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Iron-gallium alloys (Galfenol) are structural matpsgrictive materials that

exhibit high free-strain at low magnetic fieldsglhi stress-sensitivity and useful
thermo-mechanical properties. Galfenol, like shmaaterials in general, is attractive
for use as a dynamic actuator and/or sensor masgréhcan hence find use in active
shape and vibration control, real-time structuraalth monitoring and energy
harvesting applications. Galfenol possesses sagmifly higher yield strength and
greater ductility than most smart materials, whach generally limited to use under
compressive loads. The unique structural attributdfs Galfenol introduce
opportunities for use of a smart material in agilans that involve tension, bending,
shear or torsion. A principal motivation for tressearch presented in this dissertation
is that bending and shear loads lead to developraémton-uniform stress and

magnetic fields in Galfenol which introduce sigo#ntly more complexity to the

considerations to be modeled, compared to modelipgirely axial loads.



This dissertation investigates the magnetostriatagponse of Galfenol under
different stress and magnetic field conditions wh&essential for understanding and
modeling Galfenol’s behavior under bending, shedaorsion. Experimental data are
used to calculate actuator and sensor figures oft méarich can aid in design of
adaptive structures. The research focuses on thdirfigebehavior of Galfenol alloys
as well as of laminated composites having Galfesttdhched to other structural
materials. A four-point bending test under magndigtd is designed, built and
conducted on a Galfenol beam to understand itopeénce as a bending sensor. An
extensive experimental study is conducted on Galé&luminum laminated
composites to evaluate the effect of magnetic fiekehding moment and Galfenol-
Aluminum thickness ratio on actuation and sensieggsmance.

A generalized recursive algorithm is presented rfon-linear modeling of
smart structures. This approach is used to dewelo@agnetomechanical plate model
(MMPM) for laminated magnetostrictive compositesttBthe actuation and sensing
behavior of laminated magnetostrictive compositeredicted by the MMPM are
compared with results from existing models and algh experimental data obtained
from this research. It is shown that the MMPM pc#dns are able to capture the
non-linear magnetomechanical behavior as well assthuctural couplings in the
composites. Model simulations are used to pregittral actuator and sensor design
criteria. A parameter is introduced to demarcat®rdeation regimes dominated by
extension and bending. The MMPM results offer digant improvement over
existing model predictions by better capturing phgsics of the magnetomechanical

coupled behavior.
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Chapter 1: Introduction

This dissertation explores the possibilities ofngsiron-gallium alloys as an
active material in smart structures. These alleysch are also known by the name
of Galfenol, offer a combination of structural amégnetostrictive properties which
can be utilized in novel devices. The design ofhsdevices would require an in-
depth knowledge of the material’'s response to machhand magnetic forces as
well as its nature of interaction with other madéziin a smart device. These factors
are investigated in this work using both experimraetéchniques and physics-based
modeling tools.

The introduction attempts to provide sufficient kground to the reader to aid
in appreciation and comprehension of the contrdmgi of this dissertation. The
following sections will introduce the concept of am structures and their
applications and also provide an overview of comiparsed smart materials. A
discussion on the relative merits and demerits oérs materials will be used to
motivate the study of magnetostrictive materialsisToverview will be followed by a
deeper discussion of the physics of magnetism aaghetostriction. A brief history
of magnetostrictive materials and the state of dhein research related to iron-
gallium alloys will be presented. An introductianrodeling techniques using active
materials in smart devices will also be presenkdally the motivation, objectives

and organization of this dissertation will be stiate



1.1

Smart structures

A “smart structure,” also known as adaptive orlligent structure, is a name

given to a system which can perform an operatioa assponse to a stimulus. The

classic example of such a smart system is the hudg. For example, when we

touch a hot object, the skin senses the temperatdehis information is transmitted

to the brain by nerves. The brain processes thisnration and sends a signal to the

muscles to actuate and remove our hand from theohct. A smart structure

comprises of a sensor (skin), actuator (muscleptroter (brain) and information

flow channels (nerve).

CONTROLLER

Brain/ Nerve /
INFORMATION Microprocessor Electrical
CHANNEL wires

SENSOR ACTUATOR
Skin/ Thermistor Muscle / PVDF film

STIMULUS ACTION
Heator Motion of hand /
temperaturechange smart structure

Figure 1.1. Flow diagram of a smart system’s resp@e to temperature.

Figure 1.1 shows the flow of information in suclsrart system where an

artificial intelligent system can be created uskmgineered materials which will

respond to temperature changes in the same wapiakgical organism.

In most present day smart structures, the contrafleusually a single

microprocessor or an appropriate electronic ciraufibh electrical conductors serving



as information flow channels. The controller reesithe information from a sensor,
processes it and sends an appropriate signal actaator which performs the desired
action.

Smart structures are used in several applicateanghey offer a number of
advantages over conventional systems. Mechaninaljmpatic and hydraulic power-
based technology can be bulky and may have liraitaton the dynamic conditions at
which they can be operated. Moreover, these coioralt techniques may also
require several mechanical components which camassburces of significant noise
and power loss and also create reliability issues o wear and tear. On the other
hand, smart structures can reduce weight whichuin tan cut cost and power
requirements. Additionally, the tunable nature daster response time of smart
structures enable them to be operated not onlyffereht dynamic conditions but

also over a larger bandwidth than most conventideaices.

1.1.1. Applications of smart structures

Smart structure technology has been broadly uke# [for active damping or
vibration control, active shape control, stroke &figation, damage detection or
structural health monitoring and energy harvestByeral applications in the area of
aerospace and automotive industries use smartustesc

Both fixed wing aircraft and rotorcraft applicai® have used concepts such
as smart wing [3, 4] and smart rotor [4] respedyivéhe ideas behind a smart rotor
[1] include actuation and control of leading/tnagi edge flap angle (Figure 1.2),
blade twist/camber and blade tip position. Suckcepts could be used to mitigate the

effects of flutter and blade-vortex interaction atitreby enhance flight safety.



Furthermore, structural health monitoring [5] amdf-bealing techniques [6] can be
used to address problems related to fatigue. Cdlpptications in the aerospace
industry can be for morphing wings [7-9], synthget actuators [10] and swash-

plate-less active pitch links [11].

Figure 1.2. Smart structure application in rotorcrafts. Rotor model with trailing
edge flaps actuated with piezobimorphs.
Source: http://www.agrc.umd.edu/research/smart-stragtures.htmi

Some of the possible areas of using smart stegtun automotive
applications [12] can be in active suspension syst¢éo improve ride, minimize
vibration and noise in engine mounts, improve pentnce of pumps and valves,
shock absorbers, dampers and large energy-absotmimgpers for improved
crashworthiness. Some of the specific applicatiomsy include controlling the
stiffness of seat belt and use of information framaccelerometer to deploy air bags

in the event of an accident.

1.1.2. Role of smart materials

Smart structures use smart or active materiakeasors and actuators. Active
materials can transduce one form of energy to amoffor example, a piezoelectric

material can convert electrical energy to mechaminargy by deforming itself when



subjected to an electric field and thereby workaisgan actuator. On the other hand it
can also convert mechanical energy to electricatgnby creating an electric field
when subjected to pressure. The capability of gnamsduction in active materials
makes them different from a passive device such agdraulic press which only
transmits (not transduce) mechanical energy throaighuid thereby producing a
mechanical advantage.

Although both sensing and actuation requires activaterials, the
requirements of desirable sensor [13] can be $jiglitferent from that of an actuator
as summarized in Table 1.1. Some of the commomatdsicharacteristics for sensor
and actuator materials are small size, low spew&@ght, low cost, high bandwidth,
linearity, low hysteresis, low sensitivity to tennateire or other factors which can
interfere with the desired operation, structurdegnity (not brittle) and minimum
associated electronics.

Table 1.1. Desirable characteristics of actuatorsral sensors.

Actuator Sensor

Large stroke High sensitivity

Large blocked force Large range

High stiffness High resolution

High coupling factor Low drift

Impedance matching High accuracy and precision

In order to understand the behavior of smart materand deploy them in
smart structures, it is important to understand ghgsics of these materials. Such

understanding can contribute in better materialscgssing and development of



accurate modeling techniques for predicting andtroimg the response of these
active materials. Some of the roadblocks for dgualent of smart structures have
been manufacturing cost of smart materials, opmrati reliability and structural

integrity at extreme environments. A better underding of the physics of these
materials along with extensive characterizationefealuating material properties and
development of appropriate modeling techniques @ndrol algorithms could pave

the way for design of advanced smart structures.

1.2. Overview of smart materials

Smart materials are either naturally available elet® and compounds or
engineered alloys and compounds which transducefane of energy to another.
The energy transduction is manifested as a changkape and physical properties of
the materials when they are exposed to an extemaigy field which produces a
change in their atomic arrangement. Such changeshape and properties of the
material are used in actuator and sensor applitatibable 1.2 shows the different
effects related to energy transduction betweentrgdat; magnetic, mechanical and
thermal fields.

This section will present some of the commonly usetart materials and
discuss more common areas of application. Sect@i Wwill discuss the more widely
used smart materials such as piezoelectric, magfnietove and shape memory alloy
(SMA). These materials are grouped together dueettain common physical and
functional characteristics shared by them whicH @ discussed in Section 1.2.2.

Information on other active materials, such astededieological (ER) and magneto-



rheological (MR) fluids which are used in vibratidampers and fiber optics which

are used as optical sensors, can be obtained ifRef

Table 1.2. Effects related to change of one form @nergy to another. The input

and output/stored energy are listed along the rowand columns respectively.

Mechanical Magnetic

Thermal Electrical

Mechanical Elastic, Plasticity, Magnetostrictive

Pseudoelastic

Magnetic = Magnetostrictive, Magnetization
Ferromagnetic
shape memory,
Magneto-
rheological effect
Thermal Thermal Paramagnetic-
expansion, Shape ferromagnetic
memory effect phase
transformation
Electrical Piezoelectric,  Electromagnetic
Electrostrictive, induction
Electro-

rheological effect

Friction Piezoresistive,
Piezoelectric,
Electrostrictive
Magnetocaloric Magnetoresistance,
effect Hall-effect,
Electromagnetic

induction

Temperature Seebeck and Peltier

change effects

Joule heating, Polarization
Seebeck and
Peltier effects,

Pyroelectric

1.2.1. Introduction to ferroic materials

The most commonly used active materials are thes owbhich show

piezoelectric effect. Piezoelectric literally megmessure induced electricity which



refers to the fact that these materials exhibieketrical polarity when subjected to
mechanical stress. This direct effect is used émssg purposes. An inverse effect
describes a strain in these materials under theeinée of an electric field which is
used for actuation purposes. Piezoelectric maseciah be ferroelectric (e.g. BaE)O
or antiferroelectric (e.g. PbZeD Piezoelectricity is also exhibited by matermalsich
are not ferroelectric (e.g. quartz) and can alsergneered in materials (e.g. PZT).
The polarization can be reversed in a ferroeleataterial which may not be the case
in all piezoelectric materials. Piezoelectric miatisrneed to be poled by applying a
very high electric field along a particular direatiin order to preferentially align the
polarization along that direction. This helps intabing linear, reversible and bi-
directional strains from the material when it idbjgeted to moderate variations in
electric field. Piezoelectricity develops as a tesdi non-centrosymmetric crystal
structure which induces a spontaneous polarizatiothe crystal below the Curie
temperature. The electromechanical coupling ingheaterials causes the distortion
of the crystal from a cubic to a tetragonal shapéckvmanifests as increasing strain
with increasing polarization.

Piezoelectric materials are used in a variety ofuaor and sensor
applications [1, 2]. They are widely used in selvé&ansducers like accelerometers,
load cells and pressure sensors. Engineered peéxzoel transducers such as
RAINBOW and THUNDER are used in valves, linear nisfaonfigurable mirrors
and synthetic jet actuators. Other aerospace apioins include active control of

twist and flap in rotor blades and developmentaifigurable airfoils. Piezoelectric



stacks are also used in ultrasonic motors, somat$as nano-positioning in AFM and
STM stages.

Piezoelectric materials offer several advantageb as large blocked stress (~
50 MPa) and free strain (~ 1000)ufast response as they are activated by electric
field (voltage) with an operational bandwidth ofte20 MHz and low impedance at
high frequencies. These materials also exhibiagerestriction in their capabilities at
high stresses (~ 500 MPa) at which they can getldé@nd fractured. Depoling also
takes place above Curie temperature. Another pmoldethe capacitive nature of the
electrical behavior of these materials due to whioy offer high impedance and
drift in electrical signal at low frequencies. Moxer, the large hysteresis manifests
as significant self-heating at high frequencies.

Certain polymers (e.g. PVDF) also exhibit piezogleity due to an inherent
polarity developed in the polymer chain. Such pipatymers can be used to make
flexible smart fabrics for energy harvesting [18),IJpressure sensor [12] and tactile
sensor for posture recognition in vehicle seat$ [12

A different type of electromechanically coupled eral known as relaxor
ferroelectrics or electrostrictives do not exhifjiontaneous polarization and hence
show negligible hysteresis and low self-heatingdymamic applications which is
extremely important for devices such as deformabieors [16] and pumps [17].
These materials show uni-directional strain i.ee thtrain is always positive
irrespective of the direction of applied electrield although the polarization is
induced in the same direction as that of the etedield. Electrostrictive materials

like PMN-PT (Lead Magnesium Niobate-Lead Titanatghibit about 1000 pbut



require very high electric field (voltage) and dmattle and extremely sensitive to
temperature which restricts them from being useldarsh environments. Due to the
absence of a spontaneous polarization, electrogésccan be used as a sensor only
in the presence of a bias electric field.

