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Abstract—Galfenol is an iron-gallium (Fe-Ga) alloy, rare earth-
free, with magnetoelastic properties and interesting mechanical
performances, which allows this material to be used in a wide
range of sensing and harvesting tasks. Such material shows,
among others, a strong dependence of the magnetic response to
stress and is suitable for stress sensing purposes. However, while
its response to applied compressive stress is well described, in
contrast, the behavior in tensile conditions is less addressed and
requires a different setup for characterization. To this purpose, in
order to have a complete knowledge of the sample characteristics
in tensile stress working condition, a laboratory facility has been
designed and built up. In the present paper, we show the main
features of the experimental test bed, together with the first
experimental results obtained on Galfenol sheets.

—Magnetostrictive materials, Galfenol, energy
harvesting

I. INTRODUCTION

Smart materials are materials that, as a reaction to changes

in the surrounding environment, modify one or more physical

properties (mechanical, electrical, magnetic, optical, thermal,

etc.). Due to this peculiar characteristic, they can be used

for many applications such as sensors, actuators, energy

harvesters. Many of them are nowadays commonly adopted:

piezoelectrics, shape memory polymers or shape memory

alloys, electroactive polymers, hydrogels, etc. Among them,

magnetostrictive materials are of peculiar interest, due to their

high internal energy density and their speed in reaction to

an external stimulus. Similarly to piezoelectrics, that react to

changes in electrical fields, magnetostrictive materials react to

magnetic fields. Thus, they can be used as sensors since the

measurement of their magnetic properties allows to detect the

external stress to which the sample is subjected, or they can

be used as actuators by exploiting their deformation under the

application of an external magnetic field. Moreover, multifunc-

tional materials could represent the paradigm for stand-alone

low power environmental sensors with the harvesting facility

in the same device.

With respect to piezolectrics, these materials offer better

mechanical and machinable properties, larger specific energy

density, larger elongation, longer lifetime ( [1], [2]). They have
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been proposed as energy harvesters through the exploitation of

the so-called Villari [3] effect, which consists in the variation

of the magnetic induction inside the material due to the

application of a mechanical (traction or compression) stress.

The resulting magnetic flux variation across a suitable electric

coil, wrapped around the material, can induce a voltage across

the coil terminals, thus accomplishing the conversion from

mechanical to electric energy. In this context, they could be

used to supply a network of sensors installed to continuously

monitor the operation of a neuralgic infrastructure, by coupling

them to a rechargeable battery or to a super-capacitor [2].

Moreover, their properties open up the possibility of using

them as magnetic field sensors in certain specific applications,

as an alternative to Hall sensors.

Rare elements such as Terbium and Dysprosium show gi-

ant magnetostrictive effects, although only at cryogenic tem-

peratures [5]; Terfenol-D, a Terbium-Dysprosium-Iron alloy,

developed in the 1970s at the Naval Ordinance Laboratory,

shows the largest room temperature elongation when subject

to relatively low applied magnetic field [6]. However, Terfenol-
D is extremely sensitive to temperature variation, it cannot be

easily mechanically processed, and its fragility does not allow

its use in applications where relevant mechanical robustness is

required. About thirty years later, an Iron-gallium alloy, com-

monly known as GalFenol, was developed in the framework of

a collaboration between Naval Surface Warfare Center Carde-

rock Division (NSWCCD) and the DOE’s Ames Laboratory

(USA). Differently from Terfenol-D, it can function while in

tension, has greater mechanical robustness, better mechanical

workability and high Curie temperature (about 600 °C), which

makes it attracting to be used in many fields and also in harsh

environments. For example, one notable application could

be in measuring fields in tokamaks (magnetic confinement

nuclear reactors) [7]. Such material could also be used as

actuator in precision-driven applications or, additionally, in

active anti-vibration systems, anti-clogging devices for spray

nozzles, non-destructive analysis, etc.

A layout, in the form of a cantilever seems quite promising

in environmental vibration energy harvesting application (so

called KEH, Kinetic Energy Harvesting) [6]. The modeling

analysis, subtending the harvester design, requires an accu-

rate identification of the material response under magneto-
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mechanical loading. While the behavior under compressive

stress is well documented in the literature, only a few works

have investigated the experimental characterization and the

modeling under tensile solicitation ( [9], [10]). At this aim

an experimental test-bed has been built for the tensile char-

acterization of magnetoelastic GalFenol samples. The present

paper is dedicated to show the main features of the setup and

to present the first experimental results.

II. EXPERIMENTAL SETUP

The experimental facility has been set up in the “Laboratory

of Circuits” at the University of Naples Federico II. In the

following, we provide a detailed description of its main

components and circuits and of the materials under test. The

setup has been optimized for the characterization of Galfenol
sheets having the following dimensions: length L = 180mm,

width W = 20 mm, thickness δ = 0.75 mm (Fig. 1). We

remark that the samples under test have not undergone

stress-annealing treatment.

