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The influence of magnetic fields on the mechanical loss (Q~!) of Terfenol-D/PbZrg 5, Tig 4503 /Terfenol-D
three-layer laminated composites is investigated systemically using the technique for measuring the
resonance magnetoelectric (ME) effect. The results indicate that Q- varies non-monotonically with dc
magnetic fields and shows a maximum near 500 Oe for all the samples with different layer thickness
ratios (n) of Terfenol-D (Tbg3Dyo7Fe192). Considering various kinds of mechanical energy dissipation, it
is found that Q' is mainly dominated by the mechanical damping due to the domain wall motion in
Terfenol-D under the actions of dc and ac magnetic fields as well as the stress at the interface. In addition,
the effect of eddy current losses on the energy dissipation of the system is also discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The magnetoelectric (ME) effect induced by polariza-
tion/magnetization in magnetic/electric fields [1-3] is of
fundamental and technological importance. Because the com-
posite consisting of magnetostrictive and piezoelectric phases is
expected to show a much stronger ME effect than that of single-
phase ME materials, a number of possible applications based
on this strain-mediated ME coupling have attracted a surge of
interest, such as multifunctional sensors [4], filters [5] and power
harvesting [6]. Extensive efforts for obtaining a strong ME effect
were carried out in ME composites with ferrite, shape memory
alloys or Terfenol-D (Tbg 3Dy 7Fe192) as magnetostrictive compo-
nents and leadmagnesio-niobate single crystal or lead zirconate
titanate PbZr;_,TixO3 (PZT) ceramics as piezoelectric components
[7-11]. A ME laminate composite composed of Terfenol-D and
PZT is of particular interest due to the relative large piezoelec-
tric/piezomagnetic coefficient as well as low cost. Many different
configurations, including disk, rectangular and ring shapes, for
this kind of composites were investigated [11-13], and the ME
voltage coefficient can reach as high as several VOe~1cm™! at a
quasi-static frequency [13-15].

For the resonance situation, the ME coefficient is not only deter-
mined by the structures or operation modes but also related to the
electromechanical coupling which closely depends on the energy
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dissipation, especially mechanical losses [16,17]. The mechanical
losses in Terfenol-D and PZT have been widely investigated. It
was reported that the magnetomechanical damping of Terfenol-D
measured from the strain-stress hysteresis loop at low frequen-
cies indicates that the energy dissipation is closely related to the
non-180° ferromagnetic domain-wall movement induced by mag-
netic fields and prestress [18-22], and the mechanical loss in PZT
is mainly attributed to the irreversible ferroelectric domain-wall
movement [17]. However, little effort has been devoted to studying
the variation of the mechanical energy dissipation Q~! for Terfenol-
D/PZT ME composite. Furthermore, several other crucial questions
such as the influences of magnetic fields and frequencies on Q! in
this ME composite are also unclear so far.

In this paper, we systemically investigate the mechanical energy
dissipation in the laminate composite composed of Terfenol-
D (Tbg3Dyg7Fe192) and PbZrgs;Tig4g03 (PZT). As the magnetic
domain wall motion in Terfenol-D strongly depends on magnetic
fields, the investigations of the ratio between Terfenol-D and PZT as
well as magnetic field effects on Q1 can effectively clarify mechan-
ical losses of the system in nature. Our experimental results show
that the mechanical energy dissipation of the composite is mainly
dominated by the mechanical damping of Terfenol-D and can influ-
ence the resonance ME coefficient oy r-

2. Experimental

Three-layer laminates of Terfenol-D/PZT/Terfenol-D with different thickness
ratios (n) for Terfenol-D were fabricated, here n is defined as 2trp /(2trep *+ tpzr), trED
and tpzr represent the thicknesses of Terfenol-D and PZT plates, respectively. The PZT
component with a size of 12 x 4 x 1 mm? (tpzr = 1 mm for all samples) was polarized
under an electric field of 3 kV/mm at 120°C in silicon oil in the thickness direction.
The grain-oriented (11 3) polycrystalline Terfenol-D plates were magnetized along
the longitudinal direction to form a longitudinal-transverse configuration and their
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Fig. 1. Frequency dependence of the ME voltage coefficient at Hyc =10e, n=0.67,
and different Hy. from O to 6 kOe. The inset shows the schematic configuration of
the samples.

dimensions were 12 x 4 x trgp mm?. Here, the values of trp are 1, 0.5 and 0.25 mm,
and thus the values of n are equal to 0.67, 0.5 and 0.33, respectively. The PZT plate
was laminated between two Terfenol-D plates using conductive silver epoxy bonder
under pressure and the schematic diagram of the samples was shown in the inset
of Fig. 1.

The ME voltage coefficient was determined by measuring the electric field gen-
erated across the sample with ac magnetic fields (Hac, up to 2 Oe) and dc bias fields
(Hge, up to 6kOe). A signal generator amplified by a power amplifier was used to
drive a Helmholtz coil to generate the small H,c superimposed on Hg.. The voltage
generated across the piezoelectric layer was measured with an oscilloscope or a
lock-in amplifier. The ME resonance behaviors were carried out by measuring the
ME output around the resonance frequency range with a step of 0.5 kHz.