Magnetostrictive materials, which are the primasgus of this dissertation,
function like electrostrictive materials excepttthi@ey are actuated by magnetic field
instead of electric field. All ferromagnetic matds and some anti-ferromagnetic and
ferrimagnetic materials exhibit magnetostrictionadwetostrictive effect develops
due to the reorientation of magnetization by botgnetic field and stress and hence
is also known as magnetomechanical or magnetoeleSgct. The phenomena will
be explained in greater depth in Sections 1.3 afd 1

Magnetostrictive materials are used in a varietyapplications [2] such as
sonar, ultrasonic shaker, position controller foachmne tool head, linear motor,
torque sensor [18-23] acoustic devices and magfietat sensor [24]. A number of
works have shown use of magnetostrictive materialdydrophone [25], linear
position sensor [26] and non-contact position [3fain [28] and stress [29] sensors.
Magnetostrictive materials have also been usedomuaction with piezoelectric
materials in hybrid tonpilz transducers [30, 31]dam other devices such as
inchworm actuator [32] and rotational motor [33keJof magnetostrictive particulate
composites has been proposed [34] for micro-posti® vibration dampers and
platform stabilizers. Magnetostrictive thin filmgeabeing used for monitoring
biomechanical movements [35] and in micro-actuaf86, micro-biosensors [37]

and several other MEMS applications [38]. A schemadbf a wireless
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magnetostrictive biosensor is shown in Figure M&gnetostrictive powered trailing
edge [39] in smart wings has shown promise to redlrag and save fuel in aircrafts.
A review of the application in actuators and congmar of their performance with
piezoelectric actuators can be found in Ref. [36leview of sensing applications of

magnetostrictive materials can be found in Ref3:42].
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Figure 1.3. Schematic of a wireless magnetostricev biosensor. A shift in the
resonance of the device takes place when bacteriaglls get attached to it. The
resonance shift can be observed in the pick-up calgnal [37].

Magnetostrictive materials such as Terfenol-D shogh strain and blocked
stress. In general, all magnetostrictives show fasponse as magnetic field can be
controlled by changing current which can be charagéast as electric field. Unlike
piezoelectric, these materials can be used undéc sind low frequency conditions
with very low impedance but they offer high impedarat high frequencies (kHz

range) due to the inductive nature of the materidlsother problem at high
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frequency is related to formation of eddy curremtthe material which prevents

excitation of the core of the material. Such proidecan be overcome by using
laminated materials. Most magnetostrictive matsrieve higher Curie temperature
than piezoelectric materials as shown in Table @n@ hence can be operated at
higher temperatures. Moreover, these materialsatoneed to be poled and hence
there is no limitation in applying stress which ceause depoling. The small

hysteresis shown by these materials translatesghbgible self-heating, and the need
for less complicated control algorithms for actoatiand precise sensing output.
Some of the challenges of using magnetostrictiveernads are related to flux leakage

and demagnetization effects which demands effialesign of transducer magnetic
circuit.

Another class of smart material which exhibit largieains due to twin
boundary motion is known as ferroelastic materfdlese materials can respond to
stress (pseudo-elasticity), temperature (shape memloys - SMA) or magnetic
field (ferromagnetic shape memory alloys - FSMA).

Traditional SMA such as Nitinol (MTiss) exists in a low temperature
martensite phase and a high temperature austen@sepwhich can be reversibly
obtained by cycling temperature. This is knownhasttvo-way shape memory effect
and is used for obtaining strains much larger tiizst due to simple thermal
expansion. This effect can be used for low freqyeartd large stroke actuation. On
the other hand, a material which is in the martengihase will elongate when pulled
but will regain its shape on heating even in thespnce of the pulling force. This

phenomenon is known as the one-way shape memaeygtaetthere the martensitic
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phase elongates due to de-twinning but transfoortbd austenitic phase on heating
and regains its shape. It should be noted thatathservation is contrary to thermal
expansion. The shape recovery effect is used ificappns such as braces, eyeglass
frames and antennas. Also, the martensite phasextalit large strains at a constant
stress due to de-twinning, which can be used imgptaand fasteners. The pseudo or
super-elastic effect describes a large changeamsit almost a constant stress which
occurs due to stress-induced martensite formatica material which was originally
in the austenite phase. Such materials exhibit sirnomplete strain recovery even
from strains of as high as 50000 [1].

The FSMA such as BinGa and FgPdsy exhibit similarly high strains due
to de-twinning. The twin boundary motion is proddid®y magnetic field. The main
advantage of FSMA over traditional SMA is that tleeyn be used for high frequency
applications as they are actuated by magnetic &atilnot temperature. On the other
hand most FSMA are brittle and their bandwidthrated by eddy current formation.

Table 1.3 summarizes the properties of commonlyd utsrroic smart
materials. It can be seen that Galfenol exhibitslenate free strain but has very low
power requirements. Moreover, it shows much betierctural properties and can be
operated at temperatures higher than other materidiese benefits offered by
Galfenol have motivated further research in thgselitation, particularly to utilize its

structural properties.
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Table 1.3. Properties of ferroic smart materials [143-52].

Properties PZT-5H PVDF PMN-PT Terfenol-D Galfenol Ntinol
Free strain 1000 700 1000 2000 p 350 60,000
Actuation 5x10° 10° 10° 240 10 100 MPa
field V/im V/im V/im kA/m KA/m (depends on
temperature)
Young’s 69 GPa 2 GPa 14 GPa 48 GPa 65 GPa 27/90 GPa
modulus (martensite /
austenite)
Tensile 76 MPa 43 MPa 30 MPa 28 MPa 515 MPa 750 MPa
strength (Brittle)  (Ductile)  (Brittle) (Brittle) (Ductile) (Ductile)
Bandwidth 0.1Hz- 0.1Hz- 0.1Hz- 0- 0- 0-
1 MHz 1 MHz 1 MHz 100 kHz 1 kHz 1Hz
Phase 193°C 177°C 166°C 380°C 675°C 40 - 65C
transition (martensite to
or Curie austenite)
temperature

1.2.2. A unified view of ferroic materials

This section presents a view of the ferroic makenahich can be unified

based on energy and structural considerations.ofAgh there are fundamental

differences between the phenomena of ferroelestricierromagnetism and

ferroelasticity, nevertheless a unified view is i@mmtive of the underlying physics

and is helpful for modeling purposes [2]. It is@as®d that the reader is familiar with
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basic material science and hence some of the tesed in this section are not
explained in details. The terms relevant for feragmetic materials will be explained

in details in Section 1.3 and 1.4.

A Vi.did

(a) Ferroelectric domains (b) Ferromagnetic domains (c) Ferroelastic domains
Signs show the polarity Arrows show the Twin variants are
ofthe domains magnetization directions in separated by a twin

the domains boundary

Figure 1.4. Domains in ferroic materials.

As shown in Figure 1.4, all three ferroic materiddlave a fundamental
structural unit which is a domain. It can be anceie or magnetic domain or an
elastic domain (twin variant). Domains are formeslolv a critical temperature in
order to reduce electrostatic, magnetostatic orstielaenergy. The phase
transformation at this critical temperature is of @rder-disorder type. The high
temperature phases, such as paraelectric, paratitagnd austenite are disordered
phases. The low temperature phases, such as #tmmoel ferromagnetic and
martensite are ordered phases. The ordering insobthat of electric dipoles,
magnetic moments or atoms in the crystal lattidee lomains are characterized by
order parameters, such as polarization, magnetizatand strain. Adjacent
ferroelectric and ferromagnetic domains have pmoddion and magnetization in
different direction respectively. Adjacent ferragtla domains have different twin
variants. The domains are separated by domain walish form at pinning sites, i.e.

at locations of material defects or stress inhomedes.
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Ferroic materials respond to different fields whichange their order
parameter. Electric fields change the polarizadiod also cause electrostriction due
to lattice distortion in ferroelectric materials. alghetic fields change the
magnetization and also cause magnetostriction rmorfeagnetic materials. Whereas
the polarization or magnetization follows the sifghrection) of the electric or
magnetic field, the striction is always of the sasign (i.e. either elongation or
contraction) in a given material irrespective oé #ign of the field. Similarly stress
fields can produce pseudo-elastic strains in féastie materials.

Inspite of such similarities, fundamental differeacexist between the three
types of ferroic materials. Ferroelectric such asliB; and ferroelastic materials
exhibit first order phase transition which is matikgy a discontinuity in the order
parameter at the critical phase transition tempegatOther ferroelectrics such as
KH,PO, and ferromagnetic materials exhibit a second opti@se transition which is
evident from the monotonic change in the order patar with temperature. Albeit,
in both cases the order parameter becomes zerontheffte phase transition
temperature. Ferroelectric materials have an aduwalamental unit which is an
electric charge and hence there can be monopotesubh fundamental units do not

exist for ferromagnetic and ferroelastic materials.

1.3. Physics of ferromagnetism

The comparative background provided in the prevemetion sets the stage to
delve in further details of ferromagnetism whichlwveie required to understand the

behavior of magnetostrictive materials.
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The knowledge of magnetism dates back to the dalgenwGreeks in
Magnesia observed that a loadstone;Qzealways points along the same direction.
Magnetic theory in materials developed in allusionhe concept of earth’'s magnetic
field which conceptualizes earth as a huge perntanagnet with its magnetic north
pole facing nearly towards the geographical soutle gnd its magnetic south pole
facing nearly towards the geographical north pblelike mechanical forces, forces
of magnetism are non-contact forces which are reatafl in the form of dipoles
(known as the north and south poles), where tleedides repel each other and unlike
poles attract each other.

In this section, the terms related to the studynafjnetism are reviewed and
the concept of electromagnetism and its descripiging the Maxwell’'s equations is
introduced. The origin of magnetism at the atomtales is explained using a
combination of classical physics and introductomamtum physics. Finally, the idea
of magnetic domains as a result of energy balaacmtroduced. The motion of

magnetic domains is related to the process of niegien and magnetostriction.

1.3.1. Fundamental magnetic quantities

Hans Christian Oersted (1820) observed that a muicarrying conductor
produces a magnetic field and attributed it tortieion of charges that constitute an
electric current. The “magnetic field strengthii)(is defined as the magnetic vector
guantity at a point in a magnetic field which maasuthe ability of electric currents
or magnetized bodies to produce magnetic inductdhe given point [53]. Magnetic
field strength is measured @ersted (cgs) or ampere per meter (SI) where 1 Am

79.57747 Oe.
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The Biot-Savart law (1820) shown in Equation (Whjch gets its name from
Jean-Baptiste Biot and Felix Savart, gives the elgal field dH generated at a
distancea from an elemental conductor of lengthcarrying the current

idl

dH = r 1.1
212 (1.1)

The integral form of the same law shown in Equafibi2) was developed by Andre
Marie Ampere (1820). Herd is the magnetic field produced bynumber of current

elements with currentin each of them in a closed circuit of a fixedddn
Ni= Hd (1.2)

It is possible to find the field generated at tleater of an infinitely long solenoid by
the simple application of Ampere’s Law. The field)) @t the center of a long solenoid
of length!l havingN turns of a conductor carrying a currents given by Equation

(1.3) [54].

H=— (1.3)

Magnetic force is visualized in the form of imagipdines known as lines of
magnetic flux (). The units of magnetic flux are maxwell (cgswaber (SI) where
1 Wb = 18 Mx. These units were named after James Clerk Miamel Wilhelm
Eduard Weber. The lines of flux are continuousrtista from the north pole and
ending in the south pole. These lines can neversatt each other and the tangent to
a line of force at a point gives the direction loé imagnetic induction. The density of
the flux lines determines the strength of the mégmeduction.

The “magnetic induction” or “magnetic flux densitig denoted byR) and

gives a measure of the strength of magnetic fldueed in a material due to the

18



application of the external magnetic field. Magaoatiduction is measured in gauss
(cgs) or tesla (SI) where 1 T = 1 WBn¥ 10f G. These units were named after
Johann Carl Friedrich Gauss and Nikola Tesla. Thgmatic flux through a material
of areaA can be related to the magnetic induction usingaiqn (1.4).
F=B.A (1.4)

The lines of induction always form a closed patk, through any closed
surface, the amount of flux entering and leaving equal. This statement is also
known as Gauss’s Layb5] and can be expressed by Equation (1.5). Nuwdé the

elemental areadf\) is a vector whose direction is normal to the acet
B.dA=0 (1.5)

Magnetic induction and magnetic field can be relatgsing the linear

constitutive Equation (1.6).
B = nH (1.6)

Here is known as themagnetic permeability of the material. The magnetic
permeability of vacuum () has a constant value of & 10’ Hm™ (SI) or 1 (cgs).
The Sl unit of permeability is henry per meter asdlerived from the concept of
inductance which will be introduced in Section 3.3Permeability is a material
property and can be a complicated function of magnkeld, stress, material
temperature, thermal history, etc. Usually matserak characterized by their relative

permeability (;) which is defined by Equation (1.7).

m= (1.7)

m
m
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Another term known as the magnetizatidvi) (of a material indicates the
amount of magnetic momentj per unit volume, aligned in the material due to a
externally applied fieldH. In cgs unit system volume magnetization is deshdig
4 M and is measured in gauss whereas in S| systematizagion is denoted byl
and is measured in Afn Hence the total magnetic induction in a matdsiaiven by
Equations (1.8) or (1.9).

B=mH + nM in SI system (1.8)
B=H +4pM in cgs system (2.9)

Furthermore, magnetization is also related to migrield using the linear
constitutive Equation (1.10) using a property @hlieagnetic susceptibility ().

