N

N

Analysis of energy conversion capability among various
magnetostrictive materials for energy harvesting

Yuanyuan Liu, Mickael Lallart, Benjamin Ducharne, Kanjuro Makihara, Gael
Sebald

» To cite this version:

Yuanyuan Liu, Mickael Lallart, Benjamin Ducharne, Kanjuro Makihara, Gael Sebald. Analysis of
energy conversion capability among various magnetostrictive materials for energy harvesting. Smart
Materials and Structures, 2023, 32 (12), pp.125004. 10.1088/1361-665X/ad0392 . hal-04399369

HAL Id: hal-04399369
https://hal.science/hal-04399369

Submitted on 19 Jan 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04399369
https://hal.archives-ouvertes.fr

Analysis of energy conversion capability among various magnetostrictive
materials for energy harvesting

Yuanyuan Liu ¥***, Mickael Lallart !, Benjamin Ducharne 3, Kanjuro Makihara 2 and Gael Sebald®"

1 University Lyon, INSA-Lyon, LGEF EA682, F-69621 Villeurbanne, France
2 Department of Aerospace Engineering, Tohoku University, Sendai 980-8579, Japan
3 ELyTMaX UMI 3757, CNRS, University Lyon, INSA Lyon, Centrale Lyon, Université Claude Bernard Lyon 1, Tohoku

University, Sendai 980-8579, Japan

* Correspondence: gael.sebald@insa-lyon.fr; yuanyuan.liu@insa-lyon.fr



Abstract

This work addresses vibrational energy harvesting using magnetostrictive materials. In
this field, materials with exceptional magneto-mechanical coupling properties (e.g.,
Galfenol, Terfenol-D) have attracted significant attention. Only a few magnetostrictive
materials have been tested in devices, however, leaving the actual influence of these
materials’ properties on the energy harvesting device open to question. This work compares
an extensive range of ferromagnetic materials through analysis of their magnetic behavior
under static stress. To enable fair comparison of the materials, a model was developed to
interpolate their magnetic anhysteretic curves under fixed stress of o = 50 MPa. The energy
harvesting process was then simulated using a theoretical Ericsson thermodynamic cycle,
where the area represents the energy density. This approach estimates the ultimate energy
density of the materials using a fair approach, without placing conditions on the applied
magnetic field. The correlation between ultimate energy density and the magnetoelastic
coefficient show that highly magnetostrictive materials achieve higher ultimate energy
densities, as expected. In the low field range, it is however concluded that all materials
exhibit energy densities of the same order of magnitude. Secondly, the magnetoelastic
coefficient versus excitation field characteristics revealed an optimal bias magnetic field for
each material. Finally, for realistic implementation, the paper considers a pre-stress in
combination with a bias magnetic field and the small dynamic variations that result from
currents induced in surrounding coils. A model was developed and revealed an optimum
output energy density that was independent of the geometry and the coil. An energy
harvesting figure of merit was then defined to enable a final comparison of the materials,

encompassing both material characteristics and realistic applications. Under these working



conditions and with all costs considered, some low-magnetostriction materials appeared

able to compete with giant magnetostriction materials.

Keywords: Magnetostriction, magnetostrictive coefficient, energy conversion, Ericsson
cycle, energy harvesting, predictive model

| — Introduction

The increasing numbers of wireless devices in use as a result of the rapid growth of the
Internet of Things (1oT) [1] has led to the development of dedicated wireless sensors [2]. This
development has highlighted the urgent need for alternative energy sources to replace
batteries, which suffer drawbacks such as limited lifespans due to self-discharge and can
cause severe pollution [3]. One widely studied solution is energy harvesting [4] based on
smart materials. Various energy types can be collected [5] and converted into suitable
electricity. Some energy harvesters for autonomous sensors are already commercially
available [6].

A complete energy harvester includes three essential components: the active material
[7]1[8], the structure, and the electrical interface [9][10]. Harvesters can be classified based
on the type of energy source, e.g., as thermal energy harvesters (using thermoelectric
materials [11]), solar energy harvesters (photovoltaic materials [12][13]), and vibrational
energy harvesters (piezoelectric [14] or magnetostrictive materials [15—-17]).

Among these energy sources, vibration is attractive because of its ubiquity (with sources
ranging from human motion [18] to transportation modes such as aircraft [19] and railways
[20]) and its availability even under relatively harsh conditions [21] (including enclosed

spaces without access to light, and at moderately high temperatures).



Mechanical vibrations can be converted into electricity using magnetic or piezoelectric
materials. The latter materials exhibit high output impedance and high output voltages
[22][23], thus making them less flexible with regard to electrical energy treatment.
Therefore, in this study, we focused preferentially on magnetostrictive materials.

The magnetostrictive effect was first observed in 1842 by Joule, who showed that
application of a magnetic field could induce material deformation [24][25]. In 1865, Villari
introduced the inverse effect by applying mechanical stress to cause changes in
magnetization [26]. Magnetostrictive materials have numerous applications, including
sensing [27], micropositioning, active vibration control [28], and biomedical applications
[29]. The associated energy harvesters convert applied mechanical stress into a change in
the magnetic flux density (the Villari effect [30]), which then produces an electromotive
force across a wrapped coil that acts as an electrical generator.

The conversion process is associated with magnetic flux variations that can be performed
using two methods: geometrically-induced reluctance change in the magnetic circuit
[31][32] or the direct magnetostrictive effect [33]. The first method can be realized by
geometrical transformation, including for example by varying the distance between the
magnetostrictive material and a magnet (with an airgap). This solution can be implemented
easily by adding an air gap to the magnetic circuit, although at the cost of a potential loss of
integrability. However, the role of magnetostriction may be secondary when compared with
the geometry change effect in this case. For systems using the magnetostrictive effect only,
an optimized biasing magnetic field and optimized pre-stress level must be set according to
the material’s nature [34-36]. The objective is to achieve optimal operating conditions and

use the magnetostrictive properties fully, i.e., realize the highest possible Villari effect.



Descriptions of vibrational harvesters that use both magnetostrictive and geometric
reluctance variation effects can also be found in the literature [37], in which magnets
provide the magnetic bias field to the material (e.g., Galfenol alloy [38]). During vibration
periods, the distance variations between the sample and the magnet generate field changes
and induce electromotive forces across the wrapping coils. However, when the two effects
interact, the contribution of the highly magnetostrictive and expensive rare earth-based
materials (10000-20000 €/kg for Terfenol-D and 5000-10000 €/kg for Galfenol [39])
becomes questionable.

To date, the literature on energy conversion materials for use in magnetostrictive energy
harvesters has mostly focused on highly magnetostrictive materials [40-43]. Some
references have been made to Metglas [44—46] and to FeCo in [47]. However, Terfenol-D has
also shown brittleness under tensile stress [48], or a requirement for pre-stressing [49].
Therefore, materials with low magnetostriction should be investigated as potential
conversion materials.

Most currently available review articles focus on evaluating the overall performance of
the magnetostrictive energy harvesting system without exploring the potential energy
conversion performance at a material level. Furthermore, the magnetic characterization data
collected from the literature are gathered under differing conditions, including various
magnetic field ranges and stress levels. A fair and comprehensive comparison of the
magnetostrictive materials that is independent of the structures used has still to be
provided. In this work, a broad comparison of magnetostrictive materials for energy
harvesting applications is proposed that considers their potential energy density conversion

performances under various magnetic field and mechanical stress operating conditions.