3. Results and discussion

Fig. 1 shows the frequency dependence of resonance ME proper-
ties of the Terfenol-D/PZT/Terfenol-D laminates for n=0.67 under
different Hy. with superimposed H,c of 10e. The resonance ME
coefficient (amgr) increases with increasing magnetic bias and
reaches up to ~23Vcem~10e-! at a resonance frequency f; of
110kHz under Hy. =2 kOe. One of the most interesting results is
that as Hy. increases, the resonance frequency f; decreases at first,
reaches its minimum near 4000e and then shifts up as shown
in Fig. 2. This non-monotonic shift in f; is due to the variation of
Young’s modulus caused by the domain wall motions of Terfenol-
D under magnetic fields [16]. Furthermore, a decrease of f; with
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Fig. 2. Variation of the resonance frequency f; of the Terfenol-D/PZT laminate as
a function of Hy. for n=0.67. The inset shows a close view of f; at low Hg. with
Hac=0.50e, 10e, and 2 Oe.

increasing ac magnetic field Hyc is observed at a low Hy. range, see
the inset of Fig. 2. Larger amplitude of H,. forces the domain walls
moving back and forth frequently more easily and thus leads to a
decrease in f;. The slow increase of f; in the field range from 0.5 kOe
to 6 kOe corresponds to the gradual saturation of the magnetization
in Terfenol-D [23].

From the frequency dependencies of the ME coefficient, one can
estimate the total mechanical energy dissipation (Q~1) defined as
Q'=Af;/f; [24], here Af; represents the 3 dB frequency bandwidth.
Fig. 3(a) and (b) show the dc magnetic field dependencies of Q!
under different Hac and n, respectively. It is found that Q~! has
a peak near a dc magnetic field of 500 Oe for all n and H,c, and
increases with increasing n and H,c. For a Terfenol-D/PZT ME lam-
inate composite, one can regard that the total mechanical energy
dissipation Q~! is mainly composed of the mechanical damping of
Terfenol-D (Q ! ch.1rp)» Mechanical damping of PZT Qe eh.pzr ) the

loss at the interface (Qf;g ) between Terfenol-D and PZT. Suppose
Q! can be expressed as:

-1 -1 -1 -1 -1
Q= anech,TFD +(1- n)Qmech,PZT + Qface = n(Qmech,TFD

-1 -1 -1
+Qface) +(1- n)(Qmech,PZT + Qface) (1)
0.10
n=10.67
0.08 —— H_=20e
- H =10¢
z 0.06 o= H_=0.50e
_IQ;_
0.04
0.02 o
0.10F (b) H_=10e
A= n=0.67
0.08] - n=03
-+ n=033
3 0.06
S
0.04}
0.02+
0.15}
(C) ] = m’clch.TFD 2 Qﬁ:\lcc - .
= { \ _O_Qm'elch.PZT - sz—!lce }H 033 and " 05
g 0. st O
=} T “mech,TFD = *face . e
.g 0.10 [ A :’_Qna-clch.l’?T * QI-:ILC }”70-67 andn0.3
=
& 0.05}
@
=
=
0.00

Fig. 3. (a) Total mechanical energy dissipation Q' of the Terfenol-D/PZT laminate
as a function of Hy. with H,c =0.5 Oe, 1 Oe, and 2 Oe for n=0.67. (b) Q' as a function
of Hy. forn=0.67,0.5 and 0.33, and H,c = 1 Oe. (c) Q;lch’m) and Q! ., asafunction
of Hqc, the blue and red lines represent the calculated results with {n=0.33 and 0.5}
and {n=0.5 and 0.67}, respectively(For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article).
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Considering Eq. (1) as a linear equation with two different vari-
ables as Q1 pp + Qe and Qply pr + Qg ONE can obtain the
Hg. dependencies of Qn;éch,TFD + Qf;cle and Q;l;ch’PZT + Qf;ge for dif-
ferent n, as shown in Fig. 3(c). The blue and red lines represent the
calculated results with {n=0.33 and 0.5} and {n=0.5 and 0.67},
respectively. The overlapping of two group curves proves the self-
consistency of our discussion based on Eq. (1). The contributions
of all these losses to the total mechanical energy dissipation are
discussed as follows:

Itis known that the mechanical damping of PZT can be expressed
as QL pzr = 27 |Zm| CT(f2 — f2)/f2 [25], where f, represents the
anti-resonance frequency. The capacitance CT of a standalone PZT
plate at a quasi-static frequency (1 kHz) and minimum resonance
impendence |Zy| measured by Agilent 4294A impendence ana-
lyzer are about 0.766 nF and 364 2, respectively. For f; =109.7 kHz
and f,=114.8 kHz, one can get Qr;lgzch.PZT ~1.9 x 102, The calcu-
lated Qi;éch,PZT + Qfgcle shown in Fig. 3(c) is in the same order of
magnitude as QT;léch,PZT but much smaller than Qr;;ch.TFD + Qfgcle,
indicating that Qr;ge has little contribution to Qr;; chTED T Qf;g e

