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in the quaternary increased from 36 to 98.
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in dA/d Fl am d X~ over random polycrystals.
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SUMMARY
p

The magnetic and magnetomechanical properties study reported here is part of a
program to devel op magnetostrictive materials for high power sonar projectors . The
ra re earth iron Laves phase compounds containing terbium possess high magnetostric-
tions and when they are prepared in textured form become excellent candidates for
driving elements of high strain transducers .

This paper reports the permeability , magnetomechanical coupling factor and mag-
netostriction of compounds prepared by two methods. The coupling factors which are
nominally .55- .60 in randomly oriented polycrystals , are inc reased to .72- .74 in the
aligned samples. The initial permeabilities , in l i k e  manner , are increased from
6-10 to between 60-100 upon prefegential alignment. This increase , coupled with an
increase of cl-constant to 8~ x 10 /Oe , will allow a substantial improvement in
efficiency and energy density of magnetostrictive drivers .

This study was carried out in the Solid State Branch of the Radiation Division .
The materials development was sponsored by the NRL Material Block Program (Howard
Lessoff). . Magnetic measurements and the fabrication of prototype transducer
components were carried out under the sponsorship of the NOSC Transducer Block
Program (R. Smith). Research on the magnetoe lastic properties of highly magneto-
strictive rare earths is sponsored by the Office of Nava l Research (B. MacDona ld)
and the NSWC Independent Research Fund (L. Hill).
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INTRODUCT iON

The cubic Laves phase rare earth- Fe2 compounds are known to possess large room
temperaturq magnetostrict ion constants ( A )  as wel l as huge values of magnetic aniso-
tropy ( K ). ’ However with an appropriate choice of compounds , ternaries of the form
R R, ~~~ 

may be obta ined which retain the large values of A but po~sess anisotropiesw~ie~ ar~ two orders of magnitude lower than in the RFe2 compounds .~ Sim ~lar l y, the
addition of another rare earth RXRVR1_ - 

Fe,further lowers the anisotro py. These
ternary and quater9a~y compounds a~e dh~~atterized by high values of magnetomechani-cal coupling , k~3. “~ The magnetostriction is quite 9isotropic with A100 A111/10.
In the ternary ~o be reported on here A 111 = 1.6 x 10- and the quaternary
A 111 = .8 x 10 . However the large rnagnetostrlction in the random pol~c~ystals of
t?~ese materials results In a rather low value of relative permeability.

In this paper we report on two fabrication methods which have been successful
in preparing rare earth-iron compounds with a large degree of grain orientation.
These samples thus possess much lower Inhomogeneous strains that are found in the
corresponding random polycrystals, resulting In much higher values of 1’r and k33.
They also exhibit a significant Increase in dXfdH as wel l as in A 5.

1. Clark , A. E., “Magnetic and Magnetoelastic Properties of Highly Magnetostrictive
Rare Earth-Iron Laves Phase Compounds ,” AlP Conf. Proc ., Vol 18, 1974 , p. 1015.

2. Williams , C. M. and Koon , N. C. , “Anisotropy of Single Crystal Ho Dy Tb1 Fe2Laves Phase Compounds ,” Physica, Vol . 86, 1977 , p. 147. X y x-y

3. Savage , H. T. , Clark , A. E., and Powers, J. M ., “Magnetomechanical Coupl i ng and
AE Effect In Highly Magnetostrictive Rare Earth-Fe2 Compounds ,” IEEE Trans. onMagnetics, Vol . MAG-l 1 , 1975 , p. 1 355.

4. Savage, H. T., Cl ark , A. E. , Koon , N. C., and Williams , C. M., “The Temperature
and Conposition Dependence of the Magnetomechanical Coupling Factor in Rare
Earth-Fe2 Alloy s,” IEEE Trans. on Magnetics, Vol . MAG-13, 1977 , p. 1517.
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SAMPLE FABRICATION
p

In our first method a partially grain-oriented Tb 270y 73Fe1 98 sample was pre-pared by a horizontal zone method , using a supporting nCOld finge~” to hold the zoneIn place. The zone was passed through the originally arc-cast material at the rate
of a ”out 1 cm/minute. The resulting boul e was elliptical in shape, approximately
10 cm long and 0.6 cm In average diameter. The sampl e possessed a grain structure
with a strong preferential orientation . The grains are not equiaxed but elongated
with an aspect ratio of from 2-1 to 5—1 . The long axis varied roughly from 0.5
to 2 nmi. The direction of the long axis of the grains in the top half of the boule
lie at small angles relative to the boule axis. However, a substantial change in
the grain orientation was found to occur in the half of the boule nearest the “cold
finger” Influences grain orientation .

