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This study focuses on the notch effect on FeCo/Ni clad plate cantilevers. We investigated
the response of the cantilevers to an external load and the energy conversion performance.
The three-point bending test well demonstrated that the presence of notches can broaden the
variation of magnetic induction with respect to an external load. Furthermore, this variation
is proportional to the load. The maximum output voltage of the notched FeCo/Ni clad plate
cantilever is 2.4 times that of the cantilever without a notch. The following vibration energy
harvesting experiment also revealed that the output voltage of the former was far greater than
that of the FeCo/Ni clad plate cantilever without a notch by a factor of 2. The result of finite
element analysis (FEA) indicated that the improvement of the energy harvesting performance
was the result of localized stress concentration around the notches in response to an external
load. In addition, the FeCo/Ni clad plate cantilever showed a superposed enhancement of the
energy harvesting performance compared with a single FeCo plate cantilever as a result of the
different properties of the FeCo and Ni alloys.

1. Introduction

Magnetostrictive materials have been attracting considerable attention not only in the
fields of sensors and actuators but also as promising energy harvesters to solve the energy
problem. Over the past decades, the properties of magnetostrictive materials have undergone
numerous significant developments stemming from the exploration of novel materials and the
improvement of processing techniques,! especially in strength, magnetostriction, and thermal
stability, for example. The feasible applications of magnetostrictive materials are therefore
broadened. Thus, the applications of magnetostrictive materials in harvesting ambient energy
have been gaining increased attention.*>)

To harvest ambient energy such as vibration, several magnetostrictive materials have been
widely explored for use as high-performance harvesters for energy conversion.®® Terfenol-D,
owing to its excellent magnetostriction, is a possible candidate. However, owing to its natural
drawbacks such as extreme brittleness, further applications have been obviously constrained
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in this field. Hence, many researchers have fabricated a series of polymer-matrix composites
at the expense of lower magnetostriction to improve the mechanical properties. Nevertheless,
the final harvesting performance exhibited a limited improvement.*! On the other hand,
considering the mechanical properties, a series of metallic alloys, such as galfenol and iron-
cobalt alloys, have been considered as feasible substitutes. In this case, a number of experiments
on evaluating the relevant harvesting performance have been reported.(”’m In particular,
an FeCo/Ni magnetostrictive cantilever showing a high performance in harvesting vibration
energy has been proposed."” However, most works have focused on the improvement of
material properties through some subsequent processing techniques, considering the relatively
low magnetostriction for most metallic alloys.(ls’lé) Therefore, the processing procedure has
some restriction requirements regarding the equipment employed, and in this case, increasing
cost and sophisticated processing are inevitable.

A common consensus that the structural design actually has a significant effect on
harvesting performance is becoming increasingly important. On the basis of this theory,
various designs!”!® for magnetostrictive composites in different structures, such as 0-3 and 1-3
models, were prepared. Although the harvesting performance generally exhibits an obvious
improvement, the aforementioned structural designs are always used to consider the combination
of different constituents while there is often a lack of designs for a single constituent. However,
considering the harvesting features of magnetostrictive harvesters, an external load is essential
for exciting the magnetic induction variation of a magnetized magnetostrictive material to
generate electric power in accordance with Faraday’s law. Namely, there are alternative feasible
designs for every single constituent to amplify loading through an appropriate structural design.
As a consequence, the final harvesting performance is further enhanced. Our previous work!!
revealed that the presence of a notch for a single magnetostrictive material can increase the
magnetic induction variation through localized stress concentration.

In this study, we aim to evaluate the effect of notches on magnetic induction variation in
different magnetostrictive clad plates. The FeCo/Ni clad plate was employed to measure the
variation of magnetic induction under different loadings. Combined with finite element analysis
(FEA), our work is aimed at providing insights into the factors affecting energy conversion in
the presence of notches. We also determine the feasibility of magnetostrictive composites with
irregular shapes in further improving the harvesting performance.

2. Experiment

We considered a clad plate with notches to serve as a vibration energy harvester in this
study. Cold-rolled FeCo and Ni were joined by thermal diffusion bonding. During this process,
the residual stresses of the FeCo and Ni layers were 104.5 and 44.5 MPa, respectively.?”
After that, the bonded plate was cut into several cantilevers with the same dimensions of
70 x 5 x 1 mm?>. The harvesting performance characteristics of two groups, namely, non-notch
and notch groups, were compared. Here, two notches were introduced at the center along both
long sides for the notch group, as shown in Fig. 1. A rectangular Cartesian coordinate system,

O-xyz, was used and the origin of the coordinate system coincides with the center of the plate
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Fig. 1. (a) Schematics and (b) photograph of the FeCo/Ni clad plate.

