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ABSTRACT

The characterization and application of magnetoelastic materials to problems of vibration control is

tackled in this thesis. Although this subject has been thoroughly studied since the nineteenth century,

and despite the fact that this type of material is currently of topical interest due to their use as smart

materials in several fields of science and engineering, there is room for further research in this field,

specially in topics concerning measurement and application of ∆E- and ∆Ψ- effects.

Throughout this work, several contributions can be found. First, a new experimental system for

measuring both ∆E- and ∆Ψ- effects, simultaneously, has been developed with new or improved fea-

tures. Second, this new experimental system has been used to characterize in depth the three classical

ferromagnetic materials, nickel, cobalt and iron, and also Terfenol-D, a special alloy which shows a great

magnetoelastic response. Third, the influence of internal stresses on both ∆E- and ∆Ψ- effects has been

studied by means of different heat treatments applied to nickel specimens. And fourth, the more suit-

able materials regarding their ∆E- and ∆Ψ- effects were selected and applied to novel ways of vibration

control.

The results obtained in the different parts of this thesis are, in our humble opinion, very valuable.

Regarding the new experimental system, the improvements endow the method with notable advantages

over other techniques, such as lack of mechanical or magnetic interaction with the specimen, high accuracy

and resolution in magnetic field, speed of measurement, no need for sample preparation, possibility of

studying stress dependence, full automation and integration of the measurement and post-processing

stages. Regarding the measurement of ∆E- and ∆Ψ- effects, our results agree with the literature but

provide better accuracy. Terfenol-D shows the highest ∆E-effect (95%), followed at a great distance

by nickel (3.75%), cobalt (0.60%) and iron (0.22%), whereas the ∆Ψ-effect is high in all cases (40%

in most cases, 80% in nickel). Regarding the influence of internal stress, it is stated that annealing

treatments leading to lower internal stresses maximize the magnetoelastic behaviour of the material, as

in the instance of nickel were the ∆E- and ∆Ψ- effects were maximized from 3.75% to 13.00% and from

80% to 99.99%, respectively. Finally, regarding the vibration control problem, two different strategies

were tested: passive control and adaptative-passive control. Both methods showed excellent results in

terms of reduction of the establishing time in free vibration (63% with annealed nickel) and in terms

of reduction of the magnification factor in forced vibration (34% with annealed nickel and 64% with

Terfenol-D).
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RESUMEN

La caracterización y aplicación de materiales magnetoelásticos a problemas de control de vibraciones

se afronta en esta tesis. Aunque este tema ha sido ampliamente estudiado desde el siglo XIX, y a pesar

del hecho de que este tipo de materiales presentan un interés muy actual debido a su uso como materiales

inteligentes en numerosos campos de la ciencia y la tecnología, aún hay espacio para nuevas investigaciones

en este campo, especialmente en temas concernientes a la medida y aplicación de los efectos ∆E y ∆Ψ.

A lo largo de este trabajo pueden encontrarse numerosas contribuciones. En primer lugar, un nuevo

sistema experimental para la medida de los efectos ∆E y ∆Ψ, simultaneamente, ha sido desarrollado con

características nuevas o mejoradas. En segundo lugar, este nuevo sistema se ha usado para caracterizar en

profundidad los tres materiales ferromagnéticos clásicos, níquel, cobalto e hierro, y también Terfenol-D,

una aleación especial que muestra una gran respuesta magnetoelástica. En tercer lugar, la influencia de

las tensiones internas en los efectos ∆E y ∆Ψ ha sido estudiada por medio de diferentes tratamientos

térmicos aplicados a especímenes de níquel. Y en cuarto lugar, los materiales más adecuados respecto a

sus efectos ∆E y ∆Ψ fueron seleccionados y aplicados a novedosos modos de control de vibraciones.

Los resultados obtenidos en las diferentes partes de esta tesis son, en nuestra humilde opinión, muy

valiosos. Respecto al nuevo sistema experimental, las mejoras confieren al método notables ventajas

sobre otras técnicas, como ausencia de interacción mecánica o magnética con la muestra, alta precisión y

resolución en campo magnético, rapidez de medición, preparación de la muestra no necesaria, posibilidad

de estudio de la dependencia de la tensión, plena automatización e integración de las fases de medida y

post-procesado. Respecto de la medida de los efectos ∆E y ∆Ψ, nuestros resultados están de acuerdo con

la literatura pero proporcionan una mayor precisión. El Terfenol-D muestra el mayor efecto ∆E (95%),

seguido muy de lejos por el níquel (3.75%), cobalto (0.60%) e hierro (0.22%), mientras que el efecto ∆Ψ

es elevado en todos los casos (40% en la mayoría de los casos, 80% en níquel). Respecto la influencia

de las tensiones internas, se afirma que los tratamientos de recocido conducentes a menores tensiones

internas maximizan el comportamiento magnetoelástico del material, como en el caso del níquel donde

los efectos ∆E y ∆Ψ fueron maximizados desde un 3.75% hasta un 13% y desde un 80% hasta un 99.99%,

respectivamente. Finalmente, respecto al problema del control de vibraciones, se probaron dos estrategias

diferentes: control pasivo y control pasivo-adaptativo. Ambos métodos muestran resultados excelentes

en términos de reducción del tiempo de establecimiento en vibración libre (63% con nickel recocido) y en

términos de reducción del factor de amplificación en vibración forzada (34% con níquel recocido y 53%

con Terfenol-D).
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SCOPE AND STRUCTURE

This thesis is part of a group study on the magnetoelastic characteristics of nickel specimens. In the light

of previous results, two motivating factors were found to conduct the work in this thesis. First, to advance

in the characterization of magnetoelastic materials by means of improving the experimental system and

widening the range of materials studied. Second, to provide a novel way of tackling the vibration control

problem via the use of magnetoelastic materials.

The thesis is organized as follows:

• Chapter 1 deals with the introduction of the different subjects discussed in the report. In particular,

the issues of magnetism, magnetic materials and magnetomechanics are briefly reviewed from a

historical point of view.

• Chapter 2 tackles the state of the art of the main parts of this work, such as experimental systems

for magnetoelastic characterization, characterization of magnetoelastic properties and application

of magnetoelastic materials to vibration control problems.

• Chapter 3 deals with the development of a novel experimental system for measuring magnetoelastic

properties with improved features in comparison to existing techniques in the literature.

• Chapter 4 covers the characterization of several magnetoelastic materials and the study of the

influence of internal stresses.

• Chapter 5 deals with the theoretical and experimental application of the materials studied to

vibration control problems.

• Chapter 6 discusses the results obtained, points out future developments and summarizes the con-

tributions of this work.
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Chapter 1
Introduction

“And God said:

∇ · E⃗ = S

∇ · H⃗ = 0

∇× E⃗ = − 1
c
∂H⃗
∂t

∇× H⃗ = −1
c
∂E⃗
∂t + S u⃗

c

and there was light.”

Anonymous

1.1 A brief history of magnetism

Magnetism has always been surrounded by a mysterious aura. Very few things are more fascinating

for a child than observing the “magic” movement of a couple of magnets for the first time or

trying in vain to join their positive poles. Maybe only gravity, another “invisible” force, could compete

in interest, but we are probably too used to it. Fortunately or unfortunately, at some stage one stops

being a child and realizes that science has already unveiled some of those nice mysteries. Not all of them,

though.

Nevertheless, this has not always been the case. Setting the Chinese people aside, which used a

compass about 1400 a.C., the history of magnetism may be considered to start in the legend recounted

by Pliny the Elder about a young Greek shepherd called Magnus. From what this well known naturist

said, about 900 a.C. the shepherd was taking after his flock when he was astounded to discover how the
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1.1. A brief history of magnetism

end of his walking stick and the nails of his sandals jumped out and got stuck to the black stones he was

walking on. If it was the shepherd Magnus who came up with the name for the mineral, or if it was given

to it later referring to the north region of Greece called Magnesia, where he was, is part of the legend,

but the truth is that the stone has ever since been known as “magnetite” [1, 3].

Figure 1.1: Magnetite (Source: Dr. Steve

Chamberlain’s Collection).

Magnetism lived in the shadow until the year

1269 when Pierre Marincourt described a compass

with natural spherical magnets. That is why the

first navigating compasses started to be used in

Europe from 1300 approximately. Nevertheless,

we would have to wait until the year 1600 for find-

ing the first scientific study related to magnetism.

It was titled “De Magnete, Magneticisque Cor-

poribus, et de Magno Magnete Tellure” by William

Gilbert, who not only contributed a full expla-

nation for how the compass works and the first

representation of the Earth’s magnetic field, but

also banished the old superstition that had im-

pregnated magnetism [1].

Nevertheless, scientific work on magnetism became anchored in still waters for almost two centuries

since the scientific community was mainly puzzled by a new phenomenon: electricity. Magnetism was not

in fashion again until some scientists ventured to predict a relation between both phenomena, but none of

them was able to demonstrate neither theoretically nor experimentally such a connection. It came in 1820,

and it was the Danish physicist Hans Christian Oersted who finally built the bridge between electricity

and magnetism. He had an idea on his way to his habitual class in the University of Copenhagen: if static

electricity does not affect magnets, maybe an alternate current does. Before the astounded students, he

placed a voltaic pile on the table, connected both poles via a platinum wire and brought a compass close

to the wire. It stopped pointing to the North to remain perpendicular to the wire. After discarding

the influence of air currents due to the warming of the wire and checking the flip of the needle when he

changed the polarity of the battery, Oersted had no doubt about the interaction between magnetism and

electric currents in movement. The French journal “Annales de Chimie et de Physique”, where he sent

his article, neither. Electromagnetism, as Oersted called it, was just born [4].

Attracted by the recent discovery, the physicist and mathematician André-Marie Ampère found that

two electric currents also generated a force between each other. This and other works brought him to the

idea that natural magnetism was due to an electric current which circulated within magnetized bodies,

with every molecule working as a small electromagnet.

2



1. Introduction

Not much later, in 1831, Michael Faraday tied up all the loose ends by discovering the opposite

interaction to that discovered by Oersted, the electromagnetic induction, that is, the influence of magnetic

field on the electric potential within wires. Electromagnetism was then a fact, but the contribution of

Faraday to science did not end there. Despite his little training and his lack of deep mathematical

knowledge, the actuation “from a distance” of gravitational and electromagnetic forces failed to please his

well developed physicist sense. His imagination required “something” distributed within the continuum

space. Something having a value at each point. Nowadays, this concept is commonly known as a “field”,

whose lines in the case of magnetic interaction can be visualized by spreading fine particles of iron in the

surroundings of a magnet.

Figure 1.2: Magnetic lines of force around a magnet

(Source: Public domain).

Forces between distant objects were now con-

sidered the result of immediate interactions be-

tween the surrounding fields, but it was still nec-

essary to mathematically formalize these ideas,

something that was finally achieved in 1873 by

a great Scottish mathematician, James Clerk

Maxwell, by means of his famous four laws of elec-

tromagnetism gathered in his book “Treatise on

Electricity and Magnetism”. The nature of these

laws is so deep that their formulation survived the

two scientific revolutions of the last century: rela-

tivity and quantum mechanics.

Figure 1.3: James Clerk Maxwell

(Source: Public domain).

Once the principles of electromagnetism had been described and

settled, only the mystery of its origin remained. James Alfred Ewing,

about 1900, was the first to look into the problem from an atomic

point of view [3] and laid down the basis for the later works of Paul

Langevin and Pierr-Ernest Weiss in the study of the different types of

magnetic materials depending on their electronic configuration.

In spite of the well known ins and outs of the electromagnetic in-

teraction at that moment, the larger increment of publications about

magnetism and magnetic materials took place along the twentieth cen-

tury. This fact was mainly driven by the art of war of the Second World

War and the coming on stage of the quantum mechanics which allowed

researchers to go more deeply into the origin of magnetism from an

atomic level.

Nowadays, magnetism is a branch of science perfectly studied and understood where only a few details

3



1.2. Magnetic materials

and emerging applications require the attention of the scientific community. Nevertheless, this is not the

case for the vast majority of people, for whom, paraphrasing the American writer and humorist Dave

Barry, “magnetism, as you recall from physics class, is a powerful force that causes certain items to be

attracted to refrigerators”.

1.2 Magnetic materials

Magnetism, setting macroscopic currents aside, comes basically from two types of movement of

atomic particles. These are the orbital motion of the electron in the surroundings of the nucleus

and the spin motion, which may be pictured as a rotation of the electrons around themselves.

Figure 1.4: Classic atomic model.

These movements generate, respectively, an orbital and a

spin magnetic moment, both of them contributing to a net

magnetic moment which is called atomic magnetic moment.

In general, electrons form pairs of opposite spin complet-

ing electronic shells according to Pauli’s exclusion principle,

which results in a null atomic magnetic moment. Neverthe-

less, different electronic configurations are possible, giving

rise to all the different types of magnetic materials.

As was said before, magnetic materials have been widely studied and their inner workings can be

suitably described from a point of view based on quantum mechanics. However, a good description of the

particular features of magnetic materials can be also undertaken from a classical viewpoint. In general,

the magnetic materials can be considered to behave according to one of the following patterns [2, 3]:

• Diamagnetism: Within diamagnetic materials there are no unpaired electrons, which means that the

spin magnetic moment does not contribute to any macroscopic effect. In these cases, magnetization

is achieved via modifications in the orbital configuration of electrons. Classically speaking, the

Lorentz’s force provoked by an external field changes the centripetal force of the electron and it is

brought nearer to or farther from the nucleus. This increases the orbital magnetic moments against

the applied field. This behaviour is characteristic of every material in nature, and it could achieve

magnetic levitation of water or even living creatures [5], but in general this repulsion is so weak

that it is not noticed.

• Paramagnetism: These materials show some unpaired electrons which are free to align in any

direction since they are not fixed by the Pauli’s exclusion principle. Without any magnetic field

applied, thermal agitation facilitates their random alignment and the consequent null net magnetic

moment, but when an external field is applied, spin magnetic moments tend to align in its direction
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Figure 1.5: Diamagnetic levitation of a frog and a drop of water (Source: High Field Magnet Laboratory,

Radboud University).

and a non-null net magnetic moment appears. As a result, magnetized paramagnetic materials are

attracted to the source of the field.

• Ferromagnetism: Ferromagnetic materials also show unpaired electrons but, unlike paramagnetic

materials, these tend to spontaneously align their non-null atomic magnetic moments. As a result,

different regions of the material, called “magnetic domains” or “Weiss domains”, become magnetically

saturated. Initially, every domain magnetic moment is placed randomly due to thermal agitation

and the material does not show macroscopic magnetization, but in the presence of an external field

the domains point in the direction of the field. This kind of structure make these materials the

most interesting both scientifically and industrially because of their inherent properties. The classic

ferromagnetic materials are the first metals of the Groups VIII, IX and X of the Periodic Table of

the Elements: iron, cobalt and nickel [2].

• Antiferromagnetism: An effect similar to the previous one is observed in these materials but in

this case one unpaired electron aligns its atomic magnetic moment anti-parallel to his neighbours.

Thus, saturated zones are again formed in these materials, but they follow a regular pattern of

two sublattices (one for atomic magnetic moments in one direction and another for those in the

opposite one). Obviously, one sublattice cancels its neighbouring sublattice, so the substance is

not magnetized when no external field is applied. When it is applied, a kind of ferromagnetic

behaviour may be displayed, and the magnetic moment of one sublattice differs from that of the

other, resulting in a nonzero net magnetization.

• Ferrimagnetism: This case is like the previous one but both sublattices contain different ions with

different valencies and consequently different atomic magnetic domains. Then, unlike antiferromag-

netic materials, when no field is applied one sublattice does not cancel its neighbouring sublattice.

After applying a field, these materials behave like ferromagnetic ones but with less intensity. This

is the case of the famous magnetite.

• Other types of magnetism: researchers, as a result of the continuous advances in this field, have

5



1.2. Magnetic materials

observed other kinds of magnetic behaviours such as superparamagnetism, superdiamagnetism,

metamagnetism and spin glass or magnetic frustration.

A brief description of the magnetic domain theory or Weiss theory which rules ferromagnetic materials

deserves to be included now. From a simplified point of view, the formation of magnetic domains responds

to a minimization process of different types of energy [1, 3]:

• Magnetostatic energy, by means of which magnetic moments tend to align in opposite directions.

• Exchange energy, with origin in quantum mechanics, which tends to align magnetic moments in

the same direction, especially at short distances.

• Anisotropy energy, which facilitates or hinders the orientation of magnetic moments depending on

crystallographic directions of the material.

Easy axis

Wall

Wall

Domain 1

Domain 2

Figure 1.6: Structure of a 180-degree domain wall

(Source: [1]).

This minimization process leads to the spon-

taneous formation of magnetic domains, and

consequently, to the appearance of domain

walls (the so-called Bloch frontiers) between

adjacent domains. These walls do not mean

an abrupt change between one atom and the

next, but a progressive rotation along a wall

of several atoms, the thickness of which will

be defined by the competition between the

exchange energy (which tries to enlarge it)

and the anisotropy energy (which tries to re-

duce it because its atoms are not oriented in

preferred directions) [1]. When a magnetic

field is applied to a ferromagnetic material,

the magnetic domains will tend to align with

the direction of the applied field via three different mechanisms [1]:

• Reversible displacements of domain walls.

• Irreversible displacements of domain walls.

• Reversible rotation of domains.

On the one hand, displacement of domain walls is achieved by a progressive rotation of atomic spins of

the wall, where it is possible to distinguish between 180-degree walls, in which the spins rotate by 180◦

6



1. Introduction

from one domain to the other, and 90-degree walls, in which the spins rotate by 90◦ or so (for a substance

with easy directions <111>, they form 180◦, 71◦ and 109◦, but the two latter orientations are usually

referred to as 90-degree walls) [3]. The difference between reversible and irreversible displacements is

given by the existence of defects in the crystal lattice which act as hindrances to wall motion and make

the domain walls become pinned or snagged, preserving their parallel orientation even when the external

field is removed. On the other hand, reversible rotation of domains occurs when field intensity is high and

involves the rotation of the full domain, leading to a single domain structure and making the substance

behave like a non-magnetic material when it is magnetically saturated.

Demagnetized Partial magnetization

Knee of magnetization curve Saturation

Cristal axes Magnetic fieldCristal axes

Powder pattern Interpretation of pattern

(a) (b)

Figure 1.7: Magnetic domains: (a) Domain wall observation by means of the powder patter method and its

interpretation and (b) scheme of domain motion (Source: [2]).

1.3 Magnetomechanics

Magnetomechanics can be defined as a branch of physics dealing with the mutual interaction between

strain and magnetization. That is, the mechanical properties depend on the magnetic state of

the material and vice versa. Today, several phenomena may be grouped under the name “magnetome-

chanics”, but the first to be discovered was the magnetostriction phenomenon, and the honour of this

discovery can be granted to James Prescott Joule. He observed that the length of iron rods increased

after being subjected to magnetic fields [6]. This initial finding gave way to the discovery and study of

other magnetomechanical interactions which we deeply understand today.

The recent review of magnetic materials by D.C. Jiles [7] provides a classification of magnetome-

chanical effects in a straightforward and understandable way. He distinguishes between two different

effects depending on the reversibility or irreversibility of the modified magnetic or mechanical properties:

magnetoelastic effects, in which the recovery of the altered properties is reversible, and magnetoplastic

(also called magnetic shape memory effects), when materials do not necessarily recover their initial state
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1.3. Magnetomechanics

simply on removal of the magnetic or mechanical action. This thesis is focused on the study of the former,

so we will briefly describe the most important magnetoelastic effects next.

Magnetoelastic effects can be grouped in two main categories: direct phenomena, in which the elastic

properties change when the magnetic state of the material is altered, and indirect phenomena in which,

conversely, it is the mechanical strains what influences the magnetic properties. The following list shows

the main direct and indirect magnetoelastic effects in accordance with the works of E. du Trémolet de

Lacheisserie and Z. Kaczkowski [6, 8]:

• Direct magnetoelastic phenomena

� Volumetric magnetostriction: This effect consists in an isotropic variation of the volume of a

magnetic material, which can be either forced or spontaneous. In the former case, the effect

shows as an anomalous variation of the lineal coefficient of thermal expansion near the Curie

temperature. In the latter case, the volume variation occurs for every temperature as a result

of the applied magnetic field.

� Magnetostriction or Joule magnetostriction: This kind of magnetostriction, named in honour

of its discoverer James Prescott Joule [9], differs from the volumetric magnetostriction in the

anisotropic nature of the deformation.

� Wiedemann effect: As G.H. Wiedemann first published in [10], a torsion is generated in any

thin and long ferromagnetic specimen subjected to an electric current and placed simultane-

ously within a longitudinal magnetic field.

� ∆E-effect: A. Guillemin, in 1846, discovered this effect after noticing that the curvature of

a ferromagnetic cantilever beam decreased when it became magnetized. It consists, as he

stated in his work [11], in a variation of the Young’s modulus of the magnetic material when a

magnetic field is applied. This variation also affects the shear modulus, but this case is referred

to as the ∆G-effect.

� Magnetomechanical damping: This effect implies a variation of damping when an external

magnetic field magnetizes the specimen. In this work we will describe magnetomechanical

damping in terms of specific damping capacity and, for symmetry in nomenclature with the

previous effects, we will refer to this one as ∆Ψ-effect.

• Indirect magnetoelastic phenomena

� Nagaoka-Honda effect: This effect, described in [12] by its authors N. Nagaoka and K. Honda,

can be considered as the inverse effect of volumetric magnetization. Since the energy of elec-

trostatic interaction which is responsible for magnetism strongly depends on inter-atomic dis-

tances, a variation of pressure, and consequently of material volume, involves changes in mag-

netic properties such as Curie temperature or spontaneous magnetization.
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� Villari effect: It is simply the inverse version of the Joule magnetostriction, and refers to the

way in which strains modify the magnetization curve of a ferromagnetic material. Its name

honours the discovery of E. Villari described in [13].

� Inverse Wiedemann effect: When a thin and long specimen of ferromagnetic material is placed

within a magnetic field along its longitudinal axis, the inverse Wiedemann effect refers to the

fact that the field itself will change and that another circular field will appear as a result of

the electric current between the edges which is induced when the material undergoes torsion.

Sometimes, this effect also receives the name of Mateucci effect since it was he who first

observed and described the phenomenon in [14].

� Contributions to magneto-crystalline anisotropy: This last group is a bit of a ragbag where all

the mechanical variations which involve modifications in the magnetic state of the materials

are included. In general, such modifications usually manifest themselves as variations in the

magneto-crystalline anisotropy, which justifies the name of this general set of effects.

Old theories about magnetoelastic effects within a continuum medium, sorted and revised by L.W.