The first objective of the study is to verify whether cost-effective, low-magnetostriction
materials can replace more expensive highly magnetostrictive materials under specific
conditions and to assess these conditions. The materials assessed in this comparison are not
limited to high-magnetostriction materials such as Galfenol and Terfenol-D. Instead, the
study includes various ferromagnetic materials, e.g., electrical steels, nickel, iron-cobalt
alloys, and amorphous strips (Metglas), which have costs that are more compatible with the
battery replacement objective.

A common model was developed to estimate the anhysteretic magnetization curves for
the materials under any specified stress within +50 MPa through a fitting process.
Theoretical thermodynamic Ericsson cycles were used to evaluate the output energy
densities of the different materials. The area of the thermodynamic Ericsson cycles
represents the energy density. Initially, without any limitations, cycles with a stress level of
+50 MPa were established with the aid of this model. The enclosed area was estimated
under an unlimited magnetic field to represent the ultimate energy density of each material.
In practical situations, the harvesting process is based on application of a bias magnetic field
and the associated optimal working conditions must also be considered. The magnetoelastic
coefficient was therefore estimated for each material as a function of the bias magnetic
field. Finally, in realistic implementations, the dynamic magnetic field is produced by the
currents induced in the surrounding coils, thus leading to a self-induced excitation situation,
and the bias magnetic field is always imposed using a permanent magnet. A system model is
proposed to derive the energy density that can be harvested and a figure of merit is
proposed for comparison of the materials.

The structure of this manuscript is as follows. Section Il describes the general state of the

art, along with a comparison of multiple magnetostrictive energy harvesters presented in



the literature. Section Ill describes the numerical method used to simulate the magnetic
anhysteretic curves. The model is validated through a fitting process and used to interpolate
the data from the literature. Section IV presents the different estimation methods, including
the thermodynamic Ericsson cycles under high field and stress conditions, and under low
magnetic fields. For situations in which a bias magnetic field is used, the magnetoelastic
coefficient’s dependence on the magnetic field is discussed. Finally, the realistic case of the
self-induced dynamic excitation field (i.e., through a magnet for magnetic bias and through a
surrounding coil for induced current) is presented along with a comparison between the
materials based on a figure of merit for energy harvesting. Using this approach, a brief

comparison of the different methods is presented in Section V.

Il - Energy harvester comparison

An initial comparison of energy harvesters from the literature from a device perspective is
presented in table 1. The coupling effect is specified as either geometric reluctance variation
or the Villari effect. Among the systems considered, the structures in [50] and [51] included
a variable airgap between the magnet and the magnetostrictive material. During gap
variation, the height of the airgap changes, which then causes a huge variation in the
reluctance caused by the magnet. In this case, the main conversion mechanism is geometric
reluctance variation. For all other energy harvesters listed in table 1, a constant distance was
maintained between the magnet and the magnetostrictive materials, which means that the
variation of the reluctance of the magnetic circuit comes from the magnetostrictive
materials. In this case, the main effect used was the Villari effect. The conversion capabilities
are given in terms of either energy density (J/cm3) or power (mW), from which we derived

Weystem, Weoit, and Wmaterial to represent the energy densities with respect to the complete
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device volume, the energy density with respect to the volumes of both the smart material
and the coil, and the energy density with respect to the smart material volume alone,
respectively. When the geometrical dimensions were not provided, estimates were made

from the images of the devices.

. . . . Frequency Output power Waystem Weoil Whaterial
Material Main conversion mechanism (H2) (mW) Wicm®  (wiemd)  (uiem?) Ref.
Geometric reluctance variation 166 3.7 21 300 572 [50]
Galfenol Villari effect 140 0.63 15 4.1 48.6 [52]
Villari effect 0.35 - - - 5 [53]
Geometric reluctance variation - - 187 1580 4400 [51]
Terfenol-D

Villari effect 300 83 17.3 - 40.7 [54]
Villari effect 300 - - - 1 [35]

Metglas
Villari effect 324 1.0 0.86 0.86 18.6 [55]
Villari effect 64 0.0015 0.003 0.053 0.069 [56]

FeCo

Villari effect 50k 1.6 0.001 0.01 0.13 [57]

Table 1 — Comparison of energy harvester systems described in the literature. The parameters
comprise the main conversion mechanism type; the working frequency (Hz); the output power; the device
volume energy density; the coil and smart material volume energy density; and the smart material
volume energy density.

Systems based on Terfenol-D and Galfenol showed higher Wsystem values than those based
on Metglas and FeCo. However, the energy density of the complete system is highly
dependent on the system’s mechanical structure. Furthermore, some of these systems were
designed as characterization setups rather than as energy harvesters. Therefore, the energy
densities of the materials were compared, revealing that systems using the geometric
reluctance variation mechanism are extremely advanced when compared with the other
devices at a cost of lower integrability. However, Metglas can achieve an energy density of
the same order as that of Terfenol-D and Galfenol, although it has much lower
magnetostrictive activity (41 ppm [58] versus 1600 ppm for Terfenol-D [59] and >100 ppm

for Galfenol [60][61]). Therefore, some materials with low magnetostriction that have barely



been investigated to date should be considered to achieve similar performances under low
magnetic fields.

In fact, the geometric reluctance variation is always used in the variable reluctance
energy harvester, which is a specific harvester type that differs from magnetostrictive energy
harvesters. The variable reluctance energy harvester is always composed of a rotating
toothed wheel and a stationary pickup setup [62]. The pickup setup is similar to that of the
magnetostrictive energy harvester, composed of a conversion material, a magnet, and coils.
Because the conversion depends on Faraday's law, the conversion material must be
magnetic, but is not necessarily magnetostrictive.

However, among the energy harvesters that use magnetostrictive materials, some devices
mix the variable reluctance effect with the magnetostrictive effect. Figure 1 highlights the
structural influence. With the same material, systems that use the geometric reluctance
variation method could show energy density levels up to two orders of magnitude higher the
devices that use the Villari effect alone. These conclusions raised questions about the
intrinsic conversion abilities of each material independently of their structure. It is thus

necessary to make a fair comparison at the material level.
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Figure 1 — Comparison of energy harvester systems that use the geometric reluctance variation
method and the Villari effect.



lll —= Numerical method for simulation of anhysteretic behavior

This section focuses on the development of a numerical method to simulate the
anhysteretic behavior. The anhysteretic curves are reconstructed using data collected from
the literature. The objective of this approach is to reproduce the anhysteretic curves
numerically. These simulations constitute a first step toward estimation of the energy

conversion abilities of the magnetostrictive materials.

3.1 Estimation of the anhysteretic curves

Although some materials may appear unsuitable for energy harvesting at first glance,
their cost and availability make them worthy of investigation. In addition to the classical
Galfenol and Terfenol-D, the magnetostrictive materials listed below were also tested:

- FeCo alloy [63][64]. This material was investigated for use in energy harvesting.
Additionally, the various alloy compositions have a wide range of applications,
including actuators, transducers, and motors. The composition 48Fe-50Co-2V
(referred to as FeCo-2V hereafter) was selected because of the availability of its
magnetic hysteresis curves under different stress levels.