[see Fig. 1(a)]. The depth and width of the notch for the practical experiment were 1 and 2
mm, respectively. Three-point bending [Fig. 2 (a)] was employed to evaluate the effect of the
notches on magnetic induction variation in the FeCo/Ni clad plate. A bias magnetic field of
370 mT positioned at the two terminals was applied to magnetize the plate in the three-point
bending experiment. The loading force (P) ranged from 0 to 25 N for both groups. A Tesla
meter (M) was positioned at a point near x = w/2 — d, y = 0, and z =0 to measure the real-time
variation of magnetic induction. In addition, the vibration energy harvesting performance
was evaluated taking into account the effect of the notches around a practical circumstance, as
shown in Fig. 2(b). This process was carried out at various frequencies in the range of 50 to
200 Hz to elucidate the resonance frequency for each group and then compare the maximum
output voltages of the two groups. A function generator was used to apply a sinusoidal signal
to drive the vibration shaker (m030/MA1; IMV Corporation, Japan). The induced voltage of
the clad plate cantilever was measured with a data logger connected to the coil setup outside the
clad plate cantilever. The coil was wound with 2.5 x 10* turns and had a resistance of 13.5 kQ.
The vibration was conducted at an acceleration of 10 g. An outside loading resistance with the
same resistance of 13.5 kQ was connected to the coil turns. There is no bias magnetic field in
the vibration experiment. On the other hand, FEA was used to examine the details with respect
to the energy conversion mechanism through the distributions of stress and magnetic induction.
In particular, the specific harvesting power density, as well as the specific distributions of
the stress and magnetic induction on a cross-sectional plane, was also examined. Here, we
must emphasize that the simulation parameters are almost the same as those in the practical
experiments.

3. Formula and Theoretical Model
To analyze the details of stress concentration and magnetic induction variation in the

FeCo clad plate cantilever in response to an external load, FEA was employed to facilitate the
understanding of the conversion mechanism. The Cartesian coordinates x; (i = 1, 2, 3) were
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Fig. 2. (Color online) Schematics of (a) three-point bending test and (b) vibration test.
used and the constitutive equations of magnetostrictive materials are given by
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where oy, ¢, H;, and B; denote the components of the stress tensor, strain tensor, magnetic
field intensity vector, and magnetic induction vector, respectively. In addition, s,-gd, d,’aj, and

uix are the constant magnetic field elastic compliance, magnetoelastic constant, and magnetic
permeability that meet the following symmetry relations:
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A three-dimension FEA model was created in this work to calculate the distributions of the
stress and magnetic induction. Here, z = x3 was chosen as the easy axis of magnetization. In
this case, there is a bias magnetic field along the length direction (easy axis), and the longitudinal (33)
magnetostrictive deformation is dominant. Thus, the constants d|,, d;,, and d;, can be given by

dfs :dl"g
dy =d3) 1n
diy =dj3 +myHy

where d[%, d3}, and d35 are piezomagnetic constants, and m33 is the second-order magnetoelastic
constant. The basic equations for the magnetostrictive materials are mathematically equivalent
to those for piezoelectric materials. Thus, the commercial package ANSYS with coupled-field
solid, acoustic fluid, and infinite acoustic elements was used in the simulation. Here, the bias
magnetic field By and compressive loading P are along the z-direction, that is, the easy axis.
The simulation parameters (e.g., Bo and P) were almost the same as those in the practical
experiments. The properties of FeCo"2Y and Ni alloys related to the calculation by FEA are
listed in Table 1. The relative permeability m;; was assumed to be zero. In addition, m33 was
0.0123 x 102 m? A2 for the alloys and the magnetic permeability o of the free space was
1.26 x 107 Hm™'. On the other hand, an air layer, whose dimensions were assumed to be 75 X
15 x 25 mm?, was employed in this simulation. Furthermore, an air density of 1.2 kg/m® was
assumed in calculating the magnetic field distribution in air. During the simulation process,
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FEA is also employed to analyze the harvested energy density through the following equation:

1(BH, BH, ByH
QZ;( 12lJr 222+ 323} (12)

where V is the volume of the notched clad plate cantilever.
4. Results and Discussion

Figure 3 shows the variations of magnetic induction of both FeCo/Ni clad plates with and
without notches under various loads ranging from 0 to 25 N. The results indicate that the
variations of magnetic induction of the FeCo/Ni plates both with and without notches are
proportional to external load. It can also be found that this variation of magnetic induction of
the plate with notches significantly increases compared with that of the plate without notches.
The maximum variation in the former is approximately 2.4 times that in the plate without
notches at a load of 25 N. Furthermore, the difference between these two groups increases with
the increasing load. This phenomenon is related to the increase in localized stress concentration
as a result of the existence of notches. The practical vibration energy harvesting performance
in the range of 30 to 200 Hz is also shown in Fig. 4. The results indicate that these two FeCo/Ni

Table 1
Material properties of FeCo and Ni alloys.
Material Elastic compliance Piezomagnetic constant Relative
(<102 m>N™ (<102 m?A™h permeability
ShoSh o Sh S S S 3| ds3 dis “i U33
FeCo 5.5 55 143 143 -1.65 -165 —60.3 125 318 0 30
Ni 5 5 131 13.1 -1.55 -1.55 35.5 —73.6 —187.2 0 351
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Fig. 3. (Color online) Comparison of the variation Fig. 4. (Color online) Output voltage for the FeCo/
of magnetic induction for the FeCo/Ni clad plates Ni clad plate cantilevers with and without notches

with and without notches in load range of 0 to 25 N. under various frequencies.
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clad plate cantilevers with and without notches have a similar output performance at a relatively
low frequency. With the increase in frequency, the output voltage of the cantilever with
notches shows a gradual upward tendency up to a value far greater than that of the cantilever
without notches. Here, the resonance frequencies for the FeCo/Ni clad plate cantilevers with
and without notches are different, i.e., 150 and 185 Hz, respectively. This result was attributed
to the existence of notches leading to the change in resonance frequency. Furthermore, it is
obvious that the maximum output voltage of the cantilever with notches is far greater than that
without notches by a factor of 2. Here, it must be emphasized that the bias magnetic field is not
employed in the vibration experiment. However, according to our former works, the presence
of a bias magnetic field improves the output performance substantially. Namely, this notched
design can certainly generate more power when a bias magnetic field is employed.

The presence of a notch significantly enhances the output performance of the FeCo/Ni clad
plate, which has been well demonstrated, as described above. It is also necessary to figure out
the mechanism responsible for this notch-related enhancement. Therefore, FEA was employed
to examine the relevant details with respect to three-point bending. Here, a single FeCo plate
model was used to analyze its difference from the FeCo/Ni clad plate with the other parameters
of the former (e.g., dimensions and loading) were completely identical to those of the latter.
Figure 5 illustrates the distribution of the magnetic induction vector for air (coordinates of x =
0, y = -2.5—0.5, z = —1-+1) underneath the notches of the FeCo/Ni clad plate under different
loads. It is obvious that the magnitude of the magnetic induction vector at a load of 25 N is
greater than that without loading. Thus, the presence of a notch indeed enhances the localized
magnetic induction, according to these findings. To clarify the relationship between the load
and the magnetic induction flux variation under three-point bending, the stress distribution
resulting from the external load around the notch is shown in Fig. 6. Here, the half models of

| Unit: T
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Fig. 5. (Color online) Distribution of magnetic induction vector in the air below the FeCo/Ni clad plate with
notches at the coordinates of x =0, y = —2.5—0.5, z = —1—+1 and with loads of (a) 0 and (b) 25 N.
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Fig. 6. (Color online) Results of FEA analysis of the distribution of stress under three-point bending for the (a)
single FeCo and (b) FeCo/Ni plates.

