(7))
R
(7))
>
(TR
on
T O
O
| \—
50
0Q
RE- ¢

High magnetoelectric effect at low
magnetic basing in heterostructure rod of
maghnetostrictive fibers, piezoelectric tube,
and epoxy binder

Cite as: J. Appl. Phys. 117, 17D721 (2015); https://doi.org/10.1063/1.4918574
Submitted: 23 September 2014 . Accepted: 21 December 2014 . Published Online: 16 April 2015

Chung Ming Leung, and Siu Wing Or

an N
A u w4

S @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Voltage-mode direct-current magnetoelectric sensor based on piezoelectric-
magnetostrictive heterostructure
Journal of Applied Physics 117, 17A748 (2015); https://doi.org/10.1063/1.4919047

Multiferroic magnetoelectric composites: Historical perspective, status, and future directions
Journal of Applied Physics 103, 031101 (2008); https://doi.org/10.1063/1.2836410

Direct current force sensing device based on compressive spring, permanent magnet, and
coil-wound magnetostrictive/piezoelectric laminate

Review of Scientific Instruments 84, 125003 (2013); https://doi.org/10.1063/1.4838615

Lock-in Amplifiers
up to 600 MHz

J. Appl. Phys. 117, 17D721 (2015); https://doi.org/10.1063/1.4918574 17, 17D721

© 2015 AIP Publishing LLC.


https://images.scitation.org/redirect.spark?MID=176720&plid=1087013&setID=379065&channelID=0&CID=358625&banID=519893970&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=57e4c7c5d61d2e24fc5b8ebca62dd8558e24a82c&location=
https://doi.org/10.1063/1.4918574
https://doi.org/10.1063/1.4918574
https://aip.scitation.org/author/Leung%2C+Chung+Ming
https://aip.scitation.org/author/Or%2C+Siu+Wing
https://doi.org/10.1063/1.4918574
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4918574
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4918574&domain=aip.scitation.org&date_stamp=2015-04-16
https://aip.scitation.org/doi/10.1063/1.4919047
https://aip.scitation.org/doi/10.1063/1.4919047
https://doi.org/10.1063/1.4919047
https://aip.scitation.org/doi/10.1063/1.2836410
https://doi.org/10.1063/1.2836410
https://aip.scitation.org/doi/10.1063/1.4838615
https://aip.scitation.org/doi/10.1063/1.4838615
https://doi.org/10.1063/1.4838615

JOURNAL OF APPLIED PHYSICS 117, 17D721 (2015)

@ CrossMark

High magnetoelectric effect at low magnetic basing in heterostructure rod
of magnetostrictive fibers, piezoelectric tube, and epoxy binder

Chung Ming Leung and Siu Wing Or®
Department of Electrical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon,
Hong Kong
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online 16 April 2015)

A three-phase heterostructure rod of 35 mm length and 8 mm diameter is developed by embedding
18 pieces of length-magnetized Tbg 3Dyq 7Fe; 9, magnetostrictive continuous fibers in a wall-thick-
ness-polarized Pb(Zr, Ti)O5 piezoelectric long-thin tube using an epoxy binder in order to study its
magnetoelectric (ME) effect for passive sensing of axial magnetic fields. The heterostructure rod
exhibits a high non-resonance ME voltage coefficient (o) of 38 mV/Oe for frequencies up to
10kHz and an ultrahigh resonance oy of 680 mV/Oe at 32 kHz, both under a reasonably low mag-
netic bias field (Hpgj,s) of 120 Oe. The simultaneously high axial ME responses at the reasonably
low Hpi.s, as confirmed theoretically and experimentally, can be ascribed to the realization of the
relatively true magnetostrictive 33-mode and piezoelectric 31-mode of operation in the magneto-
strictive continuous fibers and piezoelectric long-thin tube, respectively, as well as the reduction in
the effect of demagnetization fields in the high aspect-ratio magnetostrictive continuous fibers.

