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Abstract: Finite element analysis is used to simulate the magnetoelectric response of
magnetostrictive-piezoelectric NiFe,O4-Big 36Pbg 645¢0 36 Tig.64O3 ceramic two-layer, three-layer, and
multilayer structures considering finite geometry and introducing the conductivity of the magnetic
component. Results are compared with those obtained with existing approximate analytical solutions,
and with the experimental data available for high-quality layered composites. Limitations of the
widely used analytical solution for a bilayer are revealed, and the reported good agreement with
experimental coefficients is shown to be coincidental. Magnetoelectric coefficients obtained by
simulation using realistic material parameters are systematically above the experimental values
for three-layer and multilayer composites. Possible mechanisms for the reduction in response are
analyzed. Strain relaxation across the piezoelectric layer, strongly associated with its mechanical
performance, is shown to be the most feasible cause.

Keywords: magnetoelectrics; ceramic composites; layered structures; finite element analysis;
performance simulation

1. Introduction

Magnetoelectric composites are key enabling materials for a range of novel related technologies
that exploit their ability of developing a linear electrical polarization in response to a magnetic field
(direct magnetoelectric effect), and of a magnetization in response of an electric one (converse effect).
Examples of these magnetoelectric technologies are electrically-tunable magnetic devices for
microwave communications [1], high-sensitivity magnetic field sensors with room temperature
operation [2], and wireless, remotely- or self-rechargeable powering technologies with magnetic
fields, like the parasitic ones existing around high-voltage power lines [3,4].

These composite materials consist of two elastically-coupled magnetostrictive and piezoelectric
components. When a magnetic (electric) field H (E) is applied, the magnetostrictive (piezoelectric)
phase deforms. Strain (S) is transmitted to the piezoelectric (magnetostrictive) phase that develops
an electric polarization (magnetization) P (M). Magnetoelectricity is, thus, obtained as a product
property of the two piezoresponses. Formally:

d op; _ oP; dSy c oM; B oM; 0Sy

YT 9H; T3Sy oH; " 9E, _ aSy 0F

ij,k1=1,23 (1)

where a? and «€ are the effective direct and converse magnetoelectric coefficients, respectively.
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When characterizing the magnetoelectric response of a composite, one usually measures the field
magnetoelectric coefficient af, defined as:
g OE; OE; dP 1 4

D‘Z‘j == aH —X ﬂék] i/j/k == 1/2/3 (2)
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As shown, aF is just the direct coefficient a? times the reciprocal permittivity e

Extensive research is being carried out on these materials, and different piezoresponsive
phases and types of connectivity are under consideration. Ferroic materials are the preferred
option, as ferromagnets and ferroelectrics can show very high magnetostriction and piezoelectricity,
respectively. Metal alloys and oxides have been tested for magnetic components, while oxides and
polymers have been the choice for dielectrics. All 0-3, 1-3, and 2-2 connectivity assemblages are being
tried for different applications, and good quality particulate, fiber-type, and laminate composites have
been reported. In all cases, adequate mechanical coupling between phases is acknowledged to be key
to obtaining high magnetoelectric response, for it determines the strain transmission [5-7].

A major issue when composites are designed, processed, and characterized is assessing how good
they are. This does not mean obtaining magnetoelectric coefficients as high as possible, although
this is obviously searched for, and very high functional responses have been demonstrated [8,9],
but coefficients as close as possible to those expected from the material properties of the two phases
and the composite configuration, assuming ideal mechanical coupling between the phases (that is,
perfect strain transmission across the interface). This requires, in turn, to have analytical expressions
for the effective magnetoelectric coefficient of the composite as a function of material coefficients for
each specific configuration or, alternatively, to carry out simulations by finite element analysis (FEA).

Approximate analytical expressions were firstly derived in 1994 for the effective magnetoelectric
coefficient a,, of transversally-isotropic, fiber-type composites [10]. The same year, exact analytical
expressions were reported for the effective magnetoelectric coefficient a,, of laminate composites
with axial symmetry distinguishing the cases of mechanically free and clamped boundaries [11].
Analytical expressions for the corresponding effective coefficient ap, were later obtained, and compared
with experimental values of a3; for a number of ceramic systems [12]. A phenomenological interface
coupling parameter was introduced in the formalism to account for the possible partial disruption of
strain transmission across the interface. This parameter has been widely used as a measurement of the
quality of the mechanical coupling between the two phases. Indeed, interface quality has been assessed
in several cases through the comparison between the experimental and the expected magnetoelectric
coefficients, calculated with the analytical expressions using different interface coupling parameter
values [12,13].

