
sensors

Letter

Estimation of the Intrinsic Power Efficiency in
Magnetoelectric Laminates Using
Temperature Measurements

Xin Zhuang *, Chung-Ming Leung , Jiefang Li and Dwight Viehland

Department of Materials Science and Engineering, Virginia Tech, Blacksburg, VA 24061, USA;
cmleung@vt.edu (C.-M.L.); jili4@vt.edu (J.L.); dviehlan@vt.edu (D.V.)
* Correspondence: xin2@vt.edu

Received: 26 April 2020; Accepted: 8 June 2020; Published: 11 June 2020
����������
�������

Abstract: Magnetoelectric (ME) power efficiency is a more important property than the ME voltage
or the current coefficients for power conversion applications. This paper introduces an analytical
model that describes the relation between the external magnetic field and the power efficiency in
layered ME composites. It is a two-phase model. The first fragment establishes the expression
between the magnetic field strength and the temperature increase within an operating period. It
uses a magneto-elasto-electric equivalent circuit model that was developed by Dong et al. Following
previous investigations; the main loss source is the mechanical power dissipation. The second
fragment links the power efficiency and the temperature increase in a heat-balanced system. This
method is generally used by researchers in the piezoelectric field. The analytical model and the
experimental data shows that the decrease of the power efficiency in a laminated composite is between
5% and 10% for a power density of 10 W/in3 (0.61 W/cm3) to 30 W/in3 (1.83 W/cm3). The failure
mechanism/process of ME composites under high power density can be estimated/monitored by the
proposed method for ME composites in practical applications.
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1. Introduction

The intrinsic power efficiency of a magnetoelectric (ME) composite is causally related to the power
loss and the coupled power in the magnetic-to-electric conversion process. Under an oscillation drive,
a power loss is present during the energy conversion per cycle. Accumulated energy dissipation results
in an increase of the ambient temperature, like in piezoelectric actuators, in a ME composite [1]. By
consequence, the power loss and power transmission characteristics can be estimated by monitoring
the rising of the temperature [2–5]. Consequently, it is possible to estimate the intrinsic power efficiency
by monitoring temperature. A ME laminated composite often consists of one piezoelectric and two
magnetostrictive layers, which are bonded together using epoxy or sintering techniques [6,7]. ME
composites with numerous structures and materials have been wildly investigated as magnetic field
sensors and power conversion devices [8,9], although it is still an open question to their potential
benefits and limitations with regards to their applications as next-generation devices [10,11].

To characterize the ME effects in a massively layered composite, there are two main approaching
methods based on constitutive equations: the continuum mechanics model (CMM) that was introduced
by Bichurin et al. and the equivalent circuit model (ECM) that is introduced by Dong et al. The
CMM treats a ME layered composite as a continuum object that is fulfilled with the magnetostrictive,
piezoelectric materials and the intermediate layer [12]. With this model, the conservation of the energy
can be independently investigated in different phases. The coupling loss at the intermediate layer
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can be readily described by the CMM. Instead, the ECM lumps together the magnetostrictive and
piezoelectric phases as a magneto-elasto-electric equivalent circuit, where the mechanical strain/stress
within the two phases are not outward parameters.

The ECM has a concise expression that allows engineers to draw an equivalent circuit for a ME
composite. However, when the measurements are not in accordance with the theoretical analysis,
the loss is not able to be clearly identified. In this case, it needs to introduce a correction factor
with a general loss mechanism including the eddy current (Foucault current), boundary condition,
mechanical loss or flux concentration. This cannot guide engineers towards a clear target to improve
the ME composite in practical applications because the physical meaning of the correction factor is
too general. Actually, the used coefficients in layered ME composites are “predefined” values for
the magnetostrictive and piezoelectric materials, rather than their effective values in a specific ME
composite. In particular cases, it is much more operational to measure the effective coefficients than
correction factors.

