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Resonant Magnetoelectric Effect with Strongly Nonlinear
Magneto-Elastic Coupling in Magnetoelectric Laminate
Composites

Ying Xiao!, Hao-Miao Zhou'2:3, Xiao-Wei Ou' and Chao Li!

Abstract: Considering the complex strongly nonlinear coupling characteristic
of the magnetostrictive strain and magnetization under the excitation of the bias
magnetic field and the pre-stress in the giant magnetostrictive material, this paper
adopts the nonlinear magnetostrictive constitutive model and the equivalent circuit
method to establish a strongly nonlinear resonant magnetoelectric (ME) effect the-
oretical model for the ME laminate composites compounding by the giant magne-
tostrictive material and the piezoelectric material. For the L-T mode magnetostric-
tive/piezoelectric/magnetostrictive (MPM) ME laminate, the predicted results co-
incide well with the experiment results of the resonant frequency and the resonant
ME field coefficient varying with the external magnetic field when the pre-stress
degenerates to zero in our model. The agreement indicates the proposed theoretical
model validity. On the basis, we use the theoretical model to forecast the varying
characteristic of the resonant ME field coefficient and the resonant frequency effect
under the influence of the different bias magnetic field and the pre-stress in ME
laminate composites. And we also predict that the resonant ME coefficient and the
resonant frequency appear “reversal” with the pre-stress increasing. After that, the
influence of the different volume ratio on the ME effect and resonant frequency is
analyzed. Particularly, a resonant frequency value not influenced by the volume
ratio with increasing bias magnetic or pre-stress occurs. This research can provide
theory basis for improving the resonant ME conversion performance and for con-
trolling the resonant frequency under the excitation of the bias conditions (i.e. the
bias magnetic field and the pre-stress) for the ME devices (i.e. sensor, transducer,
microwave device and so on).
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1 Introduction

Because of ferromagnetism and ferroelectricity, magnetoelectric (ME) materials
have a comprising prospect of application in many areas including the fabrica-
tion of novel information storage devices, sensors and tunable microwave devices,
and so on. Therefore, the research of ME materials has caused wide public con-
cern [Spaldin and Fiebig (2005); Nan et al. (2008); Eerenstein et al. (2006)].
Compared with the single-phase ME materials and the granulated ME composites,
the laminate composites consisting of the giant magnetostrictive and piezoelectric
materials show better ME coupling effect [Spaldin and Fiebig (2005); Nan et al.
(2008)]. Meanwhile, the experimental results indicate that the ME coefficient of
the ME laminate in resonant status could be one to two orders of magnitude greater
than the static or low frequency ones[Eerenstein et al. (2006); Dong et al. (2006a,
2003); Wan et al. (2005); Yu et al. (2005); Bichurin et al. (2003)], so the research
about the ME laminate composites becomes a hot research topic [Bichurin et al.
(2003); Wang et al. (2008); Popov et al. (2008); Bian et al. (2009b,c); Dong and
Guo (2009); Zheng and Liu (2005)]. However, large numbers of studies [Moffet
etal. (1991); Zhou etal. (2009, 2008); Zhou and Zhou (2007); Zhou et al. (2006,
2007)] found that there is very complex nonlinear magneto-elastic coupling effect
in the giant magnetostrictive materials. And the magnetostrictive strain and the
magnetization curves show not strongly nonlinear coupling characteristics varying
with the external magnetic field (e.g. initial nonlinear, saturation and so on), but
also show obvious difference (the phenomenon of “reversal”’) with the different
pre-stress levels. So, for the ME laminate composites based on the giant magne-
tostrictive materials, the magneto-electric coupling effect taken the pre-stress as
a medium will equally have the complex nonlinear relationship with the external
bias magnetic field and the pre-stress. And the explicit research of the complex
magneto-elastic-electric coupling effect will be helpful to the optimal design of the
ME material, popularization and application of devices.