- Two grades of grain-oriented electrical steel [65][66]: highly grain-oriented (referred
to as HGO hereafter) and conventional-grade grain-oriented (referred to as CGO
hereafter) electrical steel. These alloys are used intensively as laminated magnetic
core materials for power conversion. Their magnetic performances (e.g.,
magnetostriction) are well documented.

- A non-oriented grain electrical steel (referred to as FeSi NO hereafter [67][68]). This
material is mainly used in electric motors.

- A pure nickel alloy [69]. This material is characterized by the highest reported
magnetostriction among the pure elements.
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- As cast CoFeSiB (referred to as AC CoFeSiB hereafter) and Annealed CoFesiB (denoted
as A CoFeSiB hereafter) amorphous ribbon [70-72]. These materials are normally
used in sensing applications.

- As grown Galfenol (denoted as AG Galfenol hereafter) and Annealed Galfenol
(referred to as A Galfenol hereafter) [73]. Galfenol can be processed in a way that
incorporates an internal, customized pre-stress into the material. This pre-stress,
known as stress-annealing, enables the material to exhibit a magnetostrictive
response even when subjected to tensile loads exceeding 50 MPa.

This work investigated the conversion capabilities of these materials based on their

magnetic properties under static stress. Abundant information on these materials can be
found in the literature, thus allowing extraction of the required data for the comparison

process, with results as presented in figure 2.
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Figure 2 — Magnetic characterization of (a) A Galfenol under compressive stress [73], (b) Terfenol-D
under compressive stress [74], (c) FeCo-2V under compressive stress [75], and (d) FeCo-2V under tensile
stress [75].

11



The characterization results for Galfenol and Terfenol-D are shown as magnetic hysteresis
curves in figure 2(a) and (b), respectively, while the FeCo-2V characteristics under tensile
and compressive stress are given in the anhysteretic curves shown in figure 2(c) and (d),
respectively. Anhysteretic curves were estimated for materials with hysteresis curves by
averaging their major hysteresis cycle's ascending and descending branches, as illustrated in
figure 3. We assumed that no variations occurred in the external conditions during each

complete magnetization cycle.

] Terfenol-D

0.8}
~0.67
=
m

0.4

0.2+ Ascending curve [74] |

’ ——Descending curve [74]
Anhysteretic curve

0 10 20 30 40 50
H (kA/m)

Figure 3 — lllustration of anhysteretic curve estimation from a hysteresis cycle [74].

3.2 Range of investigations

Collection of the data from various studies resulted in different stress levels being applied
from one material to another. Therefore, homogenous test conditions are essential to
compare the energy conversion capabilities correctly. In this work, a simulation method was
developed to predict/interpolate the material magnetic responses under common stress and
magnetic field levels.

With regard to mechanical stress levels, apart from CGO and Metglas 2605SA1, which
were limited to —10 MPa and +30 MPa, respectively, all other materials had available
characterizations up to +50 MPa (table 2). Additionally, it is possible to apply this stress level

under realistic conditions based on the stress levels reached in devices (0.106 N for a FeCo
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specimen in [56] = 7.5 MPa, plus 30 MPa [51] and 50 MPa [76] for Terfenol-D and Galfenol,

respectively). Eventually, we opted for £50 MPa as uniform stress conditions.

Materials Mechanical range of collected BH curves  Mechanical excitation in devices
FeCo-2V —100 to 100 MPa [75] 0.106 N [56]
Terfenol-D —55.1t0 —7.2 MPa [74] 20 to 30 MPa [51]
A Galfenol —75.9to 51 MPa [74] 50 MPa [76]
FeSi 0to 67 MPa [77] -
Nickel 0 to 120 MPa [78] -
CoFeSiB 0 to 180 MPa [79] -
FeSi NO —100 to 100 MPa [75] -
HGO 0to 118 MPa [80] -
CGO —10 to 0 MPa [81] -
Metglas 2605SA1 —30 to 30 MPa [82] 4 MPa [35]

Table 2 — Mechanical stress ranges for the data collected from the literature.

B: magnetic flux density; H: magnetic field strength.

3.3 Anhysteretic biphasic model definition

Figure 2(a) depicts the typical Galfenol B(H) hysteresis cycles measured under various
compressive stress levels [73]. Low permeability and reversible behavior are both observed
in the Rayleigh region [83][84]. The limit of this region increases with increasing stress and
induces two additional inflexion points in the typical ferromagnetic sigmoid anhysteretic
behavior. In figure 2(b), the Terfenol-D [74] curves are not saturated within the magnetic
field range considered and show non-negligible linear increasing components under high
fields.

The curves of FeCo-2V under compressive stress are shown in figure 2(c) as the typical
shape characteristics for the other materials. Compressive stress reduces this material's
magnetic flux density and permeability, similar to Terfenol-D. Figure 2(d) shows the tensile
stress curves for the same material, showing similar mechanisms but yielding magnetic

property shifts in the opposite direction. Rapid saturation is observed under all stress levels.
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In [85] and [86], a nonlinear function was proposed to describe the magnetic behavior of
Terfenol-D. A biphasic model was developed in [82] for Metglas 2605SA1, which focuses
more on mathematical description rather than phenomenological approach. In this
approach, a hyperbolic tangent function and a linear term are chosen as it provides a
sigmoid shape that fits well with the magnetic hysteretic curves of considered
magnetostrictive materials. As the focus of this work lies in the material aspect, the stress
dependence of the shifting behavior (associated with an activation mechanism of the
magnetostrictive coupling) observed at the Rayleigh region of Galfenol (figure 2(a)) is
included as well. In that case, a term #(Hp+no) is added, where Hpdenotes the magnetic
excitation shift related to a potential transition in the material that originates from the
observed activation mechanism in some compositions, and 7 is the correlation between this
shift and the stress level. The improved equation is presented as follow:

B= aiarctan[B(1+tanh(y.0))(H—(H0+n.0))]+0(%arctan[B(1+tanh(y.0))(H+(H0+n.G))]+(p— k.0)H (1)
where a represents the magnetic flux density saturation of the nonlinear part, B is the small-
signal slope of the nonlinear part, yielding 2a3/mt as the linear permeability of the nonlinear
part (i.e., a linearization of the nonlinear function for small excitation levels). Additionally, u
is the zero-stress permeability of the linear part, and y and k are the magnetoelastic

coefficients of the nonlinear and linear phases, respectively.

3.4 Simulation results and validation

The simulation parameters for each material were determined using the Matlab® Curve
Fitting Toolbox. To this end, the reasonable range of the parameters was first estimated,
along with a consistent and realistic working point. Under these conditions, using the

Nonlinear Least Squares Method and the True-Region algorithm, the toolbox would provide
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the optimal set of parameters to align the equation with the anhysteretic curves derived
from the experimental data at various stress levels. Typical simulation results and
comparisons of these results with anhysteretic curves obtained from the experimental data
are shown in figure 4. Two applied stress levels were tested for each material. The results
showed good agreement between the model and the corresponding anhysteretic curves at

all magnetic field levels, thus validating the proposed simulation method.
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Figure 4 — Curve fitting results for (a) A Galfenol under compressive stress, (b) Terfenol-D under compressive

stress, (c) FeCo-2V under compressive stress, and (d) FeCo-2V under tensile stress.