Effective coefficients in composite materials are different from their individual participants, which
was discussed by Newnham and Cross in their work Piezoelectric Ceramic-Polymer Composites for
Transducer Applications. The content that involved a bulk-bulk connectivity was developed by Zhuang
et al. which took into account a sandwich structure of one Pb(Zr,Ti)O3/polymer layer surrounded by
two solid Pb(Zr,Ti)O3 surface layers [13], where the composite coefficients showed their effective values.
However, it was still a difficult task to demonstrate the effective coefficients in composite materials
because of the amount of input coefficients needed to identify their effective values. Therefore, it
would be wise to simplify the expression into a figure of merit (FOM) with a simple and refined
formula before exploring their effective values. For the performance of the piezoelectric transducers,
Safari proposed a product of the piezoelectric charge and voltage coefficients, dp gp for his thesis
at Pennsylvania State University [14]. Later, Bhalla et al. proposed another FOM which took into
account not only the piezoelectric properties, but also the dielectric loss tangent dp gp/tanδ [15]. For the
layered ME composites, the ME voltage, current coefficients and dissipation in ECM expressions were
demonstrated as a FOM with a product of the squared coupling factor and the mechanical quality
factor (k2Q) to evaluate the power conversion efficiency by Zhuang et al. [16]. Subsequently, by using
the measured effective coefficients as inputs for this simplified FOM, the simulation was carried out
and compared to the measurements. The results showed that the ECM with effective coefficients can
predict the measurement with high accuracy for layered ME composites [17].

Inaccurate coefficients in a model might result in important errors to the final prediction. Besides
the mentioned method—simplified FOM with effective inputs—the measurement of one or several
intermediate values was another way to monitor the error propagations before a huge accumulation
occurred in the model. In a layered ME composite, the intermediate values could be the magnetostriction,
the vibration velocity or the temperature increase. In this manuscript, we established a theoretical
relation between the intrinsic power efficiency in a laminated ME composite and the applied magnetic
field strength with the temperature increase as the intermediate value to monitor the functioning of
ME composites.

2. Heat Energy System

The temperature rising, ∆T, in a ME laminate is due to the heat energy change, ∆Q, which can be
expressed as an energy balance equation. For a thermal balance system, the heat energy increase is due
to the input heat energy, Qin, and the generated energy, Qg, from other types of energy, meanwhile the
decrease is due to the diffusion Qdif, the convection Qc, the emission Qe and the energy conversion to
other types of energy. The dynamic thermal balance is conceptually illustrated in Figure 1.
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Figure 1. Sketched view of a heat balance system.

The sum of all the heat energy results in a change of temperature in the ME system. The
temperature change related to the heat energy balance can be calculated by taking into account the
mass and the mean specific heat capacity of the system, yielding

Qg + Qin + Qdi f + Qc + Qe + . . . = ∆Q = cpm∆T, (1)

where cp is the mean specific heat capacity, m the mass and ∆T is the temperature change.
Without input heat energy, an increase of heat energy in a mechanically coupled ME system is

mainly due to a dissipation process, such as the dielectric loss in the piezoelectric phase, the eddy
current (Foucault current) loss in the magnetic phase and the mechanical loss in both phases. It can be
assumed that all the dissipated energy is converted into heat energy with time. Then, we obtain an
equality between the dissipated energy (Qd), and the dissipated power (Pd) with time, given as:

Qg = Qd = Pd∆t. (2)

The input heat energy Qin is the heat energy flow into the system from a heat source. In the case
for a ME sample, we assume that there is not a heat source near the sample (i.e., Qin = 0). Brownian
motion of the gas molecules can result in heat exchange between the ME sample and the air, which can
be expressed as Qdif. For a driven ME sample, the heat energy radiates from the ME sample to the air,
the transmission is expressed via Fourier’s law,

qdi f = κ(TME − Tair) = κ∆T, (3)

where qdif is the thermal transfer power per thermo-contact surface area, κ is the thermal transferring
coefficient, TME and Tair are the temperatures in the ME sample and in the air. Based on this equation,
the diffused heat energy can be expressed as

Qdi f = −qdi f Sur f ace∆t = −κSsur f ace∆T∆t, (4)

where Ssurface is the thermo-contact surface and ∆T is the temperature difference during a period of the
time (∆t) for the energy diffusion. The heat energy change due to the air convection is governed by
Newton’s cooling law, given as

qc = h(TME − Tair) = h∆T, (5)

where h is the heat convection coefficient. The heat energy change due to the convection within a
period of time can then be written as