A second method of preparation , Bridgma n in nature, was used to prepare a sampl e
of Tb 20Dy 22Ho 5gFe1 ~~~ 

A boron nitride crucibl e containing the mel t was dropped
throu~h a temperatur&gradlent at a rate of .2 cm/ruin. The resul tant boul es were
from 5 to 8 cm long with an average cross section of about 1 cm. The boule is almost
sing le crystal In nature with smal l angle grain boundaries of less than 5°. A <111>
direction was found perpendicular to the growth axis. The growth axis is about
<123> . Coupling factor measurements (to be discussed later) show this to be a favor- 

- 

-

abl e growth axis. This method of preparation yields a large relatively homogeneous
boule that could be used in Its entirety. The horizontal zone method does not
yiel d a homogeneous boule.

A reoccurring problem has been the appearance of a Widmanstatten precipitate
(WSP) which we believe to be a rare-earth Fe3 compound. In mixing a series of
alloys of rare-earth Fe2...x we find no WSP for x> .05. WSP was always present for
x< .05 when the method of growth for the series was a modification of the Bridgma n
technique. The starting mixture for the horizontal zone was x = .02. No WSP was
found . The zone was moved rapidly enough that (perhaps) less rare earth was lost
with this technique. The chemical formulae given In the text are the starting
mix tures .

3
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EXPERIMENTAL RESULTS
I

The Tb 27Dy 73Fe1 ~ 
sampl e was cut horizontally along the boule axis so that

measurement~ êould be tha~e on the top half , in which the grains point along the
axis. The peak relative permeability of this section was found to be 19 when a low
ac drive of 1.6 Oe rms was used . However a substantial increase in h r was seen as
the ac drive was increased . Fi gure 1 shows the relative permeability at constant
stress as a function of the appl i ed bias fiel d for a 1.6 and 13 Oe rms ac drive
level . Using the higher drive results in a = 61, with the peak occurring at a
very low bias field of 2 Oe. These values represent at least a 2-fol d increase
in relative permeability over the random polycrystal of the same composition In
which ur = 6 to 10. Quite similar results were obtained for the
Tb 2~Dy 22Ho 58Fe1 g~ compound as shown in Fig. 2, where 

~r 
Is again plotted for

two ~Ifferent drive levels. At the low ac drive of 1.6 Oe rms the relative per-
meability of 98 was obta i ned with a 13 Oe rms ac drive. This sharp increase onl y
occurs for a bias fiel d < 100 Oe. At higher bias hr shows little ac drive depend-
ence. This behavior is true for both the ternary as wel l as the quaternary and we
believe that this is the first time that such a dramatic inc rease in ~~ (as a
function of drive) has been observed . We speculate that internal strains are being
overc ome , allowing the domain walls to move easily in comparison with the low drive
situation.

Both of these partially oriented samples were found to possess substantially
larger values of magnetomechanical coup ling (k32) than has previously been observed

their random polycrystalline counterparts .3,~ Figure 3 shows a comparison of
k33 as a function of appl i ed bias between these two partially oriented samples and
a typical arc-cast Tb 27Dy 23Fe2 random polycrystal . The peak coupling squared in
the random polycrystal is = .28. HRwever in the two oriented samples k~3 = .54.
at 125 Oe bias for the ternary , while k~3 = .53 at 100 Oe bias for the quaternary .
All the coup ling measurements were performed using a 1.6 Oe rms ac drive. The
lower part of the boule which had a different grain confi guration had a peak value
of k~3 of .43. Appa rently the presence of the “cold finger ” is detrimental in
obtaTning optimum grain orientation. The quaternary sampl e peaks at a slightly 2smaller bias due to the smaller magnetocryst alline anisotro py for this composition.
It should be noted that the peak in the coupling coefficient occurs at a much higher
bias than the peak relative permeability . This is brought about by the fact that
the coupling Is essentially zero when the magnetic moment is zero. p