the single FeCo and FeCo/Ni plates were used to perform FEA. Figure 6(b) clearly shows stress
concentration around the notch of the FeCo/Ni clad plate. It is interesting that the distributions
of stress concentration in the single FeCo and FeCo/Ni plates are distinct in response to the
same loading. In particular, the changeable range of the FeCo/Ni clad plate was obviously
greater than that of the singe FeCo plate. This is attributed to the different properties of
FeCo and Ni. In more detail, because of the different properties (e.g., elastic modulus and
magnetostriction), the stress transference within single FeCo and FeCo/Ni, especially around
the y = 0 plane, is different, then leading to distinct stress concentration. Figure 7 shows the
notable effects of elastic compliances on the stress concentration in the FeCo/Ni plate at a
specific dot (x = —1.5 mm, y = —0.5 mm, z = 1 mm), as determined by FEA. Here, the double
elastic compliances of FeCo and Ni alloys were assumed individually. Furthermore, the stresses
resulting from the variation in every elastic compliance were examined. Our findings well
demonstrated that the elastic compliance s33 significantly affects the stress concentration. On
the other hand, combined with the particular magnetostrictive properties of the FeCo and Ni
alloys, the localized stress concentration shows an extra improvement of magnetic induction
variation. As a consequence, the final output voltage undergoes further improvement. The
details with respect to the superposed enhancement due to the notch for the FeCo/Ni clad plate
are discussed below.

The FEA of three-point bending of the single FeCo and FeCo/Ni plates with notches was
also carried out to evaluate the theoretical energy conversion efficiency. Table 2 indicates
that the variations of energy density of the single FeCo and FeCo/Ni plates during the three-
point bending test from 0 to 25 N are 15.48 and 433.64 J/mm’, respectively. Here, the energy
density of the FeCo/Ni clad plate is far greater than that of the single FeCo plate, a maximum of
approximately 29 times. There are two possible reasons for this interesting phenomenon. First,
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Fig. 7. Variation of stresses as a function of the elastic compliances of (a) FeCo and (b) Ni.
Table 2
Harvested energy density as a function of load.
Energy density (J/mm?
Load (N) gy density (J/mm)
FeCo FeCo/Ni
0 0 0
25 15.48 433.64

because of the mechanical properties of the FeCo and Ni alloys, the different elastic moduli
for these two materials certainly give rise to different deformations in response to identical
external load. As a consequence, the stress concentration around the notch differs, which has
been well demonstrated in Fig. 6. Hence, the greater magnitude of stress concentration due to
the distinct mechanical properties of these two layers in the FeCo/Ni clad plate is responsible
for the considerable difference. Secondly, the distinct magnetostrictive properties of these two
layers of the FeCo and Ni alloys also lead to the significant improvement of energy density in
comparison with the single FeCo plate, which has been clearly explained in our previous work. (1
Namely, the FeCo alloy has a positive magnetostriction; in contrast, the Ni alloy is characterized
by a negative magnetostriction. During the three-point bending process, the upper and lower
layers exhibit inverse responses, that is, compression and tension, respectively. In this case,
the FeCo and Ni alloys can therefore excite the same unidirectional magnetic induction vector
along the z-direction (i.e., easy axis). On the other hand, the single FeCo plate exhibits the
cancellation of the magnetic induction vector between the upper and lower layers, which gives
rise to a relatively low energy density. Here, it must be emphasized that the simulation result
of three-point bending is far greater than that in the practical vibration energy harvesting
experiment. The different experimental parameters are indeed responsible for that. Moreover,
the practical volume of the FeCo clad plate cantilever for harvesting energy during vibration is
only the part enclosed by the pickup coil.
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5. Conclusion

The effect of notches on the variation of the magnetic induction in the FeCo/Ni clad plate
cantilever was demonstrated in this work. The practical three-point bending experiment
revealed that the existence of notches increases the variation of magnetic induction, leading to
the generation of a higher output voltage. Through the comparison between the FeCo/Ni clad
plate cantilevers with and without notches, the relevant variation in the former was found to be
far greater than that in the latter by a factor of 2.4. In addition, the following vibration energy
harvesting experiment also indicated that the practical harvesting performance of the notched
FeCo/Ni clad plate cantilever was approximately 2 times that of the non-notched FeCo/Ni clad
plate cantilever. On the other hand, combined with FEA, the localized stress concentration
around the notch in response to an external load was found to improve the harvesting
performance. Moreover, the FeCo clad plate cantilever with notches exhibited a superposed
enhancement compared with the single FeCo plate cantilever with notches because of the
different properties of the FeCo and Ni alloys. The notchlike irregular design further improved
the vibration energy harvesting performance, especially for the magnetostrictive composite.
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