HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS®7, 113905(2005

Magnetostriction and magnetomechanical coupling of grain-aligned
Tho 33Dyo 67F€) /Epoxy-filled composites

Oh Yeoul Kwon, Hee Yeoun Kim, Seung Il Cha, and Soon Hyung Honga)
Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology,
373-1 Guseong-Dong, Yuseong-Gu, Daejeon 305-701, Republic of Korea

(Received 24 November 2004; accepted 30 March 2005; published online 31 May 2005

The magnetostriction and dynamic magnetomechanical coupling properties of the epoxy-filled
composites that were manufactured by replacing the eutectic phase with the epoxy were investigated
as a function of the bias field and the BR®lume fraction. The composites were prepared with
RFe volume fractions from 0.34 to 0.88 and were compared with as-grown crystals. The filled
composites exhibit a greater maximum strain than do as-grown crystals, strongly dependent on the
RFe volume fraction. Furthermore, the dynamic magnetomechanical coupling coefficient of the
filed composite, which was measured by resonance analysis, shows a maximum value of
0.45 at 47.2 kA/m, the highest known value fpt—3] composite Terfenol-D and strongly
dependent on the volume fraction of RF® 2005 American Institute of Physics
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I. INTRODUCTION and the dependence of the BR®lume fraction on the mag-

netomechanical coefficient and the elastic modulus at a con-
Giant magnetostrictive Terfenol-D can be employed as &tant magnetic field.

transducer or actuator element up to approximately 10 kHz,

but at higher frequencies, eddy current losses, which heat up MANUFACTURE PROCESS

the material and decrease the magnetic field penetrating the .

material, are known to restrict its applications. To minimize 1 ThsDYoeF g, alloys, with they values of 0.71,

the restrictions imposed by monolithic Terfenol-D, such asl-90, 1.05, 1.36, and 1.65 composed of Tb, Dy, and Fe of

eddy current loss and brittleness, some magnetostrictivBigh purity (99.99%, were prepared by arc melting under a

Terfenol-D composites have been developed since thBIh-purity argon and were then cast into rods via a suction

1970s%2 In the initial stages, the magnetostrictive particu_method after induction m_eltmg. A dlrect|ona_lly aligned cell

late [1-3] composite‘és were made by integrating polycrys- structure of RFgwas obtained by zone melting at a growth

talline Terfenol-D particles dispersed in a nonmetallic binderat€ of 70um/s, and the cast rods were then sealed into a

such as epoxy, which created an insulating layer between th%ugrtz_ampoule. To manufacFure the composite, we put the
lindrically shaped samples into a quartz ampoule that con-

particles and thereby reduced eddy current losses at higtcf'ilined quartz granules and sealed them at 360 Torr with a

frequencies. As this particulaf¢—3] composite, however, is rRurified argon. The samples were then heated at a tempera
a combination of the demagnetization effect and the deficie ' ) . . i
inat gnenzad Ic! of 1000 °C. During the reactive annealing at 1000 °C

. . . . . . . ure
strain transmission to neighboring particles, it produces onlxz - : ; .
9 gp b he eutectic phase, with a low melting poift900 °C,

strains of about 600—800 ppm at a magnetic field of 1 kOe . ; :
On the other hand, the particuldte-3] composite reported though shghtly different dependmg_on the Tb/_Dy rattio
reacted with the quartz granuléshich are mainly com-

so far, in which particles are aligned in one direction within .
the matrix, shows strains of about 1000 ppm at 12-MPa pre;_)osed of SiQ) at the contact surface and leaked out of the

o . " “sample. To permit sufficient wetting and to reduce voids in
load unde_r 100 KATm due. o the connectivity of the IoartICIeSthe composites, we immersed this porous preform, which is
and the significant reduction of the vdid.

composed of cellular-structured RE&to a liquid epoxy(as

¢ dRecotlantIy, as tkl‘te ep(:xy-fllled Te_trfenql c_(?_mpot?tef- was m'é;ne binding materialat a temperature of 60 °C. After plac-
roduced as an afternate composite, signiticantly Improveg,, yhe preform in a vacuum for degassing, we pressurized it

magnetostriction and magnetostrictive coefficients were Ob\'/vith argon at 1200 Torr. Then, after curing the preform, the
tained for frequency below about 10 kHz compared to thecomposites were finally.manufactured ’
monolithic Terfenol-D¥*° Although some studies have par- T volume fraction of REin the composite was con-