©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4918574]

I. INTRODUCTION

The magnetoelectric (ME) effect extrinsic in magneto-
strictive—piezoelectric laminates has been widely investi-
gated for passive magnetic field sensing over the past
decade.'™ One of the largest obstacles to practically realize
ME sensors is the need of a high magnetic bias field (Hpiqs),
reaching 400-6000e in the well-known L-T laminated
plates and even ~5000 Qe in the 7-T laminated plates, for
maximizing the magnetostrictive response for the piezoelec-
tric phase.l’2 The need of a high Hp;,s implies the need of
big and strong permanent magnets in the resulting sensors,
which in turn increases the size, mass, magnetic influence
inside and outside the sensors, and packaging difficulty.®
Today, reducing Hg;,s without reducing sensitivity remains a
challenging topic to the ME community. Among several
published works, the one reporting heterostructures of met-
glas and piezoelectric fibers has demonstrated a very high
ME voltage coefficient (ay) of 1.5 V/Oe at a non-resonance
frequency of 1kHz under an extremely low Hpgj,s of ~8 0e.’
However, this extremely low Hpgj,s not only constrains the
heterostructures to small-signal applications but also is easily
affected by environmental noises.

In this paper, we report theoretically and experimentally
the existence of a high axial ME effect at a reasonably low
Hpi,s of 1200e in a three-phase heterostructure rod, compris-
ing 18 pieces of length-magnetized Tb 3Dy, 7Fe; 9o magneto-
strictive continuous fibers bonded with an epoxy binder in a
wall-thickness-polarized Pb(Zr, Ti)O;3 piezoelectric long-thin
tube. The use of the magnetostrictive continuous fibers and
piezoelectric long-thin tube are aimed to enable the relatively
true magnetostrictive 33-response and piezoelectric 31-
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response in the heterostructure rod, respectively. Besides, the
high length-to-width aspect ratio (35:1 in our case) of the mag-
netostrictive continuous fibers can effectively reduce the effect
of demagnetization fields, thereby providing a lower field of
operation. The use of the epoxy binder is to provide a good
mechanical mediation for the magnetostrictive continuous
fibers and the piezoelectric long-thin tube. From another view,
our heterostructure rod can be considered as a “rod-in-tube”
ME rod in which an epoxy-bonded magnetostrictive continu-
ous fiber composite rod is situated in the middle of a piezoelec-
tric ceramic long-thin tube. The creation of the epoxy-bonded
magnetostrictive continuous fiber composite rod can also miti-
gate the eddy-current losses and mechanical brittleness intrin-
sic in most of the monolithic magnetostrictive materials. As a
result, our ME rod exhibits simultaneously high non-resonance
and resonance axial ME responses at a reasonably low Hpg;,s of
120 Oe.

Il. STRUCTURE AND WORKING PRINCIPLE

Figure 1(a) illustrates the schematic diagram of the pro-
posed three-phase heterostructure rod with an axial magnetic
field sensing mode configuration. The heterostructure rod,
having 35 mm length and 8 mm diameter, consists of a total
of 18 pieces of length-magnetized Tby 3Dy, ;Fe; 9o magneto-
strictive continuous fibers inserted inside a wall-thickness-
polarized Pb(Zr, Ti)O; piezoelectric long-thin tube and
bonded using an epoxy binder. It can also be considered as a
“rod-in-tube” ME rod in which the central portion of magne-
tostrictive continuous fibers and epoxy binder essentially
form an epoxy-bonded magnetostrictive continuous fiber
composite rod. In fabrication, the piezoelectric long-thin
tube was used as the mold, and the epoxy-bonded magneto-
strictive continuous fiber composite rod was prepared inside

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4918574
http://dx.doi.org/10.1063/1.4918574
http://dx.doi.org/10.1063/1.4918574
mailto:eeswor@polyu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4918574&domain=pdf&date_stamp=2015-04-16

17D721-2 C. M. Leung and S. W. Or
3 /
I Pizczoclcctric Long-Thin Tube

Vs

Epoxy-Bonded
Magnetostrictive
Continuous Fibel

P Rod Magnetostrictive
omposite Ro
P Continuous Fibers

Epoxy Binder

Zl/2 VA R

e B e B o
5 Co == Vs
O

1:pm op:1

FIG. 1. (a) Schematic diagram of the proposed three-phase heterostructure
rod (or ME rod) with an axial magnetic field sensing mode configuration.
(b) Dynamic magneto-mechano-electric equivalent circuit of the proposed
ME rod.