McKeehan [15], were developed by researchers G. Kirchoff and J.J. Thomson, among others. They

stated a series of thermodynamical relations among elastic and magnetic variables. Later, the notion of

magnetoelastic matrix became famous since the work of D.A. Berlincourt about piezoelectric materials

[16]. All this knowledge allowed researchers to thermodynamically obtain the magnetoelastic matrices for

ferromagnetic materials which contain relations among thermal, mechanical and magnetic variables [6].

The magnitudes which can be mutually related are the entropy (S), the Gibbs function (G), and

the vectors of stress (τ ), strain (εεε), magnetic induction (B) and magnetic field strength (H). So, there

is a total of 55 coefficients which describe the coupling among these variables. The notation for these

coefficients includes natural positive subscripts to enumerate and superscripts to denote variables that

need remain constant for their determination. Particularly, there is 1 coefficient of specific heat (cτ,H),

there are 21 of elasticity (sT,H
ijkl ), 6 of magnetic permeability (µT,τ

ij ), 6 of thermal expansion (αH
ij ), 3 of

piromagnetism (iτj ) and 18 of piezomagnetism (dTijk).

Regarding magnetoelastic materials with small strains (which is denoted by adding the symbol δ), it

is possible to write eight equations, two of which deserve emphasis:

δεεε = sHδτ + d∗δH (1.1)

δB = dδτ + µτδH (1.2)

This pair of Equations 1.1 and 1.2 defines one of the four magnetoelastic matrices. In particular that
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1.3. Magnetomechanics

which relates the elastic and magnetic properties of a ferromagnetic material, which is the one used to

describe the features of magnetoelastic materials in several applications.
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(1.3)

Despite their early discovery and the vast quantity of work conducted to explain and understand

magnetomechanical phenomena, many years went by without any relevant technical application for mag-

netoelastic materials beyond those envisioned by the Swiss scientist Charles Edouard Guillaume, who in

1896 created some alloys of low thermal expansion, such as Invar or 36FeNi, for which he was awarded a

Nobel prize in 1920. In particular, it was necessary to wait until the Second World War in order to find

a new valuable application: the sonar (sound navigation and ranging).

Nonetheless, science had another heavy blow in store for these interesting materials since they became

quickly ousted by others which would turn into their strongest rivals: piezoelectric materials. These are

similar to magnetoelastic materials but involving electric rather than magnetic fields. Another difference

is that piezoelectric materials can easily achieve higher strains. Luckily (for magnetoelastic materials, that

is), Konstantin Petrovich Belov discovered giant magnetostriction effects (about 1%) in several metals

of the family of the rare earth elements. In spite of the fact that these effects were being achieved at

temperatures near the absolute zero and for very high magnetic fields, a whole world of possibilities was

opening up.

Nowadays, previous difficulties have been solved thanks to a new alloy called Terfenol-D, with com-

position Tb0.3Dy0.7Fe1.9 and developed in 1950s in the Naval Ordnance Laboratory of the United States

of America. This alloy is able to reach elongations of about 0.15% at ambient temperature and for mag-

netic fields below 1 Tesla. Its main applications are magnetomechanical actuators and sensors, acoustic

and ultrasonic transducers, electromechanical filters, naval systems of sonar and more recently MEMS

(Micro-Electro-Mechanical Systems) and NEMS (Nano-Electro-Mechanical Systems) [6].

Despite the fact that most magnetoelastic effects have been thoroughly studied, technical uses of

magnetoelastic materials come down mainly to the application of the Joule magnetostriction and the

Villari effect. Other magnetoelastic phenomena such as the ∆E- or the ∆Ψ- effects still have the potential
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to contribute to the solution of scientific and technical problems.

1.4 ∆E-effect

The possible existence of a change in elasticity with magnetization was first reported in 1846 by A.

Guillemin in his work [11] but it was not definitely established until the beginning of the twentieth

century with the work of K. Honda et al [17]. Later, the first explanation of this effect in terms of domain

theory was given by Akulov and Kondorsky in [18], which led to more detailed developments by, among

others, Kersten and Döring in [19] and [20], respectively.

Basically, when an unmagnetized ferromagnetic material undergoes tensile stress, its length increases

as a result of two mechanisms: the standard elastic strain, εel, described by Hooke’s law in solids and an

additional magnetoelastic strain, εme, resulting from the orientation of domains under stress. This latter

effect, which results from the magnetostriction associated with domain orientation, is responsible for the

fact that in ferromagnetic materials the Young’s modulus depends on the amplitude of strains and on

the intensity of magnetization [2].

σ

λS

ε

M=MS

M>0

M=0

Non-Magnetic

σ

E

Non-Magnetic & M=MS

M>0

M=0

ES

EH

E0

Figure 1.8: Magnetomechanical influence on the elastic modulus of ferromagnetic materials (Source: [2]).

The magnetic domain theory is able to predict the influence of combined magnetic and mechanical

effects on the elastic modulus. In order to qualitatively understand it, Figure 1.8 is provided and analyzed

next:

• If the material is non-ferromagnetic, the behaviour of the material under mechanical stress will be

that of a typical elastic material, with a linear dependence of strain on stress. The Young’s modulus

will be the same as that for a magnetically saturated ferromagnetic material, that is, ES.

• If the material is ferromagnetic but is not initially magnetized (M = 0), the stronger the stress is,

the higher the additional elongation. This is true up to a maximum elongation called saturation
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1.4. ∆E-effect

magnetostriction λS. From this point on, the relation between stain and stress becomes linear and

is defined by the same slope ES (if the material remains in the elastic range of strains).

• If the ferromagnetic material is initially magnetized (M > 0), the initial elongation in the absence

of stress is not zero because of magnetostriction. After stress is applied, the Young’s modulus will

tend to its saturation value ES as in the previous case.

• Finally, if the material is under the effect of a saturating magnetic field, the initial elongation is

exactly the saturation magnetostriction and the material behaves as a non-magnetic material with

a constant elastic modulus denoted by ES.

As a result of these two types of strain, elastic and magnetoelastic, the modulus in the demagnetized

state ED is:

ED =
σ

εel + εme
(1.4)

and the modulus in the saturated state ES is:

ES =
σ

εme
(1.5)

These two relations lead to the expression of the ∆E-effect between the demagnetized and saturated

states for a given stress σ:

∆ESD

ED
=

ES − ED

ED
=

εme

εel
(1.6)

In what follows we will consider only the field-dependent elastic modulus, i.e., only the variation of

modulus from a change in its magnetic state. Then, a general expression for the ∆E-effect from the

demagnetized state to a specific applied magnetic field is:

∆EHD

ED
=

EH − ED

ED
(1.7)

with EH being the Young’s modulus for a specific magnetic field H assuming a constant stress σ.

The reason for measuring this magnitude lies in the wealth of direct and indirect information it

provides: directly, it shows the influence of magnetic field and stress in acousto-elastic measurements

and in the performance of magnetic materials; indirectly, ∆E-effect provides significant details about the

anisotropy and domain structure (orientation of easy axes) of the material.
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1.5 ∆Ψ-effect

A structure vibrates when it is subjected to external fluctuating forces. If the frequency of the

exciting force coincides with one of the natural frequencies of the structure, the amplitude of

vibration will increase until the energy dissipated is equal to the externally supplied energy. Thus, the

resonant amplitude of vibration tends to infinity as the damping tends to zero. Additionally, damping is

the cause of the progressive extinction of the oscillations after the external forces seize to fluctuate. So

we can conclude that damping is beneficial in reducing the vibrational response of mechanical systems by

means of energy dissipation, and therefore in avoiding traditional problems such as failure of components

by fatigue, malfunction of instruments, noise and even customer discomfort [21].

Obviously, not all materials are able to dissipate the same amount of energy, and this property

is quantified by the specific damping capacity, SDC or Ψ, which is defined as the ratio between the

dissipated energy (∆W ) and the energy stored during a vibration cycle (W ) [22]:

Ψ =
∆W

W
(1.8)

Nevertheless, many other variables are used in the literature in order to express the structural damping of

a material. Among all of them, it is worth highlighting the quality factor (Q), the resonance amplification

factor (Ar), the logarithmic decrement (δ), the loss factor (η) or the equivalent viscous damping factor

(γ, and γ̄ for denoting its critical value). All these factors can be easily related by means of the next

multiple expression [21]:

Ψ =
∆W

W
=

2π

Q
=

2π

Ar
= 2δ = 2πη = 4π

γ

γ̄
(1.9)

being necessary to point out that these equivalences are only valid in the case of small damping, in general

lower than Ψ < 10%.

Even though we now regard damping as a desirable property in order to reduce mechanical vibrations,

the earliest works on damping seem to have had the opposite goal: the finding of materials of low damping

capacity for use in bells and, in the early nineteenth century, clock springs [21]. This raised the interest

on these matters, which began to be studied in depth. In the latter half of nineteenth century, Sir

William Thomson (Lord Kelvin) discussed the viscous nature of damping, and the work of Hopkinson

and Williams in 1912 and Rowett in 1914 led to the conclusion that damping was hysteretic. The great

interest in material damping, up to 1945, was embodied in the huge number of papers published, whose

principal contributors were Kimball and Lovell, von Heydekamp, Dorey, Föppl, Contractor and Thomson,

Hatfield, Stanfield and Rotherham. Although their results were sometimes contradictory, it was generally

agreed that damping in metals was:
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• an extremely sensitive property which can be considerably affected by heat treatments and compo-

sition,

• hysteretic and not viscous by nature,

• highly dependent on the amplitude of the vibration, except at very low strains.

Later works of researchers like Lazan, Nowick, Zener and Entwistle improved the understanding of mate-

rial damping. In this context, the extensive work of Professor R.D. Adams in the field of material damping

deserves special recognition. His work presented in [21] not only includes a full state-of-the-art revision

(which, incidentally, has been the base for the short history of material damping presented above), but

also a huge quantity of damping measurements of different metals even under external magnetic fields.

It is precisely the large number of parameters that influence damping what makes us realize that

damping is a specially complex phenomenon. Regarding metals, either magnetic or non-magnetic, a large

number of energy dissipation mechanisms are known, although, fortunately, most of these are insignif-

icant at stress levels of engineering interest [23]. In ferromagnetic materials specifically, the problem

becomes more difficult due to the coupling between mechanical and magnetic properties. In this case,

damping (quantified hereafter in terms of specific damping capacity Ψ) can be expressed by the super-

position of the following three mechanisms: macroscopic eddy currents, microscopic eddy currents, and

magnetomechanical hysteresis, that is [2, 24]:

Ψ = ΨMe +Ψme +Ψh (1.10)

The first two terms on the right are macroscopic (ΨMe) and microscopic (Ψme) eddy currents, which are

induced by the change in the magnetic induction of the sample under the influence of an elastic stress.

As can be seen in Table 1.1, both of them depend on the oscillation frequency but they only show a

significant dependence for frequencies on the order of 300 kHz or higher [2]. The last term in Equation

1.10 is the magnetomechanical hysteresis loss (Ψh), which depends on the amplitude of the oscillation and

is independent of frequency. This means that if a cyclic magnetic or stress field (both have a similar effect)

is applied to a ferromagnetic material, some of the energy is transformed into heat. This phenomenon

is due to the irreversible movement of domain boundaries seeking minimum energy positions [3]. In the

sequel, due to the negligible contribution of macroscopic and microscopic eddy currents, we will refer to

magnetomechanical damping simply as Ψ.

As far as field-dependence is concerned, its influence on magnetomechanical damping is described by

Rayleigh’s law, which states that losses are proportional to the amplitude of the alternating magnetic

field cubed [2]:
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Table 1.1: Dependence of energetic losses on frequency and stress [2].

Damping mechanism
Dependence on

frequency (f) stress (σ)

Macroscopic Eddy currents
∝ f (↑ f)

Independent
∝

√
f (↑↑ f)

Microscopic Eddy currents ∝ f (↑ f) Independent

Magnetomechanical hysteresis Independent ∝ σn

∆Wmag ∝ H3 (1.11)

This result made some researchers venture to predict an analogue dependence on alternating stress, but

Lazan in [25] proved that the fact is that losses depend on stress according to the following expression:

∆Wmec = Jσn (1.12)

where n and J are parameters that are specific for each material and its magnetic and mechanical state,

although, seeking clarity, this fact has not been included in the notation. In other words, the specific

damping capacity for a given constant magnetic field and axial stress, ΨH,σ, will be estimated via the

expression:

ΨH,σ =
∆WH,σ

WH,σ
=

Jσn

σ2

2EH

= 2EHJσ
n−2 (1.13)

Then, we can define the ∆Ψ-effect similarly to the study of the field-dependent elastic modulus. In

particular, the ∆Ψ-effect is described in terms of the ratio:

∆ΨHD,σ

ΨD
=

ΨH,σ −ΨD,σ

ΨD,σ
(1.14)

ΨD,σ being the demagnetized specific damping capacity for such stress σ. The total ∆Ψ-effect is obtained

when ΨH,σ = ΨS,σ, ΨS,σ being the saturated specific damping capacity.
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Chapter 2
State of the art

“The mere formulation of a problem

is far more often essential than its solution.”

Albert Einstein

2.1 Experimental systems for measuring magnetoelastic effects

Since the discovery of the magnetoelastic effects in ferromagnetic materials, works related to measuring

these effects have followed one another. Obviously, as scientific advances demanded better accuracies

and resolutions, experimental systems had to adapt to such requirements.

Since the first magnetoelastic effect to be observed was magnetostriction, this was also the first effect

to be measured and quantified. This represented a challenge due to the characteristic small amplitude of

magnetostriction which needed to be amplified with various methods based on mechanical, electric and

optical techniques. Later, the generalized use of amorphous ferromagnetic materials forced researchers

to make new efforts, since wires (up to 50 µm in diameter), ribbons (up to 20 µm in thickness) and

thin films (up to 100 Å in thickness) were really difficult to deal with. So, it is worth mentioning

techniques as different as those based on capacitance and fiber-optic dilatometry, strain gauges, optical

interferometry, X-ray and neutron diffraction, small-angle magnetization rotation, tunnelling tip systems

and even Wiedemann effect [26].

P.T. Squire, in [26], carries out an interesting review of the measurement of different magnetoelastic

magnitudes, including ∆E-effect and magnetomechanical damping. The description of the state of the
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art related to the measurement of these two effects that we present next is based on Squire’s review.

The magnetoelastic resonance method (MR method, hereafter) was developed first. It is based on an

analogous method for measuring elastic and piezoelectric parameters in dielectric materials and it was

created by Berlincourt et al and described in [16]. Basically, the specimen is placed inside a small solenoid

which is in charge of exciting it by means of an alternating magnetic field. This solenoid is part of a

simple potential divider circuit with a resistance and an alternating voltage of variable frequency. The

whole block (solenoid and specimen) is placed inside a bigger solenoid which takes care of magnetizing

the sample with a constant magnetic field. Mechanical resonance excited in the core by the applied field

via magnetoelastic coupling modifies its permeability, resulting in a peak at the resonance frequency and

a trough at a higher frequency which is called the antiresonance frequency. Another possibility, developed

by M. Brouha et al in [27] lies on improving the method by measuring the impedance as a function of

frequency: the resonance and antiresonance are obtained when the impedance is maximum and minimum,

respectively. Indeed, other researchers such as H.T. Savage et al in [28], C. Modzelewski et al in [29] and

Z. Kaczkowski et al in [30], have based their methods on the use of the impedance circle or admittance

circle. The real and imaginary components of the impedance or admittance are plotted on an Argand

diagram, and the shape of the plot gives useful diagnostic information on the loss level, a perfect circle

touching both axes being the ideal lossless condition. Therefore, this system can be used to estimate not

only the ∆E-effect, but also the ∆Ψ-effect or magnetomechanical damping.

R

L

v(t)

Figure 2.1: Magnetoelastic resonance method.

Nevertheless, this method shows some draw-

backs and limitations. J.M. Barandiarán et al

in [31] stress its inability to estimate the elastic

modulus when the material is close to either satu-

ration or demagnetization, leading to results which

may rather be approximations instead of actual

accurate results. This is due to the fact that in

both cases the magnetomechanical coupling fac-

tor is near zero and therefore the mechanical res-

onance disappears. Furthermore, he emphasizes

that the clamping of the specimen seems to have a

certain influence on the measurements and the size

of the samples should be chosen carefully in order

to obtain a resonance frequency within a range in

which the influence of Eddy currents can be con-

sidered negligible. Even more severe critics were stated by L.M. Malkinski in [32] after studying the

suitability of this method. Not only does he agree with Barandiarán about the lack of excitation in

demagnetized and magnetized samples, but also argues that the dynamic strains during vibration vary
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along the length of the sample despite having a uniform cross-section. Moreover, the amplitude of the

vibrations (at constant excitation) depends on the magnetic state of the sample, so the stress amplitude

cannot be controlled during the experiment. A more recent study developed by Barandiarán et al in [33]

states that the MR method is quite suitable for measuring the magnetomechanical coupling factor, but

not the ∆E-effect.

Another widely used experimental system is the vibrating reed method (hereafter, VR method),

pioneered and refined by B.S. Berry and W.C. Pritchet in [34] and [35], respectively. It is based on the

flexural vibrations of a sample in the form of a thin cantilever, clamped rigidly at one end and excited in

one of its lower-order modes. Initially, the authors developed the method in order to measure the internal

friction of materials via damping estimations, but again the relation between resonance frequencies and

elastic modulus make it possible to measure both the ∆E- and the ∆Ψ- effects simultaneously. Even the

∆G-effect could be characterized by means of a suitable excitation of its torsional modes as demonstrated

in [36]. Later works included some modifications such as mechanical excitation and optical detection

instead of capacitive coupling for both purposes.

Excitation

Detection

Figure 2.2: Vibrating reed method.

Despite being able to characterize both the

∆E- and the ∆Ψ- effects in the full range of mag-

netization states of the specimen, this method

has some problems which are again explained by

Barandiarán et al and Malkinski in [31] and [32],

respectively. Some of them are common to the MR

method, such as strain-dependence, the influence

of the clamping and the variation of the dynamic

strain along the length of the sample, these two

latter problems being more significant in this case.

Others, such as the influence of air damping [34], are particular of this experimental system. On the

other hand, the influence of Eddy current losses is totally negligible since the resonant frequencies are

significantly lower in the VR method than in the MR method.

The ultrasonic wave velocity method (UW, in the sequel) was developed almost at the same time as

the one just described. It is based on the fact that the velocity of ultrasonic waves along a material is a

function of both elastic modulus and density. The use of UW methods for precise measurement of elastic

moduli in a wide range of materials is a well established and extensive area of study, as shown in the work

of McSkimin [37]. Specifically, two basic configurations have been used: a delay line and a pulse-echo

system. As far as the delay line method is concerned, it was first used by K.I. Arai et al in [38] and it

consists on a wire held between two damping pads through which short ultrasonic pulses of sinusoidal

waves travel, generated and detected by short solenoids placed near the ends of the wire. Regarding the

pulse-echo method, it was used by M.G. Scott et al in [39] and the waves which travel along the sample
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2.1. Experimental systems for measuring magnetoelastic effects

are generated and detected by either magnetostrictive transducers or piezoelectric transducers in more

recent revisions.

Transmit Receive

Figure 2.3: Ultrasonic wave velocity method using delay line configuration.

Both methods show different advantages and drawbacks. The first method, for example, requires

providing a small DC bias field near the solenoids to achieve efficient coupling, which may extend its

influence some way beyond the transducers. On the other hand, it is straightforward to apply tension to

the sample and the temperature may be controlled relatively easily. With regard to the second method,

it sometimes requires the use of long transducers, which is not very advisable. On the other hand, the

waves generated can be shear waves, which make it possible to measure the ∆G-effect, and offers great

precision. Furthermore, two important points must be emphasized regarding both measuring methods:

first, Eddy currents become significant at frequencies that are low compared to conventional ultrasonic

measuring frequencies and, second, the fact that ultrasonic waves are not purely mechanical but are

coupled modes (generally known as magnetoelastic waves).

Counterbalance

Rotation transducer

Rotation control

Figure 2.4: Inverted torsional pendulum system.

Next, the torsional pendulum method is pre-

sented (hereafter, the TP method). Unlike the

previously described methods, this one is not capa-

ble of measuring the ∆E-effect. Instead, it can be

used for determining both the shear modulus and

the magnetomechanical damping (∆G- and ∆Ψ-

effects). Basically, in this method the sample, in

the form of a wire or narrow ribbon, provides the

restoring torque that governs the torsional oscilla-

tion of a suitable load, and this torque is directly

proportional to the shear modulus.

This system has several problems, although

some of them have been solved or minimized in later revisions. The first drawback comes from the

conventional torsional pendulum arrangement, in which the wire is supported at its upper end and the

load is attached to the lower end. This configuration is not generally suitable since the small cross section

of the sample makes the axial stress significant even for small axial loads, but I. Yoshida et al, in [40],

described a form of inverted pendulum with the load counterbalanced to reduce the axial stress and
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therefore its influence. The second problem seems to be more subtle but can nonetheless obscure the

measured effect. Basically, the shear strain level is continuously varying as the oscillations decay, which

may make the measured shear modulus change significantly. This was the case in the works of I. Yoshida

et al and L. Malkinski et al ( [40] and [36], respectively), but a later technique developed by S. Atalay

and P.T. Squire in [41] solved the problem by estimating the modulus and internal friction from a small

portion of the temporal response in which the stress can be considered almost constant. In any case, we

should take into account that this method generates a non-uniform stress distribution in the cross section

of the sample which may also result in non-accurate measurements.

More recent measurement methods, not included in the Squire’s review mentioned above, have taken

advantage of electronic speckle pattern interferometric systems (ESPI systems, hereafter) which are char-

acterized by their high accuracy in vibration measurements. In this context, we can mention the set

of systems and improvements presented by J.M. Chicharro, A. Bayón and F. Salazar in [42], [43], [44]

and [45]. In these works we find a single method for measuring vibration, an ESPI system, but two differ-

ent ways of exciting the sample generating either forced vibration or free vibration. The former requires

the addition of a magnetic actuator which excites the sample by applying an alternating magnetic field of

constant frequency. The latter is achieved by means of mechanical impacts in the base of the cylindrical

specimen by a little quartz sphere placed in a simple pendulum.

ESPI system

Figure 2.5: Speckle pattern interferometric system with longitudinal free vibration of the sample.

This experimental set-up is not free from drawbacks. As far as the forced vibration method is con-

cerned, the magnetic actuator extends its effect along the entire sample which make it impossible to

characterize the elastic modulus and damping for magnetic states of the sample close to its demagnetized

state. Furthermore, the process becomes slower since a fine frequency sweep is required for accurate

detection of the resonance frequency, and this may result in solenoid warming and thermal losses. Re-

garding the free vibration method, the simple pendulum makes it impossible to hit the specimen within

the solenoid, so this, the specimen, must be larger than the coil and therefore will not be uniformly mag-

netized. Furthermore, the important stress-dependence due to the varying strain while the oscillation

decays is not taken into account. Finally, for both the forced and free vibration methods, the complicated

procedure for data capture and analysis as well as the slow manual excitation procedure lead to charac-

terization curves with low resolution in magnetic field and this sometimes means overlooking significant
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magnetoelastic behaviours.