Parameters and validation have also been completed for the other materials. All the

simulation parameters and the references to the experimental data are listed in table 3 for
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the tensile stress case and table 4 for the compressive stress case. Each material's coefficient

of determination R? (Eq. (2)) was then calculated to check the simulation method’s accuracy:

2 _ 4 Zilyi—f)?
RT=1 Liyi-y)? 2)

Here, y; and y represent the experimental magnetic flux density for each material and its
mean value, respectively. f; represents the corresponding value predicted using the
simulation method. An R? value that is closer to 1 indicates a better fit to the data [87]. All
coefficients of determination are listed in tables 3 and 4. Their values are all >0.9, confirming

the simulation method’s high accuracy.

Materials (pgm) M EA’I) (Pa) (A{-Ir’r(;’l) Ambpal)  (TmAY  (TmAipay R Ref
FeSi NO 36 13 00026 9.5x107 - - 108 -36x10% 097  [75]
z“é'gégs"zsl 41 14 0006 7107 - - 8x10° 2.5x107% 097 [82]
A Galfenol 250 1.8 2.9x10* 5.9x10°° 1x10* -1.7x10™* - - 099 [73]
HGO 035 17 0041  -86x10° 27.4 5.7x10”7 - - 099  [80]
FeSi-90° 3 13 0033 1.8x10°8 125 ~2.1x10°° - - 099 [77]
FeSi-55° 17 11 005 ~9.4x10 47 1.4x10° - - 099 [77]
FeSi-0° 27 17 012 ~1x10° - - - - 098 [77]
Nickel 40 05 46x10*  -16x10° - - - - 099  [78]
com | 0 07 oo -asxaoe - - - - 096  [79]
ACoFesiB | 0095 06 0015 3x10°7 - - - - 096  [79]
FeCo-2V 25 24 0.004 5x107 - - - - 094  [75]
Table 3 —Simulation parameters and their corresponding coefficients of determination for the tensile

stress case.
Materials (p;m) (% (m -ﬁA’l) (szl) (A{-Ir%’l) (A-m’q-Pa’l) (T-mﬂ-A’l) (T-m-Ak’l-Pa’l) R*  Ref.
Gaﬁfnol 160 14 7.7x10%  —14x10° 936 ~1.9x10* - - 099  [73]
A Galfenol 240 16 45x10*  -22x10° 7876 -1.5x10™* - - 098 [73]
CGO 1 18 0126 9.2x10°8 - 1.4x10°5 - - 099  [81]
FeSi NO 36 14 2x10° 1.6x10°8 - - 1.2x10° ~573x10® 099  [75]
FeCo-2V 25 23 34x10°  26x10° - - 3x10°° -597x10% 099  [75]
Z“é'gé%'zsl 41 14 55x10°  3.6x10° - - 8x10°° 2652x10 099  [82]
Terfenol-D | 1400 09 65x10°  2.5x10° - - - - 094  [74]

Table 4 —Simulation parameters and their corresponding coefficients of determination for the
compressive stress case.

16



IV — Evaluation of energy harvesting density

This section presents estimates of the energy that is harvestable under different
limitations. Anhysteretic curves at o0 = 0 MPa and 50 MPa were simulated using the
numerical method. The theoretical converted energy was then calculated based on specific
assumptions. To avoid significant discrepancies for CGO and Metglas 2605SA1, their stresses
were limited to —10 MPa and #30 MPa, respectively, corresponding to the ultimate stress

levels tested for these materials in the literature.

4.1 Ultimate energy density of the Ericsson cycle

The thermodynamic Ericsson cycle is helpful when estimating the ultimate converted
energy density [88][89]. An Ericsson cycle consists of two steps that are performed under
constant stress and two other steps that are performed under a constant field [90][91]. As
figure 5(a) shows, it is possible to reconstruct an Ericsson cycle from a pair of anhysteretic
curves acquired at different stress levels. The constant stress steps follow the anhysteretic
trajectories. The constant field steps represent vertical jumps from one anhysteretic curve to
the other. The area enclosed by the resulting Ericsson cycle then represents the converted
energy density. Beyond a threshold level in the high field range, the stress and no-stress
anhysteretic curves merge, as depicted in figure 5(b). Application of larger fields will not
modify the energy density beyond this level and the resulting Ericsson cycle area can be

regarded as the material's ultimate energy density.
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Figure 5 — (a) Ericsson cycle example and the associated converted energy density. (b) Ultimate
energy density under a high magnetic field.

The tested materials showed significant differences among their magnetic field
responses. Additionally, the compressive and tensile stresses induced opposite effects. In
the Terfenol-D case, the curves were not merging at 150 kA/m, which is the maximum
magnetic field applied in the literature. With the exception of Terfenol-D, the magnetic field
range studied in this work (15 kA/m under tensile stress and 150 kA/m under compression)
is high enough to observe merging of the flux densities for the stress-free and stressed
cases. Therefore, to reach reasonable levels and realize reliable comparisons, the ultimate
energy density was estimated to be H = 15 kA/m for the tensile stress case and H = 150 kA/m
for the compressive case.

All simulated anhysteretic curves under compressive and tensile stress conditions and
under low and high magnetic fields are compared in figure 6. Because the anhysteretic
curves for most materials were approximately merged under low magnetic fields, all
materials are first presented and compared as shown in figure 6(a) and (c) under low
magnetic fields. Materials that do not exhibit merged flux densities under low magnetic
excitation are presented in figure 6(b) and (d). Additionally, because this work is intended to

establish the ultimate energy density at the material level, only the curves with the highest
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energy densities for each material are shown to provide a clearer comparison. In the case of
grain-oriented silicon steel characterized by highly anisotropic magnetic properties [92][93],
the energy density is dependent on the magnetic field direction (where 0° is the rolling
direction RD and 90° is the transverse direction TD), as expected, and the highest energy

point (90°) was thus retained.
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Figure 6 — Simulated Ericsson cycles for all materials tested under both compressive and tensile
stresses and within low and high magnetic field range.

Then, all energy densities in the 0-15 kA/m range for ¢ = 50 MPa and those in the 0-150
kA/m range for o = =50 MPa were calculated and plotted versus the magnetostriction strain
A, with results as depicted in figure 7. For the materials for which the magnetization curves
under #50 MPa conditions were available from the literature, the energy density was
derived from the experimental data directly. Within this magnetic field range, most Ericsson

cycles were formed by merging the anhysteretic curves under high field conditions, meaning
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that the ultimate energy density was obtained. The results show that materials with higher

magnetostriction characteristics show higher energy densities.

Energy density under 15 kA/m Energy density under 150 kA/m
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Figure 7 — Energy density vs. maximum magnetostrictive strain A under conditions of (a) 0-15 kA/m
and o = 50 MPa, and (b) 0-150 kA/m and ¢ = -50 MPa.