the mold under vacuum to ensure a good structural integrity.
In more detail, a Ferroperm Pz26 hard Pb(Zr, Ti)O5 piezo-
electric long-thin tube, with dimensions of 35mm length
(/) x8mm outer diameter (27p) X 6mm inner diameter
(2ry,), full-fired silver electrodes on the inner and outer cir-
cumferential surfaces normal to the wall-thickness direction,
and an electric polarization (P) along the wall-thickness
direction, was commercially acquired. Magnetostrictive con-
tinuous fibers with a square cross-section of 35 mm long and
I mm width and the highly magnetostrictive [112] crystallo-
graphic axis oriented along their length direction were cut
along the length of a Baotou Rare Earth [112]-textured
monolithic Tby3Dyq7Fe; o> plate using a wire electrical dis-
charge machining technique. With the piezoelectric long-
thin tube mold being sealed at one end, a total of 18 pieces
of magnetostrictive continuous fibers were placed inside the
mold under a dc magnetic alignment field of ~3000 Oe set
up by a pair of NdFeB magnets. The predegassed Araldite
LY564/HY2954 epoxy was transferred into the mold and
degassed again inside the mold, both under vacuum. The
other end of the mold was sealed, and the epoxy was allowed
to cure at 80°C for 9h inside an oven. The volume fraction
of the magnetostrictive continuous fibers was theoretically
determined to be ~0.63 in the epoxy-bonded magnetostric-
tive continuous fiber composite rod, based on the rule-of-
mixture formulation for density. In fact, epoxy-bonded
Tbg 3Dyg.7Fe; 92-based composites with Tby 3Dyq 7Fe; 9, vol-
ume fraction in excess of 0.5 have been found to be optimal
for magnetostrictive and ME applications by taking the bal-
ance between the maximization of magnetostrictive response
and the minimization of eddy-current losses and material
cost into consideration.®’

The axial magnetic field sensing in the ME rod in
Fig. 1(a) can be described as follows. An ac magnetic field
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(H5) applied along the axial (or length) direction of the ME
rod causes the inner epoxy-bonded magnetostrictive contin-
uous fiber composite rod to produce axial magnetostrictive
strains in its length direction due to the magnetostrictive
33-mode effect. Since the epoxy-bonded magnetostrictive
continuous fiber composite rod is mechanically bonded
inside the piezoelectric long-thin tube, these axial magneto-
strictive strains will subsequently stress on the outer piezo-
electric long-thin tube to generate an ac voltage (V3) across
its wall-thickness in the wall-thickness direction because of
the piezoelectric 31-mode effect. Using the equation of
motion to couple the magnetostrictive and piezoelectric
constitutive relations,'®!" applying Newton’s second law of
motion to the ME rod,'” taking free-free mechanical bound-
ary conditions at the two ends of the ME rod,'? considering
mechanical losses and internal stresses,13’14 and finding
analogous electrical equivalent parameters,'> a dynamic
magneto-mechano-electric equivalent circuit of the pro-
posed ME rod, shown in Fig. 1(a), was obtained, and is
shown in Fig. 1(b). Therefore, the ME voltage coefficient
(oty) of the ME rod can be determined as
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where ¢,, and ¢, are the magnetomechanical and mechano-
electric coupling coefficients, respectively; w is the angular
frequency; C, is the clamped capacitance of piezoelectric
long-thin tube; /3 is the internal stresses acting on the magne-
tostrictive continuous fibers; R is the mechanical damping re-
sistance of the ME rod; Z; and Z, are the mechanical
impedances of the ME rod; A and [ are the cross-sectional
area and length of the ME rod, respectively; A, and ry, are
the cross-sectional area and radius of the epoxy-bonded mag-
netostrictive continuous fiber composite rod, respectively; 7,
is the outer radius of the piezoelectric long-thin tube; d33 m
and d3;p, are the piezomagnetic and piezoelectric coeffi-
cients, respectively; s4; and s%, are the elastic compliance
coefficients at constant magnetic field strength and at con-
stant electric field strength, respectively; &l is the dielectric
permittivity at constant stress; p is the average mass density
of the ME rod; n = ri / rg is the cross-section area ratio of
the ME rod; and k is the wave number. From Eq. (1), it is
noted that «y of the ME rod depends on the material proper-
ties of the epoxy-bonded magnetostrictive continuous fiber
composite rod and the piezoelectric long-thin tube
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(i.e., dz3m, d31p, 555, 5%, €l5, etc.) as well as the geometric
parameters of the ME rod.

