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2b.1 Introduction

The magnetoelectric (ME) effect is defined as the induced dielectric polarization
under applied magnetic field (H) through interfacial strain coupling of the two
phases or as the induced magnetization in the presence of an applied electric
field [1]. ME composites made by combining piezoelectric (PE) and piezomag-
netic (PM) materials can lead to remarkable ME effects at room temperature,
compared with the single-phase MEs [2-4]. Recently, ME composites have drawn
much attention as a popular research topic because of excellent ME performance
at room temperature for potential applications in multifunctional devices, such
as memory devices, tunable microwave devices, and sensors [5-7].

Giant magnetostrictive material, Terfenol-D (Tb,_,Dy,Fe,_,), alloyisone ofthe
best PM candidates for ME composites [8]. However, some Terfenol-D proper-
ties, including low mechanical strength, high eddy current losses at high working
frequencies, and fabrication size limits, hinder ME composite applications [9].
To solve the aforementioned problems, polymer-bonded (based) ME composites
are considered to have distinct advantages [10]. They are highly flexible, nonbrit-
tle, and allow simple manufacturing processes at room temperature with various
shapes and sizes. In this chapter; representative results of polymer-based (poly-
mer as a binder) Tb,_,Dy,Fe, ,/Pb(Zr, Ti)O; ME composites are introduced to
show how they are made and their structural design is improved. Single- and
multi-electrode cylindrical ME composite are described. The effects of polymer
content and particle size on the composites are discussed. All studies utilized
Tb,_ ,Dy,Fe,_,(Terfenol-D) and Pb(Zr, Ti)O, (PZT) as the PM and PE phases,
respectively.

Mtfgne.foelectric Polymer-Based Composites: Fundamentals and Applications, First Edition.
. Edited by Senentxu Lanceros-Méndez and Pedro Martins.
92017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verla

g GmbH & Co. KGaA:
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3b.2 = Polymer-Based Tb,_xDyxFe>_, by Magnetic Warm
Compaction

The research described in this chapter developed from previous experiments
on the enhanced ME effect in magnetostrictive/piezoelectric laminates by
adopting magnetic warm compaction Terfenol-D [11]. In recent years, various
ME composites have been developed, including Tbg,;_,Dyp73_, Y, ., Fe,/PVDF
composites, (x)CoFe,0,-(1-x)Pby;Ca, 3 TiO; composites, and (Tby3DY7)075
Pry,sFe; s5-Pb(Zr 53 Tig 47) O3 nano-ceramic composites. Among them, layered
ME composites with different structures exhibit enhanced ME effects due to
mechanical coupling between piezoelectric and magnetostrictive layers. Giant
magnetostrictive material Tb,_,Dy,Fe, , was combined with piezoelectric
materials to obtain higher ME voltage coefficient, such as lead zirconium
titanate (PZT) and polyvinylidene fluoride (PVDE). To avoid huge eddy current
loss under high frequencies, the Terfenol-D component is generally made into
a bonded magnet. In this chapter, ME composites laminated with the bonded
Terfenol-D prepared by magnetic warm compaction and PZT ceramics were
fabricated, and the ME voltage coefficient of the composites was measured.

3b.2.1 Experiment for Magnetic Warm Compaction

The preparation process of the bilayered ME composites made up of the bonded
Terfenol-D and sintered PZT bulk is illustrated in Figure 3b.1. As shown in
Figure 3b.1a, the magnetic warm compaction includes magnetic field application,
accompanied by heating and pressing. Directionally solidified Terfenol-D alloy
was crushed into powder, with randomly distributed size <180 pm. A homoge-
neous mixture consisting of 97 wt% Terfenol-D powder and 3 wt% epoxy resin
binder was prepared for the compaction process. The bulk density and softening
transition temperature of the thermosetting epoxy resin were 1.lgcem™ and
100 °C, respectively. Three different types of bonded Terfenol-D samples were
fabricated. Sample 1 was prepared under 154 MPa at room temperature. The
process of preparing Samples 2 and 3 are as follows. The mixture of Terfenol-D
powder and epoxy resin was filled into the mold preheated to 130°C. After 20s
of heating, Sample 2 was obtained under 154 MPa. Similarly, Sample 3 was pre-
pared under 154 MPa and 2 T oriented magnetic field along the length direction
of the sample at 130 °C. The dimensions of the bonded Terfenol-D composites
are 33 X 10 X 10 mm?3, as shown in Figure 3b.1b. Commercial (Pb(Zrg 5, Tl 48) O3,

Pressure

l\illeagnetitif ’ T -
o . T
(a) (b) (c) (d)

Figure 3b.1 lllustration of the preparation process and ME measurement of the bonded
Terfenol-D/PZT bilayered ME composites: (a) warm compaction process; (b) Terfenol-D
polymer compacted sample; (c) PZT plate; and (d) ME composite.




farm

experiments
laminates by
years, various
L, +yFe2/ PVDF
Tby3DYo7)075
them, layered
effects due to
» layers. Giant

piezoelectric
ad zirconium
2 eddy current
ally made into
th the bonded
ceramics were
neasured.

y of the bonded
. As shown in
eld application,
erfenol-D alloy
1m. A homoge-
1t% epoxy resin
y and softening
1.1gem™ and
D samples were
mperature. The
-e of Terfenol-D
30°C. After 20
mple 3 was pre-
length direction
51-D composites
3(Zrg 5, Tig48)O3s