M =c H (1.10)
Using Equations (1.6) — (1.10), a relationship lestw permeability and susceptibility
can be stated using Equation (1.11).

c,=m-1 (1.11)
Permeability gives a measure of the extent of magfiex that will pass through a
material when it is kept in a magnetic field. Symd®lity gives a measure of the
magnetic moment that will be aligned in the matebg the externally applied
magnetic field.
The B (or M) vs. H curve represents the magnetic behavior of a natérhese are
also known as ‘hysteresis’ plots and were firstepsd in iron by Warburg (1881)
[56] and named such by Ewing (1900) [57] to empesin the fact that th® or M
of the materials lags behind tl&in response. This behavior will be explained in

details in Section 1.3.7.
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1.3.2. Demagnetization and its significance

When a ferromagnetic material of finite size is metiged by an external
magnetic field K), the free poles which appear on its ends pro@dusggnetic field
directed opposite to the magnetization [58]. Theddfis called the demagnetizing
field (Hg). The demagnetizing field is proportional to thelep strength of the
magnetized material and is a function of geomeingd aan be expressed using
Equation (1.12) for a uniformly magnetized material

H, =N,M (1.12)
HereNy is a demagnetizing factor which is dependent ensipecimen geometry. In
the Sl systenm\y is dimensionless and can be expressed as a taasshown in

Equation (1.13) which satisfies the conditdg + N, + N, =1.

de Nxx ny Nxz Mx
Hy = N, N, N, M, (1.13)
Hdz Nzx Nzy sz M z

HereNyy is the demag factor that determines the contiutio the demag fieldHy)
along thex-axis due to the magnetizatioMl,) along thex-axis.

The phenomenon of demagnetization severely affentsasurement of
magnetic properties of specimens with finite lengghshown in Figure 1.5. A sample
of infinite length hasNy = O whereas the effect of a smaller length is showFigure
1.5 by considering aNy = 0.005. A smaller value of susceptibility is dhtal for a

sample of smaller length.
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Figure 1.5. (a) Demagnetization field in a samplefdinite length created due to

development of magnetic polarities. (b) Effect of @magnetization field on B vs.

H curve of the material.
A scheme of calculation can be used to correctfitdd inside the sample

(Hin) if the applied field Kapp), the magnetic flux densityBf and demag factoiNg)

are known. The internal field can be expressedgusuation (1.14).
H,, =H_,,- N;M (1.14)

ReplacingM in Equation (1.14) by using Equation (1.8) wih= H;,, the corrected

internal magnetic field can be obtained using Eguatl.15).

N, B
Happ' ,;3
Hy,=—F————

1- N,

(1.15)

The underlying assumption in such correction carsida homogenous magnetic

material and applies the correction uniformly asrdBe material. In reality the

magnetic properties are not constant across theriaiat

Analytical formulae forNg were initially developed for prolate and oblate

ellipsoids [59] and much later for rectangular pr$s[60]. The demag factoNg) is
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zero for toroid and along the length of an “infetit’ long cylinder [61].Ny has been
calculated for cylinders based on the aspect (#tip. For a sphere or a culdg, =
Nyy = Nz; = 1/3. For a thin circular plate having its diasrah thex-y plane,Nyx = Nyy
=0 and N; = 1. A more generalized approach for finding derfaaxgors for arbitrary

particle shape has been developed by Belegjg [62].

1.3.3. Electromagnetism and magnetic circuit

The concept of demagnetization brings forth the idemagnetic circuit such
thatNyg = 0 and 1 correspond to perfectly closed and @jrenits respectively. Before
presenting the idea of a magnetic circuit analogtusan electric circuit, it is
important to be aware of certain postulates oftedatagnetism.

The phenomenon of electromagnetic induction cardst described by the
laws proposed by Michael Faraday (1831) and Héinkienz (1834). Faraday’s law
states that the voltage induced in an electricaudi is proportional to the rate of
change of magnetic flux linking the circuit. Lenidsv states that this induced voltage
is in a direction which opposes the flux changedpming it. These laws can be
combined as shown in Equation (1.16) [54].

v=-n3E (1.16)
dt

HereV is the induced electro-motive force (emf) produbgdhe flux changing at
the rated /dt and passing through a coil Nfturns. Equation (1.16) can be written as
Equation (1.17) in terms of the cross-section &eéthe coil and flux densit. The
principle of electromagnetic induction is used teasureB with a pick-up coil.

v =-nalB (1.17)
dt

23



The phenomenon of self-inductance discovered byplodHenry (1832),
described that a change in the direction of curflemting through a coil sets up an
emf so as to oppose the change of the directidgheoturrent. This effect is evident
when an alternating current flows through a coih. iAductor stores electrical energy
in the form of magnetic energy unlike a resistorchtdissipates the electrical energy
in the form of heat energy. Self-inductantg (s defined as the ratio of back-emf
(Epacy induced in a coil by a changing current to thee i@ change of currenti{dt)

through coil or total flux linkage per unit currdb#] as shown in Equation (1.18).

2
L= E_baCk = NF = m IBN A (118)
di/dt i |

Here is the flux linkage through a colil of lengtland cross-section aréahavingN
number of turns when an electric currefiows through it. The unit of inductance is
henry. Power loss due to inductive impedance canappreciable at higher
frequencies and hence it poses an impediment in dbsign of dynamic
magnetostrictive transducers.

One significance of Ampere’s law is that it defiresnagneto-motive force
(mmf) which is analogous to the emf of an electrisgstem. Conceptually, a
magnetic circuit can be created analogous to thetr&al circuit where the magnetic
flux ( ) is equivalent to the electric current, the miaf)(is equivalent to the emf
and the magnetic reluctand®.j is equivalent to the electrical resistance. lioran
that is analogous to Ohm'’s law (actually a differeaxm of the Ampere’s Circuital
Law) [63] the relationship between these quantitias be as expressed as Equation
(1.19) wherd~, = Ni andRy, = I/ A. A schematic of a magnetic circuit representation

of a system is shown in Figure 1.6.
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F =FR (1.19)

- O
(F.) R,

Figure 1.6. (a) A coil with currenti and N turns wrapped around a closed

2
777
L

(@) (b)

ferromagnetic rectangular lamina having permeabiliy , of perimeter | and
cross-section area of each arm beind. (b) An equivalent magnetic circuit
representation of the scenario shown in (a).

Another electromagnetic phenomenon which shoulohtveduced is the Hall-
effect, named after Edwin Hall (1879). This effech manifestation of Lorentz force,
postulated by Hendrik Lorentz, and describes thairee ) acts on a chargeg)
moving with velocity ¢) in the presence of an electric fiel&)(and magnetic

induction @) [54]. The Lorentz force can be calculated fronu&ipn (1.20).
F=q E+(v' B) (1.20)

The Hall-effect states that when a current carrygogductor is placed in a
magnetic field where the magnetic flux lines areppeadicular to the direction of
current, a potential difference, known as a Haltage {y), will develop along a
direction which is perpendicular to both the dir@etof current and magnetic flux.
This effect arises as the charge carriers are aetleinside the conductor in the
presence of a magnetic field thereby developinglarjty which gives rise to the

potential difference. The Hall voltage can be cltad from Equation (1.21) where
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is the currentB is the flux densityt is the thickness of the conductaris the number
of charge carriers arglis the unit of charge (= 1.609 x ¥bcoulomb).

V, =- 1B (1.21)

The Hall-effect is illustrated in Figure 1.7 and iise as a magnetic field sensor will

be discussed in Section 1.3.4.

Figure 1.7. lllustration of Hall-effect showing the development of Hall voltage
along —y due to polarization of the conductor under the cornined effect of a

magnetic field and electric current alongt+z and +x directions respectively.

1.3.4. Maxwell's equations and their significance

Equations (1.22) — (1.25) are known as Maxwell'satpns which are used in
classical physics to describe an electromagnetid {b5].

1D

N "H=J,+ W (Ampere’s Law) (1.22)
~., __ 1B ,

N E=- W (Faraday's Law) (1.23)
N.B=0 (Gauss’s Law) (1.24)
N.D=r, (Gauss’s Law) (1.25)
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Hereﬂ=1f+lf+—l€ is the gradient operatotd; is the free current density

ix Ty 1z

(current per unit area-perpendicular-to-flow duette motion of free charges, unit:
Am™), D is the electric displacement (unit: GE is the electric field (unit: Vi)
and ;is the free charge density (unit: @mThe electric displacement can be related
to the electric field using the constitutive Eqoati(1.26) [55] whereP is the
polarization (unit: Crif) of the dielectric material andis the electrical permittivity
(unit: farad per meter or Fi. Note that , = 8.854 x 13? Fmi' is the permittivity of
vacuum.

D=egE+P=¢E (1.26)
The free current density can be expressed by Equdfi.27) [55] wherers is the
velocity of the charge flow.

J, =1 (1.27)

Maxwell's equations summarize the relationshipsveen the magnetic and

electrical parameters in ferromagnetic conductivedim They also define the
boundary conditions across magnetic media as nditesd in Figure 1.8. Since the
divergence ofB is zero, using Gauss’ law and divergence theoreancean get
Equation (1.28) which shows that the normal compormé B is continuous across
magnetic media. This implies that a pick-up coi caly measure the component of
B which is normal to its cross-section.
N.B=B,n-B,hn=0 B, =B, (1.28)
Similarly, in absence of any surface current andeurstatic (or quasi-static)

condition, the curl oH is zero. Using Ampere’s circuital law and curl dhem we
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can get Equation (1.29) which shows that the tamglertomponent ofH is

continuous across the boundary of magnetic media.

N"H= H- H=0 ,H,=.H, (1.29)
H, B,
f Unit vector normal f B.oih
2
> H, toAboundary 1\ )
n n
Medium 2 I Medium?2 | i
o - Boundary — =q====-memmmeeeeeeead -
Medium 1 Medium1
2
3 tHl I Bl°ﬁ
/Hl /Bl
(a) Continuity of tangential (b) Continuity of normal
component of magnetic field component of magnetic induction

Figure 1.8. (a) Continuity of tangential componenof H across the boundary of
magnetic media having no surface current. (b) Contiuity of normal component
of B across the boundary of magnetic media.

This idea can be used to measure the tangentigh@oent ofH at the surface
of a ferromagnetic sample. A Hall-effect sensoremdt to the sample’s surface can
measure the tangential component Bfin air at the surface. This is same as
measuring the tangential component téf in air at the surface as the relative
permeability of air is unity. Since the tangentiaimponents oH inside and outside
the sample at the boundary are equal, an approginatie ofH inside the sample

can be measured using this idea. This techniqguéeriised in Chapter 2.

1.3.5. Classification of magnetic materials

The magnetostrictive effect introduced in Sectio2.11 was related to

ferromagnetic material but in general all mater@da be classified intdiamagnetic
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paramagneticor ferromagneticsubstances based on their susceptibility or tfecef

of externally applied magnetic field on the magnetioments [64]. Diamagnetic
substances develop a very weak induction only wdrerexternal magnetic field is
applied. The induction in the material is in theedtion opposite to that of the applied
field as these materials have a negative suschigtif~ 10°). Paramagnetic

substances have magnetic moments which cancelo#laetis effect in the absence of
an external magnetic field due to their randomraggon in the bulk material. On

applying a magnetic field, such materials developnaall induction in the same
direction as the applied field. Paramagnetic maketave susceptibility in the range
of 10° to 10%

When paramagnetic substances are cooled belowGleie temperaturel()
the magnetic moments inside them become orderechvdan produce a net polarity
in these substances even in the absence of amalxteagnetic field. This phase of
the material is known as the ferromagnetic phasateNtls such as iron (BCC
phase), cobalt, nickel and some rare earth methishwexist in their ferromagnetic
phase at room temperature are known as ferromagneiterials. They can have
susceptibility of as high as 10In these materials the value bf >> H. The
maximum value oM is known as saturation magnetizatids) which is obtained
when the appliedd is able to align all the magnetic moments in thegamal in the
direction of the applied field. Saturation magnatiiazn can be defined as the product
of the magnetic moment of each atom and the nurmbetoms in the material

divided by the volume of the material.
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The magnetic moment mentioned here is due to #ereh spin and orbital
motion of electrons around the nucleus. The redsordevelopment of magnetic
moment and their ordering in ferromagnetic matenaill be discussed in Sections
1.3.6 and 1.3.7 respectively.

Net magnetism and magnetostriction are also obdemeferrimagnetic
materials (e.g. MR®, where M* = metallic ion). This class of materials has an
inverse spinel crystal structure where thé*Nbns are situated in the octahedral
lattice site and the B&ions are situated in the octahedral as well aattetiral sites.
The net magnetic moment arises due to incompleteetiation of the spin moments
of the M** and Fé&" ions.

The coupling of magnetic moments between adja@sT® or atoms can occur
in materials other than ferromagnetic materialspite of this there might be no net
macroscopic magnetic moment if the spins of adjaatsms or ions are arranged in

opposite directions. This phenomenon is cafletiferromagnetisnie.g. MnO).

1.3.6. Magnetism at the atomic scale

An obvious question that arises after learning almectromagnetism and
magnetic materials is regarding the principle thigé rise to magnetism in materials.
The existence of magnetism can be attributed torthgnetic moments of electrons in
atoms. This section assumes the familiarity ofréeder with the Bohr model of an
atom and the basic postulates of quantum mech§gi¢sAccording to the classical
model (Bohr model) of an atom, both the orbital dag momentum which can be
visualized as revolution of electrons around theclews and the spin angular

momentum which can be visualized as rotation ottsdas about its own axis,
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contribute to the magnetic moment. A pictorial eg@ntation of the revolving

electron based on the Bohr model can be seen urd-ig9.

Angular
momentum (L)

/,—"' -"‘*~\\ Tangential
K Area of current \ Sywvelocity (v)
“ loop (4) »

Soo \

Current (7) B
Magnetic
moment (m)

Figure 1.9. Visualization of an electron in an orliias a current carrying loop.

The orbital magnetic moment can be derived asvi@lA revolving electron
can be visualized as a current loop where the guigegiven by Equation (1.30).
Heree is the charge on the electron (= 1.602%X1Q), v is the orbital speed of the

electron and is the orbital radius.
i=—— (1.30)

The magnetic momenirgia) due to this current loop is given by Equatior8().