We then established the link between the material model parameters, the maximum
magnetostrictive strain A, and the energy density of the materials. For this purpose,
correlations were proposed through linear fittings of the logarithmic quantities (see Eqg. (3)),
where x represents the simulation parameters and y is the energy density.

logioy = alogyox —b (3)

The fitting coefficients a and b were determined using the Matlab® Curve Fitting Toolbox,
employing the Nonlinear Least Squares Method and the True-Region algorithm. The
coefficient of determination R?> were estimated for each correlation attempt at two magnetic
field levels (with 1 kA/m representing the low field range, and 15-150 kA/m for the high
field range). The results are summarized in table 5. The R? for A exceeded 0.9 for both the
tensile and compressive cases, verifying the excellent quantitative correlation between the
ultimate energy density and A. The other parameters did not show any particular correlation.
Negative values of R? were observed in the absence of correlation (when the average of the

squared residuals became greater than the variance).
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Tensile stress Compressive stress
Parameter 0-15 kA/m 0-150 kKA/m
a b R? a b R?
A 0.73 1 0.93 0.68 0.52 0.9
a 133 073 —01 |-341 -115 0.07
B -1.06 303 072 |-071 135 0.86
20/t | -0.81 252 043 | -065 12 0.83
Yy 0.07 0.07 -0.17 | —0.69 5 0.37

Table 5 — Fitting coefficients for each simulation parameter with their corresponding coefficients of
determination under high magnetic field conditions.

High linear permeability leads to saturation within the low field range, regardless of the
mechanical stress status. Therefore, the Ericsson cycle tended to enclose a smaller area
within that range, which resulted in a lower energy density. Nonetheless, this conclusion is
related to the material’s behavior only, it does not provide information about the
magnetoelectric energy conversion associated with the structure itself including coils. This
point is addressed in detail in section 4.3. In that case, 2aB/m, which represents the small-
field permeability of the nonsaturated nonlinear phase under zero stress, influenced the
energy density strongly. However, for the materials that showed stress-dependent shifting of
their Rayleigh region boundaries (Galfenol and FeSi), the 2aB/m parameter cannot be used
to predict the magnetic behavior under stress precisely.

Theoretically, through consideration of the reciprocity of the Villari effect and the
magnetoelastic coefficient, good correlation was expected between the Ericsson cycle

energy density and A. Both parameters can be expressed using Maxwell's relationship:

0B oA
= on )

In fact, A and the converted energy are both integrated values of the same

magnetoelastic coefficient. The total magnetostrictive strain Amax is given by:

Hmax 02 Hpmax 0B
)\max == fO ﬁdH == fO %dH (5)
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and thus the ultimate Ericsson cycle energy density Wmax can be obtained as the integral of

this expression over the stress range considered:

Winax = Jo [11mx 28 4Hd o (6)

Omin 0 do

If the Villari coefficient is independent of o, then the energy density becomes

proportional to A:

H 0B
Whax = (Gmax - 0-min) fO maX%

dHdo = (0max — Omin)Amax (7)

Ultimately, the excellent correlation between A and the Ericsson cycle energy density
obtained within the high field range suggested that the magneto-mechanical coupling had a
weak dependence on the mechanical stress o.

The ultimate energy density of each material shows its individual potential as a
conversion medium for an energy harvester in the ideal case, in which the magnetic field is
controlled continuously using an ideal amplifier and coil system.

However, when the magnetic field is limited, the curves that form the Ericsson cycle do
not merge, as shown in figure 5(a). In that case, the area that is enclosed by the anhysteretic

curves is obviously dependent on the shapes of the curves. The energy densities at +50 MPa

and 1 kA/m were calculated and plotted vs. the magnetostrictive strain A (figure 8).
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Figure 8 — Energy density characteristics for (a) tensile stress and (b) compressive stress under low
magnetic field (1 kA/m) conditions.
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Here, the low-magnetostriction materials show energy densities of the same order of
magnitude or even larger than those of the highly magnetostrictive materials. The
correlation between magnetostriction and the Ericsson cycle energy density is illustrated in
figure 8. RZ was found to be always less than 0.6, indicating that the energy density was not
correlated with A.

The Ericsson cycle is helpful in describing the ideal harvesting process and in estimating
the maximum energy for specified magnetic field and stress levels. A system performing an
ultimate Ericsson cycle could potentially be envisaged for higher power cases similar to
electrical machines (kW range and beyond), but is not reasonable within the energy
harvesting framework (far below 1 W). Therefore, it cannot provide information about the
feasibility of electrical/magnetic interfaces and can only be used to perform basic

comparisons between the materials.

4.2 Investigation of the magnetoelastic coefficient

In the case of active control of the current in a surrounding coil, it may be considered
possible to enhance the harvested energy independently of the magnetic permeability. In

this case, the energy density would be directly proportional to the magnetoelastic
coefficient 8 = Z—i, which is a function of both the mechanical stress and the magnetic field.

For comparison purposes, we propose to calculate the average magnetoelastic coefficient
[94] between 0 MPa and 50 MPa and to investigate its dependence on the magnetic field in
this section. The results for Galfenol and Terfenol-D are given in figure 9. To provide a more

accurate estimate, a sum of the local magnetoelastic coefficients under different bias
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magnetic fields of op = 10, 20, 30, 40, and 50 MPa was calculated to estimate the average

magnetoelastic coefficient over the mechanical stress levels:

1
AB 1 Op*+3;A0 9B

S 2 do
Ao Ao ab—%Aa do
do dB
= — X —_
Ao do (8)

These predictions, which were realized with the aid of the model, were confirmed by the
experimental results shown in figure 9.

0.03 A Galfenol (Compressive) 0.015 Terfenol-D (Compressive)
. (a) —— AB/Ag (Experimental) : (b) —— AB/Ao (Experimental)

= = 4B/As (Model) - — AB/Ac (Model)
"""" LB/ Gal5 wrvenns 0B/ 9015

= 0.02 = 0.01

= [

4 3

@ ] fri -

b 0.01 b 0.005

oL , | ‘ ity 0 ‘ | ‘ |
0 5 10 15 20 25 0 20 40 60 80 100 120
H (kA/m) H (kA/m)

Figure 9 —Magnetoelastic coefficients derived from experimental and simulated anhysteretic curves
for (a) Galfenol and (b) Terfenol-D.

For materials like Galfenol, an optimal local magnetoelastic coefficient that is much
higher than the average value can be obtained under a given bias field, as shown in figure
9(a). Ideally, an energy harvester with A Galfenol should operate close to this optimal bias
field (approximately 10 kA/m for o = =50 MPa, as illustrated in figure 9(a)). Additionally, the
structure should be optimized for an adapted AH that makes full use of the magnetoelastic
coefficient application range to harvest as much energy as possible.

In contrast to Galfenol, Terfenol-D (figure 9(b)) shows only a weak dependence on the
bias field amplitude, particularly after a threshold value of 2x10* A/m.

The magnetoelastic coefficients under +50 MPa conditions were finally compared for all
materials in Figures 10 and 11. The magnetoelastic coefficient’s signs are consistent with the

occurrence of magnetostriction.
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Figure 10 — Comparisons of magnetoelastic coefficients as obtained from the ¢ = 50 MPa simulated
curves under (a) low magnetic fields and (b) high magnetic fields.
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Figure 11 — Comparisons of magnetoelastic coefficients as obtained from the o = -50 MPa simulated
curves under (a) low magnetic fields and (b) high magnetic fields.

Under stress of 50 MPa (figure 10), most materials achieved optimal conversion under

bias fields of less than 2 kA/m. Only nickel and Galfenol had higher optimal bias fields at 4

kA/m and 6 kA/m, respectively.

In figure 11(a), the magnetoelastic coefficient of CGO is one decade higher than the

values for the other materials under compressive stress. However, because of the small

magnetic field range, the energy density of CGO is limited to a low level, according to Eq. (6).

