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Terfenol-D/epoxy pseudo 1-3 composites were fabricated by embedding and aligning Terfenol-D
particles with a size distribution of 10—3Qm in a passive epoxy matrix using six Terfenol-D
volume fractions(v;) ranging from 0.22 to 0.72. The dependence of the dynamic relative
permeability (u5), elastic modulus(EY), and dynamic strain coefficientdss) on v was
investigated as a function of magnetic bias fiéth;,). The Hg;,s response data showed that the
built-in non-180° domain states related to residual compressive stresses in the composites result in
a significant decrease ip s for Hgias<40 KA/m in addition to a minimization oE; and a
maximization ofds; nearHg;,c=40 KA/m. Thev; dependent data revealed thi:}i33 is almost a

linear function ofy; E5 increases gradually with increasimg andds; increases initially, leveling

off for 1> 0.5. The present study provides a useful guide to optimize the composite properties for
transducer design. @005 American Institute of PhysidDOIl: 10.1063/1.1851889

Rare-earth-iron alloy Terfenol-DTh, sPyo 706192 iS  namic properties of this specific composite in terms of do-
one of the finest magnetostrictive materials to date becauseain procesé. To broaden the usage and to facilitate a
of its giant magnetostrictive straif~1200 ppm and strain  proper use of this advanced material, improved understand-
energy density(~20 kJ/n¥) with an expeditious response ing of the dynamic properties of the material gnis impor-
(~1us) at both room temperature and low fields tant. In this study, we aim to extend our work to investigate
(<150 kA/m). Nevertheless, two crucial problems have sig-the dependence of bothg;,s and y; on the dynamic proper-
nificantly limited its widespread use. The first is the limita- ties of Terfenol-D/epoxy pseudo 1-3 composites. It is of
tion of the frequency to a few kilohertz due to the presenceyreat interest to obtain a minimaj that can generally pro-
of eddy-current losses, while the second is difficulties in mayige an optimal set of property values for designing practical
chining and fabricating devices owing to the brittleness ofy ansducers.

the material. _ . o Six batches of pseudo 1-3 composites with nominal
In recent years, it has been realized that magnetostrlctlvgarying from 0.2 to 0.7 in steps of 0.1 were fabricated using

particulate composites based on Terfenol-D particles and ﬁ‘regular-shaped 10-30@m-sized, ball-milled Terfenol-D
passive po_Iymer_ bmder can_bg fabricated to aII_e_wate th‘f)articles(Gansu Tianxing Rare Earth Functional Materials
problems intrinsic in monolithic Terfenol-b.Additional Co., Ltd., China and Spurr epoxyPolysciences, Inc., PA

benefits of using these composites are their tailorable P'OR=0, each batch of samples, predetermined quantities of

erties and cost-effectiveness. Numerous studies have be . . .
conducted on two tvoes of composites: namelv. pseudo 1- erfenol-D particles and epoxy were homogenously mixed in
yb b ) y. P a bronze mold with a rectangular cavity of %22

compositedi.e., aligning Terfenol-D particles in a polymer .

matrix) and 0-3 composite§.e., dispersing particles in the f><3%(;nm°’ 'Ehe :_nlx_edtslur_ryl;/v?)zldegaTshsed quder a vact;Jum

matrix).X® In fact the early work undertaken by researchers or min to eliminate air u €s. e.mo ) was su se'-
quently sealed to prevent particles from migration out once it

aimed at maximizing the quasistatic<10 Hz) strains )
through the optimization of composition parameters and th/as placed between a pair of Nd.FeB permanept magnets.
These magnets produced a uniform magnetic field of

fabrication process. The dynamic behaviae., frequency e o
response dajef these materials remained unexplored until ~ 190 kKA/m along the longitudinal direction of the mold,

the early 2000s even though the critical concern has been ffUSIng the particles to align with the magnetic flux lines and
introduce the materials into high-frequency applications. producing chains similar to aligned short-fiber composites or,

We have shown in pseudo 1-3 composites with a 0.9n general, a pseudo 1-3 composite. The entire mold-magnet
Terfenol-D volume fraction(xy=0.5) that the eddy-current @sseémbly was placed in an oven at 70 °C for 8 h to ensure
losses are insignificant for frequencies up+600 kHz, and  full cure of the epoxy and to introduce an average axial com-
the dynamic magnetomechanica| propertieS, in partidﬁ@br preSSive stress of3 MPa in the ComDOSite. After demold-
and dg3, are much higher than the 0-3 composites with theing, the cured composite was cut and lapped into pieces with
sameu;.” A further study discussed the influence of the com-the desired dimensions of 65 x 25 mn?. Three samples
bined magnetic biagHg;,9 and drive(H,) fields on the dy- were prepared for each}, and the average; of each batch

of samples was determined to be 0.22, 0.32, 0.42, 0.51, 0.61,

Jautor to whom correspondence should be addressed. Tegs2- ~ and 0.72 based on Archimedes’ principle and rule-of-mixture
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FIG. 1. (a) 43 at constant stresigs,;) measured at 1 kHz as a function of F1G-2- (@) Dependence dEj on g, for variousy and(b) variation of 5 ]
Hagias for variousy; and(b) v dependence i, at Hgias= 40 kA/m, where with v at Hgj,s=40 kA/m, where the symbol and line represent the experi-

the symbol and line represent the experimental and fitted data, respectivelfental and fitted data, respectively.