Qc = −qcSur f ace∆t = −hSur f ace∆T∆t. (6)
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Thermal radiation emission reduces the heat energy, which is expressed by the emission
equation, yielding

qe = εmσ
(
T4

ME − T4
env

)
, (7)

where εm and σ are the emissivity and Stefan–Boltzmann constant, and Tenv is the environmental
temperature. Thus, we have the heat energy change due to the emission, yielding

Qe = −qeSur f ace∆t = −εmσSur f ace
(
T4

ME − T4
env

)
∆t. (8)

The heat energy change resulting from emission is small in a ME laminate composite. Hence,
it can be assumed that the term Qe is neglectable. The equality of the thermal balance system in a
magnetically driven ME laminated composite can then simplified as

Qg + Qdi f + Qc = cpm∆T. (9)

3. Dissipation Induced Heat Energy

The heat energy resulting from the mechanical dissipation can be expressed as a product of the
power dissipation (Pd) and a period of the time. This expected power loss can be calculated from the
velocity (root mean square value, rms) and the real part of the mechanical impedance, given as

Qd = Pd∆t = v2
rmsRe{Zm}, (10)

where vrms is the rms velocity and Re{Zm} is the real part of the impedance. The relation between the
velocity and an applied magnetic field (H) can then be established via the mechanical impedance,
yielding

jωϕmH(ω) = v(ω)Zm = v(ω)
(

1
jωCm

+ Rm + jωLm

)
, (11)

where Cm, Rm and Lm are the mechanical capacitance, resistance and inductance respectively. ϕm is
the magneto-elastic coupling. For a ME laminate driven at its resonant frequency (ωres), the term

1
jωresCm

+ jωresLm is zero. The rms amplitude of the vibration velocity is proportional to the strength of
the excitation magnetic field, given as

ν(ωres) =
ωresϕmH(ωres)

Rm
. (12)

By using Equations (10)–(12), the heat energy change due to the mechanical dissipation can be
derived as

Qd = Pd∆t = v2
rmsRe{Zm}∆t

= 1
2 (v(ωres))

2Re{Zm}∆t = ω2
resϕ

2
m(H(ωres))

2

2Rm
∆t

(13)

4. The Temperature Rising Modeling

By taking into account the assumption that the generated energy results from mechanical
dissipation, we have Qg = Qd. Thus, the thermal balance equations can be rewritten from Equations (4),
(6), (9) and (10) as

Qd + Qdi f + Qc = cpm∆T∫
Pddt−

∫
κSsur f ace∆Tdt−

∫
hSur f ace∆Tdt = cpm∆T

(14)

From Equation (14), we have the temperature increase as a function of the driving time,

∆T =
1

2Rm

ω2
resϕ

2
m(H(ωres))

2

(κ+ h)Sur f ace +
cpm
∆t

. (15)
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By taking the initial temperature T0, after a period of the driving time (∆t), the finial temperature
TfA can be given as

T f A = T0 +
1

2Rm

ω2
resϕ

2
m(H(ωres))

2

cpm
∆t + (κ+ h)Sur f ace

. (16)

The resonant frequency and the mechanical resistance are ωres = 1/
√

LmCm and Rm =

ωresLm/Qmech, respectively. Here, Lm, Cm and Qmech are mechanical inductance, capacitance and
quality factor. Thus, Equation (16) becomes

T f A = T0 + ∆T = T0 +
1

2Lm

ωresϕ2
m(H(ωres))

2Qmech
cpm
∆t + (κ+ h)Sur f ace

. (17)

A look-up table is given in Table 1, which consists of the mentioned parameters and their
definitions. The magneto-elastic coupling is ϕm = d33,mAm/sH

33 = d33,mnA/sH
33, where d33,m is

the effective magnetostrictive coefficient under certain magnetic bias, A is the intersection area
of the sample and sH