@

>f the bonded
) Terfenol-D
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PZT-5H, ceramic with 25X 10X 1 mm?3dimensions was used as the piezoelectric
layer, as shown in Figure 3b.1c. The densities of the three samples were about
5.78,6.91, and 6.95 g cm~>, respectively. The bonded Terfenol-D and the PZT-5H
were combined into a bonded Terfenol-D/PZT-5H bilayered ME composites
with cyanoacrylate (super glue), as shown in Figure 3b.1d. The ME voltage
coefficient was measured in the ME measurement system. The voltage 6V
across the sample was amplified and measured with an oscilloscope. The ME
voltage coefficient was calculated based on agy =6V/(tpzr 6H ), where tp,p is the
thickness of PZT-5H and 6H is the amplitude of ac magnetic field generated by
Helmholtz coils. In the experiment, 6H is 1.2 Oe when the ac current flowing
through the coil is 1 A. This work focused on the transverse coefficient ay 3; of
the three samples.

3b.2.2 Results and Discussion of Magnetic Warm Compaction

The frequency dependence of ay 3, was measured under the dc magnetic field
of H,, = 1100kOe, as shown in Figure 3b.2. Three peaks appear for all the three
samples when the applied ac magnetic field varied from 1 to 60 kHz. The largest
ME coefficient is about 1.5, 2, and 6 V cm™ Oe™" for the three samples, respec-
tively. The ME coefficient of Sample 3 was enhanced about thrice compared with
Sample 1 and about twice compared with Sample 2. The corresponding peaks of
the three samples appeared under different frequencies. Itis reasonable to explain
that the different peak frequencies are corresponding to the density and Young's
modulus for different samples.

The ME voltage coefficient dependence on the applied magnetic field H . rang-
ing from 0 to 5 kOe is shown in Figure 3b.3. It can be noted that the ME coefficient
of Sample 1 is larger than the other samples when the ac magnetic field is applied
at 1kHz and f,,. The largest ME coefficient is 6 Vcm™ Oe™" at f, for Sample 3.
The highest ME voltage coefficient is about 2 Vem™! Oe™! for Samples 1 and 2.
It can be concluded from Figures 3b.2 and 3b.3 that magnetic warm compaction
technique is an effective technology to enhance the ME voltage coefficient of the

Hye = 1100 Oe

—m— Sample 1

1Y
(6]
T
(e~ g

— & — Sample 2
— 4 — Sample 3

w
o
T
ppb
>riony

>

f (kHz)

Figure 3b.2 Frequency dependence of a5, with Hy = 1100 Oe. Zuo et al.2014 [11].
Reproduced with permission of Elsevier.
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Figure 3b.3 The ME voltage coefficient dependence on the applied magnetic field Hy
ranging from 0 to 5 kOe. Zuo et al. 2014 [11]. Reproduced with permission of Elsevier.

—=— Sample 1
e Sample 2
4+ Sample 3

Hyo (O®)

Figure 3b.4 Magnetostrictive coefficient dependence on the applied magnetic field Hy. of the
bonded Terfenol-D composites. Zuo et al. 2014 [11]. Reproduced with permission of Elsevier.

bonded Terfenol-D/PZT composites. Additionally, optimizing magnetic field is
more effective than the heating procedure for enhancing the ME voltage coeffi-
cient using the method of magnetic warm compaction.

Figure 3b.4 represents the magnetostrictive coefficient dependence of the dc
magnetic field H,, of the bonded Terfenol-D magnet. It is obvious that the mag-
netostrictive coefficient of Sample 3 is superior to that of other samples. The
magnetostrictive coefficient depends on the density and degree of preferred ori-
entation. The density of Samples 2 and 3 is greater than that of Sample 1 due to
lower mixture viscosity at 130 °C. The bonded Terfenol-D density is 5.76, 6.93,
and 6.95gcm™3, for Samples 1, 2, and 3, respectively. However, the density of
Sample 3 is barely changed compared with Sample 2 when directional magnetic
field is applied at 130 °C. Comparable ME voltage coefficients of Samples 1 and 2
are attributed to the enhanced density effects.
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Figure 3b.5 XRD patterns of the bonded Terfenol-D composites. Zuo et al. 2014 [11].
Reproduced with permission of Elsevier.