The dynamic magnetomechanical properties of the Eg =4p(Lf,)?, (2)
samples in the longitudinal direction were measured at roonyhereL andp are the length and density of the composite,
temperature and with zero stress bias by sweeping a sinyespectively. The dynamic strain coefficieft;;) was ob-
soidalH; of 1 kA/m over a prescribed frequency ran@@  tained from
of 1-100 kHz at a rate of 26 step/s and then measuring the
corresponding magnetic flux densit$;) and dynamic strain dg3= ﬁ_ (3)

(Sy) at discrete frequency intervals of 25 Hz/step under vari- Hs

ousHgies Of 5-240 kA/m.H3 was provided by a Helmholtz Three samples were measured for eaghand their average

coil driven by a dynamic signal analyzeiOno Sokki  values are reported.

CF5220 via a constant-current-supply amplifie(AE Figure 1a) shows,s; at constant streggy,3,) measured
Techron 7572 Hgjs was supplied by a water-cooled, at 1 kHz as a function dfig;,s for variousw;. For all vy, s/sq
U-shaped electromagnéMyltem PEM-8005K controlled  attains its maximum value adfigj,c<5 kA/m and then de-

by a dc power supplySorensen DHP200-15H; andHgj,s  creases significantly in thieg;,s range of 5—-40 kA/m before
were monitored in-situ by a pick-up coil and a Gaussmeteteveling off for Hgj,s>40 kA/m. Since Terfenol-D particles

(F. W. Bell 7030, respectively, whileB; and S; were mea- have a cubic Laves phase, and their spontaneous magnetiza-
sured using a search coil wrapped around the sample andtians are essentially parallel to tH@11) easy axis, there
strain gauggMeasurement Group EA-06-031CF-12p#&-  exists a considerable amount of magnetic domains and do-
tached to the center of the sample and connected to a signaiain walls in the particles. During the composite fabrication,
conditioning amplifier(Measurement Group Vishay 2360 residual axial compressive stresses are developed in compos-
respectively. All quantities were sampled and recorded by thées while epoxy is cured. These built-in residual compres-
dynamic signal analyzer and stored in a computer. The dysive stresses effectively create a preferred non-180° domain

namic relative permeabilityu,s5) was determined from state in the composites as in the case of applying an external
preload to assert an initial non-180° domain state in mono-

lithic Terfenol-D?™® Thus, the initial maximum inus, at
Hgias<5 kA/m is mainly attributed to the relatively easy
ﬁ, (1) 180° domain-wall motion. A$ig;,s is increased beyond this
HoH3 level, the reduced 180° domain-wall motion competes with
the increased non-180° domain-wall motion, resulting in a
decrease ir)urT33. For Hgij,s>40 kA/m, the contribution to
whereu,=4mX 107" H/m is the permeability of free space. .., from the motion of 180° domain walls is negligible.
The elastic modulus at constant magnetic field stretB§h  This effect, together with constraining of non-180° domain-

Mr33=

was evaluated from the resonar(€ég frequency as observed wall motion undeHg;,, tends to level offﬂrng. Accordingly,
from the w,33 spectrum by ,urT33 exhibits a larger change from2.3 to ~5.4 at Hg;j,
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M ARRERRS s osom v vioa2 Figure 3a) showsdssz at 1 kHz as a function dfigj,s for

g . z,:g—g : 3;222 variousuy. ds3 of all samples increases initially and. displays

ar vy 1 T T a maximum neaHpg;,s=40 kA/m. This is a result of increas-

R M v b ing and maximizingS; contribution from the non-180°
% 2F e v . domain-wall motion, respectively. In particular, the occur-

& : ¢ < ¢ v rence of maximunus; at ~40 kA/m suggests that the com-
1L .’ < . : ] posites are biased in the center of the “burst region” of their