33 is the compliance of the Metglas used. The mechanical inductance is
Lm = 1

π2

(
mMG + mPZT + mg

)
, where mMG, mPZT and mg are the mass of the Metglas, PZT and epoxy,

respectively. Rt is the thickness percentage of the epoxy. 1/Rt defines the ratio of the thickness of the
epoxy to the total thickness of the sample. ρMG, ρPZT and ρg are the volume density for the Metglas,
PZT and the epoxy, respectively. VMG, VPZT and Vg are the volume values for Metglas, PZT and epoxy,

respectively. The mechanical capacitance is Cm = sl
A =

l/(wt)
n

sH
33
(1− 1

Rt )+
(1−n)

sE
11

(1− 1
Rt )+

1
sgRt

, where sH
33, sE

33 and

sg are the compliance values for Metglas, PZT and epoxy, respectively. l, w and t are the length, width
and thickness of the sample. The thermo-contact surface is calculated from the sample geometry,
yielding Sur f ace = 2(lw + wt + lt). The power loss, Ploss is the difference between the input and output
power, thus it can be calculated as

Ploss =
PD×Vol

η
× (1− η), (18)

where η is the power efficiency, PD is the power density and Vol is the volume of the ME composite.
The temperature rising can be calculated from the power loss as well, by inserting Equation (18) into
(14). It yields

T f B = T0 + ∆T = T0 +

(1−η)
η × PD×Vol

cpm
∆t + (κ+ h)Sur f ace

. (19)

Table 1. Parameter look-up table.

Parameter Symbol Parameter Symbol Parameter Symbol

Initial temperature T0 (K) Magnetic field H (A/m) Thermal conductivity
coefficient κ (W/(m2 K))

Angular frequency ω (rad) Effective mass m (kg) Heat convection
coefficient h (W/(m2 K))

Magneto-elastic
coupling ϕm (N/(A/m)) Mean specific

heat capacity cp (J/(kg K)) Thermal contact surface Surface (m2)

Mechanical quality Qmech Driving time ∆t (s) Mechanical inductance Lm (kg)
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5. Results and Discussion

A Metglas PZT laminate, consisting of a PZT plate (30 mm × 6 mm × 0.3 mm) that was sandwiched
by two Metglas layers, was fabricated using a hot pressing technique in a vacuum bag. Each Metglas
layer had six foil thin films bonded together with epoxy. Additionally, PZT and Metglas were bonded
together with epoxy at 60 ◦C. A bobbin solenoid with a 300-turn number winding coil fed this ME
laminate by a magnetic field. An optimal resistive load was connected to the PZT layer. The energy
that was converted by the ME laminate per cycle can be calculated from the power coupled on the load
resistor and the volume of the ME laminate. For power densities of 10 W/in3 and 30 W/in3, the output
power levels measured from the load resistor were 0.06 W and 0.182 W, respectively.

The temperature was measured by means of a thermal couple. The probe of the thermal couple
was placed into the coil and close to the ME laminate, as shown in Figure 2.
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Under a power density of 10 W/in3, the measured temperature increased from 22 ◦C to 24 ◦C
within 10 min, as shown in Figure 3a. Using Equation (19), the calculated temperature increase in a ME
laminate with power efficiencies of 85%, 90%, 95% and 99% are shown as dashed black, red, green and
blue lines respectively. Due to a huge heat convection in the coil, it is assumed that the temperature
rise can mainly be attributed to the power dissipated by the ME laminate. Thus, our results show that
the intrinsic power efficiency of ME laminates can expect to be higher than 90%. Retaining an optimal
resistive load, the power density was increased up to 30 W/in3. The temperature then increased from
22 ◦C to near 30 ◦C after a drive time of more than 20 min, as shown in Figure 3b. Using a finger
to touch the ME laminate after driving, we did not feel any obvious change in temperature as well.
Using Equation (17), simulated results are given in Figure 3c,d. These results are consistent with the
measurements and calculated values using Equation (19), as given in Figure 3a,b. The parameters used
in Equation (17) are given in Table 2.

As an intermediate parameter, the temperature can be linked to the applied magnetic field via
the ECM in Equation (17). Thus, the coefficients in the model can be monitored by comparing the
simulation and measurements in Figure 3a,b. For example, the model can return a temperature
difference when a decrease of the mechanical quality factor occurred. Meanwhile, the temperature can
also evaluate and calibrate the power efficiency with Equation (19) when the ME device is operated
under high power condition.
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Figure 3. Temperature rising as a function of the driving time with a power density of (a) 10 W/in3

and (b) 30 W/in3. The dashed lines are simulations with Equation (19) and the black squares are
experimental data. Simulations using Equation (17) under low drive and high drive conditions are
shown in (c,d), respectively.