Figure 3b.5 depicts XRD patterns of the bonded Terfenol-D magnets. The XRD
pattern of Sample 1 is almost identical to the standard Terfenol-D X-ray diffrac-
tion (XRD) pattern. The relative intensities along the (111) and (422) reflections
for Samples 2 and 3 are slightly higher than Sample 1. The relative intensities of
the (220), (222), and (422) reflections of Sample 3 are stronger than Sample 2.
Magnetostriction along the <220>, <222>, and <422> directions contributes
more to the overall magnetostriction coefficient due to the relatively high mag-
netic anisotropy of Terfenol-D. The differences in XRD patterns can explain the
magnetostriction results and reflect the orientation effect of the magnetic field.
It is also noticed that the magnetostriction of Sample 3 is smaller than Samples 1
and 2 under low magnetic field but is larger under strong magnetic field. In terms
of domain motion, the prestress applied to the Terfenol-D particles by cured
epoxy matrix makes the non-180° domain walls more difficult to move under
low magnetic field, resulting in a smaller magnetostriction coefficient. With
the magnetic field increase, Sample 3, which exhibits more non-180° domain
walls due to the magnetic field orientation effect, shows larger magnetostriction
coefficient than other samples. The PM coefficient ds; (d33 = dA/dH) for Samples
1,2, and 3 under 1100 Oe is about 30.3, 31.1, and 33.6 nm A~} respectively. The
d3; improvement results in a small increase in the nonresonant ME coefficient
and significant increase in near resonant frequencies. The mechanical quality
factor Q,, of the second peak using the 3 dB frequency bandwidth is further
calculated. The Q,, values for Samples 1, 2, and 3 are 23.30, 29.87, and 33.68,
respectively. The enhanced Q,, was due to the modified preparation method.
The ME coefficient is mainly related to the PM coefficient and can be affected by
other factors, such as Young’s modulus, demagnetization field, and magnetic per-
meability. Under the low magnetic field, the measured results can mainly depend
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on the demagnetization field. The magnetostrictive properties in this work
were measured under quasi-static conditions, which differ from the dynamic
measurement results. To sum up, the oriented magnetic field is more effective
to improve the magnetostrictive properties than heating in magnetic warm
compaction technology.

3b.2.3 Conclusions for Magnetic Warm Compaction

In summary, magnetic warm compaction technology is an effective preparation
method of bonded Terfenol-D layered ME composites. The transverse ME
voltage coefficient of Terfenol-D/PZT-5H bilayered ME composites is about
6V cm-! Oe!, which is three times of that prepared by traditional room
temperature pressure molding. The oriented magnetic field contributes more
than the heating procedure to enhance the ME voltage coefficient.

3b.3 Multifaceted Magnetoelectric Composites

In this study, ME composite with multifaceted structure is proposed. Specifically,
the four-faceted Terfenol-D/Pb(Zr, Ti)O,, PZT-5H, ME composite consisting of
one cubic bonded Terfenol-D composite and four plates of PZT has been fab-
ricated. The ME effect of this kind of composite has been further improved by
using the multifaceted structure scheme.

3b.3.1 Experiment for Multifaceted Magnetoelectric Composites

The preparation process is shown in Figure 3b.1. The bonded Terfenol-D was
made by using the aforementioned magnetic warm compaction method. Four
commercial PZT-5H ceramic plates with 25X 10x 1 mm? dimensions were
polarized along the thickness direction and bonded with the cubic bonded
Terfenol-D composite (33X 10X 10 mm?) with glue to form a four-faceted
composite. Each PZT plate is electrically isolated from the Terfenol-D composite
and other PZT plates. The ME voltage coefficient a5, was measured by the
aforementioned ME measurement system (Figure 3b.6).

3b.3.2 Results and Discussion for Multifaceted Magnetoelectric Composites

The frequency dependence of a;. 5; with different number of PZT plates in parallel
and serial modes was measured under the dc magnetic field of Hy, =700 kOe,
as shown in Figures 3b.7 and 3b.8. A strong resonance peak appears at about

Figure 3b.6 Schematics of bonded Terfenol-D/Pb(Zr,
Ti)O, ME composites. Zuo et al. 2014 [12].
Reproduced with permission of American Institute of
Physics.

ME composite
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Eigure 3b.7 Frequency dependence of a5, in parallel mode with Hy = 700 Oe: (a) one PZT
plate; (b) two PZT plates; () three PZT plates; and (d) four PZT plates. Zuo et al. 2014 [1 21.
Reproduced with permission of American Institute of Physics.

f (kHz)

31.6kHz in all four cases. As for the parallel mode, the agz remains at about
6V em-! Oe~! when the number of PZT plates increased from 1 to 4. However,
the ag 3 increases multiplicatively with the number of PZT plates in the serial
mode. The ay 5, is improved up to 24V cm~! Oe~! when four PZT plates were
connected in series.
Usually, a piezoelectric resonator is modeled as an LCR oscillator. Given that
the four PZT plates are bonded on one single Terfenol-D composite and each
PZT plate resonates at the same frequency in this study, the model can be simpli-
fied. Only the PZT plates are taken into account when discussing the multiplied
ME output voltage. Figure 3b.9 shows the sketch map of parallel and serial modes
in this study. Due to the identical properties of the four PZT plates, the total
capacitance in parallel and serial modes can be written as

C,+C,+Cs+C,=4C,
1_1,1 1 1 4

(3b.1)
(3b.2)

It can be assumed that the four PZT plates are under the same stress state
when vibrating under the ac magnetic field if minor differences between each
bonding interface are ignored. The piezoelectric effect in PZT arises from the
stress-induced charge polarization. Every PZT plate exhibits the same amount
of stress-induced charge, which is denoted by Q,- In parallel mode, the negative
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Figure 3b.8 Frequency dependence of ag 5, in serial mode with Hy, =700 Oe: (a) one PZT
plate; (b) two PZT plates; () three PZT plates; and (d) four PZT plates. Zuo et al.2014 [12].
Reproduced with permission of American Institute of Physics.
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Figure 3b.9 The sketch map of (a) parallel mode and (b) serial mode. Zuo et al. 2014 [12].
Reproduced with permission of American Institute of Physics.

