. In fact, during the quick
unidirectional solidification, crystals with different orienta-
tions compete with each other, and the preferred growth of the
crystals will dominate other growth directions and gradually
govern the whole transverse sectighl 0) oriented TbDyFe
crystals grow with two kinds of1 1 1}-twin growth mech-
anisms as described by Jiang et{&aB]. A two-{1 1 1}-twin
growth mechanism was found for low velocity growth, and
a single{1 1 1}-twin growth mechanism for high velocity
growth. The(1 10 oriented Tl 36Dyo.64(Fe1—Coy)2 Crys-
tals obtained with velocities of 240 mm/h or 900 mm/h were
formed by the singl€-1 1 1}-twin growth mechanism.

Typical optical morphologies from the transverse sec-
tions of Tky 36DYo0.64F€ and Tty 36DYo.64(Fen.85C00.15)2 are

strates that the (22 0) peak is remarkably the strongest oneshown inFig. 3. It also shows that the crystals grown with

among all the diffraction peaks for each specimen, since it
is known that the (1 1 3) diffraction peak is the strongest one
of the (Th,Dy)Fe Laves phase for polycrystalline samples,
this indicated that all the oriented crystal possdsk0 pre-
ferred orientation. Oxide and REphases cannot be seen in
the X-ray patterns. It demonstrates that thd 0 preferred
orientation of Tl 36Dyg.64(Fe1—C0,)2 alloys can be suc-

240 mm/h or 900 mm/h have dendritic morphologies. It is
clear that the crystals were formed by many thin flats, as
reported by Wu et al[9]. The quantity of the rare-earth
rich phase of Th3sDyo.e4F& as shown irFigs. 2a and 3a
was larger than that of BiagDyo.64(Fen.s5C0p.15)2 as shown

in Figs. 2c and 3bThis indicates that the addition of Co
decreases the amount of rare-earth rich phase. In another
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Fig. 2. Solidified morphologies of the longitudinal sections of the orientagsdMyo s4(Fe1—»Co,)2 samples. (ax = 0.0; (b)x = 0.10; (c)x = 0.15; (d)x =
0.20; (e)x=0.30.
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Fig. 2. (Continued.

word, the Co addition is beneficial for the formation of the effect was obtained in the oriented gl4gDyo s4F€ and

Laves phase, similar as in theoRDyg e(Fe1—»Cox)2 [14]
and Tly 2Pro.g(Fer— xCo,)2 systemg15].

3.2. Magnetostriction

Fig. 4 shows the magnetostrictive properties of ori-
ented crystals with compositions of J$DyoesFe and
Tho.36DY0.64(F&.9Cp.1)2 at room temperature. As shown
in Fig. 4a, for an oriented TzeDYyo.64F€ crystal, the mag-
netostriction in an applied field of 4 kOe is 79410~6 under
free conditions, and increases to 9970 ®and 1186« 106

when the pre-stress is 5 MPa and 10 MPa, respectively. TheTbo 36DYo0.64(F€n.85C00.15)2,

Tho.36DY0.64(F€n.90C00,10)2 Crystals when pre-stress was ap-
plied at room temperature. Under free conditions, the mag-
netostriction in 4kOe of TfzsDyoesFe is smaller than
that of Thy 36Dyo.64(Fen.00C0.10)2- Clark et al. considered
that Co addition decreases the saturated magnetostrigtion
in Tho 3Dyo.7(Fer—Co,)1.9 polycrystalline material$16].
The different magnetostriction betweengBaDyo.64F€ and
Tho.36DYo0.64(F€n.90C00,10)2 Oriented crystals must be related
with the different preferred orientation degree, besides the
composition difference.

Fig. 5 shows the magnetostrictive properties of oriented
Tho.36DY0.64(F€0.80C0.20)2

increase ratio of the magnetostriction is 25.6% and 49.4%. As and Tk 36Dyo.64(Fén.70C00.30)2 Crystals at room tempera-

shown inFig. 4b, for an oriented T§36DYo.64(Fen.90C00.10)2
crystal, the magnetostriction in 4 kOe is 80106, 1027
x 1076 and 1296x 1078 under free conditions, or pre-

ture (20°C), elevated temperature (100), and cryogenic
temperature £80°C). As shown inFig. 5a, under free
conditions, the magnetostriction in 4kOe of the oriented