Currently, the research about the ME laminate composites is focused on the ex-
perimental measurements and theoretical analysis of ME effect at static and low
frequency [Nan et al. (2008)]. However, because the ME coupling effect in res-
onant state will be of much more significant application value compared with that
at static and low frequency, the research about the resonant ME coupling effect has
caused great concerns in recent years [Dong et al. (2003); Wan et al. (2005);
Bichurin et al. (2003); Wang et al. (2008); Popov et al. (2008); Bian et al.
(2009b,c); Dong and Guo (2009); Israel et al. (2009); Srinivasan et al. (2005);
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Dong and Zhai (2008); Dong et al. (2006b); Bian et al. (2009a); Yang et al.
(2008a); Zhou et al. (2011a); Yang et al. (2008b); Zhou et al. (2011b); Yang
et al. (2006); Xing et al. (2006)]. For example, Wan et al. (2005) attained the
first bending resonance mode’s maximum bending resonant ME field coefficient of
14.6V /cmOe. Popov et al (2008) reported the resonant ME field coefficient could
reach 90V /cmOe under both the effects of DC and AC magnetic fields. Bian et al.
(2009b) reported the resonant ME field coefficient of the L-T mode (i.e. the magne-
tostrictive layer is magnetized along the longitudinal direction and the piezoelectric
layer is polarized in its thickness direction) based on high quality factor materials
could reach 381.875V /cmOe. The theoretical research of the resonant ME effect
is mainly based on the equivalent circuit method proposed by Dong et al. (2006a).
They first reported a high ME voltage coefficient phenomenon of the magnetostric-
tive/piezoelectric laminate composites at the resonance frequency in 2003 [Dong
et al. (2003)]. Next, they conducted many studies on resonant ME coefficients of
various ME laminate composites structures [Dong et al. (2006a, 2003); Dong and
Guo (2009); Dong and Zhai (2008); Xing et al. (2006)]. But for the resonant
ME voltage coefficient of the L-T mode MPM laminate composites, the predicted
theoretical result is one order higher than that of the experimental result done by
Dong [Dong and Zhai (2008)]. Bian et al have done some theoretical and experi-
mental studies of the resonant ME effect on the different ME laminate composites,
considering the mechanical loss, elastic substrates, high effective quality factor fer-
romagnetic material[Eerenstein et al. (2006); Bian et al. (2009b,c,a); Yang et al.
(2008a); Zhou et al. (2011a); Yang et al. (2008b); Zhou et al. (2011b)]. And
they used the equivalent circuit method to propose a theoretical expression for the
resonant ME field coefficient [Bian et al. (2009c)]. But when this expression is
used in the MPM laminate composites, the predicted result is almost twice that of
the experimental result done by Bian and Yang et al. [Bian et al. (2009a); Yang et
al. (2008b)]. For the L-T mode MPM laminate composites, Zhou et al.[Zhou et al.
(2011a)] analyzed the influence of the bias magnetic field on the magneto-elastic-
electric coupling effect. Even though the predicted result and experimental result
had a good coincidence, the pre-stress was assumed directly as zero when using
nonlinear magnetostrictive constitutive model. Thus, it can not be used to analyze
the complex influence of the pre-stress on the ME coupling effect. A numerical
model of the ME coupling analysis, which is proposed by Zhou et al.[Zhou et al.
(2011b)] using the nonlinear magnetostrictive constitutive model, could predict the
static ME coefficient very well. But due to using one-dimension model, when the
resonant ME effect occurs, the predicted resonant frequency is about one third of
the experimental result. Based on the above analysis, it is necessary to adopt the
equivalent circuit method to study the characteristics of resonant ME effect of the
ME laminate composites under the influence of strongly nonlinear magneto-elastic
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coupling.

In allusion to the L-T mode magnetostrictive/piezoelectric/magnetostrictive (MPM)
symmetrical ME laminate, this paper adopts the nonlinear magnetostrictive con-
stitutive model, which can describe the complex magneto-elastic coupling effect
completely, to obtain the expressions of dynamic materials constant varying with
the pre-stress and the bias magnetic field. Combined with the equivalent circuit
method, we establish a resonant ME coupling effect theoretical model of the ME
laminate composites under the complex magneto-elastic coupling conditions (i.e.
the external magnetic field and the pre-stress). When the pre-stress degenerates to
zero in this model, the predicted results of resonant ME coefficient and resonant
frequency coincide well with the experiment results. After that, the established
model is used to predict the dependence characteristic of resonant frequency and
resonant ME field coefficient with the external magnetic field under different pre-
stress, and it is also used to predict the influence of the volume ratio of piezoelectric
and piezomagnetic materials on the resonant ME field coefficient and resonant fre-
quency.