Table 2. Values of the parameters for the simulations.

Parameter Value Parameter Value

Compliance of Metglas,
sH

33 (m2/N) 9.1 × 10−12 Length,
l (m) 30 × 10−3

Magnetostrictive coefficient,
d33,m (m/A) 650 × 10−12 Width,

w (m) 6 × 10−3

Mechanical quality factor,
Qm

100 Thickness,
t (m) 0.522 × 10−3

Volume density of Metglas,
ρm (kg/m3) 7290 Thickness ratio,

n 0.456

Volume density of PZT,
ρp (kg/m3) 7700 Epoxy thickness fraction,

Rt
100

Volume density of epoxy,
ρg (kg/m3) 1097 Initial temperature,

T0 (K) 295

Mean specific heat,
cp (J/(kg K)) 350 Driving time,

∆T (min) 20

Thermal conductivity of air,
κair (W/(m2 K)) 0.024

Magnetic field strength
@ 10 (30) W/in3,

H (Oe)
0.085 (0.15)

Convection factor,
h (W/(m2 K)) 2.0 Resonant angular frequency,

ωres (rad) 350 × 103

6. Conclusions

By using an equivalent circuit model, the temperature rise in magnetoelectric composites was
established as a function of an external magnetic field. Considering the variation in heat energy, this
temperature rise can also be calculated from the power loss and the power density of a ME laminated
composite. Compared with the measured data, the intrinsic power efficiency of this ME laminate
is estimated. When the ME composite was connected to a load resistor with an optimal value, the
measurement revealed that the intrinsic power loss percentage was estimated as a value lower than 10%
while the ME laminate was driven under a power density up to 30 W/in3 (1.83 W/cm3). A measured
temperature can help to adjust the coefficient in the model to minimize the error propagation, such as
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the decrease of the quality factor. This temperature can also monitor the power efficient variation that
is resulted by the load change at users’ ends.

Author Contributions: Investigation, X.Z., C.-M.L. and D.V.; Supervision, J.L. and D.V.; Writing—Original Draft,
X.Z.; Writing—Review and Editing, X.Z. and D.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This material is based on work supported by the Defense Advanced Research Projects Agency (DARPA)
under Contract No. W911NF-15-1-0616.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tashiro, S.; Ikehiro, M.; Igarashi, H. Influence of temperature rise and vibration level on electromechanical
properties of high-power piezoelectric ceramics. Jpn. J. Appl. Phys. 1997, 36, 3004–3009. [CrossRef]

2. Ueda, M.; Wakatsuki, N. Investigation of internal loss and power transmission characteristic of width shear
vibration piezoelectric transformer. Jpn. J. Appl. Phys. 1994, 33, 2953–2956. [CrossRef]

3. Yamamoto, T.; Mizuno, F. Degradation of piezoelectric properties at resonant operational mode by a large
input power. Jpn. J. Appl. Phys. 1995, 34, 2627–2631. [CrossRef]

4. Zheng, J.; Takahashi, S.; Yoshikawa, S.; Uchino, K. Heat generation in multilayer piezoelelctric actuator.
J. Am. Ceram. Soc. 1996, 79, 3193–3198. [CrossRef]

5. Shekhani, H.; Uchino, K. Characterization of mechanical loss in piezoelectric materials using temperature
and vibration measurements. J. Am. Ceram. Soc. 2014, 97, 2810–2814. [CrossRef]

6. Ryu, J.; Priya, S.; Carazo, A.; Uchino, K.; Kim, H. Effect of the magnetostrictive layer on magnetoelectric properties
in lead zirconate titanate/terfenol-D laminate composites. J. Am. Ceram. Soc. 2001, 84, 2905–2908. [CrossRef]