Although they cannot be strictly considered magnetoelastic measurement methods, there is a large

amount of works which have studied the stress-dependence of elastic modulus and damping in ferro-

magnetic materials due to their magnetomechanical coupling factor. In fact, the variation of stress in

a ferromagnetic material also involves magnetic domain dynamics similar to that created by an exter-

nally applied magnetic field. Significant works about this matter may be found in the literature, such as

the study of the torsional stress-dependence of damping conducted by G. Sumner and K. M. Entwistle

in [46] or the great contribution of R.D. Adams et al to the understanding of axial stress-dependence of

magnetomechanical damping carried out in [21,23,47–50].

Finally, after this brief review of the existing experimental systems for measuring ∆E- and ∆Ψ- effects,

we cannot finish this chapter without recapitulating the main drawbacks or problems which should be

avoided in future experimental systems. Basically, we can mention:

• Inability to estimate the desired magnetoelastic effects along the full range of magnetization, in-

cluding both demagnetized and saturated states.

• Not considering the influence of the dynamic strain or stress in free vibration systems.

• Not taking into account a non-uniform strain or stress distribution both in the cross section and

along the sample.

• Influence of the clamping method.

• Influence, either magnetic or mechanical, of the transducer or sensor on the sample.

• Losses due to Eddy currents when working at very high frequencies.

• Thermal losses due to the warming of the magnetizing solenoid.

• Non-uniform magnetization along the sample.

• Not enough resolution in the characterization curves for the desired magnetoelastic effects.

2.2 Modification of magnetoelastic properties

The measurement systems described above allowed researchers to estimate ∆E-, ∆G- and ∆Ψ- effects for

almost any material, either crystalline or amorphous, with magnetoelastic properties. These measure-

ments were relevant not only to properly understand the behaviour of ferromagnetic materials, but also

to allow selection of materials with appropriate behaviour which, in most cases, can be expressed as:
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• High output-input ratio, which in the particular case of magnetoelastic materials means to maximize

the change in elastic properties for the same applied magnetic field.

• Good controllability, that is, a predictable and repeatable response for the same control signal.

• Linear behaviour in the working range, which is not a critical feature but a really useful one in the

vast majority of applications.

As stated in previous sections, there is a strong relation between mechanical stress and magnetic

domain dynamics. Therefore, it seems reasonable to think that changes in internal stresses may modify

the magnetoelastic effects. This statement can be easily proved by studying the difference in magnetoe-

lastic behaviour between crystalline and non-crystalline materials (both metallic glass and amorphous

materials), as described by A. Hernando in his work [51]. Non-crystalline materials are usually obtained

on quenching the molten alloy rapidly enough to prevent crystallization and obtain an atomic arrange-

ment without atomic periodicity beyond a few atomic distances. The result is, let us say, a solid with a

frozen-in liquid structure. Although such atomic disorder somewhat reduces the value of the elastic con-

stants as compared to crystalline materials, the high homogeneity of the non-crystalline structure, with

neither grain boundaries nor dislocations or similar defects, greatly enhances magnetoelastic properties.

Nevertheless, some internal stresses are always present in non-crystalline solids due to inhomogeneities in

cooling rates when quenching. Fortunately, their microstructure allows atomic rearrangements to occur

at moderate temperatures, far below crystallization. Thus, heat treatments like annealing induce struc-

tural relaxation of internal stresses, and if applied along with an external magnetic field or a properly

oriented stress will make the atoms rearrange in favoured directions giving rise to magnetic anisotropy.

This latter feature is critically important to maximize magnetoelastic responses.

In the past decades, there has been a large number of researchers that have studied the influence of

structural relaxation via annealing processes in non-crystalline materials. Hereafter, we will differenti-

ate between two types of non-crystalline materials: metallic glass for the case of non-crystalline metals

obtained by under cooling the melt and amorphous metals for those that are obtained by atomic con-

densation. Regarding the influence of heat treatments on metallic glasses, the most important research

has been contributed by Z. Kaczkowski et al from the 1980s up to recent years. Their vast work includes

papers like [8,30,52–79]. As far as amorphous metals are concerned, they have been studied in depth by

a number of researchers among whom P.T Squire, S. Atalay and D. Atkinson stand out with works such

as [24,41,80–88].

Despite the fact that crystalline materials show small magnetoelastic effects due to crystal anisotropy,

such effects may have a significant influence on acousto-elastic measurements and on the performances

of magnetic materials [89]. Nickel, for example, is considered a good material for magnetomechanical

applications since its magnetomechanical coupling factor has a value of k = 0.4. Furthermore, we cannot

rule out their use in applications where poor mechanical properties of non-crystalline materials are inad-
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equate. In these cases, we must take advantage of heat treatments in order to maximize their response

under applied magnetic fields. J.M. Chicharro et al in [90] have studied the effect, but there still is a

major need for scientific contributions on this issue, something that this thesis will try to address.

2.3 Vibration control with magnetoelastic materials

The theory of vibrations is a branch of science in continuous evolution, and with many applications

since most human activities involve vibrations in one form or another. In some cases, the goal is to

take advantage of vibrations for different purposes. In other cases, the goal is to isolate vibrations that

are totally undesirable since they lead to resonance, loss of efficiency or even lack of comfort in human

activities.

Passive and active systems are employed for vibration isolation. Techniques for designing machines and

structures have advanced significantly in the last few years. These allow designers to reduce the vibration

levels by suitably adjusting and distributing the structural mass, stiffness and damping. Nevertheless, in

some cases the reduction of vibration levels cannot be achieved by means of a proper mechanical design

only, and one needs to resort to control techniques capable of generating forces and/or modifying the

behaviour of the structure or mechanism [91]. Housner et al in [92] provide an excellent review in which

we can find a classification of the different ways of actuation:

• Passive control: This method does not require an external power source. Forces develop in response

to the motion of the structure and the energy of the system cannot be deliberately increased.

• Active control: It consists in an external source which powers control actuators that apply forces in

order to add or dissipate energy in the structure. In an active feedback control system, the signals

sent to the control actuators are a function of the response of the system.

• Hybrid control: It simply implies the combined use of both active and passive control systems.

• Semiactive control: This method is a class of active control system for which the external energy

requirements are orders of magnitude smaller than active control systems. Typically, semiactive

control devices do not add mechanical energy to the system and they are often viewed as controllable

passive devices.

Although the work of Housner et al is focused on civil engineering applications, all the active, semi-

active, passive and hybrid methods described can be easily extrapolated to any other field. Nevertheless,

there are many other more specific methods that are not included in this review due to their recent

development or their specific application in fields other than civil engineering.
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Focusing our interest on methods which use magnetic fields, we find a few possibilities. On the one

hand, vibration control based on magnetorheological fluids could be the best known and the most widely

used methods nowadays, it even made it to the 1997 review [92]. Basically they rely on fluids that change

their damping constant when subjected to a magnetic field. On the other hand, systems which involve

solid materials under magnetic fields have been much less plentiful not only in the literature but also

in industrial applications. We can nonetheless mention a tunable electromagnetic vibration absorber

developed by J. Liu et al in [93].

More specifically, vibration control systems via magnetoelastic effects are also limited, with the excep-

tion of those based on the magnetostriction effect such as the works for active control of beams and shells

of J.S. Kumar et al by means of magnetostrictive layers [94–96] or such as the work by S. Moon et al using

magnetostrictive actuators [97]. Nevertheless, control methods based on ∆E-, ∆G- or even ∆Ψ- effects

have not been implemented yet, and they are merely used in the development of novel transducers [98,99].

Finally, due to the parallelism with the concept of this thesis, the works of A.J. Nieto et al should be

mentioned [100,101]. They are based on a novel pneumatic suspension whose stiffness and damping can

be changed, something that, in our case, will be achieved with magnetoelastic materials which undergo

∆E-, ∆G- and ∆Ψ- effects. The excellent results in those works are an invitation to expect promising

results in ours.
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Chapter 3
Experimental system for characterizing ∆E-

and ∆Ψ- effects

“Nothing tends so much to the advancement of knowledge

as the application of a new instrument.”

Sir Humphrey Davy

3.1 Basis of the measurement system

The previous chapter pointed out the main drawbacks of experimental systems for measuring mag-

netoelastic magnitudes. Specifically, the more difficult magnetoelastic effect to measure seems to

be magnetomechanical damping because of the large number of variables of influence. R.D. Adams,

both in his PhD thesis and in an article describing one experimental set-up ( [21] and [47], respectively),

states the principles on which an “ideal” damping apparatus should rest. From the discussion of the

drawbacks of previous experimental systems gathered in Section 2.1, one may produce the following list

of requirements:

i) The experimental system must be able to accurately estimate the desired magnetoelastic effects along

the full range of magnetization, including both the demagnetized and saturated states.

ii) The stress distribution along the specimen should be such that the results obtained are easy to inter-

pret without ambiguity. Additionally, the stress distribution in its cross-section should be uniform.
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iii) In the case of free vibration methods, the effect of dynamic strains or stresses must be taken into

account.

iv) Extraneous damping losses, if not eliminated altogether, should be as small as possible. For example

Eddy current losses, thermal losses due to the warming of the solenoid, or air damping losses.

v) The clamping system should be suitable for the desired mode of vibration and must not noticeably

influence the measurements. Furthermore, it should be able to easily accommodate a wide variety

of materials.

vi) Sensors or transducers used in the systems should not influence the state of the sample, neither

magnetically nor mechanically.

vii) The measurement process, including data postprocessing, must be automatic, quick and repeatable

in order to obtain characterization curves with a high resolution amenable to statistical treatment.

viii) The magnetization along the full length of the sample should be as uniform as possible.

ix) The specimens should have a reasonable size and yet be manufactured easily, swiftly and inexpen-

sively. Furthermore, the heat treatments should not be disturbed by the machining process and they

must lead to modes of vibration easily identified theoretically and experimentally.

x) It should be possible to obtain data over a wide range of frequencies, stresses and temperatures.

The final design of our apparatus was made after careful consideration of the above points. The

weight given to each point when making our decisions was influenced by previous works, many of which

have been thoroughly described in the state-of-the-art chapter. The order quoted is roughly the order of

importance for the present author. In order to lay down the basis of our experimental set-up, a discussion

of the requirements itemized above follows.

The first requirement states the importance of obtaining a characterization in the full range of magnetic

field. Due to hysteresis, magnetic materials change their demagnetized state depending on the direction

and magnitude of the last magnetization that they underwent. This fact makes it critical in some cases

to accurately determine the desired properties near the demagnetized state. Although this requirement

can be fulfilled with several types of experimental systems, we can rule out those which use a magnetic

transducer or sensor to induce or measure vibration.

The next two points refer to the influence of stress distributions on measurements and can be discussed

together. Three simple stress distributions may be considered: pure torsional, flexural and axial modes

of vibration. In all three cases, the stress or strain distribution along the full length of the sample is

simple enough to not involve difficulties when interpreting results. Nevertheless, only axial modes can

boast about showing a constant stress distribution in the cross-section of the specimen, a quality which

renders this mode of vibration a strong candidate for our system.
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Regarding extraneous energy losses, an experimental set-up designed for measuring magnetomechan-

ical damping must obviously reduce such losses to a minimum. Nevertheless, the losses are not easily

identified qualitatively, much less are they readily determined quantitatively. Berry, in [34], describes a

large number of parameters which do have influence on energy losses: transducers, clamping mechanism,

temperature, air damping... Thermal losses, for example, mainly depend on the warming of the solenoid,

which advises us about the critical importance of the design of the magnetizing solenoid. Air damping

is usually overlooked in the vast majority of works, but it should not be considered negligible without a

detailed study, specially in the case of flexural vibrating reeds that may displace large volumes of air. In

this context, torsional and axial modes of vibration seem to be more suitable.

The clamping system is also another factor which may be a source of undesired energy losses. In

fact, its influence was thoroughly studied in works such as [31, 32] in reference to MR and VR methods.

Nevertheless, that should not be our only concern, since other requirements such as the suitability to the

desired mode of vibration and the accommodation of different materials and shapes must also be taken

into account. In this case, the clamping of specimens for torsional and flexural vibration seems to be the

easiest and most versatile solution, while clamping for axial modes is usually more troublesome. Either

way, the design and fine tuning of this element is critical in the development of the entire experimental

system.

As far as the influence of sensors and transducers is concerned, the discussion may become as difficult

as interesting. Let us start with sensors. Obviously, sensors which require to be attached to the specimen

may modify its response, so the measurement of highly sensitive properties, like the ones we are concerned

within this work, are preferably carried out by means of non-contact sensors. To emphasize this point one

may mention that several researchers have refined old magnetoelastic measurement methods by replacing

traditional sensors with non-contact sensors [84, 85, 102]. On the other hand we find the transducers

which induce vibration of the sample, be it forced vibration or free vibration after the specimen has

been deviated from equilibrium. R.D. Adams devoted several discussions in works such as [21, 48, 49] to

defend the use of forced vibration instead of free vibration. He argued, and he was obviously right, that

the attenuation in free oscillations make estimations imprecise since the stress is changing with time.

Nevertheless, the use of forced vibration fails to please us because of the fact that it involves a transducer

which interacts with the sample during the test either mechanically or magnetically, and the sweeping

process for estimating the resonance frequencies leads in general to slower and less precise measurements.

Furthermore, it has been proved in the literature (especially in [41]) that suitable data processing may

solve the inherent problem of free vibration methods.

Before continuing the discussion of the remaining points, let us digress and consider the last trend in

the wide range of non-contact sensors, which seems to be the technology based on Laser Doppler Vibrom-

etry (LDV) as stated in the review of Castellini [103]. Although the first LDV models showed limited

sensitivity, low signal-to-noise ratio (SNR), and poor applicability to non-diffusive surfaces, developments
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since the early 1990s have greatly enhanced their measurement capabilities with respect to traditional

sensors such as accelerometers and strain gauges, and even other interferometric techniques such as elec-

tronic speckle pattern interferometry (ESPI). Specifically, they allow remote, non-intrusive, high spatial

resolution measurements with short testing times and improved performance (high-frequency bandwidth,

greater linearity, broad velocity range, and high resolution in displacement and velocity measurements).

Furthermore, they can be used to measure on traditionally difficult surfaces such as those with tight

radii of curvature, edges, or very small structures, and even under difficult working conditions such as

on hot parts or through glass windows or fluids. LDV has been applied to many areas of engineering

and science, from mechanical engineering to biomedicine, micro- and nano-electromechanical systems

(MEMS and NEMS), artworks, archaeology, and, of course, the characterization of smart materials such

as magnetoelastics. In sight of these impressive features, there is no room for doubting the suitability of

this technique.

Going back to the list of general requirements, the last four points clearly involve less important

decisions. It is obvious that a quick, repeatable and automatic process of measurement is advisable. And

the same can be said about a uniform magnetization of the sample and about the suitability of the shape

of the specimen for manufacturing, measuring and analyzing. In particular, the most common ways in

which we can find materials are in bars, wires, plates or reeds, and none of them present problems when

determining, either theoretically or experimentally, the required magnetoelastic properties. Thus, we

must only ensure that the experimental system allows us to clamp at least one of these shapes without

machining them to avoid undesired local heat treatments. Finally, the aim of this work is not the study

of a wide range of temperatures, frequencies and stresses, and hence we will only make sure to register

the value of these parameters for all tests (ensuring a good sensitivity regarding stress due to its high

influence on measurements).

After considering all these aspects, the decision was made to develop an experimental system based

on free vibration of wires and rods in the first mode of longitudinal vibration in order to characterize ∆E-

and ∆Ψ- effects over the full range of uniform magnetization. The sample will be excited mechanically

by means of an automatic device with high repeatability. Furthermore, a short portion of the free decay

vibration will be used to ensure a quasi-constant strain amplitude, and the measurements will be obtained

with an accurate non-contact sensor based on Laser Doppler Vibrometry.

3.2 Theoretical background

Before describing the experimental set-up and the data processing used to estimate the ∆E- and ∆Ψ-

effects from the acquired signals, we shall give a brief overview of the theory of damped longitudinal

propagation of stress waves in an elastic and ferromagnetic material, the details of which may be found
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in [6] and [22].

First, let us consider a bar of a non-magnetic material of length L and constant cross-section A, and

let z be the longitudinal coordinate with origin O in one of its end surfaces. Let us suppose too that all

its properties such as density and elastic modulus, ρ and E, respectively, are uniform and do not depend

on the aforementioned position z. Under these assumptions, the dynamic equilibrium in an infinitesimal

cross-section of the bar leads to the following equation of motion [22]:

∂2uz

∂z2
=

ρ

E

∂2uz

∂t2
=

1

c2
∂2uz

∂t2
(3.1)

which is a wave equation in which uz is the displacement along the longitudinal axis, t is time and c is

the velocity of propagation defined by the ratio c =
√

ρ
E .

Such an equation in partial derivatives can be easily solved by using the method of separation of

variables. Its solution can be written as follows:

uz(z, t) =
[
C1 cos

(ωz
c

)
+C2 sin

(ωz
c

)] [
C3 cos(ωt) + C4 sin(ωt)

]
(3.2)

where C1 and C2 are calculated from boundary conditions and C3 and C4 are obtained from the initial

conditions.

On the one hand, if we consider the case of forced vibration, a harmonic stress wave of amplitude σ0

and frequency 2πω is applied on one end of the bar (the one at z = 0, say) while the other end is free.

In this case, the boundary conditions are:

∂uz(0, t)

∂z
=

σ0

E
exp(iωt)

(3.3)
∂uz(L, t)

∂z
= 0

and by applying them we obtain the expression for the longitudinal displacement of the bar:

uz(z, t) =
σ0c

Eω

[
cos

(
ωz
c

)
tan

(
ωL
c

) + sin
(ωz

c

)]
exp(iωt) (3.4)

When the exciting frequency matches the resonance frequency, the amplitude of the displacement tends

to infinity. According to Equation 3.4, this happens when the tangent becomes zero. Thus, we can

conclude that the jth resonance frequency fr,j can be determined via the following expression
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fr,j =
jc

2L
=

j

2L

√
E

ρ
(3.5)

where j is a positive natural number.

On the other hand, let us consider the free vibration solution. Since the bar will be clamped to

simulate free-free conditions, the boundary conditions which must be applied are:

∂uz(0, t)

∂z
= 0

(3.6)
∂uz(L, t)

∂z
= 0

The first one leads to the fact that C2 must be zero, while the second one allows us to write the charac-

teristic equation:

sin

(
ωL

c

)
= 0 (3.7)

which can be solved to obtain the jth fundamental or natural frequency fn,j of the longitudinal vibration

of the bar (Equation 3.8). Obviously, this is the same expression obtained for the resonance frequency in

the case of forced vibration (Equation 3.5).

fn,j =
jc

2L
=

j

2L

√
E

ρ
(3.8)

Using this result in the general expression of the longitudinal vibration of a bar given by Equation

3.2, we obtain:

uz(z, t) = cos

(
jπ

L
z

)[
C3 cos

(
jπc

L
t

)
+C4 sin

(
jπc

L
t

)]
(3.9)

where the spatial factor is called the jth modal shape of the longitudinal vibration of the bar. In Figure

3.1 the first four modal shapes have been depicted and it can be easily seen that odd modal shapes show

a node in the central section whereas even ones have an oscillating middle section. This result acquires a

significant relevance when deciding the place where the bar must be clamped without modifying the free

oscillation.

These theoretical results have been derived assuming several simplifying hypothesis. In a more re-

alistic approximation, the stress acting on a section is given by the sum of three terms [6]: an elastic
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Figure 3.1: Theoretical longitudinal modal shapes of the bar.

term proportional to strain, a dissipative viscous term proportional to the time derivative of strain, and

a magnetoelastic term related to the applied magnetic field. The resulting equation governing wave

propagation differs from Equation 3.1 in the last two terms as can be seen below:

∂2uz

∂z2
=

ρ

EH

∂2uz

∂t2
− ηH

EH

∂3uz

∂z2∂t
+

λSχ

MS

∂Hz

∂z
(3.10)

where ηH and EH are the structural damping loss factor and the Young’s modulus for a given magnetic

field Hz, respectively; λS and MS the saturation magnetostriction and magnetization, respectively; and χ

the magnetic susceptibility. In our case, the longitudinal variation of the magnetic field is neglected since

the field is assumed to be uniform over the entire length of the ferromagnetic specimen. This simplifies

the wave equation which, with separation of variables, has this new solution:

uz(z, t) =
[
C1 cos

(ωz
c

)
+C2 sin

(ωz
c

)] [
C3 cos(ωdt) + C4 sin(ωdt)

]
exp

(
−γH

2
t
)

(3.11)

ωd being the damped longitudinal angular frequency, γH

2 the attenuation constant for a specific magnetic

field, and C1, C2, C3, and C4 constants which depend on the initial and boundary conditions. The jth

damped longitudinal frequency can be calculated by applying the free-end conditions, with the following

result:

fd,j = 2πωd,j =

[
j2

4L2

(
EH

ρ

)
− γ2

H

16π2

]1/2
(3.12)
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3.2. Theoretical background

Hence, the Young’s modulus for any given applied magnetic field EH can be determined as a function

of the measured first damped longitudinal frequency fd,1 and its corresponding logarithmic decrement

for a specific magnetic field δH by the expression:

EH = 4L2ρf2
d,1

(
1 +

δ2H
4π2

)
(3.13)

whereas the specific damping capacity for the same magnetic field ΨH,σ deserves further explanations.

Basically, two problems have been detected when measuring magnetomechanical damping by means

of logarithmic decrement in free vibration:

i) High stress-dependence of magnetomechanical damping.

ii) Measurement of an averaged logarithmic decrement along the full bar.

As mentioned above, the first problem is inherent to free decay measurement since the attenuation of

oscillations leads to reduced stresses. Some works which are also based on free decay measurement, like

torsional pendulum methods, have solved this problem by calculating the logarithmic decrement using a

short portion of the signal [41]. Then, the estimated value can be associated to a particular stress level.