At 0 = -50 MPa, CGO, FeCo-2V, and FeSi NO demonstrated reasonable optimal bias fields

of less than 1 kA/m (figure 11(a)). In figure 11(b), Galfenol and Terfenol-D showed optimal

fields close to 10 kA/m. Realization of such high-bias fields sounds challenging. In practical

energy harvesters, permanent magnets are used to provide the bias fields. A high bias
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magnetic field would mean use of oversized permanent magnets, leading to oversized
harvesters. Furthermore, permanent magnets are characterized by their low permeability. A
large permanent magnet would also eventually include high series reluctance in the case of
a harvester with a closed magnetic circuit, thus reducing the overall magnetostriction
coupling effect.

Note that for the energy harvesters described in [53], peak powers were obtained at 10
kA/m for AG Galfenol and at 15 kA/m for A Galfenol under compressive stress. In [59], the
maximum magnetoelastic coefficient value of Galfenol was reached at 19.53 mT/MPa. This
value shows very good agreement with the model estimate (figure 11). In the Terfenol-D
case, magnetic bias of 63.66 kA/m (800 Oe) was required in [95] to achieve the highest
coupling level. For this material, the model predicts slight variations in the magnetoelastic
coefficient (figure 11(b)); therefore, the optimal 60 kA/m could be reduced to 20 kA/m
without having any significant impact.

This investigation of the magnetoelastic coefficient provides a good indication for
selection of the bias magnetic field required for a given material. However, some materials
show a high magnetoelastic effect but a low energy harvesting capability, e.g., CGO. In that
case, the coefficient value cannot provide a fair comparison between the materials because

the effect of the stress levels has not been considered.

4.3 Second limitation — Bias magnetic field and self-induced dynamic
magnetic field

In this section, the small cycle representing the practical energy harvesting process is
presented. As a first investigation of the effect of the circuit, a linear load is taken into
account, the harvested energy density and the magnetic optimum frequency were derived

in the case of impedance matching. The linear load may mimic, as a first approximation, the
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(potentially linearized) behavior of the electrical interface aiming at actually harvesting the
energy (along with signal conditioning).

In practice, the typical structure comprises a rod- or bar-shaped magnetostrictive
material, to which permanent magnets apply a bias magnetic field, and a surrounding coil
connected to a load (mostly resistive loads with impedance matching). In this case, the
magnetic field variations are caused by reluctance variations and induced currents in the
coils, which act as a secondary magnetic field source in addition to the permanent magnet.
Furthermore, the variation in the stress level depends on the vibration sources and is usually
of low dynamic value. Therefore, the magnetic performance undergoes a relatively small
cycle, with structure-dependent magnetic field and stress variations that cannot be
predicted or controlled precisely. To harvest the maximum energy density, the cycle must be
positioned within an optimum bias magnetic field and under optimal mechanical pre-stress.
In that case, to harvest additional energy, the bias magnetic field and the pre-stress effect on
the energy density were investigated to have the optimum working conditions.

FeCo-2V [75]

25

energ
Pall Bias magnetic
field

H (kA/m)

Figure 12 — lllustration of the energy harvesting process and the converted energy density attained in
practical situations [75].

These working conditions lead to elliptical cycles [36][54][96—98], consisting of a bias
field, a pre-stress associated with a dynamic magnetic excitation AH, and a dynamic

mechanical excitation Ao, as depicted in figure 12.
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The area of the small loop that represents the converted energy realized from the

material during the actual process can be described using:

252
0<op

W= - % oo (9)

where the details of the required calculation are presented in the Appendix. When the

device operates at its optimal frequency, the maximum converted energy yields:

0202
Wmax = - 20 (10)
. .. . 0 .
where the local magnetoelastic coefficient 9 is £, and g and u represent the amplitudes of

the dynamic mechanical stress and the permeability, respectively. Assuming that the
harvester is connected to a load with resistance matching (i.e., Ricad = Reoil), the harvested
energy on the load is half of the total energy converted from the material. This harvested

energy, denoted by Wiea4, is given by the following equation:

0203 o
W= -0 @0 11
2 1+(§0)2 (11)

In [35], Zucca et al. used an Fe7sB13Sis ribbon under a peak dynamic load of 2.3 MPa and
pre-stress of 2.2 MPa. The measured harvested energy density on the load was 1 p/cm?3 at
300 Hz. Using Eq. (11), the theoretical harvested energy was determined to be 0.9 pw/cm3. In
[54], Zucca et al. used a Terfenol-D rod with a dynamic load of 2.75 MPa and a pre-load
stress peak of 4.55 MPa at 300 Hz. The harvested power on the load was approximately 80
mW and the harvested power estimated using Eqg. (11) was 75 mW. In [53], Davino et al.
used a Galfenol rod with a peak dynamic load of 15 MPa, preload stress of 16 MPa at 0.35
Hz, and Ricad and Reoil Values of 1 k() each. In that case, the harvested energy on the load was
4 uJ/ecm3, while the estimated value was 3.7 pJ/cm3. These results show that the model can

predict the harvested energy very well when the harvester is loaded with a resistance, with
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only very small discrepancies that can be attributed to simplifying assumptions, e.g.,
negligible inductive effects. Therefore, the model and the associated energy density
expression can be regarded as a reliable tool for estimation of the energy harvesting
capability of the materials.

Additionally, Eq. (10) shows that the theoretical maximum power that can be harvested is
not dependent on the mechanical structure, and is only dependent on the stress and
magnetic field variations at the optimal frequency and the properties of the
magnetostrictive material itself. This conclusion is in accordance with the conclusions in the
literature [99].

From another perspective, the optimal frequency described in this section is defined
using Eqg. (12), which is derived in detail in the appendix:

— lms (Rcoil +Rload)
0 — HSN2 (12)

where S and N represent the cross-section and the number of turns of the coil, and Ins
represents the length of the sample. wg is neither the mechanical nor the electrical natural
frequency, but is an optimal frequency derived from the magnetic point of view. Based on
the description of Eq. (12), the frequency is dependent on the coil structure and the smart
material’s permeability p. In that case, a material with low permeability, e.g., Terfenol-D,
would induce a higher wy and a smaller coil would thus be required, while high magnetic
permeability materials will make the structural design easier.

It should be noted that the negative impact of a high permeability may be regarded as a
solely influence of the magnetoelectric energy conversion, where the dynamic magnetic
field results from induced currents in the coil. In the proposed linearized model, the stress
effect is a shifting of the BH curve. The energy will be the highest when both induction field

and magnetic field are maximized. As the stress primarily acts on the induction field, the
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excitation field will become the highest for lower permeability, inducing larger converted

energy eventually.

4.4 Figure of merit for the self-induced magnetic field

The previous comparisons did not consider the bias mechanical excitation. As a final
comparison to investigate the bias condition further, the ratio of the square of the

. _ . ., 07 . .
magnetoelastic coefficient to the dynamic permeabllltwaas estimated using the

developed model (Eq. (10)). The figures of merit of Terfenol-D and A Galfenol and the typical

performances of the low magnetostriction materials are presented in figure 13 using a step

size of 1 MPa.
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Figure 13 — Figure of merit % for (a) FeSi 90°, (b) Metglas 2605SA1, (c) Terfenol-D, and (d) A Galfenol

as a function of the bias mechanical stress and the bias magnetic field.
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The results confirmed that the energy harvesting performance of Terfenol-D is not
sensitive to the stress level or the magnetic field at low levels, and that higher magnetic
fields and stress levels always provide a higher harvesting capability. In contrast, in the
Galfenol case, the performance is highly sensitive to the bias condition, as shown in figure
13(b). Detailed information about the materials in the low and high magnetic field ranges is

given in the next section.