lll. MEASUREMENTS

The ME effect in our ME rod was characterized at room
temperature using an in-house automated ME measurement
system.'” The ME rod was placed between the pole gap of a
water-cooled, U-shaped electromagnet (Mylten PEM-
8005 K), and the electromagnet was energized by a dc cur-
rent supply (Sorensen DHP200-15) to give a dc magnetic
bias field (Hpi,s). An arbitrary waveform generator (Agilent
33210 A) connected to a constant-current supply amplifier
(AE Techron 7796HF) was employed to drive a pair of
Helmbholtz coils for providing an ac magnetic drive field
(H5) over the prescribed frequency (f) range. Hg;,s Was moni-
tored using a Hall probe connected to a Gaussmeter (F. W.
Bell 7030), while H; was measured using a pick-up coil con-
nected to an integrating fluxmeter (Walker MF-10D). All
qualities were gathered, together with the induced ME volt-
age (V3), using a data acquisition unit (Nation Instruments
BNC-2110 and NI-PCI6132) under the control of a computer
with a Labview program.

IV. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the measured and calculated
oy of the ME rod driven by an Hj of 1 Oe peak in the f range
of 1-60kHz under various Hpg;,s of 50-500 Oe, respectively.
The oy~ curves in Fig. 2(b) were calculated based on Eq. (1),
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FIG. 2. (a) Measured and (b) calculated oy of the ME rod driven by an H3 of
1 Oe peak in the f range of 1-60 kHz under various Hpg;,s of 50-500 Oe.
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with the material properties given in Refs. 9 and 16, and the
geometric parameters were described in Fig. 1. It is clear that
the measured and calculated oy agree reasonably well with
each other for all Hg;,s levels with no remarkable frequency
dispersion, except for the variations associated with the reso-
nance frequency (f;) range of 25-40 kHz. The observation indi-
cates that the eddy-current losses are insignificant in the ME
rod for f up to, at least, 60 kHz. Moreover, the largest oy,
response is found at a low Hp;,s level of 120 Oe throughout the
whole f range for both measurement and calculation. This is
mainly due to the reduced effect of demagnetization fields in
the high aspect-ratio magnetostrictive continuous fibers of
35:1. In particular, the largest resonance oy is detected to be
680mV/Oe at f,=32kHz by measurement and 710 mV/Oe at
f=33.8kHz by calculation. These resonances oy, which are
caused by the fundamental axial mode resonance with
half-wave vibrations along the length of the ME rod, are ~20
times larger than their nonresonance oy, of ~38 mV/Oe for f up
to 10kHz. This resonance amplification of oy is even more
significant when compared to the widely known ME laminated
plates of Tb0,3Dy0.7Fel,92 alloy and 0.71Pb(Mg1/3Nb2/3)03—
0.29PbTiO3 (PMN-PT) crystal of ~10 times, as a result of
good magneto-mechano-electric coupling between the epoxy-
bonded magnetostrictive continuous fiber composite rod and
the piezoelectric long-thin tube in our ME rod enabled by the
relatively true magnetostrictive 33-mode and piezoelectric 31-
mode of operation in the magnetostrictive continuous fibers
and piezoelectric long-thin tube, respectively. When the Hg;,
level is reduced to 50 Oe, the measured resonance oy under-
goes a reduction of ~0.91 times to 617 mV/Oe, while its corre-
sponding f; exhibits an up-shift of ~1kHz—33kHz. At an
elevated Hp;, level of 500 Oe, the measured resonance oy has
~0.87 times reduction to 590mV/Oe, but its corresponding f;
exhibits a smaller up-shift of ~0.2kHz—33.2kHz. The obser-
vations indicate that besides the presence of a high resonance
ME effect in our ME rod, there also exists an interestingly
high low-Hg;,s-controllable nonlinear resonance ME tuning
effect in the ME rod originated from increasing, maximizing,
and decreasing the motion of non-180° domain walls in the
epoxy-bonded magnetostrictive continuous fiber composite rod
for Hpg;,s below, at, and above 120 Oe, respectively.s’9 This
represents the operation of the ME rod in the magnetostrictive
negative-AE region, at the negative-AE—positive-AE transition,
and in the positive-AE region, respectively.>