My = 1A= = pr =£2evr (1.31)

2pr
Equation (1.31) can be written in terms of the @bangular momentumL] as

Equation (1.32) wherew (= 9.11 x 16 kg) is the mass of an electron dng mevr.
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e
My rital = ﬁ L (1.32)

_h =1.05x10** Js

Applying principles of quantum physick,= /I (I +1) where 2

and the orbital quantum numbkrE 0, 1, 2,n — 1; n being the principal quantum

number. See Ref. [65] for more background on quamtumbers.

The spin magnetic moment can be derived as foll@e. magnetic moment

due to electron spinngpiy) can be expressed by Equation (1.33) wherés the

angular speed of an electron about its own axis.

. ew , 1 2
C=1A= — pro=—ewr
n.gpln 2,0 p 2

(1.33)

Equation (1.33) can be written as Equation (1.3%)tarms of the spin angular

momentum §. As per classical mechani&s lw= %mf w, wherel is the

moment of inertia of the electron.
_e
mspm = E S (134)

Applying principal of quantum mechanic§,=,/ s( s+1) :73 wheres = £1/2 is

the spin quantum number. The total magnetic morokah electron can be expressed

by Equation (1.35).
€ 1+ -& 2c¢ (1.35)

m= rrlwrbital + r‘rslpin = 2rne 2”]3

The term € /2my) is known as Bohr magnetong(= 9.27x10** JT?). Atomic

magnetic moments are expressed as multiples of Bagneton. Note 1 JT= 1
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Am? The contribution due to orbital magnetic momentldw, as electrons with
opposite spins cancel each other’s effect. This hAtsdds for the contribution due to
spin magnetic moment except for the unpaired eastr Thus the majority of
magnetism arises due to the presence of unpaieettr@hs in an atom. The pairing up
of electrons in different orbitals is based on Pswdxclusion principle and Hund’s
rule of maximum multiplicity.

The classical model gives a simplified explanatbthe origin of magnetism
in atomic level. This has been modified using tnargqum mechanical model which
also takes into account the effect of a magnetid fon electrons (Zeeman effect) and
introduces the magnetic quantum number in ordéultp describe an electron along
with the principal, orbital and spin quantum nunsbeh further wave-mechanical
correction was done based on Schroedinger’'s wauateq for electrons. Further

details on this topic can be obtained in standaxtbboks on magnetism [58, 63, 66].

1.3.7. Magnetic domains and process of magnetization

In order to bridge the gap between magnetism amiatescale and the
magnetization process observed in bulk materiais,imperative to discuss the idea
of magnetic domains which was introduced in Sectién?2.

During the mid 19 century, Weber tried to explain the phenomena of
magnetism by considering molecular magnets whicheweee to turn about their
center like a compass needle. On the other hantkslalfred Ewing tried to model
the magnetization behavior using minimization ofgmetic potential energy [57].
Although these hypotheses had some initial sucéasmg’s theory failed to comply

with the numeric values of the magnetic moment$eafomagnetic materials once
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they were experimentally found. Based on the ihwiarks of Weber, Paul Langevin
(1905) proposed the theory of paramagnetism [6akirg this theory a step forward,
Pierre-Ernest Weiss (1907) proposed the theorgmbiagnetism [68] which is also
known as tlomain theory

Weiss observed the discontinuity of specific hedaha Curie temperature and
related this to an order-disorder transformaticat thads to ordering of the magnetic
moments in small regions calleddmain$ in the ferromagnetic phase. The domains
exhibit spontaneous magnetization. In general, l& material is comprised of a
number of domains each of which can be as larga &sw millimeters. All the
magnetic moments of the atoms within a domain oéong the same direction. In a
demagnetized state, the domains are randomly edemt the bulk material and
therefore materials such as iron or nickel do mamiws any net magnetization unless
exposed to a magnetic field.

Magnetic domains were first observed [69] by Frariiiter (1931) and soon
Lev Davidovich Landau and Evgeny Mikhailovich Lifsh(1935) explained [70] the
formation of domains using the concept of magnat@senergy. Theoretical studies
on domain structures enabled the proposition ottreept of domain walls by Felix
Bloch (1932) [71] and Louis Néel (1944) [72].

It is necessary to introduce certain energy temmarder to better understand
the reason for existence of domains and how theyvewduring the magnetization
process.

Weiss used the concept of a “Mean field” to descrthe alignment of

magnetic moments inside the domain. The mean faplgroximation required all
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magnetic moments to equally interact with each rothike origin of this interaction

was later explained by Heisenberg (1928) [73] apiantum-mechanical exchange
effect due to overlapping wave functions of neiginogpatoms. The exchange energy
per unit volume is given by Equation (1.36) [58]embA is the exchange stiffness

and is a vector that denotes the magnetization doacti

2 2 2
E,=A a + ta + B (1.36)
fix Ty iz

The exchange stiffness depends on the crystaltstajcinter-atomic distance and
Curie temperature of the material. The exchangeggnavors the alignment of all
magnetic moments along the same direction. This doé happen in reality as there
are other energy terms that need to be balanced.

One such term is the magnetostatic energy. The etagtatic energy per unit
volume of a magnetic dipole with magnetizatdnin an externally applied magnetic
field H can be expressed using Equation (1.37).

E_.=-mHM (1.37)

Even in the absence of an external field, the maggoole is subjected to its own
demagnetizing fieldHq (= NgM) such that the magnetostatic energy%- N M2,

Hence, in order to reduce the magnetostatic enérgy,favorable to breakdown a
single large dipole into multiple domains as shownFigure 1.10, provided the
reduction in magnetostatic energy is greater thenenergy required to form the
domain walls. Smaller domains are formed at thenbaties of larger domains and
are oriented perpendicular to the larger domaimesé& smaller domains, known as

‘closure domains,’ eliminate the possibility of lnay free poles at the end of the bulk
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material thus providing a closed flux path betwéss larger domains and reducing
the magnetostatic energy to almost zero.

N N S N S

(a) S s ~ s ~ ©
Figure 1.10. (a) Single domain with large magnetostic energy (b) Multiple
domains reduce the magnetostatic energy (c) Formaim of closure domains
eliminates external magnetic poles.

As evident from Figure 1.10, a domain wall is aioeagoetween two domains
of different magnetization direction. Since it istrfeasible to have two adjacent
magnetic moments at the domain boundary alignedlatge angular difference due
to the associated high exchange energy, the dowellmprovides a layer of multiple
atoms each oriented at a small angular differenm® fts neighbor. The cumulative
change in angular difference through the domainl Watkness manifests as the
difference in magnetization between the neighborisbgmains. This idea is

schematically shown in Figure 1.11.
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180°domain wall
—=> e

Figure 1.11. Rotation of magnetic moments acrosstdmain wall.

The width of the domain wall is determined from aldmce between the
exchange energy and the magnetocrystalline angpotemergy. The latter term
denotes the energy required to rotate the magnedioents away from certaireasy
directions. Magnetocrystalline anisotropy arises out of ttwipling between spin
and orbital magnetic moments [74]. As the orbitainments are constrained in their
directions by the crystal lattice, the crystal syetim influences the behavior of the
spin due to the coupling. Hence, the magnetoctystahnisotropy energy per unit
volume is expressed using phenomenological exmmesswhich are suitable to
account for the symmetry. For a cubic crystal, #nergy can be approximated using

Equation (1.38). The energy distribution is showirigure 1.12.
E.=K(afal+agla g [)+Kad & : (1.38)
Here a, =sing cog , a, =sing siry and a, =cosy are the direction cosines of the

magnetization 1 = Mg ) with respect to the three cube edges lkndandK; are the
4" and &' order anisotropy constants respectively. Base@ apherical coordinate

system, Eg£p andO£/ £p .
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Figure 1.12. (a) Spherical coordinate system withhe <100> crystal directions
aligned along the coordinate axes. (b) Energy disbution in a cubic crystal in
the absence of external magnetic field and mechaicstress. Energy minima
(concavity) are observed along the <100> directions

It was shown by Honda and Kaya [75], thaKif > 0 andK; > -9K; then
<100> are the easy directions whereas;ik 0 andK; > (-9/4K; then <110> are the
easy directions. For all other cases, <111> aredsg directions.

The domain wall energy isg, =E_,+E,, and under equilibrium the

magnitude of exchange and anisotropy energiescpral at any part of the wall. The
two basic types of domains walls are the Bloch alé#l walls. Bloch walls are
predominant in thick specimens where the magnetiments in the domain wall can
orient normal to the plane of the sample whereas ihin film all moments are
oriented in the plane of the film and such a walknown as Néel wall. The balance
of domain wall energy and magnetostatic energyroetes the size of the domains.
An external magnetic field perturbs the energy Hgruim and tends to rotate
the magnetic moments along its direction which aifested as the magnetization of

the material. In terms of domain theory, the maiga@bn takes place in three stages
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[63]. A typical magnetization and magnetic indunties. magnetic field behavior is

shown in Figure 1.13.
First

M 1
A
Second
Quadrant Quadrant
= .

Third Fourth H
Quadrant Quadrant
Y v

D
() (M vs H) hysteresis loop (b) (B vs H) hysteresis loop

Figure 1.13. A typical hysteretic (a) M-H and (b) BH curve of a ferromagnet.

At low fields, the domains oriented along the dii@t of field grow while
those oriented opposite to the field reduce in.size domain growth takes place by
a mechanism known a®main wall motiorin which the moments inside the domain
wall flip towards the direction of the applied fiethus increasing the total volume of
domains aligned with the external field. At intexirege fields which are high enough
to overcome the anisotropy energy, the magnetic embsnin the domains which were
oriented away from the field flip towards the eags nearest to the magnetic field
direction. Finally at high fields, the magnetic memts rotate from the easy axes
towards the direction of magnetic field until theaterial saturates and exists in a

single domain state. This last step is knowrdaain rotation Note that although
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the magnetization becomes constant once the matestarates, the magnetic
induction increases with increasing field with aps ofp,.

The hysteresis in these curves is caused due tangiof domains by material
defects or stress inhomogeneities. It gives a measiuthe loss in magnetic energy
(given by the area enclosed by the B-H curve) ieorto perform the mechanical
work of ‘moving the domains’ against the defectheThysteresis also signifies that
the same domain orientation may not exist at thmesenagnetization state during
magnetization and demagnetization procesBesnanancas the induction B,) or
magnetization NI;) that remains when the externally applied fieldushed down to
zero after taking the material to its saturationgn®dization. The remanance is
denoted by the points A and C in Figure 1@8ercivity (H.) is the reverse magnetic
field strength that is required to reduce the miatanduction to zero which is
denoted by the points B and D in Figure 1.13.

Section 1.4 will introduce the magnetoelastic epevpich affects the energy
balance in domains and domain walls in materiakh wignificant magnetostriction

thereby affecting the magnetization process in snaterials.

1.4. Phenomenon of magnetostriction

The discussion on ferromagnetism led to the faat thagnetic processes are
guided by energy minimization principles. In thiscgson, the phenomenon of
magnetostriction will be discussed in detail andl Wi related to elastic and
magnetoelastic energy. The actuation and sensifegtefwill be explained by

introducing the Zeeman and stress-induced anisptrepergy. The origin of
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magnetostriction will be related to the spin-orbdupling and a brief history of

magnetostrictive materials will be presented.

1.4.1. Magnetoelastic effects

Magnetostriction describes the change in dimensans material due to a
change in its magnetization. This phenomenon isaaifestation of magnetoelastic
coupling which is exhibited by all magnetic matkxito some extent. The effects
related to magnetoelastic coupling are describedabypus names.

Joule effect[76] describes the change in length due to a ahangthe
magnetization state of the material. This is alsovin as linear magnetostriction and
assumes that the volume of the material remainstanh This phenomenon was first
observed by James Prescott Joule (1842) in iro@swir

Villari effect (1865) [77] describes the mechanical stress-indiudeange in
magnetization. A material with positive magnetasion (e.g. iron) shows an
increase in magnetization with an increase in stvésereas a material with negative
magnetostriction (e.g. nickel) exhibits an incregsmagnetization with a decrease in
stress. Conventionally, a tensile stress is consitlpositive whereas a compressive
stress is considered negative.

Wiedemann effe¢l858) [78] describes a twist in the material ttwa helical
field produced by passing a current through theenedt(e.g. wire) Matteucci effect
describes the change in magnetization in the Hdlicaction when a ferromagnetic
material is twisted.

Barrett (1882) [79] observed a change in volumdéeofomagnetic materials

under the influence of magnetic field and termedsivolume magnetostrictiornThe
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term forced magnetostrictiofi80] describes an increase in the magnetostridtian
can be obtained after attaining the saturationnayeiasing the temperature so that
further increase in magnetic field reorders the metig moments which got
disordered due to thermal agitation. Such an irs&ré@a magnetostriction is extremely
small and has no practical application.

Conventionally, theJoule and Wiedemanneffects are used for actuation
purposes while th¥illari andMatteuccieffects are used for sensing purposes.

The observation of these macroscopic effects catrdoed down to atomic
scales. Magnetoelastic coupling arises from spiit@oupling and strong interaction
between electron clouds of adjacent atoms [81]. &g field applied to a material
tries to orient the electron spin along the fielcection but is resisted by the orbital
motion which is strongly coupled to the crystatits structure [82]. The rotation of
the orbits towards the direction of field and tlesaciated distortion of the crystal
lattice manifests as magnetostriction. Mechanioetd acting on a material produces
mechanical strain as the atomic bonds are stretchédisted. At the same time the
overlapping electron clouds in a bond are displdbead affecting the electromagnetic
state of the material. The change in the electromatg state of the material due to
the applied force manifests as the inverse effext\(illari andMatteuccieffects).