7. Dong, S.; Li, J.; Viehland, D. Longitudinal and transverse magnetoelectric voltage coefficients of
magnetostrictive/piezoelectric laminate composite: Experiments. IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 2004, 51, 794–799. [CrossRef] [PubMed]

8. Wang, Y.; Li, J.; Viehland, D. Magnetoelectrics for magnetic sensor applications: Status, challenges and
perspectives. Mater. Today 2014, 17, 269–275. [CrossRef]

9. Leung, C.; Li, J.; Viehland, D.; Zhuang, X. A review on applications of magnetoelectric composites: From
heterostructural uncooled magnetic sensors, energy harvesters to highly efficient power converters. J. Phys.
D Appl. Phys. 2018, 51, 263002. [CrossRef]

10. Chu, Z.; Shi, H.; Shi, W.; Liu, G.; Wu, J.; Yang, J.; Dong, S. Enhanced Resonance Magnetoelectric Coupling in
(1-1) Connectivity Composites. Adv. Mater. 2017, 29, 1606022. [CrossRef] [PubMed]

11. Wu, J.; Hu, Z.; Gao, X.; Cheng, M.; Zhao, X.; Su, W.; Wang, Z.; Zhou, Z.; Dong, S.; Liu, M. A magnetoelectric
compass for in-plane AC magnetic field detection. IEEE Trans. Ind. Electron. 2020. [CrossRef]

12. Nan, C.; Bichurin, M.I.; Dong, S.; Viehland, D.; Srinivasan, G. Multiferroic magnetoelectric composites:
Historical perspective, status, and future directions. J. Appl. Phys. 2008, 103, 031101. [CrossRef]

13. Gurulaja, T.R.; Sarafi, A.; Newnham, R.E.; Cross, L.E. Piezoelectric Ceramic-Polymer Composites for
Transducer Applications. In Electronic Ceramics; Levinson, L.M., Ed.; Marcell Dekker, Inc.: New York, NY,
USA, 1988; Chapter 2.3.

14. Sarafi, A. Perorated PZT-Polymer Composites with 3-1 and 3-2 Connectivity for Hydrophone Applications.
Ph.D. Thesis, Pennsylvania State University, University Park, State College, PA, USA, 1983.

15. Bhalla, A.S.; Ting, R.Y. Hydrophone Figure of Merit. Sens. Mater. 1988, 4, 181–185.
16. Zhuang, X.; Leung, C.M.; Li, J.; Srinivasan, G.; Viehland, D. Power Conversion Efficiency and Equivalent

Input Loss Factor in Magnetoelectric Gyrators. IEEE Trans. Ind. Electron. 2019, 66, 2499–2505. [CrossRef]
17. Zhuang, X.; Gao, M.; Tang, X.; Leung, C.-M.; Xu, J.; Srinivasan, G.; Li, J.; Luo, H.; Viehland, D. A Piezoelectric

Mn-Doped PMN-PT/Metglas Magnetoelectric Gyrator: Enhanced Power Efficiency at Reduced Size.
IEEE Sens. J. 2020, 20, 752–759. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1143/JJAP.36.3004
http://dx.doi.org/10.1143/JJAP.33.2953
http://dx.doi.org/10.1143/JJAP.34.2627
http://dx.doi.org/10.1111/j.1151-2916.1996.tb08095.x
http://dx.doi.org/10.1111/jace.12998
http://dx.doi.org/10.1111/j.1151-2916.2001.tb01113.x
http://dx.doi.org/10.1109/TUFFC.2004.1320738
http://www.ncbi.nlm.nih.gov/pubmed/15300998
http://dx.doi.org/10.1016/j.mattod.2014.05.004
http://dx.doi.org/10.1088/1361-6463/aac60b
http://dx.doi.org/10.1002/adma.201606022
http://www.ncbi.nlm.nih.gov/pubmed/28256753
http://dx.doi.org/10.1109/TIE.2020.2978711
http://dx.doi.org/10.1063/1.2836410
http://dx.doi.org/10.1109/TIE.2018.2844812
http://dx.doi.org/10.1109/JSEN.2019.2943144
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Heat Energy System 
	Dissipation Induced Heat Energy 
	The Temperature Rising Modeling 
	Results and Discussion 
	Conclusions 
	References