and positive charges are accumulated respectively. Thus, the total charge is
denoted by Q, = 4Q,. However, the opposite charges on the two contact surfaces
cancel each other out in the circuit for the serial mode. The total charge in
the serial mode is denoted by Q,=Q,. Thus, the ME voltage in the parallel
mode is U,=Q,/C,=U, which indicates that the ap5, remains the same
when increasing the number of PZT plates from 1 to 4. The ME voltage in the
serial mode is U, = Q,/C,=4U,. This explains the multiplicative increases of
g with the number of PZT plates in the serial mode. Accordingly, the ME
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3b.4 Bonded Cylindrical Composites

voltage coefficient will be multiplied in the five-faceted, six-faceted, or other ME
composites with this kind of multifaceted structure.

3b.3.3 Conclusions for Multifaceted Magnetoelectric Composites

In conclusion, the ME voltage coefficient is multiplied by employing the
multi-faceted structure. The ag 4, is improved up to 24V cm~! Oe™! when four
PZT plates were connected in series. This multifaceted structure offers an
effective approach to improving ME effect and downsizing the ME devices other

than exploiting new material systems.

3b.4 Bonded Cylindrical Composites

Giant ME effect of the ME composites is capable of meeting the demands for
practical applications. Typical characteristics of some representative ME com-
posites are given in Table 3b.1. Comparing the advantages and disadvantages,
it is valid to consider that substituting Terfenol-D-epoxy (TDE) for Ni to make
cylindrical composites can lead to better performance. The aim of this work
is to present TDE/PZT cylindrical composites with a simpler one-step room
temperature compression molding method that leads to higher magnetoelectric
performance and saves processing time, energy, and expenses associated with
fabrication due to a simpler and more rapid manufacturing method. The ME
yoltage coefficient of these cylindrical composites was investigated.

3b.4.1 Experiment for Bonded Cylindrical Composites

The TDE/PZT cylindrical composites were prepared. A detailed schematic
of the composites is shown in Figure 3b.10. The PZT cylinder with the

Table 3b.1 Typical characteristics of some representative ME composites.

Representative ME Advantages Disadvantages References
composites
Terfenol-D/PZT Simple and quick High eddy current loss [11-13]
(2-2-type) laminated fabrication process at high frequency
composite Large ME voltage Brittleness
coefficient
TDE/PZT (1-3-type) Less eddy current loss Complex fabrication [13=15]
composite Stabile mechanical process (dice-and-fill
performance procedure)
Less effective materials
(Terfenol-D ~ 27 vol%)
in piezomagnetic phase
(TDE)
Preferable structure Lower magnetoelastic (16, 17]

Ni/PZT cylindrical
composite prepared
by electrodeposition/
electroless-deposition

performance of

with larger ME voltage
piezoelectric phase (Ni)

coefficient than
2-2-type laminated
composite at same size
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s Terfenol-D/epoxy (TDE)
PZT
] Electrode

(@) (o)

Figure 3b.10 (a) Schematic illustration of the TDE/PZT cylindrical composites. Vectors identify
the direction of the applied magnetic field, and the corresponding ME voltage coefficients and
(b) picture of the actual sample. The scale is in centimeters. Song et al. 2015 http://scitation
aip.org/content/aip/journal/adva/5/3/10.1 063/1.4914106. Used under CC BY 3.0 license.

O, XD, xh=15X13X5 mm? dimensions was polarized along the radial direc-
tion with Ni electrodes on both inside and outside surfaces. The Terfenol-D
particles with ~180 pm size were obtained by crushing bulk Terfenol-D single
crystal in argon. A homogeneous mixture consisting of 12wt% epoxy resin
binder and 88 wt% Terfenol-D particles was compacted by uniaxial pressing
with randomly oriented particles. TDE needs 24.h for curing. The TDE with
randomly oriented Terfenol-D particles is cured without prestress. The ME
effect of the TDE/PZT composites was obtained using the aforementioned ME
measurement system. The ME voltage coefficient, ag 5, was measured when H g,
and 6H were applied along the axial direction of the cylinder.

3b.4.2 Results and Discussion for Bonded Cylindrical Composites

Figure 3b.11 shows typical ag, and Hg dependence on frequency for the
Terfenol-D/PZT composites. As seen in Figure 3b.11a, a giant ME coefficient
G 4 ‘Of 3,87 iemy Oe~! at 64.8kHz is observed. This giant ME response at
high frequency is attributed to the electromechanical resonance [19], which
significantly enhances the elastic coupling interaction between the TDE medium
and the PZT cylinder. The ME coefficient a;, , dependence on the magnetic field
is shown in Figure 3b.11b. At low magnetic field, a5 increases approximately
linearly with the magnetic bias due to the increasing magnetostriction, while
at high magnetic field, ag , increases to a maximum value at the optimal mag-
netic field, H,, =2.6kOe, and then, ag, decreases. The maximum ME voltage
coefficient of these composites, ay, 4, is 3.35Vem™ Oe™.