The spin-orbit coupling also determines the magrgstalline anisotropy and
it is imperative that smaller spin-orbit couplingnda consequently smaller
magnetocrystalline anisotropy enables the orbietwient itself to the direction of the
electron spin at smaller magnetic fields. Thusdésirable spin-orbit coupling should

be large enough to produce significant latticeadtgin which will manifest as a large
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magnetostriction but at the same time the magngttailine anisotropy should be

small enough so that the lattice can be distorjedpplying small magnetic fields.

1.4.2. Fundamental relations in magnetostriction

The dipole-dipole interaction energy between tloenat shown in Figure 1.14
can be modeled using Equation (1.39) [58] whreiethe bond length, [ > 3] are
the magnetization direction cosines as definedqnaton (1.38) and | ., 3] are

the direction cosines of the bond direction.

w(ra)=1(r) (ab,rab.+ab) -+ (1.39)

Figure 1.14. A one-dimensional representation of teraction between
neighboring dipoles with magnetic momentn separated by bond lengttr.

When the crystal is strained, the bond length asequently the interaction
energy change. The sum of the change in the intenaenergy for the nearest
neighbor pairs can be expressed as Equation (lvd€e the tensor {1 22 33 23 31

17] describes the strain in the crystal. The t&mageiis the magnetoelastic energy.

1 1 1
Emagelzq € af_:_g t €y a22_ §+ €3 a3 _3

+h, (eyaa,te.aa,ve,2a )

(1.40)
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The coefficientd; andb, are known as magnetoelastic coupling coefficiehtey
depend on the number of nearest neighbor pairsraumsd bond length, the function
I(r) and its spatial gradient. The spontaneous magtmtioon or equilibrium strain in
a domain in the absence of any external stressagnatic field can be obtained by
minimizing the sum of magnetoelastic and elastiergy with respect to each of the
strain components. The expression for elastic gnerg cubic crystal is shown in

Equation (1.41) wherey 4, c12 andcy, are the elastic constants.

1 1
Eel :EQ1(6121+ 6§2+ és) +_2 C44( ézs"' éf" gf)
+Cp, (6,65 + €38,% 6, 6)

(1.41)

The magnetostriction tensofY or equilibrium strains are shown in Equation

(1.42).
1
al-=
/ -3
11
1
/5 < a,f Y
/ Co- Gy 3
o= % = , 1 (1.42)
/ a; - 5
/3
aA;
/12 - & ad,
Cua aa
“2

The strain along the direction cosines [> 3] can be expressed by Equation (1.43)

Gy b, )=+ G B+ 68+ e, 88 Bl b (143

The magnetostriction along [100] which is showrEpuation (1.44) can be obtained

by substituting:= ;=1and ;= ,= 3= 3=0in Equations (1.42) and (1.43).
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! 1h (1.44)
C

2_b _1
3 (C12 - c:11) 3

/100 =

Similarly the magnetostriction along [111] whichsisown in Equation (1.45) can be
obtained by substituting; = 1= ;= 2= 3= 3= ]/\/é in Equations (1.42) and

(1.43).

1 b2
/.. =-_2 1.45
111 3 C44 ( )

Combining Equations (1.42) — (1.45), the magneitdg&in along any arbitrary
direction [1 2 3] can be expressed [83] using Equation (1.46) whieas
magnetization direction is alongi[ 2> 3].

o= w18 B, Ga 0 -2

bibyby

+3/111@413Q 3’aa3b1b3 1ﬁa1bp1 )

(1.46)

If the equilibrium strains from Equation (1.42) asebstituted back in
Equations (1.40) and (1.41), the sum of the magtastic and elastic energies would

translate into an equivalent #rder magnetostrictive anisotropy energy which loan
expressed by Equation (1.47). The coefficie%{(qz- c.)/iE 2c, 2“}1 is known

as Ki.

EDKl =" %{(CLZ_ Cu)/fod' 2C14 211}1@ azl 2'53 a22 2@ a 23 )1 (1.47)

Hence the effective magnetocrystalline anisotragpgiven by the sum of Equations
(1.38) and (1.47). It should be noted that measuatues oK, include the value K;
as the magnetostrictive anisotropyK() cannot be experimentally distinguished from

the pure magnetocrystalline anisotropy)(
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1.4.3. Magnetostrictive actuation and sensing

The spontaneous magnetostriction does not congritiuany useful actuation
or sensing effect. On the other hand, a magneéll fcan rotate the magnetic
moments from their equilibrium directions therebyroqucing useful
magnetostriction. The effect of magnetic field mcarporated by introducing the
Zeeman energy given by Equation (1.48). Note tmaeixpression for Zeeman energy
is the same as that of the magnetostatic energyrsi Equation (1.37), the only
difference being that the magnetic field in Zeeraaargy is an externally applied one
whereas the field referred to in Equation (1.37¢risated by free magnetic dipoles
within the material.

W, = - MM.H (1.48)

{7 >
NI \\\\\\»\\\\
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A -no magnetic field B - intermediate field C - saturating field
Figure 1.15. A typical anhysteretic -H curve and the energy distribution at

different magnetic fields.
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Figure 1.15 shows a typical magnetostriction vs.gme#ic field (-H)
response along the [001] ‘easy’ direction of a culadrystal with positive
magnetostriction. The three-dimensional energy ridigtions for three distinct
magnetic fields are shown below theH curve. The concavities in the energy
distribution denote the energy minima at a givergmedization state. The direction of
energy minima are the preferred direction for athgmt of magnetic moments.
Magnetostriction monotonically increases with magnéeld until all the magnetic
moments orient along the direction of the magngéld. This magnetic saturation
state of the material is signified by a single ggeminimum oriented along the
magnetic field direction.

Similarly, a mechanical stress can also rotate tfagnetic moments from
their equilibrium directions thereby producing aanbe in the net magnetization in
the presence of a bias magnetic field. In the aleseri a bias field, the magnetic
moments reorient so as to eliminate any free paled hence there is no net
magnetization. The effect of stress is incorporatgdintroducing the mechanical

work energy given by Equation (1.49).

Wmech: - (511611"' S5t S8 FS £35S G345 € )z (1-49)
Under the influence of stress, the equilibrium isgsaare obtained by

minimizing the sum of Equations (1.40), (1.41) a(d49) which yields the

equilibrium strains given by Equation (1.50). He[rehech] is the mechanical strain

tensor given by Equation (1.51).

[€] =] meer] + / (1.50)
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Substituting Equation (1.50) into (1.49) yields teess-induced anisotropy energy

given by Equation (1.52) which influences the maga¢ion direction.

E.=-(Si/utS h o8 10 8] 54 &k ) (152

It should be noted that although Equations (1.4%) @L.46) can always be
used to calculate the magnetoelastic componentrais an appropriate technique
should be used to find the equilibriumunder the influence of both magnetic field
and stress. Modeling techniques which can be usedstimate the equilibrium
magnetization directions will be discussed in Secii.6.

Figure 1.16 shows a typical magnetic inductiono@npressive stress (B-
response along the [001] ‘easy’ direction of a culadrystal with positive
magnetostriction. The three-dimensional energy ridistions for three distinct
compressive stresses are shown below thecBrve. Note that sensing can take place
only when the stress-induced anisotropy energy omarcome the effect of
magnetocrystalline anisotropy energy and the Zeemaergy due to the bias
magnetic field. At high compressive stresses, gnargnima occur along the
directions which are perpendicular to the directidstress and all magnetic moments
orient in this plane normal to the stress directt®ach an orientation of the magnetic
moments marks the magnetoelastic saturation andated that no sensing can take

place for higher applied stresses.
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compressive stress compressive stress

Figure 1.16. A typical anhysteretic B- curve and the energy distribution at
different compressive stresses under a constant lsianagnetic field.

Analogous to a bias field in sensing applicatioaspre-stress is usually
applied for actuator applications to obtain moreefuls magnetostriction. If a
compressive pre-stress applied to a demagnetizedisas large enough to overcome
the crystalline anisotropy, it will orient all magfic moments in a plane normal to the
stress direction. A large enough magnetic fieldliapgpparallel to the stress direction
on the pre-stressed sample can reorient all thenet@gmoments in the sample
thereby vyielding a larger useful magnetostrictiban the same magnetic field can
yield if it were applied to a demagnetized sammeshown in Figure 1.15. This

happens because in a demagnetized sample, somestinagroments are already
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oriented along the field direction if the fieldapplied along one of the easy axes and
therefore these moments do not contribute to usefnetostriction. Figure 1.17

shows the -H curve of a pre-stressed sample.

A

e

A-compressive pre-stress B - pre-stress +smallfield C - pre-stress + saturating field
Figure 1.17. A typical anhysteretic -H curve and the energy distribution at

different magnetic fields under a constant compre$ge pre-stress.

1.4.4. History of the development of magnetostrictive miats

After the initial discovery of magnetoelastic effedn the mid-18 century,
several researchers systematically studied the etagniction in different binary
alloys of the iron, cobalt and nickel in the nezlfra century. Most of these alloys
showed free strain of less than 100 as shown in Table 1.4. The importance of
nickel as a transducer material for sonar motivatieoither research in

magnetostrictive materials during and after Worldar'M. However, with the
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development of materials such as PZT which exhdbitee strain of the order of
1000 , magnetostrictive materials ended up taking thek&eat.

With advancements in low temperature measuremantsigdthe 1960s, it
was observed that several rare earth elements iexdollossal magnetostriction (>
5000 ) but only at temperatures close to absolute zerd showed almost
negligible magnetostriction at room temperature rédoer, these materials showed
very high magnetocrystalline anisotropy and hewrcgiired extremely high magnetic
fields (~ 16 Am™) to obtain saturation magnetostriction. In eaid8Qs, researchers
in the Naval Ordinance Laboratory used an optinsahlmination of terbium, iron and
dysprosium which showed high magnetostriction anrdemperature finally giving
rise to the giant magnetostrictive material TerfeDo

Commercially available [43] polycrystalline Terfd+id exhibits about 1200

at 1.5 x 10 Am™ but has low Young's modulus (25-35 GPa) and lonsile
strength (28 MPa) which restricts its usage to iappbns involving only axial
compression. A new era of structural magnetostectalloys started with the
discovery of large magnetostriction in iron-galliwatioys [84, 85]. Section 1.5 will

discuss iron-gallium system in details.

——

(a) MY (b) 2.2

Figure 1.18. Volume conserving magnetostriction (a) and (b) [81].
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The volume-conserving magnetostriction constanend , shown in Figure

1.18, are called asigy and

111 In cubic materials. The values of these

magnetostrictive constants for several single atysiaterials are shown in Table 1.4.

Table 1.4. Magnetostriction of single crystal mataals measured at room

temperature [58, 81].

Material (x 10°) (x 10°)
Fe 24 -23
Co -248 57
Ni -66 -29

NigsFess 20 15
NigsC0ss 40 -35
FessCoss 130 35
Th* 8700 20
Dy * 9400 5500
TbFe * - 4000
ThFe - 3690
DyFe, * -70 -
DyFe - 1890
Tho.2Dyo7d € - 2300
FeyrSis 25 -7
FesoAl 2o 95 S
FessGayr 208 0

* Values measured at temperatures close to absmg-273C).
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1.5. Iron-gallium alloys (Galfenol)

This section discusses the properties of the iahugn alloys which make
them attractive materials for actuator and sengpli@tions. The focus of the
discussion is on the magnetostrictive propertias retevant metallurgical aspects of
single crystal material which help in understandimg variation in alloy properties as
a function of composition. Finally, the state oé tart in processing of Fe-Ga alloys

and its significance in transducer applicationgresented.

1.5.1. Metallurgy of Fe-Ga alloys

It is required to have a prior knowledge of theibasetallurgical aspects of
the iron-gallium system in order to understand cbmplexity of the relationship of
Fe-Ga alloys and the magnetostriction exhibitedhieyn.

Single crystal iron at room temperature (i.e-e) has a body-centered cubic
(BCC) unit cell which is equivalent to an A2 struiet in the strukturbericht notation.
The iron-gallium equilibrium phase diagram is shawirigure 1.19. For the purpose
of this dissertation, we will only focus on the iy between 0 to 30 atomic %
gallium additions in iron. Figure 1.19 shows that@m temperature, the Fe (A2)
phase exists upto 12 at. % Ga while thegGa (L1L) phase exists between 25 to 30
at. % Ga. The region between 12 to 25 at. % Gamnsxaure of these two phases.

Other phases such as{)B82 and FeGa (DQg) exist at high temperature only.
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Figure 1.19. Equilibrium phase diagram of iron-gallum system [86].

A schematic representation of the “unit” cells o2,ADG;, L1, and B2
structures are shown in Figure 1.20. The atomid mddron and gallium are 0.124
and 0.122 nm respectively [64]. The size differeshewn in the legend of Figure
1.20 is only meant for visual clarity. In A2 struct, which is a disordered phase,
each lattice point has an equal probability of imgsén iron or gallium atom. The PO
and L% are ordered R&a phases. The unit cell of a P§tructure consists of eight
unit cells of a conventional BCC structure. Theligal atoms are situated in the
body-center positions of the BCC cell or along finar alternate corners of the sub-
lattice shown in green dashed line in Figure 1.20(b. along the <110> direction of

this sub-lattice. The Llis an FCC structure with Ga and Fe atoms in thieezcand
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face-center positions respectively. The B2 is atemad FeGa phase with the Ga atom

in the body-center position of a cube with Fe atamthe corners.

(d) B2

@ !ron (Fe)
@ Galium (Ga)

Figure 1.20. “Unit” cells of (a) A2, (b) D@, (c) L1, and (d) B2 structures.

