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MAGNETOSTRICTIVE PROPERTIES OF RARE EARTH-IRON LAVES PQASE
MATERIALS PREPARED BY POWDER METALLURGY TECHNIQUES -

%%
Manoochehr Malekzadeh and Milton R. Pickus

ABSTRACT
'A powder'metailurgiCal apprbach has been utilized for preparatioﬁ
of highly magnetostrictive rafe earth-iron Léves phase éompounds. The
. results of dilatometric studies indica?e’that’the liquid—pﬁase sinter-
ing kinetics are in reasonablevagreement with the conéeﬁt of a phase
.boundafy reaction as the rate~limiting factor. Magnetic powder
oriéntation prior to sintering is found to improve magnetostriction .of

these compounds substantially.
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~I. INTRODUCTION

A number of‘studiés on the,huge foom temperature magnetostrictidn
of rare earth-iron Laves phases have indicated that these materials o .
are of particulaf intefest in a variety of technological-appliéations o
'such as sonar systems and nén—destructive testing in the field of re-
aétor séfety [1, 2, 3]. Recently, some powder metallurgical techniques
have been developed to fabriéate theée hard and brittlefinfermetallic
compbunds inté suitable sizes and shapes [4, 5, 6]. A _nbtable ',ad—,
vantage of the ﬁbwder approach is.its amenability to magnetiévpowder
orientation. Considerable static magnetpstriétion enhancement has
‘been observed in compacts sintéred.from magnetidally aligned powders [7].
In this paper, we'present the results of some further sintering studies
as well as the dynamic characteriétics of the powder metallurgically

prepared sampies.

II. EXPERIMENTAL PROCEDURE

The compoundvpreparation-consié;ed of arc-melting the elemental.
rare earth and iron métals, all_of 99.97 purity, under -a Zr gettered
argon atmosphere. The arc-melted bqttons were subsequently crushed and
then pulverized under toluene in a steel planetary ball milling machine
for 20 minutesf The resulting 15-35vum powder was rinsed with acetone ’
and vacuum-dried. Rubber,tubing, 0.6 cm i.d. and 3.8 cm long, was v
manually filled with powder. The packing efficiency was improved by
the épplication of vibratoryvégitation. The tubing was sealed with

rubber plugs and placed inside a perforated steel tube for isostatic

compaction in the range of 50-70 kg/mmz.



Fof‘samples in which a magnetic orientation was desired, the
manually filled rubber tﬁbing was first subjectedbto an alternating
field of lOOO_Oe peak-~to-peak, at'freqUenciesvup to 500 Hz, superimposed
on a DC field of 20 Koé.' A field of this type produced sufficient vibra-
‘:ion to facilitate orientation of the pﬁwder. While in the magnetic
field, the particles were locked in position.by hand—épplied end com-
pression with a plunger prior to isostatic compaction.v |

The cold pressed samples were subsequently‘wrapped in Ta foilszand
éintered in a'dynamic vacuum of 3 x 10_6 mm Hg at 1130° - 1150° C, for
durationé up to 48 hours. The true densi;ieé of fhe sintered samples
were determined by a fluid displacgment technique with appropriate tem—
ﬁerature corrections. Pgrmeability_méasurements were carried out by
the flukmetric technique [8], where corrections were made for the
demagnetizing field and the cross sectional area differénce between the
sample and the pickwup coil. The évaluation"of the dynamic magnetostriction of
the samplesrwas accomplished by a strain gauge technique. This tech-
nique is desirable because of its compactness and accuracy when used
with a temperature and magnetic field compensating circuitry. In order
to compensate for the temperature and magnetoresistive effects, for each
of the active strain gauges on the sample, a corresponding ""dummy "'
gauge of the same tyﬁe and lot number was mounted on a piece of arc-
melted and hopogenized YFeZ. The choice of YFe2 was based on its being
an isostruc;ural non—magnetosfrictive (AS<'2310—6) compound with a
thermal coefficient of expansion in the same range as that of other
R--Fe2 compounds.' The bias field was supplie&,by_a short solenoid mag-

net, powered by a 180 kw source. It was established that the magnetic



field of this magnet over the entire length of the sample was uniform
within 4 %. The sample probe was placed accurately at the center of

a solenoidal winding and then the assembly was secured in the bore of the
Short solenoid mégnet. The circuitry shown in Figure 1 provided N
‘alternating fields up to + 500 oe at various frequencies. The calibra-
tion of the field was done in terms of alternating currents passing
througﬂ the solenoidal winding. The strain gauges were balanced by
means of Q plug-in units and avdual beam oscilloscope. The dynamic
_strains were recorded on a light-sensitive paper by an oscillograph.

To minimize any temperature risé in the sample, the alternating fields
were.applied only for short periods (up to 10 seconds). The frequency
of»the dynamic field was chosen at 160 Hz (w.f 1000). because it was

low enough to reduce the eddy—currenﬁ loss and far from the harmonics

of 60 Hz.

The 1ihear shrinkage measurements during the liquid-phase sinter-
ing were carried out by means of dilatometry. Cold pressed samples of
approximately 6 mm diameter‘and 10 mm length were.placed in the cham-
ber of the dilatometer which had a vacuum of better thaﬁ.S X 10—6 mm Hg
during the 6peration._ It required less than 20 seconds for the furnace
to reach a set point temperature. The temperature was controlled
within + 5°C by the feedback from the output of a sensitive thermocouple

welded to the sample.