The second problem is a bit more complex. Due to the fact that the logarithmic decrement is measured

at the end section of the bar, the value obtained represents the averaged sum of every section of the bar,

which may differ from the real value. Taking into account Lazan’s work [25], mechanical losses can

be written as the exponential stress-dependence of Equation 1.12, and the expression for the averaged

specific damping capacity can be written as follows:

ΨH,σ|bar =
∆WH,σ|bar
WH,σ|bar

=

∫ L

0
JAσn sinn

(
πx
L

)
dx∫ L

0
Aσ2

2EH
sin2

(
πx
L

)
dx

= 2δH,σ|bar (3.14)

where we must highlight again that parameters J and n for ferromagnetic materials are not constant but

depend on both applied stress and magnetic field [49]. So, the averaged estimation of ΨH,σ|bar (through

δH,σ|bar measurement) for different applied stresses and magnetic fields can be used to fit both J and n,

and then use Lazan’s expression in order to obtain the desired ΨH,σ as follows:

ΨH,σ =
∆WH,σ

WH,σ
=

Jσn

σ2

2EH

= 2EHJσ
n−2 (3.15)
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3. Experimental system for characterizing ∆E- and ∆Ψ- effects

3.3 Experimental set-up

Figures 3.2 and 3.3 show a general scheme and the final set-up of the experimental arrangement used

in the present work. One may distinguish four parts:

i) a system for magnetizing a ferromagnetic specimen composed of a power supply and a solenoid,

ii) an excitation system which is in charge of setting the specimen into vibration by means of impacting

bullets shot with a compressed air system,

iii) a measuring system which gauges the free vibration,

iv) a PC equipped with a data acquisition system which automatically controls the entire procedure.

A more detailed description of each part of the experimental set-up is presented next.
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Figure 3.2: General scheme of the experimental set-up.

Magnetizing system

The ferromagnetic sample is magnetized by the solenoid in whose inner space the specimen is placed.

In order to generate the magnetic field necessary to achieve the desired magnetization throughout the
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3.3. Experimental set-up

Figure 3.3: Experimental set-up.

sample, a DC supply feeds the appropriate current intensity. The particular DC supply used is a Delta

Elektronika SM400-AR-8 which provides 1600 W, i.e., up to 4 A between 0 V and 400 V, and is equipped

with RS232 connectivity.

The magnetizing solenoid was carefully designed in order to achieve the critical goals of sufficient

magnetization capacity and great homogeneity of the applied magnetic field. These two requirements

were met by combining two different contributions: a straight solenoid which generates high values of

the magnetic field, and a pair of Helmholtz coils which compensate the inhomogeneity of the straight

component. Temperature constraints had to be also taken into account for a satisfactory design, because

at maximum power of the DC supply the Joule effect losses can lead to dangerously high temperatures

inside the coil. Other important considerations were size, weight and cost, trying to find a versatile, easy

to use and cheap coil without harming technical and scientific requirements. In order to include all these

features, an optimization process was developed that comprised all these variables:

• Length of the straight solenoid.

• Length of the compensating solenoids.

• Inner diameter of the straight solenoid.

• Diameter of the copper wire for the straight solenoid.

• Diameter of the copper wire for the compensating solenoids.

• Distance between compensating solenoids.

• Number of layers of the straight solenoid.
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3. Experimental system for characterizing ∆E- and ∆Ψ- effects

• Number of layers of the compensating solenoids.

• Circulating current.

The final optimized design was a solenoid with a straight coil 250 mm in length, 35 mm in inner

diameter and 47 layers, and a couple of compensating coils 60 mm in length and 24 layers, all three

using a copper wire 1 mm in diameter. It was manufactured by the author in the winding machine of

ElectroCart S.L. obtaining a solenoid with the final appearance shown in Figure 3.4.

Figure 3.4: Magnetic solenoid.

As expected, the measured fields shown in Figure 3.5 due to the Helmholtz coils, the straight solenoid,

and both combined confirmed that the latter was the best configuration. The fields were measured with a

Walker Scientific MG-4D gaussmeter in vertical position and a micrometric table, and the measurements

were normalized with respect to the vertical Earth’s magnetic field. In short, the device can reach up to

2400 Oe, high enough to magnetize ferromagnetic materials such as nickel even when the demagnetizing

field is considered [1, 2], and it provides a notable 140 mm band of homogeneity in which the magnetic

field is within 2% of its central value. As a reference of these values, S. Atalay and P.T. Squire used

in [41] a solenoid which provided 100 Oe uniform to within 5% over the central 200 mm of the axis. With

respect to the thermodynamic response of the solenoid, it was experimentally characterized by measuring

the increasing resistance of the coil with time due to Joule effect losses, which is linked to the temperature

of the copper wire [104]. As a result, the coil reaches nearly 50◦C after working at maximum power for 5

minutes, which does not represent a real problem because maximum power in trials is only reached for a

few seconds and the coil can be safely used for times longer than one hour. All these features and other

mechanical and electrical properties are summarized in Table 3.1.
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Figure 3.5: Experimental characterization of the magnetic field applied by the Helmholtz coils (light grey), the

straight solenoid (grey), and both together (dark grey), depending on length and intensity.

Excitation system

The excitation system is responsible for generating a free longitudinal oscillation in the specimen. The

main characteristic required of this system is the ability to generate a suitable longitudinal excitation

while avoiding or minimizing undesired modes such as torsion and bending. It should also permit the

full control and automation of sequences of excitations. These restrictive requirements make us rule

out some systems existing in the literature such as the use of a manual simple pendulum of quartz or

the excitation via magnetic pulses: the former requires specimens longer than the solenoid so that they

can be impacted, obtains low repetitive impacts in magnitude and quality and tests must be conducted

manually and slowly; the latter is based on the already discarded forced vibration method, and has

the added drawbacks of interacting with the sample, achieving a minute excitation and affecting the

measurement of the demagnetized state of the specimen.

As a consequence, a novel excitation system had to be developed. It consists of a barrel, externally

threaded to adjust the vertical position within the solenoid, in which a GAMO 4.5 mm lead pellet is

placed. A Kuhnke 2/2 way 24 V electro-valve and a relay regulate the necessary compressed air flow for

the shot coming from a Jun-Air compressor Mod6. With the magnetizing solenoid placed vertically on

a stand, the funnel-shaped end of the barrel collects the rebounding pellet and directs it downwards to

the starting point under gravity (Figure 3.6b). Finally, the set of parts responsible for suitably fixing the

sample (both wires and bars) inside the solenoid consists of a ring which fixes the samples by means of

four radial screws, and a flanged cylinder to hold the ring in place inside the solenoid (Figure 3.6a). Rod
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3. Experimental system for characterizing ∆E- and ∆Ψ- effects

Table 3.1: Solenoid properties.

Maximum magnetic field (Oe) 2400

Length of 2% homogeneity (mm) 140

Resistance of the straight solenoid (Ω) 66.5

Resistance of the Helmholtz coils (Ω) 30.5

Resistance of the full solenoid (Ω) 97.0

Mass (kg) 33.6

Time until 50◦C at 600 Oe (min) 60

Time until 50◦C at 1200 Oe (min) 13

Time until 50◦C at 2400 Oe (min) 2

and ring are inserted into the inner cylindrical space of the solenoid until they come to rest against a

ledge machined in the inner surface of the solenoid at the appropriate position about halfway down. The

flanged cylinder is then inserted into the solenoid on top of the ring and screwed into place in order to

hold the ring in its correct position, avoiding vertical displacements. The requirement of free longitudinal

vibration requires holding the sample on one of its nodes: for the first longitudinal mode, the vibrational

node is at the centre of the rod, and this is where the ring has to be placed in order to simulate the

absence of constraints.

A scheme of the excitation mechanism including the holder and the assembly among solenoid, barrel

and stand can be seen in Figures 3.6 and 3.7, respectively. With this arrangement, full control and

automation of the perpendicular impacts on the base of the specimen is possible. Automation in a

horizontal set-up would require the implementation of a complex mechanical magazine.

To obtain a useful longitudinal time-response, a calibration procedure was followed to determine the

most appropriate gap between the narrowest cross-section of the funnel and the base of the specimen, and

to select the best range of compressed-air pressure. The final values were 30 mm for the gap providing

the greatest number of successful impacts, and from 3.5 bar to 4.0 bar for the range of shooting pressures.

Measuring system

The basis of the non-contact measuring system is a Polytec compact laser vibrometer, an optical instru-

ment which employs laser technology and the Doppler effect to measure the out-of-plane velocity of single

points of a vibrating object [103]. In the present device, a 70 MHz He-Ne laser beam strikes a point on

the vibrating surface and the light reflected travels back to the sensor head. The reflected beam shows a

Doppler-shifted frequency proportional to the vibration velocity.

This particular vibrometer consists of a CLV-700 sensor head with adjustable focus and a CLV-1000

laser module composed of different internal modules: CLV-M000.L for generating the He-Ne laser beam,
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Figure 3.6: Main dimensions of (a) holder and (b) exciter.

Figure 3.7: Detail of the assembly among solenoid, barrel and stand.
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3. Experimental system for characterizing ∆E- and ∆Ψ- effects

CLV-M200 for receiving the reflected light, CLV-M030 for decoding the signal into different ranges of

velocity and a CLV-M002 for providing an analog signal proportional to the velocity with optional low-

pass and high-pass filters. It can measure up to 1250 mm/s in a bandwidth of 250 MHz, which is broad

enough to detect the expected frequencies according to the Nyquist theorem. The measurement resolution

(the RMS signal amplitude at which the signal-to-noise ratio is 0 dB in a 10 Hz spectral resolution) does

not exceed 2 µm/s under any circumstances.

Input/Output system

Input and output signals are handled with National Instruments data acquisition and signal conditioning

devices which are controlled by a standard laptop. In this instance, we used a laptop connected to a

625 kS/s USB-6289 device with USB connectivity, and a SCC2345 multiplexer connecting the following

modules: a SCC-AO10 module that sends the necessary analog voltage to set the desired current in the

DC supply, a SCC-RLY01 module which functions as a relay controlling the compressed air shots, and a

SCC-FT01 module to receive the raw analog signal from the laser.

Figure 3.8: Software developed in the graphical user interface of Matlab for acquiring and characterizing a single

signal.

The system was controlled and synchronized in the Matlab environment, which is compatible with the

National Instruments hardware and provides comprehensive data processing and decision making tools

with a user-friendly graphical user interface.
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3.4. Data postprocessing

Figure 3.9: Software developed in the graphical user interface of Matlab for characterizing ∆E- and ∆Ψ- effects.

The software developed for this purpose is composed of two different modules or windows which can

be seen in Figures 3.8 and 3.9. They allow us to select different parameters for the data acquisition and

signal conditioning system in accordance to the requirements of our measurement. The first module is

aimed at acquiring single signals for a given magnetic field and determining the elastic modulus and the

specific damping capacity. The second module automatically sweeps a magnetic field range between two

selected values in order to obtain the characterization of the ∆E- and ∆Ψ- effects of the specimen.

3.4 Data postprocessing

The data processing will be described next in detail in order to show how both EH and ΨH,σ are

determined.

i) Data processing starts after storing the longitudinal vibration velocity time-response of a ferromag-

netic rod along which a stress pulse is made to travel. Figure 3.10a shows an example of a signal

acquired from the laser at a sampling rate of 100 kS/s for 0.1 s (10000 samples).

ii) The next step is to use a frequency analysis technique such as the Fast Fourier Transform (FFT) to

determine the longitudinal vibration frequencies of the samples. A typical result of this process is

shown in Figure 3.10b, where the first and second longitudinal natural frequencies clearly stand out.
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Figure 3.10: Data processing: (a) raw acquired time-response, (b) FFT, (c) filtered time-response, and (d) curve

fitting process and stress-dependence study.

iii) Once the damped frequency corresponding to the first longitudinal mode has been successfully de-

tected, one needs a filter to remove the contributions from undesired modes and noise. With this aim,

several digital pass-band filters such as Butterworth, Bessel and Chebyshev were tested with admisi-

ble results, but in some cases a little noise still remained on the signal. Thus, a novel non-parametric

technique used in the analysis of time series and based on principles of multivariate statistics was

used: the Singular Spectrum Analysis (SSA) [105–107]. The conditioned time-response signal which

is obtained by means of SSA filtering is shown in Figure 3.10c.

iv) This conditioned signal is finally subjected to a Hilbert transform in order to obtain the instantaneous

amplitude of the time response, that is, the envelope. After that, a fitting procedure is carried out,

not only to estimate an averaged attenuation constant γH

2 in accordance with Equation 3.11, but

also to ensure the quality of the acquired data and consequently the accuracy of the estimate. The
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3.5. Parameters of influence

R2 statistic serves as a rejection criterion, the test being rejected if R2 is less than 99.0%.

v) Once the envelope has been accepted and fitted, the value of EH is determined with the average δH

and fd,1 as shown in Equation 3.13.

vi) Next, the stresses corresponding to the chosen envelope are estimated by the following expression

(see [108]):

σH(z, t) = EH
∂uz(z, t)

∂z
(3.16)

in order to calculate δH,σ|bar within intervals in which the attenuation is lower than 20% and the

mean stress can be assumed constant as in Atalay’s method [41].

vii) Taking δH,σ|bar for each mean stress, the losses per cycle can be determined as follows:

∆WH,σ|bar = 2δH,σ|barWH,σ|bar (3.17)

viii) By linearly fitting the curve log (∆WH,σ|bar) vs. log (σ) (also shown in Figure 3.10d), the variable

index n can be estimated, while the variable J can be determined from Equation 3.14 as follows:

J =
2δH,σ|bar

∫ L

0
Aσ2

2EH
sin2

(
πx
L

)
dx∫ L

0
Aσn sinn

(
πx
L

)
dx

=
δH,σ|barLσ2−n

2EH

∫ L

0
sinn

(
πx
L

)
dx

(3.18)

The integral must be computed numerically since the primitive only exists for positive natural values

of index n.

ix) Finally, the estimated J and n parameters of Lazan’s expression allow us to calculate the real

specific damping capacity at any given magnetic field and stress within our working interval thanks

to Equation 3.15.

The desired ∆E- and ∆Ψ- effects are easily estimated by repeating the previous data processing while

the magnetic field is gradually increased. In each of these tests, a mesh of 45 different magnetic values

was programmed, with much finer separation in the low magnetic field range where the main information

is to be found. The test procedure was repeated four times at every point in order to attain sufficient

statistical precision. By programming a waiting time of 2 seconds between consecutive triggers, and with

a typical 80% success rate of excitation impacts, we were able to perform each test of 180 points in only

7.5 min.

3.5 Parameters of influence

As the reader may have already realized, the measurement of ∆E- and ∆Ψ- effects are not trivial and

they are prone to suffer the influence of several effects. In what follows, we will discuss how these

problems have been considered and minimized in order to obtain accurate and reliable results.
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3. Experimental system for characterizing ∆E- and ∆Ψ- effects

Demagnetizing effect

The demagnetizing effect appears when a magnetic material is placed within a magnetic field. If we

imagine a bar magnetized by a field pointing from left to right, a north and a south poles are formed

in the right end and in the left end, respectively. Since lines of the magnetic field radiate out from the

north pole to the south pole (from right to left), they constitute a field inside the magnet which tends to

demagnetize it. Thus, the effective magnetic field Heff can be obtained by means of the expression [1]:

Heff = Hext −Hd = Hext −NdM (3.19)

where Hext and Hd are the external and the demagnetizing fields, respectively, this latter being calculated

via the material magnetization M and the demagnetizing coefficient Nd.

In irregular bodies the demagnetization is not uniform and the demagnetizing factor cannot be defined,

but when ellipsoids are considered, demagnetization becomes uniform and the factor can be mathemat-

ically calculated. Thus, for a long and thin ellipsoid under a magnetization parallel to its longitudinal

axis, the demagnetizing factor Nd is given by [1, 3]:

Nd =
4π

k2r − 1

[
kr√
k2r − 1

ln
(
kr +

√
k2r − 1

)
− 1

]
(3.20)

where kr is the ratio between the length and the diameter of the ellipsoid.

In accordance to several studies in [2], it is possible to affirm that for high values of the parameter

kr, the previous expression can be also used with very small error in the case of cylindrical specimens.

Nevertheless, the smaller the factor kr, the higher the demagnetizing factor, so the use of short specimens

is not advisable.

Finally, the effective magnetic field of the tested specimen can be easily determined by subtracting the

demagnetizing field obtained by means of the demagnetizing factor of the specimen and its magnetization,

the latter being known from the magnetic hysteresis cycle of the material.

Frequency

Although our experimental set-up can be used to make measurements on ferromagnetic specimens of a

wide range of shapes and sizes, it is unfeasible to use very short specimen lengths. This is due not only

to the high demagnetizing field they generate, but also to their high natural longitudinal frequencies [22],

which could be too high for the measuring devices.
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Furthermore, damping in ferromagnetic materials can show a frequency-dependence effect due to

macroscopic and microscopic Eddy currents, but this phenomenon only shows a significant influence for

frequencies on the order of 300 kHz or higher [2]. As a consequence, much lower oscillating frequencies

are preferred so that only magnetomechanical contributions to losses are measured.

Stress

This critical influence has been thoroughly described in previous sections, when the basis and the working

principles of the experimental set-up were considered. The influence of stress on Young’s modulus and

on magnetomechanical damping can be demonstrated via the evolution with time of the zero crossing

number and the natural logarithm of the instantaneous amplitude, respectively. In particular, the slope of

these functions at any given time provides an estimation of the frequency and the logarithmic decrement,

so that the better these functions can be fit by a straight line, the lesser dependence on strain of the

measured parameters. Moreover, the goodness of the linear fit in terms of the factor R2 will give us a

quantitative estimation of how dependent on stress the material properties are.

Clamping system

Since the specimen needs to be clamped in all existing testing systems, some energy will inevitably be

lost through the support. Unlike other losses, an isolated assessment of this loss does not appear to be

possible. However, its influence can be reduced to a very low level, paying special attention to mechanical

slippage and rubbing friction [34].

Several prototypes of clamping devices (Figure 3.11) were tested before the final design was accepted.

The first one tried to simulate free boundary conditions by resting the rod on a little rubber block placed

under its central zone. With this assembly, the losses seem to be minimized but it does not work with

our vertical system in which the specimen must be totally fixed. The second prototype consisted in a ring

pressure fitted on the rod with appropriate mechanical tolerances. Different materials (all non-magnetic)

such as rubber, wood or nylon were tested. In all cases low bending frequencies of the ring-rod set

were unacceptably excited, specially if the thickness of the ring was small. The third prototype was an

aluminium opened ring to act as a clip, with a screw joining the ring’s opened surfaces to tighten it around

the specimen rod. Very good results were obtained with this method but the contact area between the

inner diameter of the ring and the rod was still high. Then, the forth and last prototype was developed:

instead of using an open ring to act as a clip we used a ring which fixes the samples by means of three or

four radial screws, as can be seen in Figure 3.12. In such a way, not only are we able to measure almost

any diameter without having to manufacture a new ring, but we can also dramatically reduce the contact

area with the specimen in its central section. For instance, if we assume a 10 mm in diameter bar fixed
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3. Experimental system for characterizing ∆E- and ∆Ψ- effects

by a ring (third prototype) of 4 mm in thickness or by a ring (fourth prototype) with three M3 screws,

we reduce the contact area from 125 mm2 to 21 mm2. If we take note that the clamping takes place were

the vibration is null (the node of vibration of the first longitudinal frequency), the losses of the clamping

can be considered negligible or by far enclosed within the limits of measuring uncertainty.

Figure 3.11: Previous clamping rings.

But the problems related to the clamping system do not end here. In order to avoid vertical displace-

ments of the set formed by the ring and the rod, a flanged cylinder is inserted into the solenoid in order

to push the ring against a ledge machined in the inner surface of the solenoid at the appropriate position

about halfway down. As a result, the excitation of the sample will also induce vibrations of the entire

mechanical contraption used to hold the sample. Strictly speaking, the measured resonance frequency

is not the actual longitudinal resonance frequency of the bar, but that of the entire mechanical system.

Nevertheless, the influence of the mechanical fixture is negligible. In order to quantitatively prove this

statement, the resonance frequencies of the entire mechanical system were compared to the resonance

frequencies of bars resting on a little rubber block placed under its central zone. The averaged variation

between the real free resonance and that measured with the mechanical contraption is low enough (less

than 0.045%) as to be within the limits of measuring uncertainty.

Figure 3.12: Final clamping method.
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Air damping

The problem of air damping was investigated in depth in some works such as [34, 50, 109]. They found

that air damping could be a non negligible source of damping especially when low damping materials

are tested and the vibration involves the displacement of quite large volumes of air (as in the case of the

vibration of a reed). Under these circumstances, the damping imposed on a thin reed by the surrounding

atmosphere can be much larger than the internal friction of the sample itself, so these kind of materials

should be tested in vacuum. Nevertheless, longitudinal vibration of bars under the low stress levels caused

impacting lead pellets involves an extremely low displacement of air, so the contribution of air damping

to the measurement of the magnetomechanical damping can be assumed negligible.

Temperature

Some works have stated the influence of temperature on magnetoelastic measurements [21, 50]. In this

work, the temperature-dependence effect has not been studied, thus all tests were carried out at room

temperature. Nevertheless, the solenoid in charge of magnetizing the specimen is a heat source due to the

Joule effect losses of the circulating current. In view of this drawback, the duration of the test must be

limited in order to avoid increasing temperatures in the inner space of the solenoid, where the specimen is

placed, due to heat transfer from the wires of the solenoid. Taking into account that most measurements

are carried out at low magnetic fields, the system only works at maximum power for a few seconds. Under

these circumstances and considering a typical mesh of measurements with much finer separation in the

low range of magnetic field, 10 minutes is found to be a practical limit for the test duration.
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Chapter 4
Characterization of magnetoelastic materials

“No matter how many times the results of experiments agree with some theory,

you can never be sure that the next time the result will not contradict the theory.”

Stephen Hawking

4.1 Measurement of ∆E- and ∆Ψ- effects

4.1.1 Relevance of magnetoelastic characterization

Magnetoelasticity is only significant in magnetically ordered materials such as ferrimagnets, antiferro-

magnets, and specially ferromagnets due to their inherent structure of magnetic domains. All magnetic

materials in general and these ones in particular are currently of topical interest [7] due to their use

as smart materials in several fields of science and engineering such as in the development of sensors,

actuators, MEMS and NEMS.

Faced with so many possible applications, the general purpose of this chapter is to establish a better

understanding of magnetoelastic effects under axial stress in the more common ferromagnetic materials.

Despite the fact that crystalline materials show small magnetoelastic effects due to crystal anisotropy,

such effects may have a significant influence on acousto-elastic measurements and on the performance

of magnetic materials [89]. Furthermore, materials which show giant magnetoelastic effects are alloys of

rare earths which include a base of these metals in their composition to a lesser or greater extent.