According to the Pan’s model [17], cylindrical ME composite axial coupling
mode can be dealt with as an effective plate bilayered ME composite in the width
direction mode. The dimensions of the simplified plate bilayered ME composites
are 1 x LT x t, where t is the total thickness of the piezoelectric phase, fpg, and
the PM phase, tpy, as shown in Figure 3b.12. To ensure similar conditions of
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Figure 3b.11 (a) &, dependence on the ac magnetic field frequency (f) at the optimal
magnetic field (H,,), corresponding to the maximum ME coupling and (b) a; , dependence on
Hgc at the resonant frequency. Song et al. 2015 http://scitation.aip.org/content/aip/journal/
adva/5/3/10.1063/1.4914106. Used under CC BY 3.0 license.

Figure 3b.12 Schematic
illustration of the TDE/PZT
planar laminated composites
for the differential coefficient
calculation. Song et al. 2015
http://scitation.aip.org/
content/aip/journal/adva/
5/3/10.1063/1.4914106. Used
under CCBY 3.0 license.

I Terfenol-D/epoxy (TDE)
PZT

the ME coupling, this study designated ¢, =1 mm, #=5mm (the same as the
PZT cylinder) with the effective length of about 41 mm (L*f = z-®,). To have
the same contact area between the two phases, t,,, was set at about 3 mm
(m-r* = tpyr-h), which guaranteed that there is the same TDE volume. So that
hx L x t=hx LT X (tpp + tpy) =5 mm X 41 mm X 4 mm. After simplification,
the effective magnetic fields H . *" and 6H*® are along the width direction,
and their values are the same as the measured and the applied magnetic fields
i, L= H,, 6H*C=5§H),

The effective plate bilayered ME composite sample has been prepared.
Figure 3b.13 shows the test results of the effective plate sample. The ME voltage
coefficient a; , is in a transverse direction of the plate composite, while ag 3,
is about 2.75V cm™! Oe™! at the corresponding 1.7 kOe optimal magnetic field
and 31 kHz resonant frequency. Comparing the two composites, the peak value
of ag , is 3.37 Vem™' Oe™!, about 1.2 times larger than ay 5,. This demonstrates
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Figure 3b.13 (a) a3, dependence on the ac magnetic field frequency (f) at the optimal
magnetic field (Hm)', corresponding to the maximum ME coupling and (b) ag 3, dependence on
Hg of at the resonant frequency. Song et al. 2015 http://scitation.aip.org/content/aip/joumal/
adva/5/3/10.1063/1.4914106. Used under CC BY 3.0 license.

that the self-bound state of the cylindrical structure can promote the ME effect,
compared with the planar laminated structure with more free surfaces [17, 20].
There is a slight difference in H,, between the two samples with the same PM
phases, suggesting that H,, strongly depends on the geometry of the composites.

The complex structure (such as the cylindrical structure) of the ME com-
posites is usually prepared by Ni electrodeposition or electroless deposition
[16, 21]. In this work, cylindrical ME composites were successfully obtained
using TDE instead of Ni, which has much better magnetostrictive performance.
The ME effect was compared using the representative axial mode with the 32
direction of the planar laminated sample. The overall ag, is about 1.2 times
larger than ays,. This suggests that the different bonding layered structure of
the piezoelectric phase (such as PZT) has a different stress state. The cylindrical
PE phase is under higher normal stress and lower shear stress due to the
self-bound state. By contrast, the planar PE phase is primarily under shear stress
due to the planar laminated structure, which allows more free surfaces. Since
the cylinder can be simplified as a bilayer plate, ag and ag 3, are equivalent
for the ME composite with the 5x41x4mm’® dimensions. Using the Pan’s
model conversion [17], the dimensions of the ME composites can be decreased
further using the TDE/PZT cylindrical composites with the same ME voltage
coefficient.

3b.4.3 Conclusions for Bonded Cylindrical Composites

The TDE/PZT cylindrical ME composites have been prepared using the one-step
compression molding, without any additional processes. The fabrication process
is much simpler than the previous bonded TDE/PZT composites, which makes
it more cost efficient. The experimental results have demonstrated that this
composite structure has larger ME voltage coefficient and smaller geometric
dimensions compared with the effective planar laminated composites due to
the self-bound state. The favorable performance of the TDE/PZT cylindrical
composites with a simple and effective manufacturing method can facilitate the
ME devices miniaturization and design for practical applications.
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3b.5 Multi-electrode Cylinder Composites

Creating an optimized structural design to utilize PM materials in an efficient
way, namely by enhancing the magnetoelectric efficiency factors, would allow
PM materials to contribute more power (ME effect) per unit weight [22]. There-
fore, it would be more beneficial to create more efficient lightweight devices for
reducing the cost of devices and applications. In order to attain both high ME
effect and less PM material usage, multi-electrode cylinder layered ME com-
posites PZT/Terfenol-D/PZT (P-T-P), based on the advantages of serial mode
laminated Terfenol-D/PZT composites and cylinder layered Ni/PZT compos-
ites, were prepared by compression molding with epoxy [12, 16]. Furthermore, a
basic structural monocyclic Terfenol-D/PZT (T-P) composite with a single elec-
trode layer and a Terfenol-D/PZT/Terfenol-D/PZT (T-P-T-P) composite with
the same overall dimensions (same two layers of electrode PZT structures but
more Terfenol-D usage than the P-T-P) were prepared for comparison. The ver-
tical mode voltage coefficients (e /) of the samples were investigated.