2 Model Establishment

L-T mode MPM laminate composites is the sandwich structure consisting of the
piezoelectric layer and two magnetostrictive layers bonded by epoxy resins, and the
piezoelectric layer is clipped between two magnetostrictive layers. When the ex-
ternal magnetic field H; (Which consists of alternative magnetic field H,. and bias
magnetic field Hp;,) is applied along the longitudinal direction, the magnetostric-
tive layers will be magnetized along the longitudinal direction (L mode), and the
piezoelectric layer will be polarized in thickness direction (T mode). The magne-
tostrictive layers and piezoelectric layer of laminate composites are both rectangle;
the cross-sectional area are Ay and Aj; the thickness are 7, and ,; the length and
width are expressed as [ and w respectively.

2.1 Magneto-elastic Coupling Characteristic of Giant Magnetostrictive Materi-
als

The constitutive model of giant magnetostrictive material is nonlinear coupling
[Zheng and Liu (2005)], the magnetization curves and magnetostrictive curves not
only have saturation and slight hysteresis features, but also are remarkably affected
by the axial pre-stress. If the pre-stress exerted on a giant magnetostrictive rod
along the axial direction, the increase of the magnetization and the magnetostric-
tive strain will slower obviously in the region of the low and moderate fields with
an increasing magnetic fields. But when the magnetic field is so high that the mag-
netization becomes magnetic saturation, the maximum magnetostrictive strain has
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an obvious increasing compared with no pre-stress [Zheng and Liu (2005)]. Mof-
fet et al. (1991) measured the piezomagnetic coefficient d33, and (constant field)
the elastic compliance coefficient s33,, and the permeability u33 under eight sets of
different compressive pre-stresses and magnetic bias fields, it is found that there
is complex function dependence on both the given bias conditions and the varying
amplitude of the stress and the magnetic field. Furthermore, the Young’s modulus
of Terfenol-D rod is not a constant, but a complex function changing with the stress
and the magnetic field amplitude, that is AE effect. So, this paper chooses the non-
linear constitutive model of magnetostrictive materials, which can capture complex
nonlinear magneto-elastic coupling characteristic completely, and then obtains the
formulas of the piezomagnetic coefficient and the elastic compliance coefficient
varying with the bias conditions. After that, the equivalent circuit method is used
to establish the theoretical model of resonant ME effect under nonlinear magneto-
elastic coupling of the ME laminate composites.

We chose Terfenol-D as the magnetostrictive layers of laminate composites, and
used the nonlinear magnetostrictive constitutive model of Terfenol-D proposed by
Zheng et al.[Zheng and Liu (2005)] to attain the formulas of dynamic materials
constant. The constitutive model of giant magnetostrictive material is listed as
follows:

Astanh(Z )+ [1 —tanh(g } s M? 2 =0
e=+ ()
E, ‘tanh(za—“)f[ nh( 6)} hm? 2 <0
1, M 240 —0;ln cosh(g) }W;Iz o 2 >0
H= %f (ﬁ — GA e 3 2)
s 20— In|cosh(Z) }“OMQ 2 <0

The function expressions in Eq.1 and Eq.2 are oy = AEEy/ (Es—Ep), f(x) =
coth (x) — 1 /x and k = 3,,/M; respectively. Where € is the strain; o is the pre-
stress; Ay is the saturation magnetostrictive coefficient; M is the magnetization;
M; is the saturation magnetization; Ejy is the initial Young’s modulus; Ejs is the
intrinsic (or saturation) Young’s modulus; oy is the saturation pre-stress; X, is the
linear magnetic susceptibility; to = 47 x 10~7H/m is the vacuum permeability;
H is the external magnetic field (Which consists of alternative magnetic field H,,
and bias magnetic field Hp;,s) along the longitudinal direction of Terfenol-D.

Based on the definition of the elastic compliance coefficient s33,, and the piezomag-
netic coefficient ds3,, proposed by Moffet et al. (1991), substituting the nonlinear
constitutive model of Eq.1 and Eq.2 into, we can calculate the partial derivatives
and obtain the expressions of s33,, and ds3,, affected by the external excitation mag-
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netic field and the pre-stress respectively as follows:

_ de(o,H)
$33m = i?_ s o X )
=é+{§ sech2(§)+2[1—t?nh( )Z]WM a;(”/fﬁs[ech( ) 250
*sech”(5>) +2[1 — y tanh(Z ”M?MW"'GMZ sechz(a) 220
3)
- 2cto) [ [ g 20 .
oH 1—ftanh(2 )} 2%?37% %<0

From the above formulas, it is found that there are two partial derivatives gM and