Prior work [87] showed that addition of upto 20rato % Ga in Fe results in a
disordered A2 phase having randomly substitutetugalatoms in the iron lattice.
Addition of 20 to 30 atomic % Ga in Fe can prodi@; phase if the alloy is
quenched from above 73C or L1, phase if it is annealed at 500 for three days
and at 350C for over a month. Other works [88-91] also repdra disordered FCC
(Al) phase. Investigation [87] of the saturationgmetization of these phases as a
function of temperature established the first méigrnEhase diagram for iron-gallium
alloys. Further dilatometric study [89-91] of then-gallium system with different
thermal history was used to create a metastablsepthiagram. These works showed
that iron-gallium alloys have complex thermal higtdependent stable as well as

meta-stable phases which also differ in their magmeoperties.
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Recent work [92] using scanning and transmissientedn microscopy study
of the iron-rich portion of the iron-gallium systemas been helpful in modifying the
magnetic and metastable phase diagram of the regiois non-equilibrium phase
diagram, shown in Figure 1.21, is also useful fodihg the Curie temperature for
different alloy composition. Further investigatif#8-95] of the iron-gallium system
confirmed that addition of upto 18 at. % Ga in peduces an A2 phase with 0
like or B2-like nano-precipitates. Alloys with 18 21 at. % Ga showed a matrix of
A2 phase with structurally inhomogeneous nano-pr&tes on quenching but
showed a mixture of A2 and P@hases if the alloys were slowed-cooled. Alloys
with 21 to 25 at. % Ga showed a mixture of A2 ar@@l phases irrespective of their
thermal history. For alloys with 25 to 29 at. % @agenching produced a mixture of
A2, B2 and D@ phases while slow-cooling yielded only the;[phase. The effect of
these phases on the magnetomechanical propertig®mgallium alloys will be

evident in Section 1.5.2.

\'.
4001 /D—c\ ]
N
DOs(ferro)™
300+ { . ——
15 20

10 25 30 35
at.% Ga

Figure 1.21. Non-equilibrium phase diagram of irongallium alloys [92].
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1.5.2. Magnetostriction and other properties of Fe-Gayallo

The investigation of magnetostriction of a nhumbébimary iron alloys by
Hall [96] showed that addition of aluminum in iroan increase the magnetostriction
by five times. Motivated by these results, Clatkal. [84] investigated the effect of
gallium addition in single crystal iron and found ecrease in 190 by a factor of
twenty. This new alloy became known of as Galfeiibke magnetostriction constants
for single crystal Galfenol alloys are shown in Wfig 1.22. Similar studies [85]
performed on directionally cast Fe-Ga alloys showbdut seven times increase in

magnetostriction compared to polycrystalline iron.

Figure 1.22. (a) (3/2)100 and (b) (3/2) 111 as functions of gallium content in iron-
gallium alloys [97].

Initial studies [97] on the effect of compositioave identified Fe-Ga alloys
with 15 to 30 atomic % gallium as the region ofeneist as the two peaks in
magnetostriction occur within this composition ranés shown in Figure 1.22(a), a
maximum magnetostriction of ~300 was shown by furnace cooled samples having
17 and 27.5 atomic % Ga. Inbetween these two compos a low in the

magnetostriction (~225 |1 is observed at 24 atomic % Ga. The reason faioipg
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the first peak in magnetostriction has been atteithi98] to the presence of randomly
distributed gallium atom pairs in the A2 phase @i It is suggested that these
gallium atom pairs act as defects thereby altetimegeffective crystalline anisotropy
and hence increasing the magnetostriction [98]stHarinciple calculations [99]
attribute the enhanced magnetostriction to the &bion of B2-like structures.

Recent measurement of atomic scale magnetostri¢do0] in Fg:Gapo
confirmed that large strains develop in the Fe-Gads near the Ga-Ga environment
although the strain between Ga-Ga bonds are nklglighd the strain between Fe-Fe
bonds show only a nominal increase from the magtrtton observed in pure iron.
Another recent work by Mudivarthet al. [101] showed the reorientation of nano-
clusters in an irradiated sample ofgf&a,9 as a response to externally applied
magnetic field and mechanical stress using newtoattering data. This work [101]
may offer the experimental evidence of the cori@tabetween magnetostriction and
presence of nano-precipitates in A2 matrix whiclsearlier hypothesized [94, 95]
and may be useful to evaluate the theory propogdthlachaturyaret al.[102, 103].
These observations may offer the first set of a@rpemtal evidence of the origin of
magnetostriction in Galfenol and may also help mderstanding the underlying
mechanism that enhances the magnetostriction af wben substituted with non-
magnetic elements.

An extensive study on the effect of thermal higtand gallium composition
[92, 93, 104, 105] has shown that Galfenol alloy$vib0; phase has a long range

ordering of Ga atoms which lowers the magnetosinctThe D@ phase can be
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expected to be present along with the A2 phasdlaysahaving more than 17.5
atomic % Ga.

The volume fraction of DPpphase in Fe-Ga alloys having more than 17.5
atomic % Ga can be reduced by water-quenching wtachhelp in increasing the
saturation magnetostriction [104, 105] upto an #oldiof 19.5 atomic % Ga as
shown in Figure 1.22(a). A possible reason foawolig the lowest magnetostriction
near 25 atomic % Ga can be due to the formatioa stoichiometric compound
(FesGa) which indicates a highly ordered structure Aedce cannot be altered by
water quenching. The second peak in magnetostmicsianot altered significantly by
heat treatment. This composition is a mixture oftiple phases and hence the reason
for obtaining a high magnetostriction is not velgac. A possible reason for the high
magnetostriction can be due to a marked softenfiigeocrystal lattice [97].

The actuator behavior of single crystal [84, 1026-108] and polycrystalline
[85, 109-111] Galfenol have been extensively charaed for the composition range
of 17 to 29 at. % Ga but the sensor behavior haa bbearacterized only for 19 at. %
Ga quenched [107] and slow-cooled [108] samplesZhd at. % Ga slow-cooled
sample [112]. The details of actuator and sensepamse of Galfenol will be
discussed in Chapter 2.

Although Galfenol offers only one-third the straihcommercial Terfenol-D,
it requires less than one-tenth the magnetic fietpiired to saturate Terfenol-D. This
attribute can be useful for design of compact andweight devices by reducing the
amount of coil and high power electronics which aseally required to obtain high

drive current in Terfenol-D transducers. Moreowueellogg et al. [106] has shown
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that F@:Gay shows a variation of only 0.4 {IC in its saturation magnetostriction
value between -2PC to +80°C and hence can be used for a large range of
temperature without significant loss of magnetostsh. Galfenol can be easily
machined and hence can be obtained in differenpeshand sizes which might be
useful for innovative devices. Galfenol can alsauedded to passive structures which
makes it an ideal material for structural healtmitaring.

The most important feature that motivates the dggadfenol alloys in smart
structures is their structural properties whichegithem a unique advantage over
conventional smart materials such as PZT, PMN ofefiel-D. Extensive mechanical
characterization has been performed on Fe-Ga allbyagtig et al. [113] measured
the stiffness constants of Galfenol as a functibrgallium content using acoustic
measurement. Clar&t al. [97] measured the elastic constants of Galferiolyslas
functions of temperature and composition using masoe ultrasound spectroscopy
(RUS). Later, Petculescat al. [114] used RUS to quantify the difference in the
stiffness constantsc'( and cs4) between demagnetized and magnetically saturated
conditions for 12 to 33 at. % Ga alloys at 4 K &0 K temperatures. Kellogg al.
[115] used quasi-static tensile tests to measifewsng’'s modulus of 65 GPa, tensile
strength of 515 MPa and upto 2 % strain along th@0x direction of single crystal
FessGa 7 which showed that Galfenol is ductile and strongugh for applications
involving tension. The interesting phenomenon ofedig effect (negative Poisson’s
ratio) was observed [115] in a 27.2 at. % Ga sanadeg the <110> direction.

Further tensile tests [116, 117] focused on ingasibn of Young’s modulus and
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Poisson’s ratio for alloys with 17.4 to 33.2 at. G& along the <100> and <110>
directions.

Some of the other properties investigated in iralkgn alloys include
electrical resistivity [87], magnetocrystalline sotropy [118], thermal expansion
coefficient [105] and specific heat capacity [119hvestigation [120-122] of
magnetostriction in ternary Fe-Ga-X (X = Ni, Mo,,SM, C, V, Cr, Mn, Co, Rh)
alloys did not show any significant improvementmagnetostriction but addition of
small amount (< 0.1 %) of carbon in samples with618t. % Ga increased the
magnetostriction of slow-cooled alloys and appeatedhave similar effect as

guenching [123].

1.5.3. Processing of Fe-Ga alloys

Although single crystal Galfenol exhibits good metpstrictive and
mechanical properties, it may not be the best enddc commercial applications
owing to the slow rate of crystal growth and higkxidary cost involved in accurate
machining along the desired orientation. Therefex¢égnsive research effort has gone
into processing of Galfenol alloys in order to findt the best method that will
provide bulk samples at low cost without signifitgrcompromising the structural
and magnetoelastic properties.

The earliest work on characterization of rolledrgkd, extruded and
directionally solidified polycrystalline Galfenokavell as powdered Galfenol can be
attributed to Kellogget al. [107, 124]. It was shown that based on the prawegss

technique, a saturation magnetostriction betweeto 300 p could be obtained.
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Subsequent work at ETREMA Products Inc. [110] ledhte development of
research and production grade polycrystalline GalfeThe polycrystalline ingots
were grown using Float Stand Zone Melt (FSZM) teghe at the rate of 25 mm/hr
and 350 mm/hr respectively which were much fadtantthe Bridgman grown single
crystal at 2 to 4 mm/hr. Measurement of saturati@gnetostriction in research and
production grade polycrystalline 18.4 at. % Ga dasighowed 220 pand 168
respectively which were less than the 290exhibited by a single crystal of same
composition. The difference in magnetostriction \a#sibuted to the grain size and
texture [110]. The typical structural propertiess@sated with Galfenol were
exhibited by both the research (Young’'s modulu®24GPa, tensile strength = 370
MPa, elongation = 1.2 %) and production (Young'sdulas = 86.3 GPa, tensile
strength = 348 MPa, elongation = 0.81 %) grade $8np

Recent work by Na and Flatau [125, 126] on defoionaprocessing of Fe-
Ga-X (X = B, C, Mo, Nb, and NbC) alloys showed thdtition of NbC can improve
roll ability and produce saturation magnetostrictad 183 . Moreover, appropriate
atmospheric annealing and controlled doping withohcand sulfur may be used to
obtain the most-wanted {100}<001> cube textureahed sheets as thin as 0.3 mm.
These rolled sheets may offer a viable low-cost high-performance option in
applications that need structural conformation.

Other processing techniques such as stress-ang¢afii, 128] and magnetic
field-annealing [129] have demonstrated the devalam of a uniaxial anisotropy in

Galfenol which can be exploited to obtain more ukehagnetostriction without
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applying a pre-stress and have shown to be halpfibtaining high magnetostriction
even when the material is operated under tension.

Rapid advances have taken place in the process$i@aléenol in micro and
nano-scales. Westogt al. [130] measured the magnetic properties of 160-mick t
FeGayg (110) oriented films deposited epitaxially on QU{¥Si(100) substrates.
Subsequently, Buterat al. [131] successfully obtained (100) oriented 90-rmck
films of Fe;Gayg epitaxially deposited on MgO substrate. An extemstudy of the
effect of deposition conditions on film thicknesemposition and calculated value of
magnetostriction for (110) oriented Galfenol filmdsposited on glass as well as Si
substrates showed promising results [132]. A coimgmeive study of
magnetostriction in Fe-Ga and Fe-Ga-Al systemsoperéd using a high-throughput
combinatorial approach [133] reflected the charsties of bulk samples.
Significant research [134, 135] has also takeneplacorder to develop Galfenol
nanowire arrays of different composition having esirwhich are upto 60 pm in
length and diameter varying from 10 to 200 nm. Ehescro/nano-scale processing
techniqgues would be beneficial for use of Galfenol MEMS and NEMS

applications.

1.5.4. Applications of Fe-Ga alloys

Galfenol is a structural magnetostrictive mateaiatl hence it can be used to
design devices which use its structural proper@ss well as magnetostrictive
actuation and sensing capabilities. Several reBeeschave designed innovative

proof-of-concept devices using the special attebudf Galfenol.
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Yoo et al. [136] designed a tuning fork-based gyro sensomwshm Figure
1.23(a) which uses mm-size Galfenol patches asatmtiand sensor material in
bending. Downeyet al. [137] showed that mm-scale Galfenol rods can lesl #s a
sensor in bending and the results of this work [I8@s used to conceptualize a
nanowire-based broadband acoustic sensor showngureF1.23(b). Further work
[138] in this area led to the mechanical charaz#ion of Galfenol nanowires which
showed that although their Young’s modulus is samib that of bulk material, they
possess almost three times the tensile strengttta Bad Flatau [139] showed that
Galfenol could be adhered to a structural matesiadl used as strain sensor in

bending.

Figure 1.23. (a) Tuning fork-based gyro sensor [13@&nd (b) nanowire acoustic
sensor [134, 137] using Galfenol in bending mode.

Hale and Flatau [140] and Parsatsl.[141] demonstrated the application of
Galfenol in tactile sensing and torque sensing aetpygely. Ghodsiet al. [142]
developed a positioning actuator for cryogenic emunent. Uencet al. developed

linear actuator [143, 144], wobbler [145] and vibrd146].
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These devices showed proof-of-concept results lrit performance can be
improved with further knowledge of design parametdrat play crucial role in
determining the efficiency of these devices. Ineord build an efficient prototype it
is required to know the following:

choice of active material (i.e. most suitable alboynposition)

operating condition (pre-stress and bias magnitid)f

size and geometry of active material

impedance matching criteria

location of active material in the device.

An investigation of these design parameters isgperéd in this dissertation.