& ¢ quasistatic strain-field curvés® The results agree with the

initial decrease in bothus; and E5 for Hgjas<40 KA/m
[Figs. Xa) and Za)], since the initial 180° domain-wall mo-
tion produces changes in magnetizatiand hence,urT33)
without accompanyings; while the later non-180° domain-
o 2 . ] wall motion produces changes # rather than changes in
,urT33.1° Above this criticalHg;,s level, the decrease i3 with
increasingHg;,s results from domain saturation, whefg
remains essentially constant with increasiig,s The be-
havior of d;5 at Hg;;c=40 kA/m is plotted against; in Fig.
r 1 3(b). d33 increases monotonically up 19=0.5 and then re-
mains almost constant with further increasing This indi-
T o o o o o 0 os o cates that the use of composites witlx 0.5 is sufficient for
) v, producing an optimati;; value. This monotonic increase in
FIG. 3. (2) d, measured at 1 kHz function k.. for variouss and ds3 with increasingy; also reveals that more of the stress on
(0) o doper enc253a33 at ot 20 kA /L:n, Vc’hereé'at;e Symb;s;’;d ine the faces of the composites is borne by the Terfenol-D chains
represent the experimental and fitted data, respectively. and less by the epoxy matrix as; increases. Since
Terfenol-D is much stiffer than epoxgg; of composites at-
=5 kA/m in comparison with only a small change from tains almost the value of the polycrystalline Terfenol-Dsg
~1.2 to~2.2 atHg;;s=140 KA/m wheny is increased from already at lowy; (~0.5).
0.22 to 0.72. They; dependence i, at Hgios=40 kA/m is It has been shown that/,, E5, andds; of Terfenol-D/
plotted in Fig. 1b). It is clear thatu,; is almost a linear epoxy pseudo 1-3 composites are essentially a function of
function of v. Such a strict proportionality tey serves to  both Hgj,s and v;. w35 reaches its minimum value #tg;s
confirm the quality of the fabricated samples. <5 kA/m due to the relatively easy 180° domain-wall mo-
Figure Za) illustrates the dependence Eg' onHgjssfor  tion, while bothEg and ds3 exhibit a minimum and a maxi-
various v;. All samples show an initial drop iEg with in- mum aroundHg;,s=40 kKA/m, respectively as a result of the
creasingHpgjss This is due to thédg,cinduced motion of the  maximum motion of the built-in non-180° domain-walls. For
available non-180° domain walls. Adgj, is increased near use in practical transducers, the composites should have a
40 kA/m, the compliance associated with increased deforreasonably highs/; a moderately highel, a highdss, and
mation contribution from this non-180° domain wall motion a sufficiently low cost. Therefore, the optimal device perfor-
is maximized, leading to a minimum i&}. Beyond this mance and cost can be obtained by using compositas of
Hgias level, Eg as a function oHp;,s displays an increasing ~0.6.
trend. The effect is characterized by constraining of non-  This work was supported by the Research Grants Coun-
180° domain-wall motion due to interaction wilfg;,s Fig-  cil of the HKSAR Government under Grant No. PolyU 5289/
ure 2b) shows the variation ofEf with v at Hgas O04E and The Hong Kong Polytechnic University under Cen-
=40 kA/m. While there is a slow increase for both the  tral Research Grant No. A-PEO5 and the Centre for Smart
low (<0.4) and high(>0.6) v regions as compared with a Materials.
more evident increase in the mediugregion(0.4-0.6, Eg‘
exhibits a gradual increasing trend with in general. The ;L. Sandlundet al, J. Appl. Phys.75, 5656(1994.
fact that Eg' experiences a more rapid increase if 3M. Roberts, M. Mitrovic, and G. P. Carman, Proc. SF2E41, 341(1995.
=0.4-0.6 may be explained by the effect of particle align- a; A Duenas and G. P, Carman, J. Appl. Ph§, 4696(2000.
T ’ . . o . A. Duenas, and G. P. Carman, J. Appl. Ph98, 2433(2001).
ment in the composites against differapt At a sufficiently °N. Nersessian, S. W. Or, and G. P. Carman, J. Magn. Magn. M26S.
low v value (~0.4), the embedded number of particles is 101 (2003. _ _
very limited, and the particles are not physically in touch (JigHggdSO”’ S. C. Busbridge, and A. R. Piercy, FerroelectA2g, 283
with each other even though they are intentionally aligned as's "\, o, N. Nersessian, and G. P. Carman, IEEE Trans. Mdgn71
continuous chains in a macroscopic view. At an adequately (2004.
high v; value (~0.6), there are a sufficient number of par- SfélN-zgg, N. Nersessian, and G. P. Carman, J. Magn. Magn. M26&.
tIFIeS for _coIIocatmg continuous Ch"’."”s ek a_ §uff|0|ently %G. IE(ngdgﬁl,Handbook of Giant Magnetostrictive Materialf\cademic,
high packing density. Thus, there exists a transition betweensan piego, 2002
these two extreme@.e., v;=0.4—0.6. 193, D. Verhoeveret al, Metall. Trans. A 18A, 223 (1987).
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