This kind of research has been previously carried out by Chen et al in [110] but applied to torsional
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4.1. Measurement of ∆E- and ∆Ψ- effects

stress and measuring magnetostriction. In this work we will stress the samples axially and will focus our

attention on two significative magnetoelastic effects: ∆E- and ∆Ψ- effects. The reason for measuring

these magnitudes lies in the wealth of direct and indirect information they provide: directly, both of

them show the influence of magnetic field and stress in acousto-elastic measurements and performance of

magnetic materials; indirectly, ∆E-effect gives significant details about anisotropy and domain structure

(orientation of easy axis) [88], and ∆Ψ-effect can be also used as a sensitive tool for probing internal

stress in ferromagnetic materials [111].

4.1.2 Experimental details

Pure crystalline rods of nickel, cobalt and iron were obtained from Godfellow Corporation, whereas

Terfenol-D specimens were manufactured in ETREMA Products Inc. Their purity levels, sizes and other

relevant magnetic data can be found in Table 4.1. Furthermore, the hysteresis loop of the four materials

considered are depicted in Figure 4.1.

Table 4.1: Properties of the tested specimens.

Nickel (Ni) Cobalt (Co) Iron (Fe) Terfenol-D

Purity (%) 99.90 99.90 99.99 Tb0.3Dy0.7Fe1.9

Length (mm) 110 100 100 120

Diameter (mm) 10 6.35 6 13

Density (kg/m3) 8912 8900 7874 9250

Coercivity HC (Oe) 31.39 66.49 20.86 24.99

Saturation field HS (Oe) (98% of MS) 2330 10050 2920 8570

Remanence MR (emu/cm3) 34.26 36.69 17.62 5.52

Saturation magnetization MS (emu/cm3) 496.65 1417.74 1728.98 707.64

Ratio MR/MS (%) 6.90 2.59 1.02 0.78

Regarding the experimental design, two specimens of every material were measured. Their charac-

terization involved field-dependent, stress-dependent and path-dependent measurements, with the whole

experimental design summarized in Table 4.2. Field-dependence was tested by measuring both elastic

modulus and specific damping capacity for different magnetic fields while stresses were kept constant.

Path-dependence was considered by magnetizing the samples following three different magnetization

paths: from the state of zero retentivity (M0
R) to the state of positive saturation magnetization (M+

S ),

from the state of positive retentivity (M+
R ) to the state of positive saturation magnetization (M+

S ) and

from the state of negative retentivity (M−
R ) to the state of positive saturation magnetization (M+

S ). Fi-

nally, stress-dependence is also studied but for values low enough not to modify significantly the desired

behaviour. Thus, three different levels of stress below 1 MPa were tested (σ1 = 0.75 MPa, σ2 = 0.50 MPa

and σ3 = 0.25 MPa), but only regarding magnetomechanical damping due to the negligible dependence
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Figure 4.1: Experimental magnetic hysteresis loop of (a) nickel, (b) cobalt, (c) iron and (d) Terfenol-D.
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4.1. Measurement of ∆E- and ∆Ψ- effects

of the elastic modulus on this parameter.

This latter fact must be carefully proven before showing our results. To this end, we will plot the

zero crossing number and the natural logarithm of the instantaneous amplitude of the three materials

tested under different stress levels after having been set into free vibration within our range of stress

(up to 1.00 MPa). On the one hand, the trend of the zero crossing number is expected to be linear,

which would mean that the frequency of vibration is not dependent on the strain and therefore neither

on the Young’s modulus. On the other hand, if the material damping is actually dependent on the strain,

the trend of the logarithm of the instantaneous amplitude of the time response, directly related to the

logarithmic decrement, must not properly fit a line. Figure 4.2 provides support for the expected results:

in all cases, the zero crossing number is almost perfectly fitted by a line whereas the natural logarithm

of the instantaneous amplitude is not well fitted by a line. Although these curves were obtained at the

demagnetized state, the stress-dependence can only be lower when any magnetic field is applied since the

movement of magnetic domains approaches saturation.
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Figure 4.2: (a) Zero crossing number and (b) natural logarithm of the instantaneous amplitude of a temporal

response of nickel (tf = 300ms), cobalt (tf = 10ms) and iron (tf = 200ms) rods; measured results (solid grey

line) and linear fitting (dashed black line).

4.1.3 Results and discussion

Nickel

As any ferromagnetic material, nickel shows a magnetic hysteresis loop when it is magnetized. The most

significant values from its experimentally measured magnetic hysteresis loop can be found in Table 4.1
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4. Characterization of magnetoelastic materials

Table 4.2: Summary of the experimental design.

Material



∆E−effect



M0
R −M+

S

M+
R −M+

S

M−
R −M+

S

∆Ψ−effect



M0
R −M+

S



0.75MPa

0.50MPa

0.25MPa

M+
R −M+

S



0.75MPa

0.50MPa

0.25MPa

M−
R −M+

S



0.75MPa

0.50MPa

0.25MPa

and in Figure 4.1a. They are in good agreement with other results in the literature like those in [2]

or [110] and can be helpful when discussing next the field-dependence and the path-dependence of elastic

modulus and damping.

Figures 4.3-4.5 show the ∆E- and ∆Ψ- effects in pure nickel also considering both path- and stress-

dependence. This means that each figure shows these results for the magnetization paths M0
R − M+

S ,

M+
R − M+

S and M−
R − M+

S , and, indeed, the specific damping capacity is studied simultaneously for

three different stresses (Ψ0.75MPa, Ψ0.50MPa and Ψ0.25MPa). Furthermore, Tables 4.3 and 4.4 provide

useful quantitative information about the field-dependent, stress-dependent and path-dependent Young’s

modulus and specific damping capacity along with their corresponding uncertainty levels [112]. The great

quantity of results and dependence effects deserves an in-depth qualitative and quantitative discussion

which is developed next.

Figure 4.3 depicts the trends of Young’s modulus and specific damping capacity when magnetization

path M0
R − M+

S is followed, or in other words, when the first magnetization process is carried out.

Regarding the Young’s modulus, two zones can be detected: an initial stage of rapid growth which
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Figure 4.3: Results for the (a) ∆E-effect and (b) ∆Ψ-effect for the magnetization path M0
R −M+

S in nickel. In

(b), stresses of 0.75 MPa (solid line), 0.50 MPa (dashed line) and 0.25 MPa (dotted line) are plotted.
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Figure 4.4: Results for the (a) ∆E-effect and (b) ∆Ψ-effect for the magnetization path M+
R −M+

S in nickel. In

(b), stresses of 0.75 MPa (solid line), 0.50 MPa (dashed line) and 0.25 MPa (dotted line) are plotted.

corresponds to the low magnetic field range (up to 150 Oe), and a second stage of slow growth until

saturation. This behaviour agrees with the magnetic domain theory since low magnetic fields facilitate

displacements of domain walls whereas high ones saturate the sample in a single magnetic domain. This

latter situation is achieved via domain rotation and leads to an upper limit which corresponds to the value

of Young’s modulus as if the material were nonmagnetic [6]. Regarding the curves of specific damping

capacity, again one observes two different zones: an initial rising stage which corresponds to the low
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Figure 4.5: Results for the (a) ∆E-effect and (b) ∆Ψ-effect for the magnetization path M−
R −M+

S in nickel. In

(b), stresses of 0.75 MPa (solid line), 0.50 MPa (dashed line) and 0.25 MPa (dotted line) are plotted.

applied magnetic field range (up to 150 Oe), and a second declining stage until saturation. This special

trend can again be explained thanks to magnetic domain motion since in the first stage of magnetization

the damping increases as domain boundaries move irreversibly, whereas the second declining stage starts

when the applied field is strong enough to suppress domain walls (by means of domain rotations) and

make the specimen behave like a non-magnetic material [6].

Figure 4.4 plots the same magnitudes for the magnetization path denoted by M+
R −M+

S . Unlike the

first magnetization curve, which can only be tested once if the material is not previously demagnetized,

this one can be repeated as many times as desired. A quick look at this figure let us affirm that the general

shapes of the curves studied agree with those in Figure 4.3 but their starting points are significantly higher.

This is only natural because, if the specimen has retentivity due to a previous magnetization, the initial

value of both the Young’s modulus and damping will be greater. As the magnetic field becomes higher,

magnetic domains start to move as in the previous case and the curves end up following the same trend

and reaching the same values at saturation.

Figure 4.5 plots the same effects but considering now the magnetization path denoted by M−
R −M+

S .

Again, the general shapes of the effects studied agree with those explained above but their starting points

are significantly higher than in Figure 4.3 and equal to those in Figure 4.4. This latter result is explained

by the fact that ∆E- and ∆Ψ- effects are even functions that do not depend on the sign of material

magnetization nor retentivity. Indeed, in this case the path-dependence of both effects studied becomes

more noticeable since the magnetic domains are mainly oriented initially in the direction opposite to

the applied magnetic field and they ought to flip their orientation quickly as the field is applied. As
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4.1. Measurement of ∆E- and ∆Ψ- effects

a result, both Young’s modulus and specific damping capacity curves have a local minimum which is

rapidly reversed and followed by convergence with the other curves.

Let us now discuss the stress-dependence of the ∆Ψ-effect, which cannot be neglected as we mentioned

when Figure 4.2 was introduced. In all the figures previously commented, three different damping curves

have been plotted: Ψ0.75MPa (solid line), Ψ0.50MPa (dashed line) and Ψ0.25MPa (dotted line). In the first

place, we must mention that all three curves agree with the previously mentioned path-dependent and

field-dependent trends. Secondly, it is clear that the stress-dependence of damping in our range of stresses

is much lower than the field-dependence. In fact, a horizontal zoom has been required in all the Ψ curves

in order to properly observe such influence. And thirdly, the level of induced stresses generates magnetic

domain motions which increase the material damping while magnetization is low, but high magnetic

fields make the sample saturate and become independent of stress because it behaves like a non-magnetic

material. This latter fact can be graphically proven by means of Figure 4.6, which plots index n from

Lazan’s expression (Equation 1.12) as a function of applied magnetic field. For low magnetic fields, index

n is slightly higher than 2, which means that the specific damping capacity is slightly dependent on stress.

On the other hand, as the applied magnetic field increases, index n becomes closer to 2, which means

that the specific damping capacity is not dependent on stress because the material is already saturated.
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Figure 4.6: Field dependence index n in nickel for the three different magnetization paths: M0
R −M+

S (solid

line), M+
R −M+

S (dashed line) and M−
R −M+

S (dotted line).

Finally, we will compare the obtained results to those found in the literature from a quantitative point

of view. However, these comparisons must be carried out carefully since little variations in characteristics

such as material composition, manufacture process, heat treatment, stress or temperature, among others,

may lead to high differences in measurements [21, 90, 113]. Starting with Young’s modulus, we can use

as reference two main works: [114], which gathers measurements from many other researchers, and [42],

56



4. Characterization of magnetoelastic materials

which is specially convenient since it provides results for nickel specimens from the same molten material

and manufacturing process. Thus, on the one hand, we can find in [114] estimations of elastic modulus

between 190 GPa and 210 GPa at demagnetized state and between 215 GPa and 230 GPa at saturation

state, these intervals being in accordance with our results; on the other hand, in [45] we find results in

even better agreement with ours, with estimations around 213.0 GPa and 218.3 GPa at demagnetized

and saturation states, respectively, which perfectly match our measurements for the magnetization curve

denoted by M+
R −M+

S . For the second magnitude studied, the specific damping capacity, we will refer

to two basic references: [21], where magnetomechanical damping in pure nickel is studied (although for

higher levels of stress), and [45], again justified by the fact that they use the same rods of nickel. The

former work, after extrapolating results below 1 MPa, predicts values of 0.3% at demagnetized state and

1.5% when a magnetic field is applied (this value seems to correspond to our peak value at 150 Oe but

not at saturation). The latter work estimates values of 0.2% and 0.07% at demagnetized and saturated

states, respectively, but its low resolution in magnetic field makes the damping peak value inaccurate.

Table 4.3: ∆E-effect results in nickel.

Magnetization path Field (Oe) E ± u(E) (GPa) ∆E-effect (%)

M0
R − M+

S 0 210.44 ± 0.15 -

12 211.25 ± 0.14 0.38

150 217.46 ± 0.13 3.34

2160 219.22 ± 0.14 4.17

M+
R − M+

S 0 212.99 ± 0.14 -

12 213.23 ± 0.15 0.11

150 217.41 ± 0.15 2.08

2160 219.17 ± 0.15 2.90

M−
R − M+

S 0 212.87 ± 0.21 -

12 212.57 ± 0.20 −0.14

150 217.39 ± 0.17 2.12

2160 219.17 ± 0.17 2.96

Cobalt

As in the case of nickel, the most significant values from its experimentally measured magnetic hysteresis

loop can be found in Table 4.1 and in Figure 4.1b, and can be seen to be consistent with other results

in the literature [2, 110]. Specially important for the next discussion is the saturation field HS, that

is much greater in comparison to that in nickel and iron. That means that the solenoid used in the

experimental system will not be able to saturate the cobalt specimen. Furthermore, even though its

magnetic retentivity M+
R is of the order of that of nickel, the fact that the ratio MR/MS is much lower

leads us to predict a weak path-dependence.

Figure 4.7 shows the ∆E- and ∆Ψ- effects in pure cobalt considering the magnetization path denoted

by M+
R − M+

S and stress-dependence. Unlike in nickel, the figures corresponding to the magnetization
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4.1. Measurement of ∆E- and ∆Ψ- effects

Table 4.4: ∆Ψ-effect results in nickel.

Magnetization path Stress (MPa) Field (Oe) Ψ ± u(Ψ) (%) ∆Ψ-effect (%)

M0
R − M+

S 0.75 0 0.368 ± 0.035 -

43 0.377 ± 0.036 2.45

150 1.028 ± 0.090 179.35

2160 0.060 ± 0.007 −83.70

0.50 0 0.351 ± 0.022 -

43 0.354 ± 0.022 0.85

150 1.026 ± 0.060 192.31

2160 0.060 ± 0.006 −82.91

0.25 0 0.333 ± 0.012 -

43 0.337 ± 0.011 1.20

150 1.025 ± 0.030 207.81

2160 0.059 ± 0.004 −82.28

M+
R − M+

S 0.75 0 0.519 ± 0.047 -

43 0.573 ± 0.053 10.41

150 1.031 ± 0.090 98.65

2160 0.057 ± 0.006 −89.02

0.50 0 0.502 ± 0.031 -

43 0.553 ± 0.035 10.16

150 1.032 ± 0.061 105.58

2160 0.057 ± 0.004 −88.65

0.25 0 0.481 ± 0.017 -

43 0.537 ± 0.018 11.64

150 1.029 ± 0.030 113.93

2160 0.056 ± 0.003 −88.36

M−
R − M+

S 0.75 0 0.521 ± 0.048 -

43 0.378 ± 0.037 −27.45

150 1.007 ± 0.088 93.28

2160 0.057 ± 0.006 −89.06

0.50 0 0.506 ± 0.032 -

43 0.368 ± 0.024 −27.27

150 1.005 ± 0.059 98.62

2160 0.057 ± 0.004 −88.74

0.25 0 0.488 ± 0.016 -

43 0.350 ± 0.013 −28.28

150 1.007 ± 0.030 106.35

2160 0.057 ± 0.003 −88.32

paths M0
R −M+

S and M−
R −M+

S are not shown because no visual difference can be made out. However,

Tables 4.5 and 4.6 do provide the complete information, i.e., the field-dependent Young’s modulus and

damping considering the three different magnetization paths and the three different stresses with their

corresponding uncertainty levels [112].

The reason that let us affirm that there is no difference in ∆E- and ∆Ψ- effects when the three different

magnetization paths are followed is based on the smaller ratio of retentivity that cobalt undergoes and

on the worse magnetoelastic behaviour it shows in comparison to nickel [2]. Both properties combined

together lead to such small variations of Young’s modulus and damping when retentivity is present that
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Figure 4.7: Results for the (a) ∆E-effect and (b) ∆Ψ-effect for the magnetization path M+
R −M+

S in cobalt. In

(b), stresses of 0.75 MPa (solid line), 0.50 MPa (dashed line) and 0.25 MPa (dotted line) are plotted.

they lay within the experimental uncertainty level. This fact can be checked by looking at Tables 4.5 and

4.6.

Regarding field-dependence (the main focus in this work) we can affirm that as a consequence of the

unfeasible saturation field, none of the curves obtained reaches saturation (Figure 4.7): on the one hand,

Young’s modulus is clearly still changing when the maximum applied field is reached, and on the other

hand, the trend of the field-dependent damping seems to suggest that a maximum value of the rising

stage has been reached and that the declining stage is on the verge of starting. Nevertheless, the results

provided are worth showing since higher magnetic fields are too high for usual scientific and engineering

applications. Moreover, this study shows an unusual behaviour: unlike nickel and iron (shown in the

next section), the field-dependent elastic modulus of pure cobalt decreases as the external magnetic field

becomes higher. Nonetheless, this opposite trend cannot be extended to the magnetomechanical damping

curves, which seem to keep the same rising state as in the other metals studied.

Figure 4.7 plots three different damping curves corresponding to Ψ0.75MPa (solid line), Ψ0.50MPa

(dashed line) and Ψ0.25MPa (dotted line). Unlike the cases of nickel and iron, the stress-dependence

effect is noticeable along the full range of applied magnetic field, within which cobalt never reaches sat-

uration. Figure 4.8 clearly demonstrates this fact: although index n is close to 2 due to the low level

of applied stresses, it becomes slightly smaller but it does not converge to 2 as in the case of saturated

nickel or iron.

We can find results regarding the demagnetizing state similar to those listed in Tables 4.5 and 4.6

in [115] and [113], respectively. The former shows a Young’s modulus around 210 GPa, while the latter
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Figure 4.8: Field dependence index n in cobalt for the three different magnetization paths: M0
R −M+
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S (dashed line) and M−
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S (dotted line).

estimates a specific damping capacity around 4% but considering stresses apparently higher (neither the

manufacturing process nor the heat treatment of the cobalt specimen are indicated). Regarding any other

magnetization state, [2] gathers estimations for the ∆E-effect around 0.5% (observing high dispersion

from specimen to specimen but always lower than 1%), whereas no comparable results were found in the

literature regarding ∆Ψ-effect for pure cobalt. In short, the results obtained here are consistent with

published results.

Table 4.5: ∆E-effect results in cobalt.

Magnetization path Field (Oe) E ± u(E) (GPa) ∆E-effect (%)

M0
R − M+

S 0 204.17 ± 0.23 -

2250 202.98 ± 0.21 −0.58

M+
R − M+

S 0 204.16 ± 0.25 -

2250 203.06 ± 0.17 −0.54

M−
R − M+

S 0 204.23 ± 0.22 -

2250 203.00 ± 0.17 −0.60

Iron

The most relevant magnetic properties of iron, which were experimentally determined, are listed in Table

4.1. Again, these values are consistent with other results in the literature such as [2,110]. In this case, the

saturation field HS is low enough to be reached by the solenoid of the experimental set-up used, which

will allow us to estimate both ∆E- and ∆Ψ- effects along the full range of magnetization. On the other

hand, both its magnetic retentivity M+
R and its MR/MS ratio are the lowest among the three materials
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Table 4.6: ∆Ψ-effect results in cobalt.

Magnetization path Stress (MPa) Field (Oe) Ψ ± u(Ψ) (%) ∆Ψ-effect (%)

M0
R − M+

S 0.75 0 1.61 ± 0.20 -

2250 2.25 ± 0.26 40.09

0.50 0 1.52 ± 0.17 -

2250 2.17 ± 0.21 42.67

0.25 0 1.44 ± 0.17 -

2250 2.09 ± 0.19 45.66

M+
R − M+

S 0.75 0 1.65 ± 0.20 -

2250 2.29 ± 0.25 38.79

0.50 0 1.56 ± 0.17 -

2250 2.21 ± 0.18 41.67

0.25 0 1.44 ± 0.14 -

2250 2.11 ± 0.14 46.53

M−
R − M+

S 0.75 0 1.59 ± 0.21 -

2250 2.30 ± 0.23 42.93

0.50 0 1.50 ± 0.19 -

2250 2.20 ± 0.15 47.29

0.25 0 1.41 ± 0.18 -

2250 2.11 ± 0.10 50.06

considered, which unfortunately leads to an almost negligible path-dependence effect.

Figure 4.9 shows the ∆E- and ∆Ψ- effects in pure iron considering the magnetization path denoted by

M+
R −M+

S and stress-dependence. Unlike in nickel (and like in cobalt), the figures corresponding to the

three magnetization paths followed do not show any visual difference. Thus, only the figure corresponding

to the path which starts from positive retentivity, the most common path, has been included. However,

Tables 4.7 and 4.8 do provide information relating to the other two paths, and their corresponding

uncertainty levels [112] are listed.

The lack of differences among the three paths tested allows one to assume negligible path-dependence

effect in iron specimens. Like in cobalt estimations, this fact can be explained by the minute ratio of

retentivity that iron undergoes. Indeed, its lack of influence becomes still more noticeable since the ratio

is the lowest among the three classical ferromagnetic materials studied. Of course, the effect must be

present during the magnetization processes, but the variations it causes are low enough not to be detected

from the point of view of statistical reliability. This fact can be double-checked in Tables 4.7 and 4.8.

As mentioned before, the iron was fully saturated during the test. As a consequence, the curves

obtained for Young’s modulus and specific damping capacity are similar to those of nickel. Regarding the

Young’s modulus, we observe an initial stage of rapid growth caused by displacements of domain walls

and a second stage of slow growth until saturation due to domain rotation. Note that, like in nickel and

unlike in cobalt, the Young’s modulus increases as the magnetic field becomes higher. Regarding the

curves of specific damping capacity, the trend is similar but not equal to nickel curves. In particular, the
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Figure 4.9: Results for the (a) ∆E-effect and (b) ∆Ψ-effect for the magnetization path M+
R −M+

S in iron. In

(b), stresses of 0.75 MPa (solid line), 0.50 MPa (dashed line) and 0.25 MPa (dotted line) are plotted.

initial rising stage and the final declining stage until saturation remain, but instead of finding a simple

maximum value of damping, two peaks and a trough appear. This particular behaviour, which takes

place neither in nickel nor in cobalt, may be explained by a second type of domain motion which becomes

activated at a higher level of energy. In fact, this second kind of domain motion is also noticeable in

magnetostriction curves for iron, where it becomes apparent by means of a change in the sign of the slope

of the curve at values of magnetic field around our trough of damping [110]. In other words, we can

describe the field-dependent damping as follows:

i At low magnetic fields, between 0 Oe and 120 Oe, a first magnetic domain motion is activated and

hence a first rising stage occurs (the first peak). For higher fields, a declining stage begins since that

kind of motion is saturated. Regarding magnetostriction, this is the range of magnetic field in which

its slope is positive [110].

ii At medium magnetic fields, between 160 Oe and 430 Oe, a second magnetic domain motion becomes

activated and a second rising stage occurs (the second peak). For higher fields, this second motion

is saturated too and another declining state starts. Regarding magnetostriction, this is the range of

magnetic field in which its slope has become negative [110].

iii Higher magnetic fields are strong enough to suppress domain walls by means of domain rotations and

make the specimen saturate, behaving like a non-magnetic material.