tially covered the dynamjc magnetomechanical properties ofmed by measurement with an image analyzer. The magne-
particulate[1-3] composites, little research has been con-,gprictive strain was measured along the longitudinal direc-
ducted on the dynamic magnetomechanical properties of thg,n with linear variable differential transforrfLVDT) at
epoxy-filled Terfenol composite. Therefore, in this work, we ;qom temperature. A solenoid was used to provide a mag-
investigated the magnetostriction and dynamic magnetomesetic field of up to 80 kA/m, and a compressive prestress
chanical properties of the epoxy-filled Terfenol compositeranging from 2 to 10 MPa was applied along the rod axis of
the sample. The magnetic induction was done simultaneously
¥Electronic mail: shhong@kaist.ac.kr with the aid of a flux meter and a pickup coil, and the
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samples were demagnetized before each measurement. In a
dition, to determine the dynamic properties of the as-grown
crystals and composites, we measured the impedance of th
unloaded samples as a function of the bias fialg to
80 kA/m). The bias field in the longitudinal direction of the
samples was provided by the solenoid. We then wound theg:
pickup coil tightly around the rods and placed the subassem
bly in a solenoid that generates a magnetic field from zero to
80 kA/m under an ac drive level of 40 A/m. The coupling
coefficientksz was determined by a direct method in which
the mass distribution was considerédts value is expressed
as follows:

k§3=”—:{1-f—R] (1)

where fg and f, are the resonance frequency and antireso-
nance frequency, respectively. In addition, the elastic modu-gee
lus at a constant magnetic field was determined by using the ;-//v
resonance frequendy (Ref. 13, which is defined as t‘/ ;

_ 1 [Em
T2 p’
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wherelL is the length of the sample, is the density of the
sample (the average density as determined by the ®
Archimedes principlg and E5; is the elastic modulus at a

e . . L L ] AR ;
constant magnetic field. Tl_1e antiresonance frequency is d(_a P BN L Fh il Qi il v S el
scribed by the same equation but with the constant magnetif AANECIET IR TITR W
SH100kv 20 100x S 5. £ & g

induction ES,, substituted foiE,. ey 7y

Ill. RESULTS AND DISCUSSION

The microstructure in the Dy, 6F € alloy system is
very sensitive to the RE/Fe ratio. As shown in Figa)1the
as-grown microstructure reveals a dendrite Rpfease with
the eutectic phase in between the dendrites. Figul® 1
shows the preform the eutectic phase of which has been ex
tracted from the as-grown crystal due to the reaction with
SiO, and the liquid phase. Figurgd presents the epoxy-
filed composite that was manufactured by substituting the
eutectic phase with the epoxy. As shown in Figc)lthe
RFe volume fraction of the polymeric composites obtained
by polymer infiltration method is a little bit lower than that el S R =1 20m
of as-grown alloys shown in Fig.(d). This result indicates
that at an annealing temperature of 1000 °C, not only is the

; ; Flea ; FIG. 1. Transverse sections f¢a) the as-grown crystal(b) the preform
eutectic phase extracted, but the primary R se is also before making the composite, atd the filled composite with a composi-

partly molten. tion of Thy 30Dy, 6761 35 Observed under optical or scanning electron micro-
Figure 2 shows the dependence of the RE#ume frac-  scope micrograph fitted with a backscattered electron.

tion on the magnetostrictive strains as a function of the bias

field. As the RFe volume fraction increases from 0.34 to o o

0.88, the magnetostrictive strain of the composite increase@!- That the magnetostriction in the composite is higher than
more significantly than the as-grown samples. The compositiat of the as-grown crystal at the same volume fraction of
with a 0.88 volume fraction yields the highest magnetostricRF& is due to the absence of the eutectic phase. As sug-
tive response of 1013 ppm. Since the mangetostriction igested by Clarlet al,*® this result indicates that the eutectic
polycrystalline grown by float-zone melting was increasedPhase inhibits the large magnetization rotations required for
from 16% to 35% through heat treatment, as suggested biie giant magnetostrictive strain.

Verhoeveret al,'® the increase in strain is too large to be due  Figure 3 shows how the elastic modulE§; depends on
solely to the effect of annealing that reduces the pinning othe bias field in the composites. The valueEs; reaches a
the domain walls or enhances the rotation of domain mominimum in all composites at a certain bias field value, and
ments through the residual stress relief of the as-grown cryshis increase is similar to the\E effect in monolithic

Downloaded 18 Apr 2011 to 143.248.103.56. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



113905-3 Kwon et al. J. Appl. Phys. 97, 113905 (2005)

1200 100
1100 Isostrain

............... Herbst

900 Composite
800
700
600
500+
400
2004
1004

—0— As-grown
90+ —e— Composite
Isostrain

m
-
<
[«
[«

|

As-grown crystal

Magnetostriction [pp
Elastic moduli, EH_/GPa

0 ——————— L

03 04 05 06 07 08 09 1.0 0 : : : : : :