As previously stated the composition for both alloys were chosen to minimize
the anlsotro py yet maintain the large room temperature magnetostriction . Fi gure 4
shows the results of magnetostriction measurements on the partially oriented
Tb 27Dy 73Fe1 gg sample. The strain as a function of app lied field is shown for
twO dif~erenrstrain gauge locations positioned along the axis of the sample. The
upper curves show 

~~H’ which is the strain obtained when the appl i ed field is
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directed along the axis of the rod . The lower curves, A L, are the strains obta ined
when the field is appl ied perpendicular to the long axis of the sample. As can be
seen in the figure , the large demagnetizing fiel d ~ 4.5 k0e that results when thefiel d is appl ied perpendicul gr to the long axis of the rod, prevents saturation
value of A L to be -800 x 10- for both grains . Figure 4 clearly indicates that
the gauges sampl ed grains with quite different orientations. Location #1 was ob~viousl y a very favorabl e grain orientation yeliding A 5 ~{A 1 1  - = 1.3 X 10
This value of is equal to .83 

~~~ 
indicating that the orientation Is close to a

~111> dIrec~ion . Less favorabl e results were obtained for l ocation #2 wh~ry A 5
= 1.1 x 10 - Measurements on random polycrystals yeild a = 1.0 x l0

The d constant is defi ned as the slope of the magnetostriction curve (41T dx/dH).
The d constant is an important figure of merit in applications 5 In1the vicinity of

H maximum coupling values of d ~re sqmewhat greater than 8ii x 10 0e in l ocation 1
and somewhat greater than 10 0e~ in region 2. FIgure 5 shows a plot of the mag-
netostriction as a function of applied fiel d for the oriented Tb 2~Dy~~ Ho çgFe1 ~çsample. Both \~ and A L are easily saturated with availabl e fiel~~ due to~tFie sthaT l
magnetic aniso~~ôpy this composition possesses. The saturation magnetostriction

.74 x 10 represents .9A 1~~ and demonstrates the high degree of orientationin this sample. This value of ~ is within 5% of the value of A calculated from our
x-ray determination of the growth axis. Only one location in this sample was in-
vesti gated due ~o thç large and regular grain structure. The d constant was found
to be 6’, x l0 Oe ’1 . These values ~f th1 d constant are to be compared withvalues of somewhat less than 4~

, x 10 0e in random polycrystals.
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Figure 4. P~~gnetosV1ction as a function of applied field for a partially grain-oriented Tb 27Dy 73Fe1% sample. Strain gauges were
posit ioned at two different locat ions along the sample. A 1 is the st rain which results when the field is applied parallel to the
long axis of the sample , while A1 is the st rain when the fi e d is applied perpendicular to the long axis.
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RECOMMENDATIONS
b

A magnetostriction of 1000 ppm at 500 Oe requires a d constant of 8ii x 10 6/Oe.
A sampl e of Terfenol-D achieving this per~ormance would have an energy density(including cppper drive coil) of 3700 Jim with a 20 kAim bias field and 12 kA/m rms
drive fIe1d.~ 3This Is a five- fold increase over that currentl y availabl e from
PZT-45(670 Jim ) operating at drive conditions of comparabl e diffIculy (0.5 MV/rn
rms). It Is recommended that the materials program aim at developIng RFe2 alloyspossessing this value of d constant.

In the quaternar~ sample reported here, d = 6it x l0 6/Oe; for the ternary
sampl e 4i~ <d< 8~ (x10 /Oe). The goal of d =8n- x lO 6/Oe appears attainabl e with
refinement of the techniques discussed above. Upon achieving this goal , the pro-
bl em of brittleness should be addressed . While there was no breakage of rare earth
elements during construction of the Raytheon prototype 50 - 100 W transgucer 1 less
care would be requi red to handle more rugged magnetostrictive elements.

4

5. Meeks, S., “Rare Earth Iron Mate ri a ls ,” USR D/N RL Memorandum to S02-38 Fi le ,
13 Feb 1978.

6. Butler , J., and Ciosik, S., “Rare Earth Magnetostrictive Transducer,’ Final
Repor t, NOSC Contract N66001-77-C-0095, Oct 1978.
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