Figure 3 plots the measured V3 over broad ranges of H;
of 0.1-100e and Hpj,s of 20-5000e at 1kHz and f,. It is
seen that V3 varies essentially linearly with H3 for different
Hgi.s at both 1 kHz and f;. The good linearity between V3 and
H; confirms the validity of the proposed working principle.
The largest V3—H; response is observed at Hg;,s = 120 0e
for all f, which is in good agreement with the observations in
Fig. 2. From the slopes of plot, «y can be determined at dif-
ferent Hg;,s and f. The inset of Fig. 3 shows the measured
and calculated oy as a function of Hg;,s at 1 kHz and f,. The
measured and calculated oy agree reasonably well with each
other at both f. The relatively larger discrepancy at f; than at
1kHz is mainly due to the error in estimating the Hg;,s-de-
pendent mechanical damping resistance of the ME rod (R) in
Eq. (1). Nonetheless, the measured oy is found to increase in



17D721-4 C. M. Leung and S. W. Or
7 i 8'00 ) L) ) L) ) ]
F 700 ) /:
08 ) AL :
B
SPE ]~ :
| & 20
4t 0 i
S H,, = 500¢]
w3t H, =120 Oe
~T H,_=200Oe
2r H,_=5000c
1+ i
ol Py %@E‘E‘L———;ﬁ ]
1 i 1 L i 1 i 1 i 1
0 2 4 6 8 10
H, (O¢)

FIG. 3. Measured V3 over broad ranges of H; of 0.1-100e and Hg;,s of
20-500Oe at 1 kHz and f;. The inset shows the measured (symbols) and cal-
culated (lines) oy as a function of Hg;, at 1 kHz and f;.

the initial region of Hg;,s of 0—120 Oe, reaching the maxi-
mum value of 38 and 680 mV/Oe at 1 kHz and f; under a low
Hgi.s of 1200e, respectively, and then decreasing with
increasing Hpg;,s. The observation suggests the presence of an
interestingly high low-Hpg;,s-controllable nonlinear reso-
nance ME tuning effect in the ME rod as described in Fig. 2.
For comparison, the well-known LT laminated plates gener-
ally exhibit a non-resonance oy, of ~60mV/Oe at a higher
Hg;,s of 400-600 Oe,! while the 7-T laminated plates dem-
onstrate a quantitatively similar non-resonance oy of
~60mV/Oe at an even higher Hpg;,s of ~5000 Oe.?
Therefore, the simultaneously high ME responses in our ME
rod at the reasonably low Hpi,s of 120 Oe can be attributed
to the induction of the relatively true magnetostrictive 33-
response and piezoelectric 31-response by the magnetostric-
tive continuous fibers and piezoelectric long-thin tube,
respectively, in addition to the reduction in the effect of
demagnetization fields through the high aspect ratio magne-
tostrictive continuous fibers.'*!'!

V. CONCLUSION

We have found theoretically and experimentally the ex-
istence of a high non-resonance oy of 38 mV/Oe for f up to
10kHz and an ultrahigh resonance o, of 650mV/Oe at
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33 kHz, both under a reasonably low Hpgj,s of 1200e in a
35mm long, 8 mm diameter “rod-in-tube” ME heterostruc-
ture rod formed by an inner epoxy-bonded magnetostrictive
continuous fiber composite rod and an outer piezoelectric
long-thin tube. We have also attributed the observed axial
ME responses at relatively low Hg;,s to the deployment of
the relatively true magnetostrictive 33-mode and piezoelec-
tric 31-mode of operation in the ME rod, respectively,
besides the reduction in the effect of demagnetization fields
by the high aspect-ratio magnetostrictive continuous fibers.
The single-dimensional design of the ME rod makes it high
potential as an axial probe for passive sensing of axial mag-
netic fields.
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