Figure 4.9 includes three different damping curves for the three different stresses studied (0.75 MPa,

0.50 MPa and 0.25 MPa). In this case, since full magnetic saturation along the specimen is achieved, the
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4. Characterization of magnetoelastic materials

same analysis as in nickel applies: all three curves agree with the path-dependent trend previously de-

scribed; the stress-dependence of damping in our range of stresses is much lower than the field-dependence

(hence the horizontal zoom included in all figures in order to better observe the influence); and the level

of induced stresses generates magnetic domain motions which increase the material damping while mag-

netization is low enough not to saturate the specimen. This latter fact is depicted in Figure 4.10, where

index n is plotted as a function of applied magnetic field. As a consequence of the progressive magneti-

zation until saturation, index n decreases from a value slightly higher than 2 to a value almost equal to

2 (which, in view of Equation 1.13, means that specific damping capacity is not dependent on stress).
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Figure 4.10: Field dependence index n in iron for the three different magnetization paths: M0
R −M+

S (solid

line), M+
R −M+

S (dashed line) and M−
R −M+

S (dotted line).

Ledbetter et al, in [114], gathers a great quantity of Young’s modulus measurements from numerous

researchers. In this review we can find estimations of elastic modulus between 196 GPa and 221 GPa,

this high dispersion being due to different magnetic fields, compositions, measurement techniques, or test

conditions [21,90,113]. However, specific variations between the demagnetized and saturated state (both

of them from the same author) were quantified around 0.5 GPa, which is the same value that we obtained.

Regarding magnetomechanical damping, we will compare our results to those measured by Adams in [21].

Although his curves are plotted from stresses higher than 10 MPa, we can extrapolate them for values

below 1 MPa. As a result, the specific damping value in pure iron seems to be on the order of 0.2%.

However, the resolution is not enough to distinguish between demagnetized and saturated states. In

short, the results obtained are consistent with previous works, but our results are more detailed.
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4.1. Measurement of ∆E- and ∆Ψ- effects

Table 4.7: ∆E-effect results in iron.

Magnetization path Field (Oe) E ± u(E) (GPa) ∆E-effect (%)

M0
R − M+

S 0 216.87 ± 0.15 -

118 216.98 ± 0.15 0.05

161 217.19 ± 0.15 0.15

427 217.33 ± 0.15 0.21

2160 217.33 ± 0.15 0.21

M+
R − M+

S 0 216.90 ± 0.15 -

118 217.02 ± 0.15 0.06

161 217.23 ± 0.15 0.15

427 217.36 ± 0.15 0.21

2160 217.36 ± 0.15 0.21

M−
R − M+

S 0 216.88 ± 0.15 -

118 217.00 ± 0.15 0.06

161 217.21 ± 0.15 0.15

427 217.36 ± 0.15 0.22

2160 217.36 ± 0.15 0.22

Terfenol-D

Unlike the previous pure materials tested, Terfenol-D is an alloy made up of some rare earths and iron,

which confers special characteristics of great magnetoelasticity in general and giant magnetostriction in

particular [116]. Its most significant values from its magnetic hysteresis loop experimentally measured

can be found in Table 4.1 and in Figure 4.1d. As in the case of cobalt, the saturation field HS is much

greater in comparison to that in nickel and iron, which means that the solenoid used in the experimental

system will not be able to saturate the specimen.

Figure 4.11 shows the ∆E- and ∆Ψ- effects in Terfenol-D considering the magnetization path denoted

by M+
R −M+

S and a stress of 0.25 MPa. The figures corresponding to the magnetization paths M0
R−M+

S

and M−
R − M+

S are not shown because little visual difference can be made out. However, Tables 4.9

and 4.10 do provide the complete information, i.e., the field-dependent Young’s modulus and damping

considering the three different magnetization paths with their corresponding uncertainty levels [112].

Note that stress-dependence has not been studied because we only want to show the great difference

between this material and the others, especially regarding ∆E-effect.

We can affirm that as a consequence of the unfeasible saturation field, none of the curves obtained

reaches saturation: on the one hand, Young’s modulus is clearly still growing when the maximum applied

field is reached, and on the other hand, the trend of the field-dependent damping suggests that the

declining stage has not finished. Despite this fact, it can be seen that the values of ∆E-effect between the

saturated and demagnetized states are much higher than the cases corresponding to the other materials

measured. In particular, Terfenol-D varies its elastic modulus a minimum of 95.26%, whereas nickel,

cobalt and iron only show a 4%, -0.60% and 0.22% of variation, respectively. In contrast, values of
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4. Characterization of magnetoelastic materials

Table 4.8: ∆Ψ-effect results in iron.

Magnetization path Stress (MPa) Field (Oe) Ψ ± u(Ψ) (%) ∆Ψ-effect (%)

M0
R − M+

S 0.75 0 0.088 ± 0.010 -

118 0.179 ± 0.022 103.4

161 0.140 ± 0.013 59.09

427 0.168 ± 0.015 90.91

2160 0.047 ± 0.005 −46.59

0.50 0 0.083 ± 0.007 -

118 0.165 ± 0.013 98.80

161 0.137 ± 0.009 65.06

427 0.166 ± 0.010 100.00

2160 0.046 ± 0.003 −44.58

0.25 0 0.080 ± 0.004 -

118 0.165 ± 0.008 106.25

161 0.154 ± 0.005 92.50

427 0.167 ± 0.006 108.75

2160 0.046 ± 0.002 −42.50

M+
R − M+

S 0.75 0 0.091 ± 0.011 -

118 0.180 ± 0.018 97.80

161 0.141 ± 0.013 54.95

427 0.169 ± 0.015 85.71

2160 0.051 ± 0.05 −43.96

0.50 0 0.086 ± 0.007 -

118 0.167 ± 0.014 94.19

161 0.140 ± 0.009 62.79

427 0.169 ± 0.011 96.51

2160 0.050 ± 0.004 −41.86

0.25 0 0.082 ± 0.005 -

118 0.156 ± 0.008 90.24

161 0.137 ± 0.005 67.07

427 0.169 ± 0.006 106.10

2160 0.048 ± 0.003 −41.46

M−
R − M+

S 0.75 0 0.086 ± 0.013 -

118 0.173 ± 0.017 101.16

161 0.137 ± 0.013 59.30

427 0.165 ± 0.015 91.86

2160 0.046 ± 0.005 −46.51

0.50 0 0.082 ± 0.007 -

118 0.162 ± 0.011 97.56

161 0.135 ± 0.009 64.63

427 0.165 ± 0.010 101.22

2160 0.046 ± 0.003 −43.90

0.25 0 0.076 ± 0.004 -

118 0.150 ± 0.006 97.36

161 0.132 ± 0.005 73.68

427 0.164 ± 0.006 115.79

2160 0.046 ± 0.002 −39.47

∆Ψ-effect are more similar.

We can find results similar to those listed in Table 4.9 in [116], but these only refer to demagnetized
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Figure 4.11: Results for the (a) ∆E-effect and (b) ∆Ψ-effect for the magnetization path M+
R −M+

S and a stress

of 0.25 MPa in Terfenol-D.

and saturated states and show a high dispersion due to a high stress-dependence. In particular, this report

cites values of elastic modulus within the range of 18 and 90 GPa for demagnetized and saturated states,

respectively. Kellogg, in [98], provides a more detailed characterization of Terfenol-D for compressive

stresses from 7 MPa to 100 MPa (much higher than our stress of 0.25 MPa). In that work the values

of elastic modulus lie within a range of 40 GPa and 90 GPa for the lowest value of stress considered.

Regarding obtained values of specific damping capacity, no data was found in the literature.

Table 4.9: ∆E-effect results in Terfenol-D.

Magnetization path Field (Oe) E ± u(E) (GPa) ∆E-effect (%)

M0
R − M+

S 0 40.98 ± 0.82 -

2215 83.43 ± 0.09 103.59

M+
R − M+

S 0 42.84 ± 0.44 -

2215 83.65 ± 0.21 95.26

M−
R − M+

S 0 42.75 ± 0.55 -

2215 83.52 ± 0.21 95.37

66



4. Characterization of magnetoelastic materials

Table 4.10: ∆Ψ-effect results in Terfenol-D at 0.25 MPa of stress.

Magnetization path Field (Oe) Ψ ± u(Ψ) (%) ∆Ψ-effect (%)

M0
R − M+

S 0 22.54 ± 1.42 -

231.1 46.21 ± 2.33 105.01

2215 15.26 ± 0.11 −32.30

M+
R − M+

S 0 24.66 ± 0.50 -

231.1 44.53 ± 1.73 80.57

2215 14.82 ± 0.26 −39.90

M−
R − M+

S 0 24.17 ± 2.05 -

231.1 44.01 ± 1.94 82.09

2215 14.71 ± 0.02 −39.14

4.2 Influence of internal stresses on ∆E- and ∆Ψ- effects

4.2.1 Relevance of internal stresses

The general purpose of the present section is to establish a better understanding of the influence of internal

stresses on some magnetoelastic effects in crystalline pure nickel. Indeed, the fact that variations in the

internal stresses of crystalline materials (and also of amorphous ones) may maximize their magnetoelastic

behaviour has been widely proven [8, 90,117].

Similar studies have been previously carried out in nickel by Chicharro et al [90], but they only

measured ∆E-effects and the results were less accurate and less detailed. We will use our experimental

system based on Laser Doppler Vibrometry which has proven its flair for estimating the variables with high

accuracy, resolution and with the capability of including stress-dependence and path-dependence studies.

A detailed research regarding internal stresses and microstructure is included, providing micrographies

and several measurements of microscopic parameters which will be valuable in differentiating among the

tested heat treatments.

4.2.2 Experimental details

Pure crystalline rods of nickel 201, all of them from the same molten material and manufacturing process,

were used. Their purity level, sizes and other relevant magnetic data can be found in Table 4.11.

The different heat treatments are achieved by modifying three main parameters: the heating temper-

ature, the heating time and the cooling method. The heating temperature is the temperature within the

furnace: it must be higher than the Curie temperature in order to make the magnetic domains disappear,

and also higher than the recrystallization temperature so that the grain size changes. The heating time

is the time that the specimens will remain inside the furnace at the heating temperature (they are put in
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4.2. Influence of internal stresses on ∆E- and ∆Ψ- effects

Table 4.11: Specimen properties.

Purity (%) 99.90

Length (mm) 110

Diameter (mm) 10

Density (kg/m3) 8912

Curie temperature TC (◦C) 358

Coercivity HC (Oe) 31.39

Saturation field HS (Oe) (98% of MS) 2330

Remanence MR (emu/cm3) 34.26

Saturation magnetization MS (emu/cm3) 496.65

Ratio MR/MS (%) 6.90

the furnace once it is at the desired temperature). Finally, the cooling method refers to the way in which

the specimens are cooled down to room temperature, which highly affects the final microstructure of the

crystalline solid.

The selection of parameters for our scheduled heat treatments was made in accordance with the rec-

ommendations found in [118] for nickel specimens. In particular, three different heating temperatures

were selected in relation to three different treatments: annealing (705◦C - 1205◦C), designed to produce

a recrystallized grain structure and softening in work-hardened alloys; stress relieving (425◦C - 870◦C),

used to remove or reduce stresses in work-hardened non-age-hardenable alloys without producing a re-

crystallized grain structure; and stress equalizing (230◦C - 315◦C), used to balance stresses in cold-worked

material without an appreciable decrease in the mechanical strength. Furthermore, although [118] only

considers two cooling methods, air cool and water quench, and heating times between 1 and 6 hours, we

also tested a very low cooling velocity inside the furnace along 24 hours and heating time of 8 hours in

order to consider a wider range of possibilities.

Table 4.12 shows a detailed summary of all the different heat treatments. The specimen names start

with three digits which represent the heating temperature in Celsius, followed by two digits which mean

the heating time in hours and one letter which refers to the cooling method (“W” for water, “A” for air

and “F” for furnace). The initial state of the nickel specimens will be labelled “AR” (as received).

Apart from field-dependence, other influences that must not be overlooked are stress-dependence and

path-dependence. On the one hand, it is proven in the previous Chapter 4.1 that the former has a

minute influence in the range of stresses of the experimental set-up used (below 1 MPa). So, to ease the

understanding of the influence of internal stresses, only the measurements corresponding to 0.50 MPa will

be reported. On the other hand, the path-dependence has been demonstrated to be significant in pure

nickel, so this effect will be considered by magnetizing the samples following three different magnetization

paths: from the state of zero retentivity (M0
R) to the state of positive saturation magnetization (M+

S ),
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4. Characterization of magnetoelastic materials

Table 4.12: Heat treatments.

Specimen Heating temp. (◦C) Heating time (h) Cooling method Nomenclature

0 - - - AR

1 300 2 Water 300-02-W

2 300 2 Air 300-02-A

3 600 2 Water 600-02-W

4 600 2 Air 600-02-A

5 900 2 Water 900-02-W

6 900 2 Air 900-02-A

7 900 2 Furnace (24 h) 900-02-F

8 900 4 Water 900-04-W

9 900 4 Air 900-04-A

10 900 4 Furnace (24 h) 900-04-F

11 900 8 Water 900-08-W

12 900 8 Air 900-08-A

13 900 8 Furnace (24 h) 900-08-F

from the state of positive retentivity (M+
R ) to the state of positive saturation magnetization (M+

S ) and

from the state of negative retentivity (M−
R ) to the state of positive saturation magnetization (M+

S ).

4.2.3 Results and discussion

Microscopic analysis of internal stresses

The scheduled heat treatments were carried out in a Carbolite Eurotherm 2416 furnace. Along with

each specimen a short portion of nickel of the same diameter was subjected to the same process in order

to perform a microscopic examination. The preparation procedure for microscopic examination of the

specimens was made in accordance to [119]. In particular, the specimens were cut to a convenient size

with a precision Struers Secotom-10 machine, then mounted in a hard epoxy resin with a fully automatic

Struers LaboPress-3 mounting press and finally ground and polished in an automatic Struers TegraSystem

machine (TegraPol-15 and TegraForce-1) until the surfaces were free of scratches. The etchant applied

to the surfaces was a fresh solution compound of one part HNO3 and one part acetic acid (glacial),

which is recommended for revealing grain boundaries in nickel 201. For the microscopic examination,

the equipment used was a Leica DM IRM inverted research microscope with a Leica DFC 480 high

performance digital FireWire camera system which allowed to obtain micrographies and estimations of

the grain size.

Figure 4.12 shows the micrographies for specimens AR, 300-02-A, 600-02-A and 900-02-A. On the one

hand, specimens 300-02-A and 600-02-A show a similar grain size than specimen AR, which agrees with
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the fact that stress relieving and stress equalizing heat treatments reduce and balance stresses without

producing a recrystallized grain structure. On the other hand, 900-02-A clearly shows larger grains which

will translate into lower internal stresses as in annealing treatments.

Figure 4.12: Micrographies of specimens (a) AR, (b) 300-02-A, (c) 600-02-A and (d) 900-02-A.

Table 4.13 shows the measurements of grain perimeter and grain area. Three main different distribu-

tions where found: small grains, with a perimeter lower than 1000 µm; medium grains, with a perimeter

between 1000 µm and 3000 µm; and large grains, with a perimeter greater than 3000 µm. Specimens AR,

300-02-W and 300-02-A only contain small grains, although perimeters and areas increase slightly when

the specimens have been heated. Specimens 600-02-W and 600-02-A show small grains mainly although

medium grains are not uncommon. Finally, all specimens heated to 900◦C show large distributions of

medium and large grains due to recrystallization, whereas small grains tend to disappear (a significant

distribution of small grains around the centre of the section can be found only in the case of a heating

time of 2 hours). In general, the greater the heating time and the lower the cooling velocity, the greater

the grain size.
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Table 4.13: Microscopic measurements.

Specimen Small grains Medium grains Large grains

Perimeter Area Perimeter Area Perimeter Area

(µm) (µm2) (µm) (µm2) (µm) (µm2)

AR 350 8200 - - - -

300-02-W 440 11900 - - - -

300-02-A 520 14400 - - - -

600-02-W 600 16900 1240 41000 - -

600-02-A 700 21500 1240 53000 - -

900-02-W 530 16600 1720 144000 4000 590000

900-02-A 620 20700 1730 157000 4200 510000

900-02-F 620 23600 1660 147000 4100 650000

900-04-W - - 1640 137000 4200 670000

900-04-A - - 1820 167000 4400 670000

900-04-F - - 1750 143000 4700 660000

900-08-W - - 1960 194000 5300 780000

900-08-A - - 1900 195000 5300 720000

900-08-F - - 1870 170000 5600 940000

∆E- and ∆Ψ- effects

The different internal stresses of the 14 nickel specimens lead to different results when measuring ∆E-

and ∆Ψ- effects. Nevertheless, the results show similarities which can be summarized in three different

patterns which are depicted in Figure 4.13 and explained next.

i Pattern I is shown by specimen AR and all those cooled down in water, so the internal stresses

are higher due to a lower grain size. In this pattern, the three curves of damping corresponding to

the three different magnetization paths have a single peak and the curve from the state of negative

retentivity (M−
R − M+

S ) shows a trough before converging to the other two curves due to magnetic

domains quickly flipping their initial opposite orientations. This latter fact is also mildly shown in the

curves of elastic modulus. It is important to note that specimens 900-02-W, 900-04-W and 900-08-W

show an early and minute peak because of processes of grain recrystallization and the consequent

reduction of internal stress, making them similar to pattern III.

ii Pattern II is shown by specimens 300-02-A and 600-02-A. In this case, the curves of damping corre-

sponding to the magnetization paths M−
R −M+

S and M+
R −M+

S show two peaks and a trough, which

can be explained by the existence of two types of domain motion which become activated and satu-

rated at different energy levels. These two magnetization paths also generate equal elastic modulus

curves but, in this case, they do not show any remarkable behaviour.

iii Pattern III is shown by the specimens which were heated up to 900◦C and slowly cooled down in
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air or inside the furnace, so they present a very low level of internal stresses. In particular, they

show curves with a very high damping value which quickly starts to decrease until saturation without

intermediate peaks. The elastic modulus curves for the three different magnetization paths show

much lesser differences than in other patterns.

Figure 4.14 shows the influence of the heating time on ∆E- and ∆Ψ- effects. We have plotted the

results corresponding to the magnetization path M0
R−M+

S of specimens 900-02-A, 900-04-A and 900-08-

A. We can conclude that the longer the specimen stays in the furnace at the heating temperature, the

lower the ∆E- and ∆Ψ- effects are. Nevertheless, the influence of this parameter is not significant.

H
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Ψ

(I)

H

E
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(II)

H

E
Ψ
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Figure 4.13: Different patterns (I, II and III) of the (a) ∆E- and (b) ∆Ψ- effects (solid line: M0
R −M+

S ; dashed

line M+
R −M+

S ; dotted line: M−
R −M+

S ).

Figure 4.15 shows the influence of the cooling method on ∆E- and ∆Ψ- effects. In this case we have

plotted the results corresponding to the magnetization path M0
R −M+

S of specimens 900-02-F, 900-02-A

and 900-02-W. On the one hand, when the cooling velocity is low, as in the case of air and furnace

cooling, both ∆E- and ∆Ψ- effects are almost independent of the cooling method. In fact, cooling inside

the furnace for 24 hours provides better results, but the differences are so minute that this method is

not worth it. On the other hand, water cooling leads to a great reduction of both ∆E- and ∆Ψ- effects

since their value at demagnetized state becomes greatly modified: from 200 GPa to 213 GPa regarding

the elastic modulus, and from 30% to 1.5% regarding the specific damping capacity.

Figure 4.16 shows the influence of the heating temperature on ∆E- and ∆Ψ- effects. The curves

plotted correspond to specimens 300-02-A, 600-02-A and 900-02-A following the magnetization path

M0
R − M+

S . Regarding ∆E-effect, when the heating temperature is 900◦C the values of the elastic

modulus at demagnetized and saturated states become lower and higher, respectively, in comparison
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Figure 4.14: Influence of heating time on (a) ∆E- and (b) ∆Ψ- effects (solid line: 900-02-A; dashed line:

900-04-A; dotted line: 900-08-A).

to the curves corresponding to the other heating temperatures. Thus, a greater ∆E-effect is obtained.

Regarding ∆Ψ- effect, the curve corresponding to a heating temperature of 900◦C is again different: its

value at saturated state is the same but its value at demagnetized state is about two orders of magnitude

greater (up to 350 times greater).

Figure 4.17 shows the influence of the negative remanence on the ∆Ψ- effect. This influence consists

in the appearance of a trough at low magnetic field levels when the material had a magnetic retentivity

in the opposite direction. When this occurs, the magnetic domains ought to flip quickly in order to be

aligned to the new direction of the applied magnetic field, and then the curves converge. In this case

we have not plotted the curves of Young’s modulus because this influence is better noticed in the ∆Ψ-

effect. In particular, we show the curves of specific damping capacity corresponding to the magnetization

path M−
R − M+

S of specimens AR, 300-02-W and 600-02-W, which are the only ones which show this

influence. Specimens 900-02-W, 900-04-W and 900-08-W also belong to the same pattern I, but their

internal stresses are not high enough to show the influence. In fact, the lower the internal stress, the

weaker the trough.

Tables 4.14, 4.15 and 4.16 gather the quantitative results of all the specimens tested for the three

different magnetization paths followed. These values are in good agreement with other results in the

literature. For the Young’s modulus two main works can be used as reference: [114], which gathers

measurements from many other researchers, and [90], which is specially convenient since it provides

results for nickel specimens from the same molten material and manufacturing process as ours. Thus,

on the one hand, we can find in [114] estimations of elastic modulus between 190 GPa and 210 GPa at
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Figure 4.15: Influence of cooling method on (a) ∆E- and (b) ∆Ψ- effects (solid line: 900-02-F; dashed line:

900-02-A; dotted line: 900-02-W).

demagnetized state and between 215 GPa and 230 GPa at saturation state, these intervals being clearly

in accordance with our results; on the other hand, in [90] we find results in even better agreement with

ours, but our results provide a more detailed description of the trend of the curve with a thinner mesh

of measured points. For the second magnitude studied, the specific damping capacity, we will refer only

to [21], where magnetomechanical damping in pure nickel is studied (although for higher levels of stress),

because [90], despite the fact that the same rods of nickel and similar heat treatments were used, does

not provide results for damping. Thus, after extrapolating results below 1 MPa, [21] predicts values of

damping for two specimens: one specimen “cold rolled”, with values at demagnetized and saturated states

of 0.30% and 0.07%, respectively, which fit our results for specimen “AR”; and one “annealed” specimen,

with values at demagnetized and saturated states around 25% and below 0.5%, respectively, which are

very similar to our results for the specimens heated to 900◦C and slowly cooled in air or inside the furnace.