V — Discussion

To provide a comprehensive and clear comparison of the different methods and

- . . . AB 9B\ 2 .
conditions, the results estimated using the Ericsson cycle, v and (5) /U are given under

low and high magnetic fields in tables 6, 7 and 8.

Material Compressive Tensile
0-1 kA/m 0-150 kA/m 0-1 kA/m 0-15 kA/m

Terfenol-D 16 57185 - -

AG Galfenol 226 10663 - -
A Galfenol 12 9558 177 478
FeCo-2V 985 4223 557 1125
Metglas 2605SA1 517 1204 254 478
FeSi NO 330 1066 208 316

CGO 267 267 - -
Nickel - - 43 2200
FeSi-90° - - 106 106
HGO - - 42.3 42.3
AC CoFeSiB - - 19 19

A CoFeSiB - - 29 29

Table 6. Energy density harvested (pJ/cm3) with the Ericsson cycle under different magnetic field
ranges and stress levels. The bold values indicate the best performance for each material under tensile or
compressive stresses.
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Material

Compressive

Tensile

0-1 kA/m 1-150 kA/m 0-1 kA/m 1-15 kKA/m
Terfenol-D 0.7 (1 kA/m) 10 (45 kA/m) - -
AG Galfenol 10 (1 kA/m) 20 (6 kA/m) - -
A Galfenol 0.5 (1 kA/m) 20 (11.5 kA/m) 6 (1 kA/m) 20 (6 kA/m)
FeCo-2V 25 (750 A/m) 24 (1 kA/m) 10 (150 A/m) 4 (1 kA/m)
Metglas 2605SA1 20 (400 A/m) 16 (1 kA/m) 10 (119 A/m) -
FeSi NO 8.6 (750 A/m) 8.4 (1 kA/m) 5.6 (275 A/m) 3 (1 KA/m)
CGO 150 (60 A/m) 2 (1 KA/m) - -
Nickel - - 2 (1 kA/m) 4 (4.4 kKA/m)
FeSi-90° - - 18 (70 A/m) -
HGO - - 10 (48 A/m) -
AC CoFeSiB - - 1 (100 A/m) -
A CoFeSiB - - 2.8 (48 A/m) -

Table 7. Highest magnetoelastic coefficient (mT/MPa) values of the different materials under
different magnetic field ranges and stress levels with a stress variation of 50 MPa. The corresponding bias
magnetic field is given in brackets and the bold values represent the best performance for each material
under tensile or compressive stresses.

Compressive Tensile
Material 0-1 kA/m 1-150 kKA/m 0-1 kA/m 1-15 kA/m
0.03 87.5
Terfenol-D (-14 MPa, LkA/m)  (~50 MPa, 150 kA/m) - .
5 128
AG Galfenol (-2MPa, 1kKA/m)  (~50 MPa, 10 KA/m) : -
A Galfenol 0.04 5.3 04 4.9
(0 MPa, 1 kA/m) (-50 MPa, 15 kA/m) | (48 MPa, 0.6 KA/mM) (19 MPa, 7.13 KA/m)
FoCo.2V 13 33 24 24
(—40 MPa, 1 kA/m) (-50 MPa, 3.35 kA/m) (0 MPa, 780 A/m) (0 MPa, 1.4 kA/m)
16 2.0 1 05
Metglas 2605SAL | 35 \pa 1ka/m)  (-30 MPa, 1.7kAm) | (0 MPa, 390 A/m) (0 MPa, 1 kA/m)
Fosi NG 0.2 0.4 04 0.006
(-50 MPa, 1 kA/m) (-50 MPa, 2.2 kA/m) (0 MPa, 160 A/m) (0 MPa, 1 kA/m)
8.7 0.9
ceo (-2 MPa, 0.04 kKA/m)  (~10 MPa, 1 KA/m) - -
. 0.04 13
Nickel - - (26 MPa, 1 kA/m) (50 MPa, 25 kA/m)
- 0.08
FeSi-90 - - (37 MPa, 51 A/m) -
0.009
HGO - - (50 MPa, 96 A/m) -
. 0.002
AC CoFesiB - - (50 MPa, 300 A/m) -
A CoFeSiB - - 26 ;

(0 MPa, 300 A/m)

2
Table 8. Highest (Z—i) /1 (10-12 Pa-1) values of the different materials under different magnetic

field ranges and stress levels with a stress variation of 1 MPa. The corresponding bias magnetic field is
given in brackets and the bold values represent the best performance for each material under tensile or
compressive stresses.
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Table 6 indicates that in the ideal case when there is no magnetic field limitation, the
materials with the highest magnetostriction, e.g., Terfenol-D and Galfenol, do have the
highest energy densities. Under low magnetic fields, the order may be reversed. In addition
to these two materials, the best material option may be FeCo-2V.

The magnetoelastic coefficients obtained with a higher stress level variation are given in
table 7; this table provided more information about the optimum magnetic field. In the
cases of nickel and FeCo-2V, their ultimate Ericsson cycles showed energy densities of the
same order of magnitude, as indicated in table 6. Although the magnetoelastic coefficient of
FeCo-2V shows an obvious peak (e.g., when compared with Nickel) as depicted in figure
10(b) that demonstrates the necessity of magnetic field optimization, the optimum magnetic
field is presented in table 7. This table also shows that for materials such as FeCo-2V and
Metglas 2605SA1, a higher magnetic field does not actually mean a higher magnetoelastic
coefficient.

However, in realistic devices, the dynamic magnetic field results from induction in coils,
and the energy density is dependent on the magnetic permeability. To investigate the effects

of the bias mechanical excitation, the bias magnetic field, and the self-induced dynamic

magnetic field, the (‘;—i)z/u coefficient values are presented in table 8. The optimum bias

condition is given in each case. Interestingly, the giant magnetostrictive materials showed
the highest values, because of their relatively small permeability values, as shown in table 7.
The resulting energy density may be estimated, for example, by considering a dynamic stress
level of 1 MPa, which leads to energy densities in the hundreds of p/cm?3 range for Terfenol-

D, and tens of pJ/cm?3range for Fe-Co and Metglas 2605SA1.

33



VI - Conclusion

This study compared ferromagnetic materials with low and high magnetostrictive
characteristics for use in energy harvesting applications by considering them independently
from any structural aspects and without considering air gap-induced reluctance changes.
Correlations were established between energy density and magnetic indicators under
various conditions. An anhysteretic model was developed to unify the operating conditions
(stress, magnetic field), thus allowing fair comparison of the studied materials. The
conclusions based on the different conditions and different methods are drawn as follows:

1. The ultimate energy density and the energy density in the low magnetic field range
(0-1 kA/m) were estimated using Ericsson cycles. The results show good correlation
between the magnetostriction and ultimate energy density properties. Under -50
MPa stress, Terfenol-D shows an ultimate energy density of approximately 60
mJ/cm?3, one decade greater than the other materials, but it requires a high field bias.
In the low magnetic field range, FeCo-2V and Metglas 2605SA1 showed the highest
energy densities of 985 pw/cm3and 515 p/cm3, respectively. Under 50 MPa stress, an
energy density of 0.02-0.6 mJ/cm3 was achieved for all materials in the low field
range (1 kA/m). FeCo-2V achieved the highest value with more than 0.56 mJ/cm3,
while the highest energy density was achieved by nickel with 2.2 mJ/cm?3 at 15 kA/m.
Iron-silicon alloys and CoFeSiB showed energy densities of the same order of
magnitude (=0.01-0.1 mJ/cm?3) for both low and high magnetic fields.