Now turn our attention to Q.1 . s + Q.- Because the trends
of Qr;;ch’TFD + Qg . in Fig. 3(c) are similar to those of the total
mechanical energy dissipation Q~! in Fig. 3(a) and (b) and Qr;e
has little effect on Q! as discussed above, one can regard that
QT;;ch,TFD plays a dominant role in the variation of Q~1. It is known
that the mechanical loss of Terfenol-D affected by magnetic fields is
mainly attributed to the non-180° (that is 71° and 109° in Terfenol-
D) domain wall motion [18,19]. Around a characteristic field, for
example 5000e in our case, the non-180° domain wall motion
and magnetostriction in Terfenol-D change very fast, accompany-
ing with the highest strain rate under magnetic fields [26,27], and
the mechanical energy losses induced by H,c will reach the max-
imum. When Hy. goes to a higher value, the magnetic domains
are almost aligned with each other in the same direction [28]. In
this case, a small Hy¢ is hard to affect the magnetic moments as
well as domain wall motion of Terfenol-D, and thus the energy
loss reduces for further increasing Hy. as a result. In other words,
a lower energy loss under magnetic fields corresponds to a higher
stiffness, as indicated by the resonance frequency f: dependences of
Q! under different H,. for n=0.67, see Fig. 4. In addition, the peak
values of Q:;éch,TFD at resonance frequency in our experiments are
comparable to these of the magnetomechanical loss obtained from
the strain-stress loop at low frequencies reported in Refs. [18,19].
Besides magnetic fields, the stress applied on Terfenol-D from PZT
at the interface is another key factor affecting the magnetome-
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Fig. 4. f; dependencies of Q- under H,. =0.5Oe, 1 Oe, and 2 Oe for n=0.67.
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Fig. 5. Hy. dependencies of quasi-static ME voltage coefficient g and resonance
ME voltage coefficient amer of the system with n=0.67 under H,. =0.5Oe, 1Oe,
and 2 Oe. The study on the mechanical energy dissipation (Q~') of ME laminates
composed of Terfenol-D and PZT utilizing the resonance ME effect was carried out,
which has not been systemically reported so far. Three new results were obtained.

chanical properties of Terfenol-D. The stress tends to rotate the
domain walls away from the magnetization direction and prevents
the saturation of magnetostriction [23,29]. Under the action of the
stress, the corresponding magnetic field for the maximum domain
wall motion in the ME composite is shifted away from that of a
standalone Terfenol-D [30,31].

To deeply understand the mechanical energy dissipation and
resonance ME effect of the system, the relation between Q! and
magnetoelectric effect should be considered. Fig. 5 shows the Hy.
dependencies of aygr at fr and o at a quasi-static frequency of
1kHz for n=0.67 under different Hy.. One can regard that with
increasing Hyc from 0.5 Oe to 2 Oe the apparent decreases of o r
are closely related to the increase of Q-1 (see Fig. 3(a)) although
apme at 1kHz changes little. As we know, oy is roughly propor-
tional to the piezomagnetic coefficient of Terfenol-D (ds3 ) which
has a maximum around 500 Oe [15], and thus o shows a max-
imum at this field. While for the resonance situation, under the
influences of both d33, and Q~1, aper increases till Hye =2 kOe,
and then decreases with further increasing Hy.. This implies that
the difference between o and g r With Hgqe shown in Fig. 5 are
closely related to the total mechanical energy dissipation of the
system.

It should be pointed out that there is a magnetic loss besides
the mechanical energy dissipation in this ME composite. In the fre-
quency range of our experiments (~100kHz), the magnetic loss
(Qe’d]dy) mainly caused by eddy current may reduce the magneti-
zation and effective magnetostriction of Terfenol-D [32,33]. In this
case, Qe_dldy can influence the magneto-mechanical energy conver-
sion process of the composite via magnetoelectric coupling at the
interface. However, it is difficult to obtain the contribution of Qe‘d1dy

to Q! quantitatively through our experiments by analyzing the
mechanical resonance of the ME composite because Qe*;dy charac-
terizes the magnetic energy dissipation. The relationship between
magnetic and mechanical energy dissipations and the questions
about how to overcome Qe*dhy need further investigations.

4. Conclusions

The systemic study on the mechanical energy dissipation of ME
laminates composed of Terfenol-D and PZT utilizing the resonance
ME effect was carried out. The contribution of each loss is clarified
via the analysis of resonance ME effect with different n and mag-
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netic fields. The results indicate that Q~! is mainly dominated by
the mechanical energy dissipation of Terfenol-D due to the domain
wall motion under the influence of magnetic fields and the stress
at the interface.
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