1.6. Overview of magnetomechanical models

Modeling techniques are vital to device design. Meigmechanical models
can be used to evaluate design parameters, paiacte response and control smart
devices in a desired manner. An appropriate maslexpected to account for the
behavior of the material and its interaction with €énvironment. The modeling of
material behavior is addressed in Section 1.6.1 thedinteraction of an active
material with other components of a device is dised in Section 1.6.2. A brief
review of these modeling techniques is presentedrder to motivate the model

proposed in Chapter 5 of this dissertation.

1.6.1. Constitutive material models

Constitutive relations that describe the materedidyior are usually based on

energy minimization techniques. The first part otls a technique involves the
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formulation of an energy functional which includasprecludes certain terms based
on assumptions appropriate for the purpose of tbdein The second part involves
the use of mathematical techniques to extract thermation about a required

physical response of the material under the infteeof force fields that perturb the

energy.

The simplest model for magnetoelastic material he tcoupled linear
constitutive equations [2, 80, 81]. Consideringhbstirain and magnetic induction in
the material as functions of stress and magnetid,fia first order truncated Taylor
series expansion about a given operating paigt (o) can be written as Equations
(1.53) and (1.54). Note that stress and magnedid Are assumed to be independent

inputs to the material.

de=— ds+— dH (1.53)
ﬂs Ho'So ﬂH Hos o

=T 4+ IBl gy (1.54)

ﬂs Ho.S0 ﬂH HoS o

The following Gibb’s free energy formulation can hesed to couple
Equations (1.53) and (1.54) and also to providesjuay interpretations of the
differential quantities. The total workdondW) on a unit volume of ferromagnetic
material by a stress and magnetic field due tonite&fsimal change in strain and
magnetic induction can be expressed by Equatidb)1Note thatdWis not an exact
differential.

dW =5 de + HdE (1.55)
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For a reversible process, the change in internatggn@U) can be expressed using
Equation (1.56) which can be obtained by substituEEquation (1.55) in the®Law
of Thermodynamics. Herf@andT denote entropy and temperature respectively.

dU =sde + HdB+ TdS (1.56)
The Gibb’s free energy of the system is given bydigpn (1.57)

G=U-se- HB TS (2.57)
The change in Gibb’s free energy in an isothernelersible process can be
expressed by Equation (1.58).

dG=dU- eds- sk BdH HdB Td: (1.58)

Combining Equations (1.56) and (1.58), the chamg&ibb’s free energy can be
written as shown in Equation (1.59).

dG=- eds- BdH (1.59)

Equation (1.59) can be used to interpret the diffgal quantities in Equations

(2.53) and (1.54) as follows. The mechanical coamge of the material in a process
where the magnetic fieldH¢) is maintained constant while the stress is quasi-

statically perturbed about a given stres3 is expressed by Equation (1.60).

T°G

2
Hosy 1S

Te

05 = gMoso (1.60)

Hy.So

Similarly, magnetic permeability of the materialarnprocess where the stressg) (s
maintained constant while the magnetic field is sinstatically perturbed about a

given field H,) is expressed by Equation (1.61).

B
TH

= miese (1.61)

Hy.S,
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The strain coefficientd = / H) and stress sensitivitg{ = B/ ) which couple the
effects of magnetic field and mechanical stresseapgessed by Equations (1.62) and
(1.63) respectively and are identical to each o#iseevident from their relation to the

2" derivative of the Gibb’s free energy.

2
Yep . TG _ 4res (1.62)
M,  TSHL .,

2
E - _ ﬂ G — d.kHo,S0 (1.63)
ﬂs Ho!so TLS‘TlH HO,S0

For small quasi-static perturbations of stress rmadnetic field about a given

operating stres{s]and magnetic fieldH), the 3-D linearized coupled constitutive

equations can be written as shown in Equationgljlaid (1.65).
e=55s +q H (1.64)

B,=d* ;s +m,H, (1.65)

Note that the indicelsandj vary from 1 to 6 and the indicesandk vary from 1 to 3,
such thatxy = Xz3, Xs = X31 andXs = X;2 wherex stands for or . The compliance
tensor is identical to the inverse of the stiffnemssor as shown in Equation (1.51)
and the stress sensitivity tensor is the transpbtee strain coefficient tensor.

Various non-linear models have also been develdpedccount for the
magnetomechanical response of ferromagnetic mksteoeer different operating
conditions. Higher order series expansion of thee fenergy yielded the Landau
model [147, 148]. Berggvist and Engdahl [149] coneloi the effects due to stress and
magnetic field into an equivalent field term anddrporated this in the Preisach

operator to model the effect of stress on magn@izaA stress-induced field term
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was introduced into the Langevin term by Jiles todsl the effect of stress on
magnetization vs. field curves [150] as well as #feect of magnetic field on
magnetization vs. stress curves [151]. Ghosh amuhfakrishnan [152] used a neural
network technique to non-linearize the coupled tanwe equations and
successfully predicted both the actuation and Bgnscharacteristics of
magnetostrictive materials. These models were ddhib one-dimensional analysis
and did not account for magnetocrystalline anigptnehich is required to capture the
directional preference of magnetization orientati@sed on the crystal symmetry of
different materials.

Armstrong [153, 154] extended the Stoner-Wohlfdit&5] model to cubic
anisotropy and was able to come up with a threesdsional model for
magnetostrictive actuation. This approach was &dbjat model both the actuator and
predict the sensor responses of single crystalpamgtrystalline Galfenol subjected
to collinear stress and magnetic fields [111, 1867]. This approach will be
discussed in detail in Chapter 2. An extensiorhte &pproach was developed [128]
to add stress-annealing effect by incorporatinghi@xial anisotropy. These models
included Zeeman, stress-induced anisotropy and etagrystalline anisotropy
energy but excluded the exchange energy becausenibn-zero only within the
domain wall and hence forms a small fraction of tibt@al energy of a bulk sample.
Moreover, the preclusion of the magnetostatic gnargapacitates the ability of these
models to account for demagnetization effects.

Smith [158] developed a homogenized energy modelclwhncluded

magnetostatic, stress-induced anisotropy, magnetadline anisotropy and
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exchange energy terms. The exchange interaction wlasnomenologically
incorporated using Boltzmann statistics which ically considers only non-
interacting particles. Moreover the use of Boltzmaiatistics is only applicable to a
large number of particles and may not be a valsisption near saturation when the
material is almost in a single domain state. Uskignstrong’s [153] energy
formulation and Smith’s [158] framework of homogesul energy model, Evans and
Dapino [159] developed a magnetomechanical modetiwtakes into account six
possible directions of magnetization orientatiostéad of two directions in Smith’s
work [158]. These approaches introduce dynamicceffato the constitutive model
using thermal relaxation techniques and are pdatiiguuseful for obtaining closed
minor loops when operating an actuator or senstr RC bias magnetic field and
stress respectively.

Besides these macroscopic models, micro-magnetaelmd160-165] which
use the Landau-Lifshitz-Gilbert (LLG) equation calso be used to predict static as
well as dynamic magnetomechanical behavior. Thesdefs include all the relevant
energy terms which affect the magnetization dioectand hence can be more
accurate for prediction of domain evolution and demwall dynamics but they
require excessive computation time and resourceseltly making them not a
preferred choice for prediction of bulk materialspense. Nevertheless, micro-
magnetic models should be considered for design MEMS and NEMS

magnetostrictive devices.
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1.6.2. Device-level models

The constitutive material models are suitable ®dmt the material response
but they cannot be used directly to model a deviterder to do so, they need to be
integrated with structural and magnetic models Witian accommodate the forces or
electric currents applied to the device and prethet displacement and electrical
voltage response from the device.

Structural models are used to solve the mechab@aatdary value problem of
the device. They can be constructed using lumpednpeter (mass-spring-damper)
formulation [81] or continuum mechanics formulatisuch as beam/plate theory or
finite element methods. The details of incorpomtimduced-strain actuation in plate
theory [1, 2] will be discussed in Chapter 5.

Magnetic models are used to solve the magnetic demynvalue problem of
the device. They can also be constructed using dédimgarameter magnetic circuit
formulation [81] or by explicitly solving the Maxwe equations with appropriate
constraints in a finite element formulation [166].

The final step in device-level modeling involveseigration of the constitutive
material model, the structural model and the magmebdel. Traditionally, lumped
parameter type “equivalent” circuit approach [8&]used to integrate the results
obtained from each of the component models. Thesitian from mechanical to
magnetic circuit takes place using a transformgo;r&nown as coupling factor. The
coupling factor will be discussed in detail in Cteaap2. An alternate approach [166]
of model integration uses a commercial finite elempackage (e.g. COMSOL

Multiphysics®) that offer the flexibility of couplg multiple boundary value
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problems. The algorithm for traditional device-leweodeling is shown in Figure

1.24.

Figure 1.24. Flow diagram of traditional device-leel model.

1.7. Objectives and organization of the dissertation

The broad objective of this dissertation is to usténd the magnetostrictive
response of Galfenol and develop design parameatersnodeling tools which can be
used for the development of actuators and senssigg uGalfenol. The main
advantage of Galfenol over other smart materials iln its combination of structural
and magnetostrictive properties which enables ltedaised as a transducer material in
tension, bending, shear or torsion. This dissemnatttempts to understand the
behavior of Galfenol particularly under bendingteancompasses the response of the
material in tension as well as compression. An easi@has been given to explain the
material’s response in terms of the physics of ghacess. All studies have been
performed using single crystal Galfenol under guséalic conditions in order to
estimate the baseline performance.

Chapter 2 describes experimental studies and nsbaheilations of the effect

of stress, magnetic field and alloy compositionfigures of merit such as energy
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density, magnetomechanical coupling factor andisgrgage factor. The goal of this
chapter is to understand the behavior of Galfefioys under different stress and
magnetic field conditions and demonstrate a gemzexhltechnique for obtaining
figures of merit which can serve as design pararseter developing adaptive
transducers and control systems for such transsludéis database can be used to
choose an appropriate alloy and also to optimize ghrformance of transducers
under varying operating stress and magnetic fielddgions. The outcome of this
work helped in determining an appropriate alloy position for further tests and
aided in the design of the bending experimentsrdesst in Chapters 3 and 4. The
experimental characterization provided the modehmpaters which were used in
Chapter 5 for model validation.

Chapter 3 discusses the challenges related to ctbawation of a
magnetostrictive member subjected to bending anggses a suitable experimental
technique to overcome some of these challenges. fEBchnique, i.e., a four-point
bending test, is performed on a Galfenol beam uddésrent bias magnetic fields.
The magnetic response of the beam is shown anxplaieed using an energy-based
approach. The outcome of this work helps in deteimgi the sensing capability of
only a Galfenol member as opposed to the Galferoigoattached to a structural
component. This work logically leads to the topgscribed in Chapter 4.

Chapter 4 introduces the concept of laminated ntagtrective composite and
describes experimental characterization of theaastuand sensor performance of
cantilevered Galfenol-Aluminum unimorph. A detailegkperimental study is

performed by varying three parameters; applied magrfield, tip loading and
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Aluminum layer thickness. The experimental resdémonstrated non-linearity in the
magnetomechanical response of the structure awdealsibited structural coupling
between the extensional and bending modes of thetste. In order to investigate
these observations, an appropriate modeling teakriiqd to be developed.

Chapter 5 describes a modeling approach that capleahe non-linear
behavior of the active material with the structuwamponents and magnetic circuit of
a device using a recursive algorithm which combihesconstitutive material model
with the mechanical and magnetic boundary valuélpros posed by the device that
is being modeled. The model simulations were usegerform a wider range of
parametric study of the effect of magnetic fielceainanical stress and active/passive
layer thickness ratio which was earlier introduge@hapter 4. The simulation results
were also compared to the experimental behaviaepted in Chapter 4.

Finally, Chapter 6 summarizes the work of Chapffs and highlights the
original contribution of this dissertation. Possildpplications are described where
the knowledge of this dissertation might be uttiz&uture research directions are

suggested to improve the modeling technique inttedun this work.
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Chapter 2: Experimental studies and model simuiatiof
actuator and sensor figures of merit

Design of transducers using active materials reguine knowledge of certain
figures of merit which provide a measure of effig for these active materials as an
actuator or a sensor and are also helpful for comgpaifferent active materials. The
energy densitywhich gives a measure of the energy that canhbbared from the
material and themagnetomechanical coupling factowhich is a dimensionless
number that gives a measure of the transductianiesity of the material are both
commonly used as actuator figures of merit. SiyiJast dimensionlesgage factor
can serve as the figure of merit for sensing appbos. These figures of merit are
usually evaluated as material constants assumilmgear behavior of the material
over useful operating stress and magnetic fiellgean The calculation of these
figures of merit requires the knowledge of the mateparameters introduced in

Equations (1.60) — (1.63).

2.1. Background and scope of this work

Prior work by Clarket al. calculated stress-dependent permeabilify ahd
strain coefficient d) in single crystal FeGa; [84] and FegéGap14 [104], but these
calculations involved the choice of saturation neignfield and an averaging over
the entire B-H or -H curve for each pre-stress. Kellogg al. [107] showed both
stress and magnetic field-dependent values of sstseasitivity §*) and Young’s
modulus E) of a water-quenched B&agy single crystal sample by using a

polynomial fit of the experimental B-and - curves respectively. Since Kellogt
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al. [107] could not maintain constant magnetic fielaridg the major-loop cyclic
stress tests, the values df and E were under-estimated and over-estimated
respectively. Atulasimhat al.[167] were able to obtain better estimatesl’ondE

by experimentally maintaining a constant magnegicl f

This chapter presents the actuator and sensor atbaration results of
FessGas and discusses the physical reasons for the nearlinehavior observed. The
experimental results are used to obtain materiapgaties such as permeability,
Young’s modulus, strain coefficient and stress iieity as functions of discrete
operating stresses and magnetic fields which atarmused to calculate the energy
density, magnetomechanical coupling factor and dager of the material at these
operating conditions.