Although very good agreement has been found between experimental and calculated values
for ceramic laminate composites of specific systems like NiFe,O4-Pb(Zr1,Ti)O3 [14,15], based on
which near-ideal mechanical coupling was concluded, the validity of these expressions is restricted
to the specific configuration assumed and the different hypothesis made in their derivation.
For instance, solutions for the a3; coefficient of laminate composites in [12] are strictly valid for
two-layer structures with in-plane dimensions much larger than the thickness, and negligible
resistivity of the magnetostrictive component. Addressing the role of geometry, i.e., the shape and
dimensions, requires the use of numerical methods like finite element analysis [16,17]. We report
here a FEA simulation of the magnetoelectric response of three-layer and multilayer composite discs
with finite diameter to thickness ratio, also considering the actual conductivity of the magnetic
component. The NiFey,O4-Big36Pbg 645¢0.36Tip 6403 system was chosen as a case study because
experimental magnetoelectric coefficients are readily available for ceramic co-fired high-quality
laminate composites [18].
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2. Materials and Methods

Comsol Multiphysics (version 4.2a, Comsol Inc., Burlington, MA, USA) was used to simulate the
laminate composites. This is a powerful computer assisted design (CAD) tool for finite element analysis,
which has implemented piezoelectric and magnetic moduli, and it is capable of providing all physical
quantities of a system of a given geometry under fixed boundary conditions. Disc-shaped ceramic
magnetostrictive-piezoelectric layered structures were simulated. Thickness poling, that is, along
the stacking direction referred to as the 3 direction, was assumed for the piezoelectric ceramic layer,
whose material properties have transversal isotropy around this axis. Magnetic fields were applied
perpendicularly to the poling along a specific direction within the disc plane, which is referred to
as 1. Simultaneous static (to magnetize the structure) and alternate (the stimulus) magnetic fields
were imposed. Disc surfaces were defined to be equipotential to simulate the presence of metallic
electrodes, as it is the case in experiments, and the voltage difference developed between the two
surfaces under the applied magnetic field was obtained (the response). This configuration is the
L-T magnetoelectric mode, for which the a3, transverse field coefficient is readily derived as the
ratio between the voltage difference and magnetic field amplitudes, normalized to the total thickness
of the structure, for varying magnetizing fields. Unless specified, an alternate magnetic field of
10 Oe amplitude and 10 kHz frequency was used, while the magnetizing field was changed in steps
between 1 and —1 kOe, which were the measuring conditions in [18]. Unclamped (stress-free) and
open-circuit (zero current) mechanical and electrical boundary conditions were selected, respectively,
while continuity of in-plane strain, of normal electrical displacement, and of normal magnetic field
was imposed across the magnetostrictive-piezoelectric interfaces to couple the two components.
Both three- and two-dimensional models were tested. Four-node linear piezoelectric tetrahedron type
elements were used by Comsol in the 3D case, while three-node linear piezoelectric triangular type
elements were used for the 2D model. A fine mesh was employed across the composite thickness,
which was checked for output accuracy.

Input material coefficients for the simulations are given in Table 1 for the magnetostrictive ceramic
material and in Tables 2 and 3 for the piezoelectric one. Actual composites, whose magnetoelectric
response is being compared with simulations are high-quality NiFe,O4-Big 36Pbg 645¢0.36 Tig.6403 ones
with crack-free, fully-functional interfaces that have been processed by spark plasma sintering (SPS) of
nanocrystalline powders at temperatures between 1000 °C and 800 °C to minimize chemical reactions
at, and interdiffusion across, the interface [18]. The selected advanced processing has a distinctive effect
on the microstructure of the two ceramic components, and material coefficients for coarse-grained
materials cannot blissfully be used for the simulations.

Relating NiFe;Oy, this is a magnetic soft spinel oxide with significant magnetostriction, which has
been widely used as magnetic component in co-fired ceramic magnetoelectric particulate and laminate
composites, usually in combination with high-sensitivity piezoelectric Pb(Zr,1i)O3 [13-15,19,20].
Magnetostrictive strain is proportional to the squared magnetization:

S11 = QM3 3)

where Q117 is the magnetostriction coefficient. Composites operate under a bias magnetic field to
generate a specific magnetization, for which the effective piezomagnetic coefficient 4117 is maximum.
This is the input parameter for the simulation that is defined from Equation (3) as:

OM;

d2S
10— lellMlﬁ

i = 9H, 4)

where M(H) and 0M/0H are the magnetization curve and its derivative.