Fig. 1. Fe-Ga sample sheet

A. Magnetic sensor

In order to characterize the magnetoelastic response of

the sample, a suitable magnetic circuit has been designed.

The magnetic circuit allows AC magnetization through an

excitation coil formed by N1 turns, which can be placed at

any point in the magnetic circuit, and includes a pick-up

(detection) coil composed of N2 turns, wrapped around the

Galfenol sheet (Fig. 2).

The magnetic circuit has been designed in order to guarantee

the following features:

• reach high magnetization level of the core;

• ensure uniform magnetization;

• not generate unwanted losses;

• reduce leakage flux.

A C-shaped core has been adopted, made out of a soft mag-

netic material (NiZn) of cross section S = 28 mm x 20 mm;

the distance between the legs is equal to d = 70mm. The core

has been preliminarily characterized by adding an I-shaped

bar in order to form a closed magnetic circuit. The bar is

made of the same material and has the same cross section.

The mean saturation field is about Bs = 0.45 T, the coercive

field is Hc = 300 A/m and the initial permeability is about

μr = 3300 (Fig. 3) at the working frequency of 10 Hz.

The core thickness is equal to the width of the sample sheet,

which ensures a sensible reduction of the leakage flux; its cross

section is SFe = 560 mm2 about 37 times greater than the

Fig. 2. schematic of the magnetic circuit

Fig. 3. B-H characteristic of magnetic yoke

cross section of the sheet SGa = 15 mm2, in order to avoid

the saturation of the ferrite core during the tests. In fact, in

the hypothesis of perfect flux tube, if the saturation induction

of the Galfenol sample is BGa = 1.5 T, the induction in

the ferrite core would be BFe = BGaSGa/SFe = 0.04 T.

Moreover, the sample sheet is longer than the core, so that

the sample can be easily gripped between the clamps for the

tensile test (Fig. 4). Indeed, the shape of the sample is not

optimized, since it has not the classical ”dog-bone” profile;

however, the surface of contact with the clamps is sufficient

to apply a significant tensile stress up to 30MPa without the

slipping of the sheet.

The excitation coil is composed of N1 = 180 turns made

with a copper conductor with diameter Dc1 = 0.75 mm,

arranged in two layers, wrapped directly on the ferrite core.

Taking into account the medium length Lm = 370mm of the

magnetic circuit and a maximum sinusoidal current flowing in

the bobbin equal to I1 = 14 Arms, an average magnetic field
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Fig. 4. test sample between the clamps

< H >= 6.8 kArms/m can be obtained, sufficient to reach

deep saturation of the Galfenol sample.

The sheet is housed in a 3D printed support system which

enables the steady contact of the plate with the magnetic core:

in this way the sample can be easily inserted between the

legs of the yoke and/or removed with facility (Fig. 5). The

N2 turns forming the pickup coil are not directly wrapped

around the sample sheet, but around the 3D printed support,

so that different samples can be tested using a single winding.

The pick-up coil is distributed along the plastic support and

is formed by two windings connected in series, each formed

by 300 turns. The detection winding is thus formed by

N2 = 600 turns, made with a copper conductor with diameter

Dc2 = 0.2 mm, which are suitable for the measurement of the

induced voltage even with applied fields at very low frequency

values (i.e. f = 5Hz). The total area enclosed by the pick-up

winding has the same order of magnitude of the cross-section

of the sheets, thus limiting the air flux linked by the detection

coil. The space between the two detection windings is suitable

for the insertion of strain gauges for the measurement of the

strain induced during the tensile tests.

Fig. 5. test sample between the clamps

B. Instrumentation adopted
A sketch of the excitation and detection circuit is shown

in Fig. 6. A modular National Instruments USB system

(NI CompactDAQ cDAQ-9174), equipped with one input

module 9222 and one output module 9263, has been adopted.

Both modules have 16 bit resolution and, respectively, 500

kSa/s and 100 kSa/s simultaneous sampling frequency.

Module 9263 has been adopted to generate the power supply

reference signal Vref (t), while module 9222 has been used

to acquire the experimental data. Each input channel has

its own Analog-to-Digital-Converter (ADC) enabling the

simultaneous recording of the supply voltage v1(t), the

supply current i1(t) and the induced voltage at the sensing

coil e2(t). The experiment is controlled by a specific software

developed in MATLAB environment.

Fig. 6. schematic of the experimental setup

The output signal Vref (t) is used to set the amplitude and

the frequency of the primary current; it is the input to a Kepco

Bipolar linear amplifier model BOP 20-20DL4886 (nominal

power 400 W, voltage up to ±20 V, current ±20 A). The

amplifier is used in the current-controlled mode, in order to

impose the magnetic field in the sample, and is specifically

designed for inductive loads. A current probe Tektronix A622

(100 mV/A) is used for primary current transduction.