stress of 5MPa and 10 MPa, respectively. The increase ratioT bo. 36Dy0 64(FengsC0p.15)2 Crystal is 1507x 107°, 1224
of the magnetostriction is 26.8% and 60.0%. The conclu- x 107 and 1024x 10-° at —80°C, 20°C and lOO’C
sion can be drawn that an obvious magnetostrictive jump respectively. The magnetostriction in 4kOe decreases
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Fig. 3. Typical optical morphologies from the transverse sections of oriented samplesg §aD¥&essaFe; (b) Tho36DY0.64(Fen.85C0.15)2-
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Fig. 4. Magnetostriction of oriented samples at room temperaturddR@a) Thy 36Dyo.64aF€; (b) Tho 36DYo0.64(F&.9C00.1)2.
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In the Thy3sDyo.e4(Fen.soCo.20)2 and Thy3eDyo.e4
(Fep.70C0p.30)2 oriented crystals, their magnetostrictive
properties are similar to TsDYyo.e4(Fen.85C0p.15)2, as
shown inFig. 5b and c.

As seen fronFigs. 4 and 5an obvious magnetostrictive
jump effect can be observed in all ttfel ) oriented crystals
at room temperature and elevated temperature. According to
our previous worl11], AP, the magnetostriction measured
under a pre-stress can be calculated from the following equa-
tion:

AP = Br111(@102B182 + w2033 + w31 B3B1)

+3 0100282 + 33 + 22 — 3 @)
wherew; andg; are the direction cosines of the magnetization
and measurement direction, respectively, with respect to
the cubic axis. Becausgr11 > 1100 [1], the value ofi100
was ignored here. Following the sing{é-1 1}-twin growth
mechanism, the magnetostrictio’ of both the (110
and (112 oriented Tl36Dyoea(Fei—xCoc)2 samples
should be equal to 1.2%1; Substitutingii11 = 1640 x
10-% into Eq. (1) the theoretical value of TsDyo.caFe
should be 2050x 1076. Co addition decreases the value
of X111 in Tbo3Dyp 7(Fei—.Co,)1.9 alloys[16], due to the
negative contribution to the magnetostriction from the Co
sublattice[17]. It can be estimated that the Co addition also
decreases the value df11 in the Ty 36Dyo.64(Fe1—Coy)2
alloys. As shown inFig. 5a, the magnetostriction of
Tho.36DY0.64(Fen.85C00.15)2 (1 10 oriented crystal in 5 kOe
under 14 MPa pre-stress at room temperature is 181076,
which is approaching the theoretical value. It is reasonable
to assume that thel 1 0 oriented Tl 36Dyo.64(Fe1—COy)2
crystals obtained with high growth velocities follow the
single{1 1 1}-twin growth mechanism.

4. Conclusions

By zone melting unidirectional solidificatio] 1 0 ori-
ented crystals of TgseDyo.6a(Fe1—xCoy)2 (x = 0.00, 0.10,
0.15, 0.20, 0.30) alloys can be successfully prepared with
high growth velocities of 240mm/h and 900 mm/h. De-
veloped dendrites are observed in both the longitudinal
and transverse sections of ttfel 0) oriented crystals. The
Co addition is beneficial for Laves phase formation in
Tho.36DYyo.64(Fe1—»C0y)2 alloys. A clear magnetostrictive
jump effect is observed at room temperature @9 and
elevated temperature (10Q), but it is less clear at cryo-

with increasing the temperature. When 10 MPa pre-stressgenic temperature<{80°C). A rough calculation was made

was applied, the magnetostriction increases to 1627
105, 1677 x 107 and 1368x 10°%, respectively, the

based on the singlét 1 1}-twin growth mechanism, and
the experimental magnetostriction of tkg10 oriented

corresponding ratio is 7.9%, 37% and 33.6%. It suggests Thg 36DYo.64(Fen.g5C00.15)2 crystal is approaching the the-

that the magnetostrictive jump effect in the oriented
Tho.36DY0.64(Fen.85C0p.15)2 crystal is very obvious at room
temperature (20C) and elevated temperature (1@), but
almost does not occur at cryogenic temperatur8Q°C).

oretical value. It can be considered that el O oriented
Tho.36DYo0.64(Fe1—Coy)2 crystals obtained with high growth
velocities were formed by the singlg-1 1}-twin growth
mechanism.
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