Curves of strain as a function of magnetic field have been reported for coarse-grained
ceramics [14], from which the magnetic field dependence of the effective piezomagnetic coefficient
can be readily obtained as the derivative. However, magnetization curves are known to be
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very sensitive to microstructure with a direct effect on the effective piezomagnetic coefficients.
Experimental magnetization curves for the actual composites to be simulated can be found in [18].
Indeed, a distinctive evolution of the curves with processing temperature and thus, with microstructure
was found. Therefore, g (H) was evaluated from these experimental curves, and a Q11 value of
1 x 1078 g?-emu~2 that was calculated from the saturation strain and magnetization of coarse-grained
ceramics: ~25 x 107° [14] and ~50 emu- g_1 [21]. There is a good agreement between the latter value
and the saturation magnetization for the NiFe;O4-Big 36Pbg 645¢0 36 Tip 6403 composite processed by
SPS at 1000 °C [18]. The rest of the parameters were directly taken from [12,22,23].

Table 1. Material coefficients for NiFe,Oy spark plasma sintered at decreasing temperatures: density
p, elastic compliances s;;, magnetic permeability y11, maximum piezomagnetic coefficient g1 Mex
(the magnetization field for maximum response is also indicated), dielectric permittivity €17 and

conductivity o.

Temperature (°C)  p (g-cm™3) s11 M2N"1) s mM2N"Y  pgq (epo) g111M* (Oe™) e11 (xg) o (Q.m™ 1)
1000 5.4 6.5 x 10712 —2.4 x 10712 3 90.5 x 10711 @188 Oe 10 0.1
900 5.4 6.5 x 10712 —24x 10712 3 46.8 x 10711 @281 Oe 10 0.1
800 5.4 6.5 x 10712 —24x 10712 3 16.4 x 10~ @ 420 Oe 10 0.1

Table 2. Material coefficients for BigpzsPbges4Sco36TigaO3 spark plasma sintered at decreasing
temperatures: density p, elastic compliances si]-E, and magnetic permeability pi17.

Temperature (°C)  p (grem™3) s F mM2N"1) 5335 M2N"Y)  spF M2 N1 s3F m2N"1)  s55F m?-N—1) 11 (epto)

1000 7.7 13.8 x 1012 23.4 x 10712 —3.6 x 10712 —83x 10712 46.6 x 10712 1
900 7.7 13.8 x 10712 23.4 x 10712 —3.6 x 10712 —83x 10712 46.6 x 10712 1
800 7.7 13.8 x 10712 23.4 x 10712 —3.6 x 10712 —83x 10712 46.6 x 10712 1

Table 3. Material coefficients for Big35Pbg¢4Sco36Tip64O3 spark plasma sintered at decreasing

temperatures: piezoelectric coefficients d;;, dielectric permittivities ¢;” and conductivity o.

ijs

Temperature (°C)  d33 (pC-N~1)  d3; (pC-N~1)  dy5 (pC-N—1) e337 (xgo) €117 (xeo) o 1tm™Y

1000 440 —144 634 1493 1586 1x 10710
900 400 —131 576 1493 1586 1x10710
800 285 -93 411 1493 1596 1x10710

(1 — x) BiScO3-x PbTiO3 is a perovskite solid solution with enhanced electromechanical response
at a ferroelectric morphotropic phase boundary (MPB) located at x ~ 0.64, which also has a high Curie
temperature T¢ of =450 °C [24]. It is being extensively investigated as an alternative to state-of-the-art
Pb(Zr,Ti)Os (PZT) for operation beyond 200 °C up to 400 °C [25,26]. Additionally, its properties present
very good down-scaling behavior with grain size through the submicron scale [27], and even maintain
functionality at the nanoscale [28]. The full set of material coefficients for Big 3¢Pbg 4Sc0.36Tig.64O3
coarse grained ceramics is available in the literature [29]. However, an analogous set does not exist for
materials spark plasma sintered at low temperatures, yet d33 values can be found in [18]. Figures of
440, 400, and 285 pC-N —1 were obtained for the materials SPS at 1000, 900, and 800 °C that had
average grain sizes of 1.9, 0.9, and 0.35 pum, respectively. The value for the first material is comparable
to those of ceramics sintered by conventional means from the same powder that have an average
grain size of 2.4 um, and from which all the 337 permittivity, the s11F and spoF compliances, and the
d31 piezoelectric coefficients have been reported [25]. Therefore, these permittivity and compliance
values were assumed. The €117 permittivity and the rest of compliances, that is, s33F, s13F, and
s55°, were calculated from these values, and the €117 /€337, s33F /s11F, s13F /s11F, and ss5F /511 F ratios
reported in [29], under the assumption that they basically hold for poled ceramics of a given material.
Similarly, the d3; and dy5 piezoelectric coefficients were calculated from the ds3 values and the d31/d33
and dj5/d33 ratios of [25,29], respectively. It is obvious that errors are being introduced by doing this,
yet it is assumed that they are smaller than those associated with directly accepting the full set of
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material coefficients for the coarse-grained materials of [29], which also included MnO; as an additive
to increase resistivity.