T{ M of the magnetization to the pre-stress and the magnetic field respectively in Eq.3
and Eq.4; the independent variable (magnetization M) exists in Eq.2; and there is
an inverse function in Eq.2. Therefore, in order to get the expressions of s33

and d33,, we firstly revert the implicit function expression f— ( ) in Eq.2, then

calculate the partial derivative of two sides of expllclt function % f(o,H) for o

and Hrespectively to get explicit expressions of (gc; ) and aM(gZH)
aM{gZH) and aMa(ZH) into Eq.3 and Eq.4, we can obtain the elastic compliance

coefficient s33,, and the piezomagnetic coefficient d33,, as follows:

. Substituting

s33m = (E33m) "

2
L A0+R) 4kA2M>[1—tanh( 2 )2 -
E GYCOShZ(;%) + M M2 {chr ln[cosh(g)]}’ o ’
_ : —csch2M1+Mf2 s s Os (5)
- 2
o A0 4A2MP[1 -} tanh(29)2 c 0
Fx + CFSCOShZ(Zj) + ll()M_i3 2k A M2 0'51 h 20 ’ ES <
os 4—@‘50112M2+M2727 s {0'*7 n[cos (a)]}
2kAM[1—tanh( Z )] s>
%—Zk{d—ofgln[cosh(%)] AsM oy —
d — —csch=My+M, s Ho (6)
33m 2kAM |1} tanh(29)] s 0
My s 2 As
ooy 2o G nfeosh(EI T o
M, and M; in Eq.5 and Eq.6 are respectively as follows:
= kH + 2k In|cosh(Z)| b AM 0 >
+ 0 — G;1n |cosh(Z) o 6 2 .
M, = kH 42k 6 — % In |cosh(22) ;Oﬁﬂjz 2<0

Eq.5 and Eq.6 are theoretical expressions of the elastic compliance coefficient 533,
and the piezomagnetic coefficient d33,,, which are established based on the existing
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nonlinear constitutive model and can be used to reflect the influence of the bias
magnetic field and the pre-stress.

2.2 Egquivalent Circuit Model of Magnetoelectric Laminate Composites

Based on the magnetostrictive and piezoelectric constitutive equations, we used the
equivalent circuit method to process the coupling effect of magneto-elastic-electric
of the MPM laminate composites. The cross-sectional areas of the magnetostric-
tive layers and piezoelectric layer are A; and A;; the thicknesses are 7,, and 7;
the length and width are expressed as [ and w; the densities are p,, and p, re-
spectively. A =2A; +A; = (2, + tp)w = tw 1is the cross-sectional area of the
laminate; n = 2A /A = 2t,,/t is the thickness ratio of the magnetostrictive layers;
P = (2pmA1+ppA2)/A is the average density of the laminate;i; and i, are the dis-
placement speeds at z =0 and z =/ in laminate composites respectively. According
to the equivalent circuit method, the magneto-elastic-electric equivalent circuit for
the L-T mode MPM laminate composites can be obtained by Yang et al.[Yang et
al. (2006)], shown in Fig. 1.

H3_>
—>

O O

Figure 1: Magneto-elastic-electric equivalent circuit

In Fig. 1, V is the induced voltage; Fy, F, are the face forces on the two ends
(z =0 and z = [) of the laminate; Z; = jpvAtan % Zr = j‘s)iff}d are the mechani-
is the static clamped capacitance of the

cal impedances of the laminate; Cy = lwtﬂ
P

. . d .
piezoelectric layer; ¢, = %, 0p = 3 are the magneto-elastic of the mag-
$33m :
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netostrictive layer and elasto-electric coupling factors of the piezoelectric layer re-

spectively. Here k = @/v,1? = (2~ + lsl%l”)/ﬁ, £33 = e3[1 — (K5))%), k3 = \/si%%,

d . . .
kg’l = 35“’ . o is the angle frequency; v is the mean sound velocity; $33,;, d33m5
\V S11633

Us3z are the elastic compliance coefficient of the magnetostrictive material under
the constant magnetic field H, the longitudinal piezomagnetic coefficient and the
magnetic permeability under the constant stress, respectively; sfl,dgl p» €33 are the
piezoelectric elastic compliance of the piezoelectric material under the constant
electric field E, the transverse piezoelectric coefficient, and the permittivity under
the constant stress, respectively; k55 is the magneto-mechanical coupling coefficient
of the magnetostrictive material; kg | is the electro-mechanical coupling coefficient
of the piezoelectric material.