2. Assessment of the magnetoelastic coefficient demonstrated that materials with high
magnetostriction no longer give the highest values under all conditions. Figures 10
and 11 showed the different performances of each material. In these figures,

Terfenol-D showed a relatively small magnetoelastic coefficient (10 mT/MPa) under
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an optimal bias field of 45 kA/m, particularly when compared with that of FeCo-2V.
However, Terfenol-D reached a stable state above 20 kA/m, which means that
harvesters featuring this material would not be sensitive to the magnetic field bias. In
contrast, Galfenol is highly sensitive to the bias condition. In that case, the bias
magnetic field must be controlled precisely in accordance with the stress level. Table
7, which gives the optimum bias magnetic fields, provides more detailed information
for selection of the magnetic field bias.

Under realistic conditions in a compact device, magnets provide the magnetic bias
excitation. An additional dynamic magnetic field contribution results from induced
currents in surrounding coils by application of the dynamic stress. In this case, the
harvesting process results in a small loop around the bias magnetic field and the

stress level. The energy density can then be estimated directly using the figure of

merit (Z—i)z/,u. This comparison shows that Terfenol-D gives the highest value of

87.5x10712 Pa~! under -50 MPa stress at 150 kA/m, while Galfenol gives the second
highest value of 12.8x107'? Pa™!, also under -50 MPa stress, but with a much lower
bias magnetic field of 10 kA/m. Apart from Terfenol-D and Galfenol, FeCo-2V and
Metglas 2605SA1 show the highest harvesting capabilities with values of 3.3x10712

Pa~! and 2x107'2 Pa~! with a bias magnetic field of less than 5 kA/m.

In summary, highly magnetostrictive materials such as Terfenol-D and Galfenol are used

widely in energy harvesting. However, their cost and requirements for high bias fields raise

guestions over their implementation. Conversely, under low fields, materials with lower

magnetostriction are just as competitive and much more cost-effective. However, because

some of the materials under consideration have not been widely studied in the energy

harvesting domain, there is a lack of information and relevant studies in the literature.
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Therefore, the different methods devised in this study were verified using the few studies
available, but systematically produced consistent results.

For the future investigation of the energy harvesting, this article could give a guidance for
estimation of the energy density of an energy harvester with electrical circuit for actually
harvesting the energy along with signal conditioning, potentially including nonlinear
interfaces. With a fully developed structure, the stress-strain (T(S)) loop could also be a
helpful tool for providing insights through a precise assessment of the levels of mechanical

energy required for performing the energy harvesting process.
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Appendix. Calculation of energy density for self-induced magnetic fields

To convert mechanical energy into magnetic energy, it is necessary to have variations in
both flux density B and magnetic field H. For the small-scale devices described in the
literature, a permanent magnet applies the bias magnetic field. A coil surrounding the
magnetostrictive material is subjected to an induced current that results from mechanical
stress application. The coil may be connected to a resistive load, ensuring that the induced
current is in phase with the electromotive force, and shifted by 90° with respect to B,

resulting in an elliptical BH loop.
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In the following calculation, it is assumed that the harvesting coil is connected to a load
resistance and that the reluctance of all materials other than the magnetostrictive magnetic
materials was neglected. For a closed magnetic circuit with a coil winding around the
magnetostrictive material, we obtain:

Hpslms = Nplom — NI (13)
Hms and Ins represent the magnetic field and the magnetostrictive sample length, and Nmlom
and NI represent the magnetomotive force (mmf) of the magnet and that of the coil,
respectively, where N is the number of turns of the coil and | is the current. The mmf of the
magnet is given by:

Nmlom = Mpem (14)
where M,, and e,, are the magnetizing force and the thickness of the magnet, respectively.
The magnetic behavior of the magnetostrictive material was then linearized in terms of both
the magnetic field and the mechanical stress:

Bms = uHpys + 60 (15)
where 6 = Z—i and o represents the magnetoelastic coefficient, which depends on the

magnetic field and the mechanical stress; Bms and W represent the local linearized magnetic
flux density and the permeability, respectively. The equivalent circuit schematic of the coil is

shown in figure 14.

}Rload

Figure 14 — Equivalent circuit schematic of the coil around the magnetostrictive sample.

In the electrical circuit, we obtain:
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. . d
U(t) = (Rcoil + Rload + ]Lcoil(‘)) X l(t) = d_Cf (16)

where ¢ is the magnetic flux. By combining B =% with Egs. (14), (15), and (16), Eqg. (13)

becomes:
) 2d¢
~—00 N4=—+
S .. =Mpye, — dt (27)
K ms m=m ReoiltRioad Hlcoil®

where S is the cross-section of the magnetostrictive material. We assumed only small
variations around a bias value for the following variables:
o = 0yl
b = o + dayn® "
B(t) = By + Bgyne®*
H(t) = Ho + Hgyne/®*

Using Eq. (17), and by considering the varying terms with e/®t only, we obtain:

¢dynejwt ot
_eo-oe]m N2 i .
. u lms - Rcoil"'Rloald"‘J.Lcoilc“)](DCI)dyne]wt (18)
Equation (18) can then be simplified as:
: 2
bayn X (1 + 1285 al = 00,S (19)

Ims RcoiltRioad Hilcoil®
With B = % and using Eq. (15), we can derive the variations in the magnetic flux density B

and the magnetic field H as follows:

60'0
den = 14 us % N2 (20)
w— T
J Ims™ ReoiltRload Hilcoil®
_ 1 _ 90'0 1
den - E(den - 960) - T (1+jw”—s>< N2 - 1) (21)

Ims™ ReoiltRload ilcoil®
Therefore, the converted power and its average value can be presented as follows:
dB(t)
P(t) = H(t) —
® = HO—;
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1 T . e
< P(t) >= ERe{deneJ‘”t]deynel‘”t} = %Re{—]deanyn} (22)
Using Eq. (22), the energy of a small cycle can be derived as:
2 . e . -
W =T x< P(t) >= :“ X %Re{—]deanyn} = nRe{—jHaynBayn} (23)
Under the assumption that Lw < Ry, and the reference angular velocity defined in Eq.
(12) as:

— lms (Rcoil +Rload)
0 — HSN2 (12)

the variations in the magnetic flux density and the magnetic field can be simplified from Egs.

(20) and (21) as follows:

den = Gcom (24)
wo
Borm = 600 —en, (25)
= (0] 25
dyn 0 14_(0%)2
Oo, 1
den - P (1+jwio 1) (26)

Therefore, using Eqgs. (25) and (26), Eq. (23) can be simplified as shown in Eq. (9):

8203 :)0
X - )2 (9)
+

Using Eq. (9), the maximum energy can be determined whenw2 =1, and the maximum
0

W=—-mn

~
gle

energy is:

6202

Wmax = - (10)
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