3. Results and Discussion

Simulation results are presented and discussed in two sections, where they are separately
compared with those obtained with existing analytical solutions and with experimental data.

3.1. Simulations against Analytical Solutions

Both 3D and 2D models were initially tested, even though the 2D case is known to be
an approximation to the 3D one because of the anisotropy of the composite material properties.
However, very similar ag;® magnetoelectric coefficients were obtained with the two models.
An example is provided in Figure 1, where the coefficients obtained by simulation of 3D and 2D
Big 36Pbo.645¢0 36 Tig 6403 /NiFey Oy /Big 36 Pbg 645c0 .36 Tip 64O3 three-layer structures with 8 mm in-plane
dimension, either diameter or length, and 3 mm thickness with all layers 1 mm thick are given.
Material coefficients corresponding to processing at 1000 °C were used. A magnetoelectric coefficient
of 235 mV-cm~!-Oe~! was obtained in the case of the 3D modeling that slightly increased up to
260 mV-cm~!-Oe ! for the 2D model. Equal bias magnetic fields for maximum response were found.
Therefore, the only shortcoming of using 2D modeling seems to be a slight overestimation of the
coefficients by about ~10% and, thus, this was extensively used hereinafter, for 2D modeling spares
a large amount of calculation time.
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Figure 1. (a) Comparison of the magnetoelectric coefficient o3
of a Bi0‘36Pb0‘64SCO‘36Ti0.6403/NiFezo4/Bi0_36Pb0_64SCQ~36TiO‘6403 1 mm/l mm/l mm three—layer
structure with 8 mm in-plane dimension using 3D and 2D models. Strain fields for both cases are
given: (b) Sy, 3D; (c) Ss3 2D; (d) S33 3D; (e) Sq1 2D; and (f) S11 3D. Material coefficients corresponding

to processing at 1000 °C have been used.
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The S11, S33 and Sy; (this, only in the 3D case) strain fields resulting from the simulations are also
given in the figure. Note they are not homogenous. Homogeneous fields are a key assumption in
the derivation of the analytical expressions reported in [10-12]. The relevance of this hypothesis was
assessed by comparing the results anticipated by the analytical expression of [12] for a bilayer, and
simulations of the same system. The analytical solution for the az; of such a two-layer structure is
given by:

WE — —kv(1—v)(q11 + 921)d3

B a3 (512 + s11)k v + £33 (s12F + 511 ) (1 — v) — 2k ® (1 - v)
where k is the interface coupling parameter that takes a value of 1 for ideal mechanical coupling and
0 for no strain transmission, and v is the piezoelectric phase volumetric fraction. g;; and s;; are the

©)

effective piezomagnetic coefficients and elastic compliances of the magnetostrictive component, while
dij, sl-]-E and ¢;;7 are the piezoelectric charge coefficients, the elastic compliances at constant electric field,
and the dielectric permittivity at constant stress of the piezoelectric component. Reduced matrix
notation is used (11—1, 22—2, 33—3). The same values from Tables 1-3 were used as input
parameters of Equation (5) and for the simulations. Note that the in-plane magnetostrictive deformation
perpendicular to the applied magnetic field was neglected, for values of g1 for NiFe,O4 were not
found. Though this must introduce an error—actually an overestimation—it will similarly affect the
results anticipated by Equation (5) and those resulting from the simulations.

Magnetoelectric coefficients obtained with the equation for a piezoelectric fraction of 0.5, and
those resulting from the simulation of a two-layer structure with 8 mm in-plane dimension, and 2 mm
thickness with both layers 1 mm thick (same 0.5 piezoelectric fraction) are compared in Figure 2.
Agreement is surprisingly poor, as the simulation resulted in values much lower than those anticipated
from Equation (5). Indeed, a maximum value of ~700 mV-cm~!-Oe ™! is obtained with the analytical
solution, while a value of ~85 mV-cm™!-Oe~! results from simulation. No significant change of
the coefficients was found by simulation when the conductivity of the spinel oxide was decreased
from 0.1 S/m down to 1 x 1010 S/m. Therefore, the difference must be associated with the actual
inhomogeneous strain fields present in the structure that are neglected by the analytical solution.
This underlines limitations of using Equation (5).