When the ME laminate composites vibrate freely (] = F> = 0), the circuit in Fig.1
can be simplified to get the equivalent mechanical impedance of the ME laminate
ZandZ=2,//Zi+2Z, = —1 jpvAtan(4). When the external excitation magnetic
field works around the laminate composites’ natural frequency, mechanical reso-
nance will happen to the laminate. Taking dissipation into consideration in the ME
conversion and then processing the mechanical impedance Z in resonant status, the
equivalent circuit can be further simplified to a series RLC circuit given by Dong et
al. [Dong et al. (2006a)] shown in Fig. 2.

Rm I-m Cm Ip
|
Ha
=10
_> T
®,:1 O

Figure 2: Resonant ME equivalent circuit

Here R,,, L,, and C,, are the motional mechanical resistance, inductance and capac-
itance of the laminate respectively.
TZy 8 w,L,, TZy 2 1
Lm:7’ m= 5 m = = , O = —0pm,
ﬂ:ZO (O Qmech 8 Qmech Lm Cm

Zo = pVvA.
8w, 0=pP

When there is no AC magnetic field input, using the impedance conversion method,
the ME equivalent circuit can be simplified to the standard equivalent circuit of a
piezoelectric vibrator. We analyzed the simplified equivalent circuit based on the
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resonance principle of the piezoelectric vibrator and impedance conversion method,
and then we could obtain the relational expressions among R, L,,, Cy, the series
resonance frequency f;, parallel resonance frequency f;, of the ME laminate com-
posites, the effective electro-mechanical coupling factor k. sy and the effective me-
chanical Q-factor at the series resonance frequency Q.. [IEEE (1987, 1966)] as
follows:

kz_f:f,%—ff: ¢
ef fg (PI%—FC()/Cm

®)

oL, 1
R,  @CuR,

®

Qmech =

As the effective electro-mechanical coupling factor k¢ and the effective mechani-
cal Q-factor Q,,..; influence the Magneto-elastic-electric coupling effect in the ME
laminate composites and the magnetoelastic damping in the magnetostrictive layers
directly. Both of them influence the resonant ME effect obviously.

2.3 Resonant ME Effect in ME Laminate Composites

Analyzed the equivalent mechanical impedance Z shown in Fig.1, when the imag-
inary part of the equivalent mechanical impedance is assumed as zero (that is
Im(Z) = 0), combined with Z = Z,//Z, + Z, = — 1 jpvAtan(¥), the resonant fre-
quency equation of the ME laminate pvA tan(%) = (0 can be obtained. Simplified
this equation, here k = @/v, @, = 27f;, we can get the one-dimensional vertical
resonant frequency fy; shown in Eq.10.

n 1—n
1 S33m(H,G) SIEI

fs1= 2 (10)

I}

From Eq.10, we know that the unique factor of the elastic compliance coefficient
533, 18 affected by the external magnetic field H and the pre-stress . The formula
of Eq.10 indicates that the bias magnetic field Hp;,s and the pre-stress affect the one-
dimensional vertical resonant frequency of ME laminate composites by influencing
the elastic compliance coefficient s33,, of the giant magnetostrictive materials.
Combined with Fig.2 and analyzed the resonant ME effect of the ME laminate
composites based on the resonance principle, Ohm’s law and impedance conversion
method, we can get the resonant ME voltage coefficient expression considering the
mechanical loss as follows:

OmPp ’

Pm®p
jwrCORm + ¢l%

jorCo —
9
j @,Co

oy =

= 1D

dv
dHg.

R, +
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Substituting Eq.8 and Eq.9 into Eq.11, we get the following equation:

m I‘HECk2
_ ¢Q hief f (12)

0 (12 + Omeak?y )

Cin
CO + ¢3 Qmechcm

a\r/ = (Pm ¢p Qmech

In Eq.12, k.ry is the effective electro-mechanical coupling factor of ME laminate
composites, calculated by Bian et al. (2009a) as follows:

e _fh ol 8 (-msma (&)
eff fg 72 (1 —n)ss3m +nsk; 1— (kL))?