3b.5.1 Experiment for Multi-electrode Cylinder Composites

The proposed layered ME composites, as shown in Figure 3b.14, were made up
of a positive magnetostrictive phase Terfenol-D and piezoelectric PZT phase.
The PZT cylinders were polarized along the radial direction after electroplating
a thin layer of Ni on the inside and outside surfaces. Terfenol-D was made by the
aforementioned TDE method. The ME effect of the Terfenol-D/PZT composites
was obtained using the aforementioned ME measurement system as well. The
vertical mode ME voltage coefficient, a;, was measured when H,. and 6H were
applied along the vertical direction of the cylinder in Figure 3b.15a. For compar-
ison, the T-P, P-T-P, and T-P-T-P cylindrical layered composites were prepared.
Both P-T-P and T-P-T-P have two layers of PZT connected in series [12]
(inner and outer PZT electrodes connected in series). The geometrical arrange-
ments and components of three composite samples are shown schematically
in Figure 3b.14.

B Terfenol-D
PZT

I 4689 B 8.41g B 728 ¢ \
@15 x 13 x5 mm3 @25 x d23 x 5 mm?3 @15 x @13 x5 mm
@25 x P23 x 5 mm3 @25 x P23 x 5 mm?3

Figure 3b.14 Schematics illustrating the geometrical arrangement of Terfenol-D/PZT
cylindrical ME composites: (a) P-T-P; (b) T-P; and (c) T-P-T-P. Song et al. 2016 [23]. Reproduced
with permission of Elsevier.
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—a— T-P H,;=1350 Oe f
—e— P-T-P H,;=1200 Oe : e T-Pfo402KHz

4— T-P-T-P H,=1520 Oe P —e=P.TPi= 391 kHz
—a—T-P-T-P f= 45 kHz

agy (Vem™' Oe™)

100 ' T 2 3
(b) f (kHz) Hyo (kO€)

Figure 3b.15 (a) Schematic of the composite mode (the directions of applied magnetic field
and polarization) (showing P-T-P asan example); (b) the agy dependence on the ac magnetic
field frequency (f) at the optimal magnetic field (H,,) of the three samples, corresponding to

m
the maximum ME coupling; and (c) the Hy dependence of ag , at the resonance frequency.

Song etal. 2016 [23]. Reproduced with permission of Elsevier.

3b.5.2 Results and Discussion for Multi-electrode Cylinder Composites

Figure 3b.15a illustrates the directions of the applied magnetic field and polar-
ization of the composite in the vertical mode (P-T-P is shown as an example).
Figure 3b.15b shows the ME voltage coefficient, agy, dependency on frequency
in the vertical mode for the three Terfenol-D/PZT cylinder layered composites
at the respective optimal magnetic field (H ). As shown in Figure 3b.15b, each
composite has one main resonance peak of 4, each having relatively close reso-
nant frequencies. The slight difference in the three resonant frequencies is related
to the electromechanical resonance of the three samples with relatively different
structures and mass [24]. Figure 3b.15c shows the H bias (H ) dependence of
the ME coefficient (ag ) at the respective resonant frequency. The agy increased
with H 4, until the local maximum value was reached for the three tested com-
posites. By comparison, the P-T-P composite had higher agy of 5.8V cm~! Oe™
compared to that of the other two composites T-P and T-P-T-P.

Figure 3b.16 shows a schematic illustration of the contact surfaces (cyan area)
and the free surfaces (dark gray area) of the three composites without PZT. The
contact surface is defined as the contact area of Terfenol-D and PZT, while the
other areas are the free surfaces [20]. As shown in Figure 3b.16, each composite
has different contact and free areas. The total area of contact surfaces and free
surfaces of each composite was calculated using the circle area (Agrate =77°) and
the cylinder area (A e, = 7-DXt), where A is the area, r is the radius, D is the
diameter, and ¢ is the thickness of the composite. An effective working surface
specific value (A.q) is calculated by dividing the area of contact surface by the
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Figure 3b.16 Schematics B Free surface
illustrating the contact I Contact surface
surfaces and the free
surfaces of the composites
(without PZT): (a) P-T-P; (b)
T-P; and (c) T-P-T-P. Song
etal. 2016 [23]. Reproduced
with permission of Elsevier.

(b) (©)

area of the free surface for each composite. In comparison, the P-T-P has the
largest A.q value of 1.25, whereas T-P A4 is equal to 0.43 and T-P-T-P Aq is
equal to 1.08.

According to the Pan’s differential coefficient model [17], a vertical coupling
mode cylindrical composite can be simplified as an effective 2-2 laminated
ME composite. In the vertical mode, both ap 5, and ag; of this effective ME
composite contribute to the ME effect (ag,) at the same time [17]. Based on
the constitutive equation [13], when a perfect interface between the PM and PE
phases occurs in an ideal case, and magnetic field is applied along the transverse
or longitudinal direction of the laminated ME composite, the constitutive
equation can be directly solved by an averaging method to estimate effective
material parameters. The transverse ME coefficient is given as