One might expect that equation values should be recovered by simulating composites with
increasing length at constant thickness. However, results of the simulations for two-layer structures
indicate this not to be the case. This is illustrated in Figure 2b, where the magnetoelectric coefficient of
2 mm thick two-layer structures with increasing length is shown. Indeed coefficients did not increase
with length, but they maintained constant values until a length of around 30 mm, at which a typical
resonant behavior existed. This must be related to the in-plane structure mechanical resonance that is
excited with the magnetic field, in the same way resonances of piezoelectric structures are excited with
the electric field [30]. Indeed, overtones are also found, like the second-order resonance for a length
of around 68 mm. It is worth noting that Equation (5) cannot account for resonant phenomena, for
frequency does not appear.

This has clear implications in previous reports of very good agreement between the
analytical solution for the bilayer, and experimental results for different layered structures.
Unfortunately, geometry and dimensions are not always specified, but simulation results reported
here strongly suggest that agreement is rather a fortunate coincidence associated with a favorable
geometry (close to the element fundamental mechanical resonance or to an overtone) than a true
indication of ideal mechanical coupling between the components. Indeed, coefficients of several
hundreds of mV-cm~!-Oe~! are obtained for two-layer structures with length intermediate between
the fundamental resonance and the first overtone. Additionally, one has to keep in mind that resonances
in actual materials are likely broadened and partially smeared out in comparison with simulated ones.
Therefore, values comparable with the analytical solution can be obtained for specific geometry ranges,
as is illustrated in the inset of Figure 2b by the dashed lines that mark the result of the analytical
solution. Note also that different magnetoelectric coefficients can be obtained by varying the measuring
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frequency depending on the geometry, for resonance position (or length) shifts with this parameter.
For instance, the resonance moves from a length of 30 mm up to 95 mm when the frequency is reduced

from 10 kHz down to 1 kHz.
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Figure 2. (a) Comparison of the magnetoelectric coefficient az1F obtained with the analytical solution
of [12] for a bilayer with a piezoelectric fraction of 0.5, and those resulting from the simulation
of a 1 mm/1 mm two-layer structure with 8 mm in-plane dimension; and (b) ogiE coefficients
from the simulation of 1 mm/1 mm two-layer structures with increasing in-plane dimension.

Material coefficients corresponding to processing at 1000 °C have been used.

Specifically, several previous works reported a good agreement between the analytical solution
for the bilayer and experimental results for three-layer structures [15]. However, simulations show
that such structures do not have the same response for a given geometry, as it is illustrated in Figure 3,
where 8 mm long, 2 mm thick structures with a piezoelectric fraction of 0.5 are compared. It is found
that the three-layer structure shows a significantly higher maximum a3 F than the two-layer one:
~260 mV- cm~!-Oe~! against ~85 mV-cm~!-Oe~!. This further corroborates the reported agreements

to be basically coincidental.
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Figure 3. Comparison of (a) the magnetoelectric coefficient ank resulting from the simulation of 8§ mm
long, 2 mm thick two-layer and three-layer structures with a piezoelectric fraction of 0.5; and (b) the
piezoelectric fraction dependence of amE anticipated by the analytical solution of [12] for a bilayer,
and those resulting from the simulation of 1 mm/1 mm two-layer structures with 8 mm and 100 mm
in-plane dimensions. Materials coefficients corresponding to processing at 1000 °C have been used.

A result of the analytical solution that has concentrated a lot of attention is the anticipation of
a piezoelectric fraction for maximum magnetoelectric response. This is illustrated in Figure 3b for
the system under analysis. Large variation of coefficients with piezoelectric fraction is found with
a maximum for v ~ 0.5-0.6. A very different result is obtained by simulation of 8 mm long, 2 mm
thick two-layer structures, for which small variations of around 10% (average of 92 mV- cm~!-Oe !
with typical deviation of £10 mV-cm™!-Oe™!) resulted for v values between 0.1 and 0.9 with
a maximum response of ~#108 mV-cm~1-Oe~! for v ~ 0.2-0.3. This is a consequence of the developing
inhomogeneous strain fields, as is confirmed by the fact that a result much closer to that of the analytical
solution is found when structures with large aspect ratios, while avoiding mechanical resonances, are
simulated. An example corresponding to a structure 100 mm long is included in the figure, for which
a maximum response of ~330 mV-cm~!-Oe~! is obtained for a piezoelectric fraction of 0.6.
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3.2. Simulations against Experimental Results