13)

Substituting the effective electro-mechanical coupling factor (Eq.13) into Eq.12,
we can obtain the resonant ME voltage coefficient as follows:

ol — SQmechn(l — n)td33m (H7 O-) d31[J
VS e a1 (I, + (1w 4 (8Qmeat — 8 — 72, s (H, 0]
(14)

Because the relation between the resonant ME field coefficient and the resonant
ME voltage coefficient is a; = o, /1, the resonant ME field coefficient is given as:

ol — 8Qmechnd33m (Ha 6) d31p
B ey {nm?[1— (k5))2]s%, + (1= n)[72 + (8Qmech — 8 — m2) (K5} )]s33m (H, 0) }
(15)

From Eq.14 and Eq.15, we know that the elastic compliance coefficient s33,, and
the piezomagnetic coefficient ds3,, of the giant magnetostrictive materials appear
complex relation varying with the external magnetic field and the pre-stress. It is for
this reason that the complex magneto-elastic coupling results in the complex strong
nonlinear characteristic for the ME voltage coefficient and the ME field coefficient.

3 Validity of the Model

We first analyzed the validity of the expressions of materials constant derived by the
nonlinear magnetostrictive constitutive model, and then compared the theoretical
result of Young’s modulus predicted by Zheng et al.[Zheng and Liu (2005)], keep-
ing the chosen basic parameters of the materials same as Zheng’s research [Zheng
and Liu (2005)]. Because of Eq.5 being the expression of the elastic compliance
coefficient, its inverse of one dimension case is just the Young’s modulus. Under
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Figure 3: Young’s modulus vs compressive stress under various magnetic bias

fields (the real lines are results in this paper, the dashed lines are results done by
Zheng [Zheng and Liu (2005)])

the different bias magnetic field, the comparison curves of the Young’s modulus
calculated by Eq.5 and by Zheng [Zheng and Liu (2005)] varying with the pre-
stress are shown in Fig.3. In Fig.3, the dashed lines show the results calculated
by Zheng[Zheng and Liu (2005)], and the real lines show the results in this pa-
per. From the figure, we can find that the dashed line and real line almost coincide
with each other completely when the bias magnetic field Hy;,y is zero, and that the
curves show a monotonic increasing tendency with the pre-stress increasing. When
the bias magnetic field Hp;,s is not zero, both of them show a good coincidence
qualitatively. The curves of Young’s modulus E33,, decrease fast firstly and then
increase slowly with the pre-stress increasing. However, the curves of Young’s
modulus have a little difference on quantity. Meanwhile, under the condition of
the different bias magnetic field and pre-stress, we can find from the Fig.3 that the
value of Young’s modulus can be close to 90GPa at most, which can reflect the
AE effect of the giant magnetostrictive material well. Based on above analysis, we
can obtain that the explicit expressions of dynamic material constant derived in this
paper are believable.

Next, in order to quantitatively prove the validity of the equivalent circuit theory
of the resonant ME effect in this paper, we chose the experimental results done
by Wang [Wang et al. (2008)] and theory results predicted by Yang [Yang et al.
(2008b)] of resonant ME effect in MPM magnetoelectric laminate composites con-
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sisted of Terfenol-D and PMN-PT as reference. Because the ME effect of the ME
laminate composites was measured in experiment without considering exerting the
compressive stress in the magnetostritive material, the model of the resonant fre-
quency and the ME field coefficient proposed in this paper includes the influence
of the pre-stress. Thus, firstly the pre-stress was assumed as zero in the model, and
then let the theoretical model degenerate and be same state as experiment. Here, the
physical dimension of Terfenol-D and PMN-PT is same as one in experiment, and
they are 12mm x 6mm x 1mm and 12mm x 6mm x 1mm respectively. Magnetostric-
tive layers are magnetized along the longitudinal direction, and the piezoelectric
layer is polarized in its thickness direction. The material parameters are shown in
the appendix. If a weak external AC magnetic field (H,. < 50e as usual) is applied
in the ME laminate studied in this paper, the amplitude of H,. is much smaller
than that of the bias magnetic field Hy;,; obviously. Therefore, H,. is ignored and
the external magnetic field H is replaced by Hp;,; when discussing the influence of
bias magnetic field on the resonant ME effect. The comparative figure, which is
composed by the theoretical result of the formula of resonant frequency of the ME
laminate composites derived in this paper (the pre-stress is zero in Eq.10) and the
experimental result done by Wang[Wang et al. (2008)], is shown in Fig.4. In the
figure, the comparative results show a good coincidence qualitatively. The curves
decrease firstly, and then increase with the external bias magnetic field increasing.
On quantity, the predicted result in this paper is smaller than the experiment result
done by Wang et al. [Wang et al. (2008)]. As for the reason of the difference
between the predicted result and the experimental result, it could be residual stress
existed in magnetostritive phase during fabrication of the ME laminate composites
in experiment. According to Eq.5, it is easy to know that the residual stress will re-
sult in changing of the elastic compliance coefficient, and also result in changing of
resonant frequency. So, there is a little difference on quantity between the predicted
result by the theoretical model and the experimental result done by Wang [Wang et
al. (2008)]. As well, the comparative figure, composed by the result of the ME
field coefficient predicted by the theoretical model (Eq.15) as the pre-stress being
zero, the theory result predicted by Yang [Yang et al. (2008b)] and the experimen-
tal result done by Wang [Wang et al. (2008)], is shown in Fig.5. From the figure,
we can find that the theoretical result in this paper and the experimental result show
a good coincidence, while the theory result predicted by Yang [Yang et al. (2008b)]
is nearly three times bigger than the result in this paper and the experiment result
done by Wang [Wang et al. (2008)]. So the predicted result in this paper is more
valid compared with the result predicted by Yang [Yang et al. (2008b)]. When the
bias magnetic field satisfies Hp;,s < 0.35kOe, the predicted theoretical result of the
ME field coefficient in this paper is smaller than the experimental result; while the
bias magnetic field satisfies Hp;,; > 0.35kOe, the predicted result in this paper is a
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Figure 5: Comparison of one-dimensional vertical resonant ME field coefficient o