A dual column Universal Testing Machine (UTM), model

LD5 produced by Ametek, with capacities up to 5 kN, has

been adopted for fixing the tensile stress. The machine has

a crosshead travel range of 1070 mm and crosshead speed

ranging from 0.0001 up to 1270 mm/min; it is equipped with a

load cell up to 250 N and is controlled by a Nexygen software.

The whole laboratory setup is shown in Fig. 7.

III. EXPERIMENTAL RESULTS

In the following, the first experimental results are shown and

commented on, to show the main features of the Laboratory

setup and introduce the effects of stress on the Galfenol
samples.

A. Preliminary characterization
Tests have been carried out on a sheet having thickness δ =

0.75mm, with no mechanical stress applied (i.e. σ = 0MPa).
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Fig. 7. photo of the laboratory setup

Two test arrangements have been prepared: a) with the sample

fixed, in vertical position, to the clamps of the traction ma-

chine; b) with the sample in horizontal position, not connected

to the clamps. The sample has been subjected to sinusoidal

magnetic fields of equal amplitude and variable frequency

(from 2 Hz up to 40 Hz). No differences have been found

between the two arrangements, thus verifying that the clamps

and the whole traction machine have no influence on the

experimental results. From Fig. 8, it is possible to observe that,

when applying a sinusoidal driving current i1(t) at 5 Hz with

an amplitude I1(max) = 5 A, due to the non-linearity of the

magnetic circuit, both the voltage v1(t) measured across the

excitation winding and the induced voltage e2(t) are sensibly

distorted.

The (B −H) characteristic of the sample can be obtained

by expressing the Farady’s law of induction as:

e2(t) = −dΦ

dt
= −N2SGa

dB

dt
(1)

where Φ is the magnetic flux linked with the pickup coil

and B the magnetic induction. By time integrating the induced

voltage e2(t) it is then possible to obtain the induction field

as:

B(t) = − 1

N2SGa

∫
e2(t)dt (2)

The integration is numerically executed in Matlab environ-

ment in a post-processing phase.

In Fig. 9 we can observe the measured hysteresis cycles for the

Galfenol samples at different applied frequencies. The curves

show a saturation induction of about Bsat = 1.5 T and a

coercive field Hc = 40A/m measured at 5 Hz. Moreover, an

analysis of the energy loss as a function of frequency shows

that between 2 Hz and 5 Hz the increase in losses is almost

negligible (about 0.9 %), while between 2 Hz and 40 Hz
it becomes relevant (about 32 %) as a consequence of the

circulation of eddy currents.

Fig. 8. Measured v1(t) and e2(t) with no stress

B. Quasi-Static characterization

The quasi-static characterization of the material is con-

ducted by applying different constant traction force values.

The following procedure has been adopted:

1) the force F is reached with a small rate of 20 N/s;
2) the force F is kept constant for 30 seconds;

3) magnetic field is applied and acquisition is performed;

4) current supply is switched off;

5) procedure is repeated starting from step 1)

In Fig. 10 we show the results of the characterization

performed at 5 Hz with an applied current of amplitude

I1(max) = 6.5 A. From the analysis of the (B −H) cycle it

is possible to observe that the steepness increases with the

applied force. Moreover, the characteristic, that is strongly

nonlinear at low values of the applied stress σ, tends to become

almost linear with increasing force. The initial permeability

ranges from a value of μr = 1100, in the absence of stress,

to a value of approximately μr = 4400 corresponding to a

stress value of σ = 16 MPa. Also, the field required for

the complete magnetization tends to decrease with increas-
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Fig. 9. Measured B−H characteristic at different frequencies with no stress

ing stress, although further tests are needed, with increasing

applied magnetic field, to quantify such an aspect.

Besides the analysis of magnetic characteristic curves, an

insight on the magnetoelastic properties of Galfenol can be

obtained by the magnetostrictive curves (ε,H), showing the

strain (elongation) ε as a function of the magnetic field at

different values of the applied stress σ and by the mechanical

characteristic curves (ε, σ), showing the variation of strain as

a function of the applied mechanical stress, at different values

of the magnetic field. For energy harvesting applications, the

flux density variation curves (ΔB, σ) as a function of the

applied cyclic stress at different magnetic bias conditions have

to be measured in order to quantify the exploitation of the

Villari effect, together with the Faraday’s law. Moreover, the

magnetoelastic response with respect to geometry and aspect

ratio has to be investigated. Such aspects will be the subject

of future activities.

Fig. 10. Measured B −H characteristic with applied tensile stress

IV. CONCLUSIONS

In this paper we presented a laboratory setup for the

tensile characterization of magnetoelastic materials. The main

features and potentialities of the test-bed have been put in

evidence, together with the proposals for further refinements

of the experimental platform. The aim is to provide the design

hints for a prototype energy harvester or sensor.
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