Results of the simulations with the material coefficients corresponding to processing at
1000 OC, 900 OC, and 800 °C for three—layer Bi0.36Pb0.64SCO.36Ti0.6403 /NiFe204 /Bi().36Pb0.64SC0.36T10.64O3
structures with 8 mm length and 3 mm thickness, with all layers 1 mm thick, are compared in Figure 4
with reported experimental data for analogous 8 mm diameter disc samples. Maximum az; £ values of
21,24, and 8 mV-cm~!-Oe~! were obtained in the ceramic composites spark plasma sintered at these
temperatures [18]. Note that figures do not coincide with those reported in [18], for the piezoelectric
thickness was used in that case to normalize the magnetoelectric response. It is surprising that a higher
coefficient was achieved for the material processed at 900 °C than in that processed at 1000 °C, in spite
of the piezoelectric layer presenting lower piezoelectric coefficients. Indeed, simulations indicate that
the magnetoelectric coefficients are expected to diminish with decreasing processing temperature,
following the piezoelectric coefficients. This result was already noted in [18], and associated with the
triggering of microstructural degradation in the magnetic layer at 1000 °C.

When comparing the simulation results with the experimental data, consistently larger values
were obtained by simulation, yet difference reduces with decreasing processing temperature, so that
figures 92%, 80%, and 70% lower than the expected (simulated) ones were found for the ceramics spark
plasma sintered at 1000 °C, 900 °C, and 800 °C, respectively.

Two mechanisms were investigated as possible origins of this reduction in response: (1) the
presence of a layer of reduced piezoelectricity next to the interface due to interdiffusion across or
chemical reactions at the interface; and (2) the occurrence of strain relaxation across a distance shorter
than the total thickness of piezoelectric layers. In relation to the first mechanism, localized exaggerated
grain growth phenomena has been described for both Pb(Zr,Ti)O3 and BiScO3-PbTiO3 next to NiFe,Oy4
layers [19,27], which suggest interdiffusion of some species across the interface that might promote
liquid phase formation. Indeed, Pb diffusion into the magnetostrictive layer was clearly shown to
occur in the latter case, which resulted in a compositional deviation of (1 — x) BiScO3-x PbTiO3 towards
lower x values, and in a layer of largely coarsened piezoelectrically-inactive grains. It must be noted
that this phenomenon was observed for composites processed by hot pressing from NiFe,O4 powder
obtained by mechanochemical activation, and it has been related to the presence of W traces from
the milling media [27]. Experimental coefficients compared here with simulations are for composites
processed by SPS from a different NiFe,O4 powder source free of W contamination, which showed no
apparent interdiffusion phenomena across interfaces [18].

The relevance of this first potential effect was studied by simulating five-layer structures that
incorporated intermediate layers of varying thickness between the magnetostrictive and piezoelectric
ones. The same material coefficients of Big36Pbg 4S¢(.36Ti0 6403 were assumed for the additional
layers, but for the piezoelectric coefficients that were set to zero. This is obviously an extreme case
far beyond experimental observation, but suitable for a qualitative discussion. Results are shown
in Figure 5 for the material coefficients corresponding to processing at 900 °C, which resulted in
the highest experimental magnetoelectric response. A nearly linear decrease of the magnetoelectric
coefficient with the thickness of the intermediate piezoelectrically-inactive layers was found, so that
the experimental value of 24 mV-cm~1-Oe~! was obtained for a thickness of ~0.77 mm. This is quite
a thick modified layer that one would hardly expect going unnoticed. Actually piezoresponse force
microscopy (PFM) studies of this specific interface have shown that grains attached to the NIFe,O4
layers are piezoelectrically active as it is illustrated in the inset. Moreover, an in-depth recent study
has demonstrated fully-functional interfaces [31]. Therefore, this mechanism is not responsible for the
reduction of the response in the specific case under study.



J. Compos. Sci. 2017, 1, 14 10 of 16

3004 —— Simulation HP at 1000°C
Experimental data
180~
“©
o 60 -
.E S D —
o
> 60
=)
"o 180
3
3004 H,.=10 Oe @ 10 kHz
T T T ¥ T 1 T ! i :
-1000  -600 -200 200 600 1000
150 —— Simulation HP at 200°C
Experimental data
90+
"o
O 30
R — #
> 301
=
Y- 904
3
150 H,.=10 Oe @ 10 kHz
T T T T T L T ! i :
-1000  -600 -200 200 600 1000
50— Simulation HP at 800°C
] Experimental data
301
“©
@] 10 /
) Z
5 94
<  -10-4
E
Yo -304
3
504 H,.=10 Oe @ 10 kHz