litter larger than the experimental result.

Compared with the previous model considering only the influence of the bias mag-
netic field, the model of resonant ME effect in this paper can take into account the
ME effect in the case of complex magneto-elastic coupling. So, we can use the
model to predict the characteristics of strongly nonlinear magneto-elastic-electric
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Figure 6: One-dimensional vertical resonant frequency f;; changing with Hp;,

coupling of the ME material under the influence of the external magnetic field and
the pre-stress. By Eq.10, we can get the relationship between the one-dimensional
vertical resonant frequency f;; and the bias magnetic field under the different pre-
stress (shown in Fig.6.). In the figure, with the bias magnetic field increasing,
the one-dimensional vertical resonant frequency decreases fast firstly, and then in-
creases, and finally tends to be a steady value under the different pre-stress. When
the pre-stress is smaller, it is found that the resonant frequency changes dramat-
ically varying with the bias magnetic field, that is, the resonant frequency drops
to the minimum value quickly, then increases fast and tends to be a stable value.
While the pre-stress is larger, the resonant frequency changes relatively gently with
the bias magnetic field. At the same time we can find that there is a phenomenon
of “reversal” for resonant frequency varying with the pre-stress, that is, when the
bias magnetic field is smaller than about 0.35kOe, the resonant frequency increases
gradually with the pre-stress increasing; when the bias magnetic field is larger than
1.5kOe, the resonant frequency decreases gradually with the pre-stress increasing.
From the formula of the one-dimensional vertical resonant frequency in Eq.10, we
know that only one unique factor, the elastic compliance coefficient s33,,, is influ-
enced by the external bias magnetic and pre-stress simultaneously. As a result, the
bias magnetic and pre-stress influence the resonant frequency of the ME laminates
by influencing the elastic compliance coefficient s33,, of Terfenol-D.

Similarly, we can use the resonant ME field coefficient (Eq.15) to predict the re-
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lationship of the one-dimensional vertical resonant ME field coefficient of the ME
laminate composites under different pre-stress levels and the bias magnetic field
o — Hpias, shown in Fig.7. In Fig.7, the curves of resonant ME field coefficient
increase firstly, and then decrease, and finally tend to zero varying with the bias
magnetic field under different pre-stress levels. And we can also find from the
figure that the phenomenon of “reversal” exists because of the influence of the pre-
stress on the resonant ME field coefficient. When the external bias magnetic field
is smaller, the resonant ME field coefficient decreases quickly with the increasing
pre-stress. Whereas, the external bias magnetic field is larger, the resonant ME
field coefficient shows increasing tendency with the pre-stress increasing. There-
fore, the influence tendency of the pre-stress on the resonant ME field coefficient
appears “reversal”. In the formula of the ME field coefficient (Eq.15), due to the
different pre-stress and bias magnetic field, the elastic compliance coefficient and
the piezomagnetic coefficient of the giant magnetostrictive materials appear com-
plex nonlinear variation, which then results in the complex change of the resonant
ME field coefficient of the ME laminate composites. However, most of the recent
researches considered only the influence of the bias magnetic field on the ME field
coefficient and ignored the influence of the pre-stress on the ME field coefficient.
It can be seen From Fig.6 and Fig.7 that the pre-stress also greatly influences the
ME coefficient of the ME laminate composites. So, it is possible to realize the op-
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timal design of the resonant frequency and the ME coefficient of the ME laminate
composites by adjusting the different pre-stress levels.
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Figure 8: (a) Calculated values of resonant ME field coefficient under different
Terfenol-D thickness ratio n, changing with Hp;,; (b) Calculated values of resonant
ME field coefficient under different Terfenol-D thickness ratio n, changing with ¢