E —f(1 - + d.
gy = Ls _ f( f)_(qu 2121) 31 (3b.3)
= Hy Pegys — 2fdy,

The longitudinal ME coefficient is given as

B 5 _ 2f (1 = f)d31 951 HoS (3b.4)
£33 7 Hy ~ (afd2, —Peqy)lis + 245, (1~ )]
Here, ¢ is the PM coupling coefficient, d is the piezoelectric coupling coefficient, £
is the dielectric constant, and 5 is the effective compliance. n=fu,+QQ—=f"uss
where p, and pj3 are permeability of the free space and the magnetic phase,
respectively. Superscript p denotes the piezoelectric phase. Here, f is the volume
fraction of the magnetic phase:

VTerfenol-D (3b5)
Verfenol-D + Vpzr
where v is the volume of the PE and PM phases. The T-P, P-T-P, and T-P-T-P
samples all have the same material parameters, except for the volume fraction of
the magnetic phase. The volume fractions of the three samples are fp=0.85,
forp=0.66, and fr p.pp=0.76, respectively, based on Eq. (3b.5). The calcula-
tion results demonstrated that the P-T-P composite has higher agy; which is
attributed to an optimal volume fraction (f) of the PM phase, according to the
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analogous computation results (optimal f ~0.6) [25]. Additionally, a larger A.q
can create more efficient interfacial strain coupling between the PM and the
PE phases with same volume fraction [26]. When f is constant, the following

equation can be used:
ap < A (3b.6)

The P-T-P composite, which had an optimal volume fraction and the largest A
yielded the highest ME voltage coefficient of the three composite samples.

Additionally, the ME voltage coefficient of the P-T-P composite can also be
enhanced by the series multi-electrode effect [12]. While the P-T-P and T-P-T-P
composites both have series multi-electrode effect, the T-P-T-P composite con-
sists of the two parts of positive magnetostrictive Terfenol-D phase. In the mag-
netic field, the inner and the outer parts of the magnetostrictive phases produce
normal stress at the same time along the radical direction, from the center of the
circle to PZT, inducing PZT dielectric polarization, thus producing the ME effect
[17]. In the series mode, the inner and the outer PZT layers contribute to the ME
voltage coefficient together [12]. However, for the inner PZT layer of the T-P-T-P
composite, normal stress works on both inner and outer surfaces following along
the same direction weakening the polarization [17]. Hence, it weakens the overall
ME effect of the T-P-T-P composite.

The measurements of the ME efficiency factor (ME-EF) were conducted.
The ME-EF is defined as the a; contribution of the unit weight PM material,
using ME-EF = apy/Mygenop- For the P-T-P composite, 58Vem~Oe™! is
divided by 4.68¢g, resulting in the ME-EF of 1.24V cm™tOelg . It is the
highest in the three composites, even higher than the composite with excellent
ap=24Vcm™'Oe™t (ME-EF=092V em~10e ! g!), which consists of 26g
Terfenol-D and four PZT parts connected in series. The agy, ME-EF, and A 4 of
each sample are listed in Table 3b.2.

The outstanding ME-EF of T-P-T cylinder composite represents the T-P-T
mode of the ME composite with more efficient utilization of the PM material. It
is a result of A4 of the PM and PE phases, boundary and stress conditions of the
PM and PE layers and the series multi-electrode effect [12, 20]. Hence, the P-T-P
composites have outstanding advantages of both high ME voltage coefficients and
less usage of the PM material, compared with the T-P and the T-P-T-P compos-
ites. The P-T-P layered configuration is just an elementary designed structure,
not an optimal design. This study provides a way for efficient utilization of PM
materials for the ME composites. Similar, but even better structural designs can

Table 3b.2 ME voltage coefficients (a,), ME efficiency factor (ME-EF), and
effective working surface specific value (A ) of the three samples.

Sample agy (V cm—'0e-') ME-EF (Vem~'0e~g™") s (Contact/free)

T-P 4.4 0.52 0.43
P-T-P 5.8 1.24 1.25
T-P-T-P 4.6 0.63 1.08




wally, a larger A ¢
the PM and the
nt, the following

(3b.6)

id the largest A g,

te samples.

osite can also be

T-P and T-P-T-P

P composite con-

hase. In the mag-
e phases produce
1 the center of the
sing the ME effect
tribute to the ME
rer of the T-P-T-P
2s following along
eakens the overall

were conducted.
ght PM material,
8Vem Qe is
et gl It is the
site with excellent
consists of 26¢g
VIE-EF, and A 4 of

-esents the T-P-T
he PM material. It
s conditions of the
Hence, the P-T-P
ge coefficients and
T-P-T-P compos-
esigned structure,

utilization of PM
ctural designs can

/free)

3b.6 Polymer Content and Particle Size Effects

widely benefit from cost efficiency and result in lighter magnetic sensors, mag-
netometers, transducers, and stray capacitor devices [27-29].

3b.5.3 Conclusions for Multi-electrode Cylinder Composites

In summary, the study investigated the ME voltage coeflicients of the
mono/multi-electrode cylinder layered Terfenol-D/PZT ME composites
with three different structures for enhancing ME efficiency. The ME voltage
coefficient, &gy, of the P-T-P mode composite is 5.8 V cm™ Oe™ at the resonant
frequency, and the ME-EF is 1.24V cm™ Oe™ g7%, which is more than two times
higher than the T-P and the T-P-T-P modes. The results of the study demon-
strate that this type of hollow multi-electrode cylinder ME composite uses lower
amounts of PM materials but yields higher/better ME voltage coefficients. This
finding indicates that creating similar structural designs will not only reduce the
weight but also the cost to manufacture ME devices for practical applications,
such as magnetic sensors, earth-magnetism navigation, mineral exploration,
transducers, and magnetometers.