-1 (IIOO -6IOO -2:30 2[I)0 6CI)O ‘IOIOO
Magnetic field, H,_ (Oe)
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Tip 6403 1 mm/1 mm/1 mm three-layer composite discs with 8 mm diameter, processed by SPS at
decreasing temperature, with results obtained by the simulation of three-layer structures.
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Figure 5. Comparison of experimental results for Big 34Pbg 45c0 36 Tig.64O3/NiFe, Oy /Big 36Pbg 64Sco 36
Tip 6403 1 mm/1 mm/1 mm three-layer composite discs with 8 mm diameter, processed by SPS

at 900 °C, with results obtained by simulation of five-layer structures introducing (a) intermediate
Big 36Pbg 64Sco 36 Tig.64O3 layers with no piezoelectricity; and (b) external Big3¢Pbg ¢4Sc( 36 Tig.6403
layers with ultrahigh mechanical compliance. The inset in (a) is a PFM image of the interface

demonstrating it to be piezoelectrically active, and the inset in (b) is the dependence of the strain

relaxation length with grain size. Materials coefficients corresponding to processing at 900 °C have

been used.

In relation to the second mechanism, that is, the occurrence of strain relaxation across a distance
shorter than the total thickness of piezoelectric layers, this was also studied by simulation of
five-layer structures incorporating outward, fully-relaxed piezoelectric layers of varying thickness.
Basically, the initial three-layer structure was maintained inward, and two outer piezoelectric
layers were added with the same material coefficients of Big 36Pbg 45c0.36Tig.64O3 but, for the elastic
compliance, were increased by three orders of magnitude. This causes negligible stresses to develop in
the external additional layers under the magnetically-generated strains. Results are shown in Figure 5b
for the material coefficients corresponding to processing at 900 °C. Magnetoelectric coefficients decrease
as the thickness of the relaxed outer layers increases, so that the experimental value is obtained for
a thickness of ~0.9 mm. This would mean that strain relaxation takes place across a thickness of

~100 um, which is far larger than the grain size of ~1 um [18].
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The same exercise was accomplished for the materials processed at 1000 °C and 800 °C, and the
experimental values of 21 and 8 mV-cm~!-Oe~! were obtained for a relaxed thickness of ~0.96 and
0.85 mm, respectively. There is, thus, a distinctive decrease of the relaxation length with increasing
temperature, from ~150 pm for 800 °C down to ~40 pum for 1000 °C. This is likely a grain size
effect that is 0.35 pm for the material spark plasma sintered at 800 °C, and 1.9 um in that sintered
at 1000 °C. The obtained trend of the relaxation length with average grain size is given in the
inset of Figure 5b. Plastic deformation and/or microcracking could be responsible of the strain
relaxation. Relating the first mechanism, ferroelectric/ferroelastic domain reorientation is the main
mechanism for plastic deformation in piezoelectric ceramics [32,33]. Indeed, ferroelectric/ferroelastic
domain configurations and their dynamics are known to evolve with grain size, so that they
simplify and become increasingly immobile as size decreases across the submicron range, until
their disappearance [34]. As a consequence, their contribution to non-linear deformation decreases
with the size decrease. This is consistent with the increase of the relaxation length with microstructure
refinement discussed for the composites. However, fracture strength of ceramics is also known to
increase with the grain size decrease [35]. Therefore, both mechanisms could, and most probably
do, contribute to the observed strain relaxation across a distance shorter than the total thickness of
piezoelectric layers.

3.3. Final Considerations and Analysis of the Multilayer Geometry

Overall, the results shown here clearly indicate that the actual geometry of the magnetoelectric
composites must be considered when deriving the expected response in order to assess their quality,
namely, how close one is to the designed properties. Additionally, finite element analysis is
shown to be a powerful means of simulating this response, capable of capturing phenomena like
magnetically-induced mechanical resonances.

Results also show that interfaces cannot be systematically blamed of any poor response, as is
often done, and that strain relaxation across the piezoelectric layer, directly related to its mechanical
properties, can have a similarly detrimental effect. They also indicate, at least in the case of the
NiFe,O4-Big 36Pb 64Sc0.36 Tig 6403 layered composites, yet it is likely a general result, that a trade-off
exists between the mechanical and piezoelectric properties, so that one cannot continuously decrease
the grain size until a relaxation length above the piezoelectric thickness is attained, but there is a certain
grain size for maximum magnetoelectric response as a result of the degradation of piezoelectric
properties. It must be noted that BiScO3-PbTiOj is revealed as a very interesting system for composites,
for their functional properties present very good down-scaling behavior across the submicron range.
Moreover, its coercive field is significantly higher than that of Pb(Zr,Ti)O3 and, thus, it most probably
has a higher threshold stress for non-linear deformation, yet this has not been reported as far as the
authors know.