The thickness ratio of Terfenol-D also influences the resonant ME field coefficient.
Based on the theoretical model in this paper, we can predict the influence of the
thickness ratio on the resonant ME field coefficient for a given external magnetic
field or the pre-stress, shown in Fig.8. It can be seen from Fig.8 (a), for a given pre-
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stress (i.e. -13Mpa), that the resonant ME field coefficient increases monotonically
with the increasing thickness ratio n of Terfenol-D. For a given bias magnetic field
(i.e. 1kOe), the curves of the resonant ME field coefficient varying with the pre-
stress under the different thickness ratio are shown in Fig.8 (b). Similarly, it can be
seen from Fig.8 (b) that the resonant ME field coefficient becomes larger with the
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thickness ratio increasing, and the bigger thickness ratio, the greater influence of
the pre-stress on the ME field coefficient.

For a given pre-stress(13MPa), the influence of the thickness ratio of Terfenol-D on
the resonant frequency is shown in Fig.9. In Fig.9, the resonant frequency increases
with the thickness ratio increasing of Terfenol-D, but the minimum of the resonant
frequency keeps almost unchangeable. Whereas the bias magnetic field or the pre-
stress is continually changing, the resonant frequency fast drops to 40-50kHz, and
then increases gradually. When the bias magnetic field continues to increase, the
resonant frequency increases gently and tends to be a certain value, which can
also be verified by Fig.6. In Fig.9 (a), for a given pre-stress (i.e. 13MPa), the
resonant frequency decreases quickly for Hp;,s < 0.62kOe and increases gently for
Hp,qs > 0.62kOe with the bias magnetic field increasing. Similarly, in Fig.9 (b), for
a given bias magnetic field (i.e. 1kOe), the resonant frequency decreases quickly
for 0 < 13MPa and increases gently for ¢ > 13M Pa with the pre-stress increasing
continually. We can find from Fig.9 that the minimum resonant frequency about
46kHz exists which is not influenced by the thickness ratio of Terfenol-D.

4 Conclusion

Combined with the nonlinear constitutive relationship of magnetostrictive materi-
als, this paper adopted equivalent circuit method to establish a complex resonant
ME effect theoretical model of the ME laminate composites under the influence
of the pre-stress and the external bias magnetic field. When the pre-stress was
degenerated to zero in this model, the results showed that the predicted resonant
frequency and resonant ME coefficient of the degenerated model coincided well
with the experiment results on quality and quantity. After that, we used the the-
oretical model to predict the ME field coefficient and resonant frequency varying
with the bias magnetic field under the influence of the different pre-stress. We pre-
dicted theoretically for the first time that the phenomenon of “reversal” arise from
the influence of the pre-stress on the ME field coefficient and resonant frequency.
Therefore, the research in this paper can provide theory basis for predicting the ME
characteristics of the ME laminate composites and for preparation of the ME de-
vices with good performance under the complex magneto-elastic coupling. On the
basis, we further analyzed the influence of the thickness ratio of magnetostrictive
materials on the resonant ME coefficient and resonant frequency. The thickness ra-
tio has a great influence on the ME coefficient and resonant frequency. Thereinto,
a special value of resonant frequency exists, which is not influenced by changing
the thickness ratio.
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Appendix

Parameters of Terfenol-D:
Ey=65%x10"Pa; E;,=11x10"°Pa; A, =1x1073; y, =40;

Parameters of PMN-PT:
dz1p = —2645x 107 12C/N; 5% = 1413 x 107 m?/N; p, = 8100kg/m’;

€33/€ = 6200; kY, =0.95; Qpun_pr =31.
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