The uncertainties shown in the table were calculated following ISO recommendations [112], with both

type A and type B uncertainties taken into account. Type A uncertainty stems from the statistical

averaging of the 4 replicates for each point characterized. Type B uncertainty is related to the equipment

and material constants.
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Figure 4.16: Influence of heating temperature on (a) ∆E- and (b) ∆Ψ- effects (solid line: 300-02-A; dashed line:

600-02-A; dotted line: 900-02-A).
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Figure 4.17: Influence of negative remanence on (a) ∆E- and (b) ∆Ψ- effects (solid line: AR; dashed line:

300-02-W; dotted line: 600-02-W).
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Table 4.14: Results of ∆E- and ∆Ψ- effects in magnetization path M0
R −M+

S .

Specimen Pattern Field E ± u(E) ∆E Ψ ± u(Ψ) ∆Ψ

(Oe) (GPa) (%) (%) (%)

AR (I) 0.0 210.50 ± 0.14 - 0.354 ± 0.022 -

53.8 215.20 ± 0.13 2.23 0.373 ± 0.023 5.37

161.0 217.53 ± 0.13 3.34 1.026 ± 0.059 190.26

2160.0 219.24 ± 0.13 4.15 0.063 ± 0.005 -82.26

300-02-A (II) 0.0 212.48 ± 0.14 - 0.293 ± 0.002 -

32.3 214.49 ± 0.14 0.94 0.296 ± 0.009 1.02

64.6 218.22 ± 0.13 2.70 0.377 ± 0.004 28.67

139.6 220.64 ± 0.13 3.84 1.050 ± 0.009 258.36

2160.0 222.60 ± 0.13 4.76 0.296 ± 0.009 -83.62

300-02-W (I) 0.0 212.69 ± 0.13 - 0.185 ± 0.017 -

43.0 215.18 ± 0.14 1.17 0.324 ± 0.005 75.13

150.3 219.01 ± 0.14 2.97 1.010 ± 0.005 445.94

2160.0 220.82 ± 0.13 3.82 0.038 ± 0.001 -79.46

600-02-A (II) 0.0 209.82 ± 0.14 - 0.226 ± 0.011 -

32.3 212.98 ± 0.13 1.51 0.305 ± 0.022 34.96

53.8 214.54 ± 0.13 2.25 0.369 ± 0.003 63.27

118.2 218.87 ± 0.13 4.31 1.133 ± 0.017 401.33

2160.0 221.27 ± 0.14 5.46 0.047 ± 0.001 -79.20

600-02-W (I) 0.0 216.01 ± 0.13 - 0.117 ± 0.002 -

10.8 216.19 ± 0.13 0.08 0.140 ± 0.004 19.66

96.7 218.50 ± 0.13 1.15 0.996 ± 0.012 751.28

2160.0 220.45 ± 0.13 2.06 0.068 ± 0.001 -41.88

900-02-F (III) 0.0 198.55 ± 0.57 - 32.500 ± 5.400 -

2160.0 224.38 ± 0.14 13.01 0.055 ± 0.003 -99.83

900-02-A (III) 0.0 201.38 ± 0.45 - 35.100 ± 2.900 -

2160.0 224.38 ± 0.13 10.41 0.025 ± 0.002 -99.93

900-02-W (I) 0.0 213.19 ± 0.15 - 1.698 ± 0.030 -

32.3 216.17 ± 0.14 1.40 1.876 ± 0.042 10.48

2160.0 224.09 ± 0.14 5.11 0.050 ± 0.001 -97.06

900-04-F (III) 0.0 201.55 ± 0.20 - 16.700 ± 1.700 -

2160.0 224.29 ± 0.14 11.28 0.033 ± 0.001 -99.80

900-04-A (III) 0.0 202.88 ± 0.28 - 29.200 ± 2.600 -

2160.0 224.19 ± 0.13 10.50 0.033 ± 0.001 -99.89

900-04-W (I) 0.0 212.85 ± 0.18 - 1.529 ± 0.060 -

43.0 217.53 ± 0.14 2.20 1.877 ± 0.039 22.73

2160.0 224.19 ± 0.14 5.33 0.090 ± 0.002 -94.11

900-08-F (III) 0.0 202.73 ± 0.67 - 24.000 ± 1.400 -

2160.0 224.19 ± 0.14 10.59 0.038 ± 0.001 -99.84

900-08-A (III) 0.0 207.63 ± 0.31 - 24.300 ± 2.400 -

2160.0 224.34 ± 0.14 8.05 0.040 ± 0.001 -99.84

900-08-W (I) 0.0 215.98 ± 0.13 - 1.206 ± 0.053 -

53.8 218.98 ± 0.14 1.39 1.694 ± 0.210 40.51

2160.0 224.09 ± 0.14 3.75 0.041 ± 0.001 -96.59
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Table 4.15: Results of ∆E- and ∆Ψ- effects in magnetization path M+
R −M+

S .

Specimen Pattern Field E ± u(E) ∆E Ψ ± u(Ψ) ∆Ψ

(Oe) (GPa) (%) (%) (%)

AR (I) 0.0 212.93 ± 0.13 - 0.505 ± 0.031 -

53.8 215.09 ± 0.13 1.01 0.555 ± 0.033 10.05

161.0 217.34 ± 0.13 2.07 1.033 ± 0.060 104.67

2160.0 219.10 ± 0.13 2.90 0.058 ± 0.004 -88.51

300-02-A (II) 0.0 215.96 ± 0.14 - 0.517 ± 0.012 -

32.3 216.56 ± 0.13 0.27 0.607 ± 0.003 17.40

64.6 218.78 ± 0.13 1.30 0.556 ± 0.005 7.54

139.6 220.71 ± 0.14 2.20 1.084 ± 0.013 109.67

2160.0 222.69 ± 0.13 3.12 0.055 ± 0.001 -89.36

300-02-W (I) 0.0 214.33 ± 0.14 - 0.420 ± 0.010 -

43.0 215.83 ± 0.13 0.70 0.442 ± 0.006 5.24

150.3 218.97 ± 0.13 2.16 1.007 ± 0.008 139.76

2160.0 220.61 ± 0.14 2.93 0.038 ± 0.001 -90.95

600-02-A (II) 0.0 212.62 ± 0.13 - 0.566 ± 0.013 -

32.3 213.35 ± 0.13 0.34 0.682 ± 0.005 20.49

64.6 215.09 ± 0.13 1.16 0.635 ± 0.004 12.19

139.6 218.87 ± 0.13 2.94 1.202 ± 0.018 112.36

2160.0 221.10 ± 0.13 3.99 0.046 ± 0.001 -91.87

600-02-W (I) 0.0 216.66 ± 0.13 - 0.247 ± 0.008 -

10.8 216.75 ± 0.13 0.04 0.266 ± 0.004 7.69

96.7 218.50 ± 0.13 0.85 0.992 ± 0.003 301.62

2160.0 220.36 ± 0.13 1.71 0.057 ± 0.001 -76.92

900-02-F (III) 0.0 200.97 ± 0.33 - 14.900 ± 0.700 -

2160.0 224.28 ± 0.14 11.60 0.046 ± 0.002 -99.69

900-02-A (III) 0.0 203.58 ± 0.22 - 25.300 ± 2.100 -

2160.0 224.38 ± 0.14 10.21 0.025 ± 0.001 -99.90

900-02-W (I) 0.0 214.69 ± 0.18 - 1.797 ± 0.013 -

32.3 216.46 ± 0.19 0.82 1.915 ± 0.038 6.59

2160.0 224.11 ± 0.14 4.38 0.049 ± 0.001 -97.28

900-04-F (III) 0.0 203.36 ± 0.16 - 14.900 ± 1.700 -

2160.0 224.29 ± 0.14 10.29 0.032 ± 0.001 -99.79

900-04-A (III) 0.0 205.22 ± 0.15 - 23.400 ± 1.700 -

2160.0 224.37 ± 0.14 9.33 0.034 ± 0.002 -99.86

900-04-W (I) 0.0 215.09 ± 0.13 - 1.750 ± 0.014 -

43.0 217.88 ± 0.16 1.30 1.969 ± 0.033 12.49

2160.0 224.09 ± 0.14 4.19 0.091 ± 0.001 -94.77

900-08-F (III) 0.0 204.26 ± 0.64 - 23.500 ± 0.700 -

2160.0 224.28 ± 0.14 9.80 0.037 ± 0.001 -99.84

900-08-A (III) 0.0 209.31 ± 0.39 - 20.300 ± 1.300 -

2160.0 224.44 ± 0.14 7.23 0.040 ± 0.001 -99.80

900-08-W (I) 0.0 216.66 ± 0.13 - 1.425 ± 0.037 -

53.8 218.97 ± 0.15 1.07 1.770 ± 0.031 24.22

2160.0 224.09 ± 0.14 3.43 0.039 ± 0.002 -97.26
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Table 4.16: Results of ∆E- and ∆Ψ- effects in magnetization path M−
R −M+

S .

Specimen Pattern Field E ± u(E) ∆E Ψ ± u(Ψ) ∆Ψ

(Oe) (GPa) (%) (%) (%)

AR (I) 0.0 213.03 ± 0.13 - 0.502 ± 0.030 -

53.8 214.72 ± 0.13 0.80 0.362 ± 0.022 -27.75

161.0 217.53 ± 0.13 2.11 1.001 ± 0.058 99.53

2160.0 219.26 ± 0.14 2.93 0.055 ± 0.004 -88.90

300-02-A (II) 0.0 215.83 ± 0.13 - 0.516 ± 0.003 -

32.3 216.38 ± 0.13 0.25 0.617 ± 0.010 19.57

64.6 218.50 ± 0.13 1.24 0.556 ± 0.005 7.75

139.6 220.55 ± 0.13 2.19 1.088 ± 0.004 110.85

2160.0 222.50 ± 0.13 3.09 0.049 ± 0.006 -90.50

300-02-W (I) 0.0 213.99 ± 0.13 - 0.414 ± 0.006 -

43.0 215.09 ± 0.13 0.51 0.337 ± 0.016 -18.60

150.3 218.78 ± 0.13 2.24 0.993 ± 0.007 139.86

2160.0 220.64 ± 0.13 3.11 0.038 ± 0.001 -90.82

600-02-A (II) 0.0 212.71 ± 0.13 - 0.570 ± 0.014 -

32.3 213.53 ± 0.13 0.39 0.675 ± 0.012 18.42

64.6 215.30 ± 0.14 1.22 0.631 ± 0.008 10.70

139.6 218.94 ± 0.14 2.93 1.180 ± 0.002 107.02

2160.0 221.10 ± 0.13 3.94 0.045 ± 0.001 -92.11

600-02-W (I) 0.0 216.77 ± 0.14 - 0.229 ± 0.009 -

10.8 216.84 ± 0.13 0.03 0.183 ± 0.004 -20.09

96.7 218.69 ± 0.13 0.89 0.984 ± 0.012 329.69

2160.0 220.45 ± 0.13 1.70 0.055 ± 0.001 -75.98

900-02-F (III) 0.0 201.24 ± 0.51 - 19.600 ± 0.600 -

2160.0 224.28 ± 0.14 11.45 0.053 ± 0.002 -99.73

900-02-A (III) 0.0 203.68 ± 0.44 - 25.600 ± 2.200 -

2160.0 224.24 ± 0.14 10.09 0.025 ± 0.001 -99.90

900-02-W (I) 0.0 214.70 ± 0.14 - 1.835 ± 0.028 -

32.3 216.40 ± 0.13 0.79 1.959 ± 0.031 6.75

2160.0 224.11 ± 0.14 4.38 0.048 ± 0.001 -97.35

900-04-F (III) 0.0 203.10 ± 0.62 - 15.000 ± 0.600 -

2160.0 224.19 ± 0.14 10.38 0.032 ± 0.001 -99.79

900-04-A (III) 0.0 205.06 ± 0.62 - 24.400 ± 2.400 -

2160.0 224.19 ± 0.13 9.33 0.033 ± 0.001 -99.87

900-04-W (I) 0.0 215.08 ± 0.14 - 1.742 ± 0.043 -

43.0 217.80 ± 0.14 1.26 1.936 ± 0.032 11.18

2160.0 224.11 ± 0.14 4.19 0.092 ± 0.001 -94.70

900-08-F (III) 0.0 204.28 ± 0.76 - 26.200 ± 1.600 -

2160.0 224.28 ± 0.14 9.79 0.035 ± 0.002 -99.87

900-08-A (III) 0.0 209.44 ± 0.30 - 19.200 ± 1.200 -

2160.0 224.51 ± 0.14 7.19 0.040 ± 0.001 -99.79

900-08-W (I) 0.0 216.63 ± 0.14 - 1.427 ± 0.034 -

53.8 218.90 ± 0.13 1.04 1.705 ± 0.068 19.46

2160.0 224.09 ± 0.14 3.44 0.038 ± 0.001 -97.29
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Chapter 5
Vibration control with magnetoelastic

materials

“We are all agreed that your theory is crazy.

The question that divides us is whether it is crazy enough to have a chance of being correct.”

Niels Bohr

5.1 Basis of the control methods

Acording to Housner [92], the different ways of actuation for controlling or cancelling vibrations may

be divided into passive, active, hybrid and semiactive. It may be possible to use the ∆E- and ∆Ψ-

effects studied in this thesis to cancel or control vibrations, but not all the types of control just mentioned

are suitable for this implementation.

Active control, for example, requires force levels that are not reachable using magnetoelastic materials

and these do not guarantee a suitable level of added or dissipated energy in the structure. On the one

hand, variations in elastic modulus are in general minute, so actuators based on ∆E-effect would require

high stresses in order to provided adequate levels of force. Only Terfenol-D is able to change its elastic

modulus in a wide range but is a very fragile material with a low tensile strength [116] and its use is

mainly reduced as a transducer [98, 99] (it is sometimes used as an actuator for active vibration control

taking advantage of its giant magnetostriction [97]). On the other hand, although variations in structural

damping are often high, the forces involved in these changes are again not enough to provide the required
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forces to control the vibration of the structure.

The previous rationale also applies when one tries to use the ∆E- and ∆Ψ- effects as the active part

in a hybrid control system. Nevertheless, three control possibilities remain (passive control, semiactive

control and hybrid control using the ∆E- and ∆Ψ- effects as the passive part of the system) in which the

use of magnetoelastic materials is worth exploring.

5.2 Experimental set-up

Let us consider the experimental system of Figure 5.1. It is basically a one degree of freedom system

subjected to forced vibration via an unbalanced rotating motor. It is composed of a rod of magnetoelastic

material fixed at the root by a metal piece acting as the foundation and a DC unbalanced motor placed in

the opposite end of the rod. The rod in this set is surrounded by a solenoid which provides the required

vertical magnetic field in order to modify the stiffness and damping of the structure via ∆E- and ∆Ψ-

effects, respectively.

Figure 5.1: Experimental set-up for vibration control.

The ferromagnetic rod is magnetized by the same solenoid which was described in Chapter 3.3. A

smaller solenoid would have been satisfactory because a total magnetic saturation is not necessary, but

there are no drawbacks in using a more powerful solenoid, and this particular one was readily available.

The solenoid current is generated by means of a DC supply. The particular DC supply used is a Delta

Elektronika SM400-AR-8 which provides 1600 W, i.e., up to 4 A between 0 V and 400 V, and is equipped

with RS232 connectivity.

Two forms of excitation are possible: the first uses an impact hammer which sets the system in free

vibration after acquiring an initial velocity; the second uses a MAXON DC Motor RE36 placed on top
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Table 5.1: Characteristics of the magnetoelastic specimens for the experimental set-up.

Nickel AR Nickel 900-02-F Terfenol-D

Purity (%) 99.90 99.90 Tb0.3Dy0.7Fe1.9

Length (mm) 240 240 120

Diameter (mm) 10 10 13

Moment of inertia (mm4) 490.87 490.84 1401.98

Mass (kg) 0.168 0.168 0.146

Density (kg/m3) 8912 8912 9250

of the bar to provide a centrifugal force due to the unbalanced rotor. In both cases the sprung load (the

mass of the DC motor, the rotor and its aluminium support) is 0.930 kg. Regarding the measurement of

the time response, a Polytec compact laser vibrometer was used to measure the vibration velocity of the

system.

Input and output signals are handled with National Instruments devices which are controlled by a

standard laptop. In this instance, we used a laptop connected to a series of National Instruments data

acquisition and signal conditioning devices. In particular, a 100 kS/s 6062E DaqCard with PCMCIA

connectivity, and a SCC2345 multiplexer connecting the following modules: an SCC-AO10 module that

sends the necessary analog voltage for the DC supply of the solenoid, another SCC-AO10 module that

sends the necessary analog voltage for the DC supply of the DC motor, and an SCC-AI03 module to

receive the analog signal from de laser vibrometer. The entire system was controlled and synchronized in

the Matlab suite, which is compatible with the National Instruments hardware.

The materials tested were: nickel AR, nickel 900-02-F and Terfenol-D. The first was chosen because

nickel is the structural material with the highest magnetoelastic effect; the second because the ∆E- and

∆Ψ- effects can be maximized with heat treatments; and the third because it is the material which shows

the highest ∆E-effect. The different sizes and weights of the magnetoelastic specimens are shown in Table

5.1. Obviously, due to the different dimensions of the nickel and Terfenol-D rods, the set of aluminium

pieces which fix their ends to the foundation and the DC motor are different, but this fact does not

translate into any significant variation.

5.3 Passive control

The passive control via ∆E- or ∆Ψ- effects of magnetoelastic materials consists on selecting the

suitable material, heat treatment or magnetic field which provides the best value of elastic modulus

and/or specific damping capacity in accordance to the requirements of the vibrating system. The method

is feasible because the range of values for the elastic modulus and for the specific damping capacity is
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quite wide as shown in the characterization of the previous Chapter 4.

Passive control, by definition, does not involve any external consumption of energy, so the use of a

magnetic solenoid fed by a DC supply, as is the case in our experimental set-up, would not be appropriate

in this case. Nevertheless, the same magnetic field could have been achieved by means of permanent

magnets, in which case the set-up could properly be referred to as “passive”.

Setting the selection of a suitable elastic modulus aside, which in general can be fine-tuned within

a small interval of values, the main variable for obtaining a successful passive control lies on the ∆Ψ-

effect. As shown in Chapter 4, this effect displays high degrees of variation even in materials with low

magnetomechanical coupling factors such as iron, nickel or cobalt, and this fact allows us to expect good

results.

In the vast majority of cases, the selection of the material will be imposed or determined by the

application in which it is used. For instance, Terfenol-D is a very fragile material with a low tensile

strength which is only suitable for compression loads, whereas iron, nickel and cobalt can be used in

almost any mechanical application. In this work, the tests will be carried out using nickel because it is

the material which behaves best regarding the ∆Ψ- effect and because it was characterized for multiple

heat treatments.

Thus, we should focus our attention on selecting the most suitable heat treatment and the required

value of the applied magnetic field. In particular, we may follow one of the following two approaches:

• Focusing on the heat treatment of the material: we select the heat treatment which provides the

desired value of the specific damping capacity at demagnetized state, which allows us to avoid the

use of permanent magnets. Taking into account the characterization of nickel in Chapter 4, we

could choose values of specific damping capacity from 0.25% (600-02-W) to 25% (900-02-A), that

is, two orders of magnitude of variation. Nevertheless, only some discrete values within that interval

can be obtained.

• Focusing on the magnetic field applied to the material: after selecting the heat treatment which

provides the highest variation of specific damping capacity between the demagnetized and saturated

states, we select the permanent magnets in order to generate the required magnetic field for the

desired value of damping. This is the method that allows the widest range of possibilities. From

the characterization of nickel in Chapter 4, we see that the greatest variation of structural damping

is obtained with nickel 900-02-F, which shows specific damping capacity values between 35% and

0.050%, that is, three orders of magnitude of variation.

The experimental set-up which was used to study the passive control strategies is detailed in Section

5.2. The DC motor in this case represents just a sprung load since the system is set into flexural vibration
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5. Vibration control with magnetoelastic materials

via a brief impact which provokes an initial velocity of 0.05 mm/s. The material used was nickel 900-02-F.

Figure 5.2 depicts the high difference in the attenuation of the free decaying vibration of the system

when the nickel rod is either in a demagnetized state or in a saturated state. As a consequence of the

change of the magnetic field, the oscillation frequency will also vary due to ∆E-effect, but the factor that

mainly influences the attenuation of vibrations is clearly the great variation of the structural damping of

the rod.
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Figure 5.2: Free decaying vibration of a 1 DOF system with nickel 900-02-F at demagnetized state (blue) and at

saturated state (black).

In order to quantitatively determine the variation of attenuation due to the application of a magnetic

field we will measure the averaged damping along the full time response and the 5% establishing time.

The signal of the free decaying vibration when the nickel rod is at demagnetized state shows a specific

damping capacity of 11.14% and a establishing time of 3.17 seconds, whereas in the case of magnetic

saturation the values obtained were 2.41% and 8.62 seconds, respectively. This means, in terms of the

establishing time, an improvement in the attenuation velocity of 63% when a saturating field is applied

to the nickel.

Its important to mention that the expected values of specific damping capacity (35% at demagnetized

state and 0.050% at saturated state) do not match the real values (11.14% at demagnetized state and

2.41% at saturated state). This is due to several reasons: first, theoretical values are referred to longitudi-

nal damping whereas the experimental test obtained damping in flexural vibration, which implies different

domain movements and losses; second, the value of stress between the theoretical and experimental con-

ditions are also different, both in magnitude and distribution, and magnetomechanical damping is highly

dependent on this parameter; and third, the estimation of the specific damping capacity is an averaged

of the full time response, i.e., very different levels of stress are being considered altogether. Nevertheless,
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the global trend is clearly in accordance with the expected theoretical results, as shown in Figure 5.1.

5.4 Semiactive control

Semiactive control via ∆E- or ∆Ψ- effects of magnetoelastic materials requires the development of a

suitable actuation strategy. Indeed, first of all we must decide whether the control is carried out in

the time domain or in the frequency domain.

Vibration control in the time domain was considered first in the work of L. M. Jansen, who developed

a comparative study of semiactive control strategies for magnetorheological dampers [120]. Some of

these techniques, such as the skyhook control strategy, can be implemented by means of magnetoelastic

materials which, instead of applying a force due to variations in the damping constant, could apply a force

due to variations in the stiffness. Nevertheless, very soon we were faced with an important drawback: the

dynamics of the solenoid which is in charge of changing the magnetic state of the material is very slow,

which only allows us to control very slow systems. For instance, taking into account that the solenoid

of the experimental set-up detailed in Chapter 5.2 shows a experimentally measured inductance of 1.8

H and assuming that the dynamics of the control system should be at least ten times faster than the

dynamics of the system, the result is that we are only able to control systems under 28 Hz. Nevertheless,

the shapes and dimensions which comply with such a requirement are awkward when using a fragile

material as Terfenol-D, and the other structural magnetoelastic materials (nickel, cobalt or iron) show a

too low ∆E-effect as to be considered an efficient solution.