A direct consequence of the previous discussion is that response should increase by decreasing
the piezoelectric thickness at a constant grain size. Indeed, also in [18], a magnetoelectric coefficient of
72 mV-cm~!-Oe~! was obtained for multilayer structures with layer thickness of ~50 pm, analogously
processed to the three-layer composites here discussed. Tape casting technology was used to obtain
such thin ceramic layers. The expected response of these multilayer structures was also simulated
by FEA and the results are shown in Figure 6. Three-layer structures with a length of 15 mm and
an individual thickness of 50 um was initially simulated, to which bilayers were successively added.
A coefficient of 156 mV-cm~!-Oe ! was obtained for the three-layer structure, which slightly increased
up to 161 mV-cm~1-Oe~! for the five-layer one. No further increase was found when successive layers
were added. Therefore, the experimental value for the multilayer is only a 55% below the simulated
one, which has to be compared with a reduction of 80% for the analogous three-layer structure with
1 mm thick layers. This confirms the role of strain relaxation.

However, there is then still a disagreement between the experimental value for the multilayer and
the simulation, in spite of the piezoelectric layer being much thinner than the strain relaxation length
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for the specific microstructure. Among the possible causes, the level of poling clearly stands out, for in
the simulation it is assumed that poling achieved in the composite is similar to that for a piezoelectric
ceramic, which might not be true. This effect was also studied by simulation for a nine-layer structure,
and the decrease of the magnetoelectric coefficient as a result of an increasingly poor poling, expressed
as relative reduction of piezoelectric coefficients, is shown in Figure 6b. Note that the experimental
value of 72 mV-cm~!.Oe~! is reached when the piezoelectric coeffficients are reduced down to ~248%.

Nevertheless, and notwithstanding poling issues, thickness reduction below the characteristic
strain relaxation length has been shown to be an effective means of enhancing the magnetoelectric
response of composites. Additionally, simulations also showed that further enhancement can be
obtained in multilayer structures if the length is increased at the same time bilayers are added in order
to maintain a constant length to thickness ratio of 15/0.15 A continuous increase is found in this case
up to 182 mV-cm~1-Oe~! for a 17-layer structure, as is illustrated in Figure 6a.

1654 A (b)
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Figure 6. Magnetoelectric coefficient a3; F resulting from simulation of 15 mm long, (a) multilayer structures
with a layer thickness of 50 um, starting from a Bi 3¢Pbg 4Sc 36 Tig.6403 / NiFe, Oy /Big 36 Pbg 64S¢0 36 Tig. 6403
three-layer structure to which bilayers are successively added (results corresponding to the simultaneous
increase of length to maintain aspect ratio constant are also given); and (b) nine-layer structures of decreasing
piezoelectric coefficients as a result of poor poling. The experimental value for an analogous composite disc
is included in (b).
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4. Conclusions

Finite element analysis is a suitable method to simulate the magnetoelectric response of
magnetostrictive-piezoelectric layered composites, taking into account their actual geometry, and
allowing the study of relevant mechanical resonant phenomena. Results of the simulation of
two-layer structures with finite geometry show that magnetoelectric coefficients are significantly
lower than those obtained with available analytical solutions for a bilayer. This is associated
with the assumption of homogenous strain fields in the latter, which is not necessarily
true in real composites. Results of the simulation of three-layer structures with realistic
material coefficients show that magnetoelectric coefficients are above the experimental values for
Big 36Pbo 645¢0.36 Tig.64O3/NiFey Oy /Big 36Pbg 64Sco 36 Tip 64 O3 ceramic composite discs with analogous
geometry. The presence of a layer of reduced piezoelectricity next to the interface resulting from
interdiffusion across, or chemical reactions at, the interface is ruled out as responsible of the reduction
in response. Instead, the occurrence of strain relaxation across a distance shorter than the total thickness
of piezoelectric layers is proposed to cause this reduction. The characteristic relaxation length has been
estimated and shown to increase when grain size decreases, so that it is above 100 um when grain size
decreases down to the submicron range. Piezoelectric thickness reduction below this value, which
can be experimentally achieved by processing multilayer structures by tape casting, is shown to be
an effective means of avoiding strain relaxation, and thus enhancing the magnetoelectric response.
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