Volume fraction of RFe, 03 04 05 06 07 08 09 10
Volume fraction of RFe,

FIG. 2. Measured and modeled results of the magnetostrictive strain calcu-

lated with the isostrain condition assumption of filled composites with theF|G. 4. Dependence of the minima of tE§3 on the RFeg volume fraction
epoxy phase of an elastic modulus and volume fractions of the Rif@se  in as-grown crystals and filled composites. The solid line was calculated by
(Vrrez=0.34, 0.45, 0.63, 0.74, and 0)90rhe dotted lines were calculated assuming an isostrain condition Bfpex,=3 GPa, anEgre=54.1 GPa; the
with the aid of the isostrain condition, and dash-dotted lines were calculatedotted line is calculated by Paul's formulaee Ref. 18

with the aid of the Herbst modésee Ref. 14 which assumes an elastically

isotropic magnetostrictive sphere. The maximum magnetostrictive strains

were obtained at 80 kA/m and a preload of 8 MPa. fraction of the second phase decreases the enhancing fracture

toughness, the elastic modulus of the crystal also decreases
Terfenol-D. The minimunEy; appears at different bias fields due to a reduction in the amount of the second phases with a
which decrease as the volume fraction of the Rifatrix in ~ higher stiffness. However, when we used an epoxy with a
the composites increases from 0.34 to 0.88. This resulow elastic modulus to replace the eutectic phase, the elastic
means that since th&E effect results from magnetoelastic modulus in that composite increased as the amount of infil-
interaction(that is, there is an intrinsic softening of the crys- trated epoxy decreased.

tal due to a local magnetoelastic atomic interactipnthe The experimental results are consistent with the isostrain
magnetic moments rotate more easily at higher volume fraceondition, indicating an upper bound of the elastic modulus
tions of RFe. for the composites. Since the RFeells, which form a pre-

Figure 4 shows the dependence B}, on the volume form of a composite, are wellaligned along the longitudinal
fraction for all as-grown crystals and composites, as well aslirection(the composites form 1-3 configuration when using
the analytical predictions of the elastic modulus. In this fig-the connectivity notation by Newnh&fh and the Poisson’s
ure, the solid line represents the limiting theoretical values ofatio of RFe is 0.25, similar to that of the epoxy used in this
the elastic modulus, which we calculated by assuming thexperiment, we deduce that this model can be applied to the
isostrain conditiof? (the upper bound For our calculation, experimental results suggested by Cleeral?*
we used an elastic modulus value of 3.0 GPa for the epoxy The dependence &3 on the bias field for composites is
and a value of 51.4 GPa, which we measured by the resshown in Fig. 5. Thes; value initially increases to a maxi-
nance frequency method, for the annealed bulk Terfenol-Dmum value; that isk3s>is 0.45 for a composite with an RFe
The elastic modulus of the as-grown crystals decreases as thielume fraction of 0.88 at 47.2 kA/m. This result means that
volume fraction of RFgincreases. In contrast, the elastic the maximum fraction of the magnetic or elastic energies is
modulus of the composite increases as the volume fraction dfansformed in the transduction process and decreases as the
RFe decreases. For the as-grown crystals, as the volumiias field increases. In addition, as shown in Fig. 3, the bias
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FIG. 5. The magnetomechanical coupling coefficiegtas a function of the

FIG. 3. Variation ofEt; as a function of a bias field of filled composites with bias field for filled composites with REevolume fraction values ranging
an RFeg volume fraction in the range of 0.34 to 0.88. from 0.34 to 0.88.
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FIG. 6. The maximum coupling coefficiekfs* and the bias field showing
k35> as a function of the RBevolume fraction for the as-grown crystals and
filled composites.

field, whereks; is maximized, is highly consistent with the
value at whichEs; is minimized. This phenomenon is asso-
ciated with the motion of domain walls from non-180° do-
main walls (that is, 70° domain walfé) which reaches a
maximum value, while the stiffness shows a minimum value

J. Appl. Phys. 97, 113905 (2005)
IV. CONCLUSION

In summary, the magnetostriction, elastic modulus, and
magnetomechanical coupling of an epoxy and a
Th0yp 3Dy 67 € matrix composite combined with the unidi-
rectional crystal growth technique and polymer infiltration
method have been investigated as a function of volume frac-
tion of RFe. The results of this investigation have revealed
that the epoxy strongly influences the magnetostriction and
the magnetomehanical coupling properties. Furthermore, the
magnetostriction and the magnetomechanical coupling coef-
ficient greatly depend on the volume fraction of Rkathin
the preform. In this study when the volume fraction of the
RFe was 0.88, the composite’s maximum magnetomechani-
cal couplingk3s™ was 4.5 at 47.2 kA/m. This coupling co-
efficient value is higher than those reported so far for com-
posites made witlil-3] particles.

Furthermore, it is believed that the coupling coefficient
of the composite depends on the elastic modulus of the filled
material, such as epoxy, as well as on the volume fraction of

After ki3 reaches the maximum value, it gradually decreases

due to the constraint of the non-180°
Furthermore, as the volume fraction of the Rixethe com-

domain wall motion.
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