TII. INITIAL SINTERING KINETICS OF RFe2 ALLOYS
Some sintering studies of RFe2 compounds have been previously

reported [5, 6]. R. G. Johnson et al [6] have studied the shrinkage

N
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behavior of DyFe2 éi;oys. Their reéults showed long incubatioﬁ-periods
for stoichiometric DyFe2 and for-DyFe2 + 10% Dy-Fe eutectic éintered
at 1150°C. ‘They were able, however, to eliminate thg incubation
period by sintering under 10 mm HF gas.

Using dilatometfy, we have looked into the initial sintering
kinetics of the samplés prepared by the sintering apprpaéh described
in Reference [5]. In.this épproach, the iron deficien; alloy-(contain—
ing 55% Fe) becomes liqﬁid and therefore, we expect the liduid-phase
sintering kinetigs to prevail during the initial stages. Tﬂe first
sfage qf 1iquid-phaée éintering involves a relatively rapid densifi-~
cation, due to particle rearrangement. We have used Kinger&'s [9]
thermodynamic analysis of the densification rate during solution-
precipitation (second stage) to identify the rate controlling mass-
transport process. Using this analysis, the isothermal dependence

of linear'shrinkage on time is expressed by

L 1/3
(AL/LO)T © 't

for a process rate controlled by diffusion or

T

for a phase boundary reaction as the rate controlling step. The above
eduatidns suggest that data of linear shrinkage versus time should in-
dicatg the sintering meéhanisﬁ involved.

The dilatometric resulté of an isothermal shrinkage of a gp38y7Fe2
sample is plotteq in the form of logv(AL/Lo) versus log t in Figure 2.

The value of L, was taken as the initial length of the cold "green"

O
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‘compact correc£ed for thérmal.expahsion at the sintering temperature.

As the data show, a substaﬁtial amounﬁ of densification is rapidly reached by
the rearrangement process, due to‘the presence of a large amount of
‘quuid phase at tﬁe sintering témperatﬁre. Thé slope of the line
representing the soiution—precipitation stage is much lower than bre—
dictéd by the rate-controlling mechanisms described by Kingery.

A. L. Prill et al [10] haQé fdund, however, that: large amounts of shrink-
ageiduringvthé reaffangement stage will result in an apparent low time ex-
ponent of_the second stage linear shrinkage and erroneous idéﬁtification :
of the-rate—controlling‘proceés. Figure 3 shows the replot of the data

_ which were reanalyzed, taking into accouﬁtbthe specimen length and

time at the end of ﬁhe rearrangement stage. The slopes. of lines through
the replotted data ére close to 0.5 (a least square fit through.the

data points corresponding to 1135°C sintering’temperature gave a slope

of 0.48 with a correlation coefficient above 0.99). A time exponent of
0.5 for the linear shrinkage isotherms shows the mechanism of sintering
is rate limited by a phase boundary reaction process rather than dif-
fusion in the liquid phase. The solution-precipitation stage, which
starts at the first break of the curve in Figure 2, contributes to
increasing the grain size. Grain boundaries have been proven to be
effective barriers to domain wall motion. Globus et al [11] have_'

given a relation between the grain size and the permeability in the

form of :
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Figure 3. Time and‘lehgth corrected isotherms of liquid phase sintered 5b3D6 3Fez.
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where:

MS = saturation magnetization

r = radius of a spherical crystallite grain

Av = volume change of the domain per unit volume
A

H = permeability.

The large grain size induced by this method of liquid-phase sintering,
which gives densities as high as 977 of the theoretical density, leads

also to products with a higher permeability.

Iv. EFFECTS OF MAGNETIC POWDER ALIGNMENT

In the course of preparation of the magnetically aligned samples,
the liquid-phase sintering approach was not applied iﬁ an attempt to
-reduce any possible loss of the alignmént. The measured values of the
static perﬁeability of these samples are shown in Figure 4. These
values are much higher than those known for the randomly oriented
material. The higher permeability will be beneficial for cores working
at high induction levels. The sharp inérease of permeability and the
occurence of permeability maxima at lower fields, as the density in-
creases, are due to the reduction of internal demagnetizing fields of
the pores and the drop in coercivity of the material.

Static and dynamic magnetostrictions of a magnetically aligned solid-
state sintered compact is shown in Figure 5.‘ At constant frequency, the
magnitude of_the dynamic stréin attainéd was roughly proportional to
_the magnitudé of the applied alternating field until the dynamic field
had a value approximately equal to the‘bias field. As the alternating

field exceeded this value, some frequency distortion of the dynamic
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strain began to occur. Comparisbn of the data with Figure 6‘indicates
that, with respect to béth static and dynamic magnetostrains,vthe
textured sampie is superior to the highly dense liquid-phase sintered
méterial.. This sﬁperiority can be due to thé effect of grain orienta-
tion on reducing the microstresses set up at the grain boundaries of
these highly magnetostrictive materials; In the courée of magneto-
striction measurements, some temperature rise in the material was de-
tected after each short period of the test. The témﬁerafure—fise rate
was consistently faster with frequeﬁcy increase of-tﬁe applied aiterna—
;ing field. This is attributed to the tendency of the eddy-current loss

to increase due to the formation of more widely spaced domain walls in

‘the material as the texture improves, although the hysteresis loss

should decrease.

The huge magnetostrains observed are indiéative of the advantage of
these materials in applications where a high power broad-band low fre-
quency source is desirable. Thé magnetic powder alignment approach,
howeﬁer,-can also be extended to the preparation of powder rolled
thin plates and iamiﬂates with an improved reduction in the eddy-current
loss. Preliminary data indicate thét even bettei magnetostrictive'
properties can be achieved by combining the_ﬁse of magnetically alligned

powder with liquid-phase sintering.
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