Vibration control in the frequency domain is a novel solution which can be implemented with less

difficulties. Let us consider our experimental system when set into oscillation due to forced vibration.

When the magnetoelastic suspension is subjected to a variable external magnetic field, its stiffness and

structural damping will also vary. Therefore, this system will show different magnification factors de-

pending on the applied magnetic field. The strategy in this control will obviously consist in selecting

the magnetic field which provides a magnification factor as low as possible at any given moment. As a

consequence, this type of semiactive control is also called adaptative-passive control.

Taking into account that the ∆E-effect curves always show the most distant values in the demagnetized

and saturated states, there is no reason for desiring an intermediate value of elastic modulus. Then, the

control strategy that we propose consists of a bistable system with two different resonance frequencies:

one for the demagnetized state and the other for the saturated state.

The improvements derived from the use of the adaptative-passive control with respect to using the

materials at fixed magnetization levels will be validated by means of tests in which the excitation frequency

sweeps a scheduled bandwidth including the resonance frequencies.
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Nickel AR

Figure 5.3 shows the normalized magnification factor for a bandwidth between 18 Hz and 28 Hz when the

nickel rod is either in the demagnetized state or the saturated state. Furthermore, the path of optimal

magnification factor which the adaptative-passive control suggests is also plotted: at low frequencies,

the curve of magnification factors corresponding to the saturated state is chosen, but after a specific

frequency called transition frequency (21.43 Hz), the curve corresponding to the demagnetized state

becomes preferable. Due to the low ∆E-effect that this material shows, the resonant frequencies of the

two bistable states considered (21.32 Hz and 21.71 Hz) are not distant enough to obtain an optimal path

which clearly avoids them.

In order to validate these results, the natural frequencies of the two bistable states were calculated.

On the one hand, the stiffness of the 1 DOF system for a specific magnetic field, KH, was obtained by

means of the equation for a cantilever beam [22]:

KH =
3EHI

L3
(5.1)

where EH is the elastic modulus of the nickel rod for a specific magnetic field, I the moment of inertia

or second moment of area and L the length of the rod. The values of these parameters can be obtained

from Table 4.3 for the case of EH and Table 5.1 for the case of I and L. On the other hand, the effective

mass of the 1 DOF system, meff was obtained with the following equation [22]:

meff = m+ 0.23 mrod (5.2)

where m is the mass at the end of the rod, that is, the mass of the DC motor, the rotor and its aluminium

support (0.930 kg), and mrod is the mass of the nickel rod (Table 5.1). Using these values and equations,

the natural frequencies of the two bistable states, that is, the demagnetized state and the saturated state,

resulted in 23.97 Hz and 24.32 Hz, respectively. The little variations when compared to measured values

are caused by differences between the theoretical and the experimental boundary conditions (the slack

between the rod and the clamping mechanism, the low elastic modulus of the aluminium in comparison

to nickel...). Nevertheless, the variation in frequency that happens when we change from one state to the

other is 0.35 Hz, which clearly matches the experimental shift.

In view of these results, the electrical motor is programmed by computer to rev up from 16 Hz to

29 Hz at a rate of 0.33 Hz/s. As the adaptative-passive strategy suggests, we switch the magnetic field

from the maximum value to the minimum value as we sweep through the transition frequency. As can

be seen in Figure 5.4, the response amplification is lower when the optimal path is followed, but the

improvement cannot be considered relevant. Quantitatively speaking, the controlled signal reduces the
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5.4. Semiactive control

maximum measured velocity 59.45% with respect to the saturated situation and 1.96% with respect to

the demagnetized situation, which clearly means that the use of the control strategy is not justified in

this case. Only if we consider the time response as a whole, by means of calculating the average of the

instantaneous amplitude of the signal, the improvement seems to be more significant: the reduction is

19.88% and 42.77% with respect to the demagnetized and saturated situations, respectively.
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Figure 5.3: Normalized magnification factor of the system with nickel AR at demagnetized state (blue line), at

saturated state (black line) and following the optimal path (dashed red line).

t (s)

v
 (

m
m

/s
)

0 4 8 12 16 20 24 28 32 36 40
-0.20

-0.16

-0.12

-0.08

-0.04

0.00

0.04

0.08

0.12

0.16

0.20

Figure 5.4: Velocity response amplification of the system with nickel AR at demagnetized state (blue line), at

saturated state (black line) and following the optimal path (dashed red line), while the motor revs up from 16

Hz to 29 Hz at a rate of 0.33 Hz/s.
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Nickel 900-02-F

Figure 5.5 shows the normalized magnification factor for a bandwidth between 18 Hz and 28 Hz when

the nickel rod is either at the demagnetized state or at the saturated state. Again, the path of optimal

magnification factor which the adaptative-passive control suggests is also plotted: at low frequencies,

the curve of magnification factors corresponding to the saturated state is chosen, but past the transition

frequency (22.69 Hz), the curve corresponding to the demagnetized state becomes preferable. Due to the

higher ∆E-effect that these heat treatments provide, the resonant frequencies of the two bistable states

considered (22.20 Hz and 23.22 Hz) are more distant and the reduction of the maximum magnification

factor is higher than in the previous case.

As in the case of nickel AR, the natural frequencies of the two bistable states were calculated in order

to validate the experimental results. The stiffness and the effective mass were estimated via Equations 5.1

and 5.2, respectively, whereas the values of the required parameters were taken from Table 4.15 for the

case of EH and from Table 5.1 for the case of L, I and m. The natural frequencies of the demagnetized

state and the saturated state resulted to be 23.29 Hz and 24.60 Hz, respectively. The little variations in

comparison to experimental values are again due to differences between the idealized and real boundary

conditions, but the variation in frequency between the two bistable states is 1.31 Hz, which clearly matches

the experimental shift.
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Figure 5.5: Normalized magnification factor of the system with nickel 900-02-F at demagnetized state (blue

line), at saturated state (black line) and following the optimal path (dashed red line).

The next figures show a detailed study of the transient behaviour of the system when changing between

the two bistable situations. On the one hand, Figure 5.6 depicts the velocity response of the system when

switching from the demagnetized state to the saturated state while the motor is revving at the resonance
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frequency of the demagnetized state. On the other hand, Figure 5.7 depicts the velocity response when

switching from the saturated state to the demagnetized state while the motor is revving at the resonance

frequency of the saturated state. In the former case, the transient oscillation holds longer since the

system changes from a state with higher damping to another with lower damping; in the latter case, the

transient oscillation becomes attenuated early since the system changes from a state with lower damping

to another with higher damping.
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Figure 5.6: Velocity response of the system with nickel 900-02-F when switching from the demagnetized state to

the saturated state while the motor revs at resonance of the demagnetized state.
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Figure 5.7: Velocity response of the system with nickel 900-02-F when switching from the saturated state to the

demagnetized state while the motor revs at resonance of the saturated state.

Finally, the motor was programmed to rev up within the same bandwidth (from 16 Hz to 29 Hz) and
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5. Vibration control with magnetoelastic materials

at the same rate (0.33 Hz/s) as those tested with Nickel AR, and the switch of the magnetic state of the

sample takes place after the transition frequency. As shown in Figure 5.8, the response amplification is

lower when the optimal path is followed, obtaining much better results in comparison to a suspension

of nickel AR. More specifically, reductions in the maximum measured velocity of 33.78% with respect to

the demagnetized situation and 55.85% with respect to the saturated situation are found, whereas the

average of the instantaneous amplitude of the signal is reduced 40.77% and 51.12% with respect to the

same two bistable situations. In the light of these results, the use of the adaptative-passive strategy is

justified and provides a valuable improvement in this case.
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Figure 5.8: Velocity response amplification of the system at demagnetized state (blue line), at saturated state

(black line) and following the optimal path (dashed red line) for a nickel 900-02-F, while the motor revs up from

16 Hz to 29 Hz at a rate of 0.33 Hz/s.

Terfenol-D

Figure 5.9 shows the normalized magnification factor for a bandwidth in which the resonances of the two

bistable states of Terfenol-D are included. Due to the greater ∆E-effect that this material provides, the

resonant frequencies of the two bistable states considered (28.75 Hz and 40.40 Hz) are fully decoupled and

the bandwidth (from 22 Hz to 55 Hz) should be wider than that used with nickel specimens. Furthermore,

like in those two materials, the path of optimal magnification factor is given by the saturated state at

low frequencies and the demagnetized state past the transition frequency.

The validation of the experimental results have also been carried out with this material. Again,

Equations 5.1 and 5.2 were used, whereas the required values were obtained from Tables 4.9 and 5.1.

Theoretical natural frequencies of the demagnetized and saturated state were 50.89 Hz and 63.30 Hz,

respectively, which means a variation in frequency between the two bistable states of 12.41 Hz, clearly in
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5.4. Semiactive control

accordance with the experimental value. Nevertheless, the absolute values are quite different from those

experimentally determined, and in this case the differences between the theoretical and the experimental

boundary conditions are not enough to explain this fact. Instead, they can be attributed to non linearities

in the behaviour of Terfenol-D, which invalidate the suitability of Equation 5.1.
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Figure 5.9: Normalized magnification factor of the system at demagnetized state (blue line), at saturated state

(black line) and following the optimal path (dashed red line) for Terfenol-D.

The transient behaviour of the system when changing between the two possible magnetic states has

also been studied in this case. Like in nickel 900-02-F, Figure 5.10 plots the velocity response when

switching from the demagnetized state to the saturated state while the motor is revving at the resonance

frequency of the demagnetized state. Conversely, Figure 5.11 plots the velocity response when the switch

and the resonance are the opposite. In the former case, the transient oscillation holds longer since the

system changes from a state with higher damping to another with lower damping; in the latter case, the

transient oscillation becomes attenuated early due to the opposite rationale.

Finally, Figure 5.12 plots the three possible responses of the system (at constant demagnetized state,

at constant saturated state and with adaptative control) when the DC motor revs up from 20 Hz to 50

Hz at a rate of 0.50 Hz/s. The response amplification is clearly lower when the optimal path is followed,

being able to avoid any resonance and to obtain much better results in comparison to the use of any

nickel rod. More specifically, the adapted signal reduces the maximum measured velocity 53.33% with

respect to the demagnetized situation and 89.39% with respect to the saturated situation. Moreover, the

average of the instantaneous amplitude of the signal is another indicator which argues in favour of the

use of the control, since reductions of 61.58% and 77.93% with regard to the demagnetized and saturated

situations, respectively, are obtained.
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Figure 5.10: Velocity response of the system with Terfenol-D when switching from the demagnetized state to the

saturated state while the motor revs at resonance of the demagnetized state.
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Figure 5.11: Velocity response of the system with Terfenol-D when switching from the saturated state to the

demagnetized state while the motor revs at resonance of the saturated state.
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Figure 5.12: Velocity response amplification of the system at demagnetized state (blue line), at saturated state

(black line) and following the optimal path (dashed red line) for Terfenol-D, while the motor revs up from 20 Hz

to 50 Hz at a rate of 0.50 Hz/s.
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Chapter 6
Conclusions

“If I have seen further than others,

it is by standing upon the shoulders of giants.”

Isaac Newton

6.1 Results

Several results in the field of characterization of magnetoelastic materials and their application to

vibration control can be found throughout this thesis. In particular, we can group them into four

different issues:

Experimental set-up for characterizing ∆E- and ∆Ψ- effects

The methodological approach was based on measuring the longitudinal component of the vibrational

velocity of the specimen while an applied magnetic field magnetizes it from its demagnetized state up to

its saturated state. The vibration was detected by a compact laser vibrometer, and the specimen was

excited by means of an automatically controlled compressed air system which repeatedly shoots a pellet

against the sample.

The optimized characteristics of the experimental setup endow the method with notable advantages

over other techniques. First, the excitation and measurement do not affect the magnetization state of the

specimen. This thus increases the accuracy of the method and allows measurements over the full range
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6.1. Results

of magnetization. Second, the Laser Doppler Vibrometry technology has features which represent clear

improvements in measurement (high accuracy, speed of measurement, and no need for sample preparation)

over traditional or even electronic speckle pattern interferometric sensors. Third, stress dependence of

magnetomechanical damping can be studied and taken into account during data processing in order to

avoid variations due to stress effects. And fourth, the automation and integration of the measurement

and post-processing stages contributes to rapid, high resolution processing.

Measurement of the ∆E- and ∆Ψ- effects

Field-dependent Young’s modulus and damping, including stress-dependence and path-dependence stud-

ies, in nickel, cobalt, iron and Terfenol-D were conducted. All these effects provide useful information

regarding magnetic domain motion of classical ferromagnetic materials and enhance the information

available for applications as smart materials in science and engineering.

Regarding field-dependence, interesting behaviours have been detected in these materials. In nickel,

the Young’s modulus initially increases rapidly and then continues increasing more slowly until satura-

tion, whereas the specific damping capacity shows a peak value formed by an initial rising stage and a

subsequent declining stage until saturation. In iron, the same general trends as in nickel are followed,

but magnetoelastic variations, especially with regard to elastic modulus, are much lower. Moreover, its

specific damping capacity presents a second peak value as a result of a second type of domain motion.

Finally, cobalt and Terfenol-D could not be fully saturated due to the high saturation field required, but

our tests suffice to detect their trends in the low range of magnetic field: the Young’s modulus in cobalt

decreases as the magnetic field becomes higher (unlike nickel and iron) and the specific damping capacity

undergoes the habitual first rising stage; regarding Terfenol-D, its Young’s modulus increases (like nickel

and iron but in a much greater proportion) whereas the specific damping capacity behaves as usual.

Regarding path-dependence, significant variations where found when studying three different magne-

tization paths in nickel but this effect is negligible in cobalt and iron. This fact can be explained by their

low ratio of retentivity between saturation magnetization and the fact that magnetoelasticity in these

two materials is much lower than in nickel.

Regarding stress-dependence, we can say that its influence, in our range of applied stresses (below 1

MPa), is much lower than field-dependence in all the cases studied. In particular, the maximum index

n from Lazan’s expression is 2.10, and it tends to converge to 2 as the specimen is closer to magnetic

saturation. This low influence of stresses, although properly measured, lets us study the field-dependence

effect more accurately since the coupling of mechanical effects is almost negligible.

Finally, a great amount of quantitative results (in figures and tables), most of them never measured

before with equivalent accuracy and detail, have been provided. The consistency of these values has been
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proven, as far as possible, by comparing to results in the literature.

Influence of internal stresses on ∆E- and ∆Ψ- effects

Field-dependent Young’s modulus and damping in pure nickel for different states of internal stresses have

been characterized. These different states were obtained by means of different heat treatments, which

influence the microscopic structure of the material. In particular, the grain size (in terms of perimeter

and area) of all the specimens treated was measured, which allowed us to rank them according to internal

stresses.

Regarding the parameters which describe the different heat treatments, their influence on the ∆E-

and ∆Ψ- effects was studied in order to be able to select the best treatment for each application. The

heating time seems to be a negligible parameter whereas the heating temperature and the cooling method

are critical. More specifically, the lower the internal stress is, the greater the ∆E- and ∆Ψ- effects are.

This can be obtained by means of selecting a high temperature above the recrystallization temperature

(900◦C for instance) and a slow cooling method (air or furnace).

Three different patterns of ∆E- and ∆Ψ- effects were found. This highlights the great influence of

internal stresses on magnetic domain motion. These patterns are mainly distinguished by the different

number of damping peaks that are found between the demagnetized and saturated states: pattern I

shows one damping peak and a possible initial trough when magnetization path M−
R −M+

S is followed;

pattern II shows two damping peaks; and pattern III shows no damping peak and the initial value at

demagnetized state increases up to two orders of magnitude in comparison to the other patterns.

Finally, a summarizing table of results has been provided and the consistency of these values was

proven, as far as possible, by comparing to results in the literature. Regarding ∆E-effect, the minimum

relative variation between demagnetized and saturated states is 2.08% whereas the highest is 13.17%.

Regarding ∆Ψ-effect, the minimum and maximum relative variations are -41.67% and -99.91%, respec-

tively, and the absolute value at demagnetized state can vary within a huge interval between 0.0012 and

0.3510.

Vibration control with magnetoelastic materials

A one degree of freedom system subjected to forced vibration via an unbalanced rotating motor has been

used to test different control strategies. It is composed of a rod of magnetoelastic material fixed at the

root and a DC unbalanced motor placed in the opposite end of the rod. A solenoid which surrounds

the magnetoelastic rod provides the required vertical magnetic field in order to modify the stiffness and

damping of the structure via ∆E- and ∆Ψ- effects, respectively.
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On the one hand, we tested a passive control strategy in the case of free vibration by means of measur-

ing the 5% establishing time after provoking an initial velocity in the sprung load. The material used was

nickel 900-02-F since it provides the greatest variation of structural damping when an external magnetic

field is applied. After an initial velocity of 0.05 mm/s, the signal of the free decaying vibration when

the nickel rod is at demagnetized state shows a specific damping capacity of 11.14% and a establishing

time of 3.17 seconds, whereas in the case of magnetic saturation the values obtained were 2.41% and 8.62

seconds, respectively. This means, in terms of the establishing time, an improvement in the attenuation

velocity of 63% when a saturating field is applied to the nickel.

On the other hand, a type of semiactive control (also called adaptative-passive control) was used

in the case of forced vibration. Due to the ∆E-effect, the stiffness will vary when a magnetic field

is applied. Therefore, the system will show different magnification factors depending on the applied

magnetic field. The strategy in this control will obviously consist in selecting the magnetic field which

provides a magnification factor as low as possible at any given moment. This technique was validated

while the DC motor revs up from an initial to a final frequency at a specific sweeping rate. Taking

the maximum measured velocity in the demagnetized state as a reference, the improvements obtained

were 1.96% if the suspension material is nickel AR, 33.78% if it is nickel 900-02-F, and 53.33% if it is

Terfenol-D.

6.2 Contributions

The main contributions to the fields of characterization and application of magnetoelastic materials

are gathered in the following list.

• An improved method for the simultaneous measurement of the magnetoelastic ∆E- and ∆Ψ- effects

has been developed.

• ∆E- and ∆Ψ- effects in nickel, cobalt, iron and Terfenol-D, never measured before with equivalent

accuracy and detail, were provided.

• Influence of internal stresses (generated by means of different heat treatments) in ∆E- and ∆Ψ-

effects of nickel was studied.

• Novel applications of magnetoelastic materials such as nickel and Terfenol-D to vibration control

by means of passive and semiactive strategies were validated experimentally.
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6.3 Publications

The work carried out for the development of this thesis has been published in refereed journals and

conferences. All of these publications are listed next.

Articles in Refereed Journals

• Morales A. L., Nieto A. J., González A., Chicharro J. M. and Pintado P. “An analytical model

of pneumatic suspensions based on an experimental characterization”. Measurement Science and

Technology, 19, Article Number: 125702 (11 pp), 2008.

• Morales A. L., Nieto A. J., González A., Chicharro J. M. and Pintado P. “Field-dependent elas-

tic modulus and damping in pure iron, nickel and cobalt”. Journal of Magnetism and Magnetic

Materials, (under review).

Conference Proceedings

• Morales A. L., Nieto A. J., Moreno R., González A., Chicharro J. M. and Pintado P. “Simultaneous

measurement of Young’s modulus and damping dependence on magnetic fields by laser interferom-

etry”. EuroSimE2007: 8th Int. Conf. on Thermal, mechanical and multi-physics simulation and

experiments in Micro-Electronic and Micro-Systems, ISBN: 978-1-4244-1105-X, London (United

Kingdom), April 2007.

• Morales A. L., Nieto A. J., Chicharro J. M., Pintado P. and Moreno R. “A new automatic inter-

ferometric method for measuring the dependence of magnetoelastic properties on magnetic fields”.

11th Int. Research/Expert Conference: Trends in the Development of Machinery and Associated

Technology, ISBN: 978-9958-617-34-8, Hammamet (Tunisia), September 2007.

• Morales A. L., Nieto A. J., Moreno R., Chicharro J. M. and Pintado P. “Estudio de la influen-

cia de la curva de magnetización sobre efectos magnetoelásticos mediante vibrometría láser por

efecto Doppler”. XVII Congreso Nacional de Ingeniería Mecánica, ISSN: 0212-5072, Gijón (Spain),

February 2008.

• Morales A. L., Nieto A. J., Chicharro J. M., Pintado P. and Moreno R. “Characterization of field-

dependent elastic modulus and damping in pure nickel and iron specimens using a new experi-

mental system”. Materials Characterisation 2009: Fourth International Conference on Compu-

tational Methods and Experiments in Materials Characterisation, ISBN: 978-1-84564-189-4, New

Forest (United Kingdom), June 2009.
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• Morales A. L., Nieto A. J., Chicharro J. M. and Pintado P. “Influencia del campo magnético en

el módulo elástico y el amortiguamiento del hierro y cobalto puros”. XXXII Reunión Bienal de la

Real Sociedad Española de Física, ISBN: 978-84-692-4956-7, Ciudad Real (Spain), September 2009.

6.4 Future research lines

Based on the work developed in this thesis, it is possible to consider the following improvements or

future research lines:

• Development of new improvements in the experimental system. In particular, to design a new

methodological approach which also allows us to characterize ∆G-effect, to widen the range of

stresses, and to use an electromagnet instead of a solenoid for magnetizing the sample, are issues

in which further research is possible.

• Characterization of ∆E- and ∆Ψ- effects in new alloys or materials. This could be the case of

Galfenol, the latest magnetostrictive material to be invented (designed in 1998 by the Magnetic

Materials Group at NSWC-CD and currently under development), much more robust than Terfenol-

D. Furthermore, the influence of different manufacturing processes, such as sinterization, on the

magnetoelastic behaviour of known materials could also be considered.

• Study of the ∆E- and ∆Ψ- effects of magnetoelastic materials under the influence of mechanical

fatigue, which may be of a great significance due to the high dependence of these effects on internal

stresses.

• Study of the ∆E- and ∆Ψ- effects of magnetoelastic materials under the influence of temperature,

which may be of great significance due to its influence on magnetic domain motion.

• Development of new semiactive control strategies based on those used with magnetorheological

dampers such as the skyhook control. This could be feasible by means of sources of magnetic field

with faster dynamics that do not affect the control. Thus, the use of electromagnets instead of

solenoids could be an interesting modification.

• Application of ∆E- and ∆Ψ- effects to more specific fields of research such as MEMS and NEMS.
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