3b.6 Polymer Content and Particle Size Effects

In an effort to optimize the polymer-bonded ME composites, polymer-bonded
TDE/PZT cylinder ME composites with varying polymer content and particle
size have been investigated. The axial mode voltage coefficient (ay ,) of the sam-
ples was examined.

3b.6.1 Experiment for Polymer Content and Particle Size Effects

The Terfenol-D particles were obtained by crushing bulk Terfenol-D
single-crystal alloy in argon atmosphere. The XRD pattern of the particles
is shown in Figure 3b.17a. The proposed Terfenol-D/PZT cylindrical ME
composites were made up of the aforementioned Terfenol-D particles and the
PZT cylinder. The PZT cylinder was polarized along the radial direction. The
Terfenol-D particles were compacted by uniaxial compression in the PZT cylin-
der, fabricated at 2 MPa pressure. The TDE needed 24 h for curing. A detailed
preparation method and schematic of the Terfenol-D/PZT cylindrical com-
posite are shown elsewhere [18]. The ME performance of the Terfenol-D/PZT
composites was obtained using the aforementioned ME measurement system.
The axial mode ME voltage coefficient, ay ,, was measured when H, and 6H
were applied along the axial direction of the cylinder.

3b.6.2 Results and Discussion for Polymer Content and Particle Size Effects

The microstructure of crushed Terfenol-D particles after sieving was examined
by X-ray diffraction. The XRD pattern in Figure 3b.17a of the particles is almost
identical to the standard Terfenol-D XRD pattern, meaning that the crystal phase
was not changed during the fabrication process [31]. The Terfenol-D particles
with four different size ranges (<75, 75-100, 100-150, and 150—180 um) were
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Figure 3b.17 (a) XRD pattern of the crushed Terfenol-D particles and (b) Terfenol-D particles
with the 150-180 pm size, observed by SEM. Song et al. 2016 [30]. Reproduced with
permission of Elsevier.

obtained using a set of two sieves with different meshes. Hence, the <75um
range indicates the particles that passed through the sieve with an opening size
of 75 pum. The 75-100 pm range indicates that the particles passed through a
100 pm opening sieve but were blocked by the 75 pm sieve. The particle size
distribution is ideally uniform after sieving, noted by Figure 3b.17b, for the
150—180 pm particle size range.

The epoxy content of the composites was studied with five different weight
ratios of 9, 12, 14, 16, and 19 wt%. Figure 3b.18 shows the ME voltage coeffi-
cient, ay, 5, dependency on the volume ratio of various epoxy content with the
150—180 pm Terfenol-D particle size. As seen in Figure 3b.18, the ME voltage

Particle size 150-180 um

12 16
Epoxy content, epoxy/Terfenol-D (wt%)

Figure 3b.18 The ME voltage coefficient, ag ,, dependence on the volume ratio of epoxy
content. The results are for the sample with the particle size of 150-180 pm. Song etal.2016
[30]. Reproduced with permission of Elsevier.
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Figure 3b.19 The ME voltage coefficient, ag dependence on the Terfenol-D particle size. The
results are for the samples fabricated with the epoxy content of 0.14 wt%. Song et al. 2016 [30].

Reproduced with permission of Elsevier.

coefficient is greatly affected by the epoxy content. The ME voltage coefficient
reached the maximum value of ag , =3.37 Vem™ Oe~! when the epoxy content
was 14 wt%. The ME voltage coefficient was degraded when the epoxy content
was below 14 wt%. This could be due to the epoxy’s inability to effectively play
the binder and the lubricant roles at lower epoxy content [32]. When epoxy con-
tent increased over 14wt%, the ME performance decreased rapidly due to the
dilution effect by the nonfunctional polymer phase [33].

Figure 3b.19 shows the ME voltage coefficient, ag A, particle size depen-
dency for different Terfenol-D particle ranges of <75, 75-100, 100-150, and
150-180 pm, with an epoxy content of 0.14 wt%. As seen in Figure 3b.19, the ME
voltage coefficient of the <75 pm particle size, ag, = 2.1Vem™! Oe?, is much
lower than others. When the particle size is between 100 and 150 um, the ME
voltage coefficient is the highest, up to 3.4V cm~! Oe~!. This result demonstrated
that the ME voltage coefficient was also degraded when Terfenol-D particles
were small. When particle size is between 100 and 180 um, the composite can
get roughly 1.6 times higher ME performance, compared with the particle size

less than 75 pm.

3b:6.3 Conclusions for Polymer Content and Particle Size Effects

In summary, the axial ME voltage coefficient of the polymer-bonded cylindri-
cal Terfenol-D/PZT ME composites was studied. The voltage coefficient can be
distinctly influenced by both polymer content and particle size. The composite
% and 100—150 pm particle sizes exhibited better
iate poly-
r-bonded

with an epoxy content of 0.14 wt
overall ME performance. These findings promote selecting the appropr
mer content and particle size to optimize the fabrication of the polyme

ME composites for high ME performance to meet practical applications.
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