An energy-based model is used to simulate the ewpatal behavior of
FessGage. It is shown that all the parameters requiredtiier energy-based model can
be obtained from the actuator characterization thigl single set of parameters are
sufficient to model both the actuator and sensdrabi®r. The model is used to
simulate the material properties and the figuresnefit as continuous functions of
stress and magnetic field in &#6aes which are compared with the experimental
values. The effect of alloy composition as welbagrating conditions on the actuator
and sensor figures of merit are studied by usiegntlodel to simulate the stress and

magnetic field-dependent figures of merit o§f&a6, Fes2 sGar7.s and Fg:Gapo.

2.2. Experiment
This section describes the sample preparation igebnthe experimental

setup and test procedures used for characteribmdré,Gas sample as an actuator
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and sensor. The sample preparation and experimdetalls for Fg sGa7s and
Fe;nGayg, are available in prior work by Datéd al. [105] and Atulasimhat al.[108].
An in-house built transducer [107] was used to ati@rize the sample under quasi-
static stresses and magnetic fields applied altweg<tt00> long axis of the rod-
shaped sample. Both the actuator and sensor charation involved the
measurement of strain, magnetic field and magnieitction along the <100>

direction of the sample.

2.2.1. Sample description

All samples used in this study were prepared inedals Preparation Center,
Ames, lowa [168]. The 25-mm long and 6.25-mm dianebdd of Fe;Gas shown in
Figure 2.1, was obtained from a single crystal ingmown using the Bridgman

technique in a resistance furnace [168].

Figure 2.1. Fe4sGay rod-shaped sample. The <100> crystal direction slong the
length of the rod.

Appropriate quantities of iron and gallium were acled and arc melted
several times under an argon atmosphere. The Isutt@ne then remelted and the
alloy drop cast into a copper chill cast mold tswe compositional homogeneity
throughout the ingot. The as-cast ingot was planezh alumina crucible and heated

under a vacuum to 900 °C. After reaching 900 °€ gitowth chamber was backfilled
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with ultra high purity argon to a pressure of LOBO® Pa. This over-pressurization is
necessary in order to maintain stoichiometry. Rty pressurization, heating was
continued until the ingot reached a temperaturg600 °C and held for 1 hour before
being withdrawn from the furnace at a rate of 4 hmnfThe ingot was annealed at
1000 °C for 168 hours using heating and coolingsraf 10 °C per minute. The ingot
is considered to be in the “slow-cooled” stateratttes annealing process. Using back
reflection Laue diffraction, the rod was orientewlasectioned from the ingot with a
<100> crystal axis aligned within + 0.®f the rod's longitudinal axis. Energy

Dispersive Spectroscopy performed on the rod shothvat it contains 83.8 + 0.6

atomic % iron and 16.2 £ 0.6 atomic % gallium. Skmgetails of F& Ga ;s and

Fe31Gag can be found in Refs. [105, 108].

2.2.2.Description of transducer

A schematic of the water-cooled quasi-static traosed [107] is shown in
Figure 2.2. The transducer comprised of a houdiag tormed a closed magnetic
circuit which enclosed a solenoid (drive coil) hayia sample chamber in its core. A
Techron LVC623 linear amplifier was used to supglyrent to the drive coll. It is
important to obtain a closed magnetic circuit sat tthe characterization results are
independent of the demagnetization effects whicharése due to the finite length of
the sample. Annealed low carbon steel end-pieces wsed as interfaces between
the sample and the transducer housing to form sedlonagnetic circuit. These end-
pieces and an output shaft from the transducerasstituted a load path which was
used to apply compressive forces upto 3650 N. Astémperature can affect the

magnetization and magnetostriction data, a digitatmocouple was used to monitor
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the solenoid temperature, which was maintained3diC2by running water through

cooling tubes placed around the solenoid.

Figure 2.2. Schematic of the transducer assemblyftar Kellogg et al.[107].

2.2.3.Instrumentation

Figure 2.3 shows the instruments mounted on thepkanthe strain in the
sample was measured by two resistive strain gadsisay Micro-Measurements: CEA-
06-250UN-350)attached in a quarter bridge configuration on disicedly opposite
sides of the rod at mid-length to counter the eéf@cany bending moment. An
Allegro 1323linear Hall-effect sensor placed parallel to thengle measured the
magnetic field and a pick-up coil with 50 turns wduaround the sample measured
the magnetic induction using an integrating fluxeneThe data was collected during
the experiment using a computer-controlled systefOascans per second. A finite

element model of the experimental setup showed ttl@atmagnetic induction and
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magnetic field measurement can vary at most by Ba%ed on the position of the

pick-up coil and Hall sensor along the length @& sample [45].

Figure 2.3. Measurement devices mounted on the saiap

Table 2.1 describes the measurement devices usede&sure the strain,
magnetic field and magnetic induction. The resolutivas calculated based on a 12-
bit National Instruments PCI-MIO-16E-4 data acdiosi card which was used to
acquire the data from the measurement devicesefirbe estimate in measurement is
calculated as the sum of the absolute values dilpleserrors in any quantity used to
calculate the physical quantity of interest frora theasured voltage.

Table 2.1. Description of measurement devices.

Quantity Measurement device Sensitivity Resolution Range Error

Strain Strain gages and Vishay 2500 /V 0.61 10V 3%
3800 strain indicator
Magnetic  Hall sensor and Vishay 2310 31 kA/Vm 756 A/m 0-5V 4%
field signal conditioner
Magnetic  Pick-up coil and Walker MF- 1 T/V 2.44x10T 3V 2%

induction 10D fluxmeter
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2.2.4. Actuator characterization under constant stress

Figure 2.4 shows the different components of thaador characterization test
setup. The actuator characterization involved messent of the magnetic induction
(B) and magnetostriction X of the sample under quasi-static 0.01 Hz, 70 kA/m
amplitude sinusoidal applied magnetic fieldh) (conditions for 4 cycles. This
magnetic field cycle was repeated with the samplgested to compressive pre-
stresses () of 0, 18, 34, 50 and 66 MPa using lead dead weiglranged in a free-
hanging weight assembly. Prior to each test, thepkawas stabilized after applying
the compressive stress and then demagnetized dércgcles using a 1 Hz
sinusoidal magnetic field which underwent a 5 %ngewic decay every 1.5 cycles
from an initial amplitude of 97 kA/m. The actuatocharacterization provided
information on material properties such as satomathagnetizationMs), saturation

magnetostriction (300/2), magnetic permeability Y and strain coefficiend].

Figure 2.4. Actuator characterization setup.
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2.2.5.Sensor characterization under constant magnele fie

Figure 2.5 shows the different components of thessecharacterization test
setup. The sensor characterization involved measene of the magnetic induction
and total strain {| of the sample under quasi-static compressivessti®m zero to
120 MPa and back to zero at a linear ramp rate bfP2/s while the sample was
subjected to DC bias magnetic fields of O, 1, 3.8, 5.3, 7.3, 8.8, 17.8, 35.5 and 71.2
kA/m. The compressive stress cycle was applied gusinhydraulic MTS 810
universal testing machine in feedback force-controtle. The compressive force was
measured using a load cell. The test sequence edf demagnetizing the sample
followed by applying the DC bias magnetic field anyling the stress. At the end of
the stress cycle, the magnetic field was turned ©ffe sensor characterization
provided information on material properties suchsaturation magnetizatiorM(),

saturation magnetostriction (3¢2), Young’s modulusK) and stress sensitivitg¥).

Figure 2.5. Sensor characterization setup.
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Initially, the DC bias magnetic fields were proddday applying a constant
current to the drive coil of the transducer sucht tthe desired magnetic field was
obtained when the sample was at zero stress. lolsarved that a constant current
through the solenoid did not produce a constantneiag field in the sample during

the stress cycle as shown in Figure 2.6.

Figure 2.6. Magnetic field vs. compressive stress ithe FesGa;s sample for
different constant drive currents which produced the desired initial bias fields at
zero stress.

This behavior can be explained with the help oéguivalent magnetic circuit
of the transducer and sample shown in Figure 2he. 6tal magneto-motive force
(MMF+o7) produced by a drive coil is the product of itsnber of turns ) and
current {) flowing through it. The steel housing of thensducer can be modeled as
a fixed reluctanceRy). The Galfenol rod can be modeled as a variadlectance

(Ry).
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Figure 2.7. (a) Schematic of the magnetic componenin the test setup and (b) its
equivalent magnetic circulit.
The mmf across the Galfenol sample can be obtaired Equation (2.1)

using the idea of a voltage-divider circuit.

MMFeec, = MMFror (2.1)

R
Rs+ Ry
The magnetic field in the sample can be obtain@yusmpere’s law which takes the

form of Equation (2.2) whererecais the length of the Galfenol sample.

MMFeec, _ Ni Rg

2.2)
Lreca Lreca Rst Ry

H FeGa =

A change in the sample reluctance occurs due tsssinduced change in the
permeability of the sample which in turn changesrtimf and internal magnetic field
of the sample even for a constant drive curren8][ 88 evident from Equation (2.2).
Figure 2.6 shows that a constant drive current yresd the desired magnetic
field under zero stress. On application of suffitieompressive stress, the magnetic
moments start to rotate away from the directiostodss application which effectively

reduces the magnetic permeability of the samplechvim turn increases the sample
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reluctance while the reluctance of the steel h@usamains constant. The increased
sample reluctance causes an increase in the mrppeédoacross the sample for a
constant input mmf across the drive coil [108]. gher mmf across the sample
increases the magnetic field in the sample as easbberved in Figure 2.6.

Note that the sample lengthe{c;) and cross-section area also change due to
the strain in the material but these changes artherorder of 0.1 % compared to
about a 100 times change in the permeability whliesminates the change R An
idea about the relative magnitude of changes igetlggiantities can be obtained from
the results shown in Sections 2.4 and 2.5.

In order to overcome this problem, a feedback adletr [108] was used to
measure the response from the Hall-effect senstradjust the current in the drive
coil to maintain a constant magnetic field in tlangle throughout the stress cycle.
The reference voltage () in the controller was set as the Hall sensor wugp the
desired magnetic field and was compared with thaahdall sensor output QW)
during the stress cycle. The controller algoritheedi a proportional gain of 5.5. A
small differential gain of 0.5 was used to decreagershoot from the setpoint. The
controller response at 10 Hz was sufficient to kiepmagnetic field constant for the
given stress rate and data acquisition rate. FiguBeshows the block diagram of the
feedback control system which was used to obtardésired magnetic field within 4
% accuracy. The plant gain includes the amplifiaing(15 V/V), Hall sensor
sensitivity (3.23x10 Vm/A), current gain (0.59 A/V) and drive coil pamater
(16100 turns/m). Although the controller was usadrd the stress cycle, it had to be

disconnected during the demagnetization sequence.
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Figure 2.8. Block diagram of feedback controller sstem used to maintain a
constant magnetic field in the sample during a quasstatic stress cycle.

Figure 2.9 shows that when the feedback controlies used to control the
drive current, a constant magnetic field condittmuld be obtained during the entire
guasi-static compressive stress cycle. Unable tmtaia a constant magnetic field
would result in an under-estimate of both stresssisigity and compliance of the
material. In the absence of such a controller, dharacterization results would be
dependent on the transducer magnetic circuit andéhe/ould undermine the proper

understanding of the magnetostrictive material dpeimaracterized.

Figure 2.9. Magnetic field vs. compressive stress the Fe,Ga;s sample with the

feedback controller operational.
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2.3. Energy-based non-linear constitutive magnetomedashmodel

The modeling approach used in this chapter wasnaily used by Armstrong
[153] to model the actuation in Terfenol-D and Viater adapted to both model the
actuator response and predict the sensor behadvsangle crystal and polycrystalline
Galfenol subjected to axial stress [111]. In thrky the model is used to predict the
magnetomechanical response of a single crystahlay its <100> longitudinal axis.
Section 2.3.1 will discuss the energy formulatiow &ection 2.3.2 will outline the
probabilistic approach of modeling the bulk magregion and magnetostriction. A

gualitative comparison with other appropriate medeglalso presented.

2.3.1. Energy formulation

The energy terms which affect both strain and maggigon in a material
were introduced in Sections 1.3 and 1.4. These steare; exchange energy,
magnetocrystalline anisotropy energy, magnetostatitergy, elastic energy,
magnetoelastic energy, Zeeman energy and mechavockdione.

Since, in this work we are only interested in modgkthe magnetization and
strain response of a bulk material, we can ignbeeefffect of exchange energy. The
exchange energy is non-zero only within the domaadls and the volume of
domains walls is only a small fraction of a bulkngde. Hence the omission of the
exchange energy can be a practical assumptionhier gurpose. Note that the
exchange energy should not be neglected while nmagde¢he material at smaller
length (e.g. thin films or nanostructures) scaldsemg its effect becomes more
predominant. Similarly, the magnetostatic energyy méso be omitted from the

energy formulation if we model a material which leen characterized in a closed
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magnetic circuit such that its demagnetizationdad zero. This assumption is also
fairly true as the transducer used for materiarattarization in this work provides a
closed magnetic flux path.

With these assumptions, the change in the Gibl@se &nergy for a quasi-
static, isothermal and reversible process can Ipeesged as the sum of changes in
the magnetocrystalline anisotropy energy, magnastiel energy, elastic energy,
Zeeman energy and mechanical workdone. Note tigettergy formulation assumes
that the magnetomechanical process takes placgufsi-static stress and magnetic
field which for all practical purposes remain camit while the strain and
magnetization in the material is perturbed. Mathgraby, stress and magnetic field
are the independent variables whereas strain arghetiaation are the dependent
variables. It was shown in Section 1.4 that minatian of the Gibb’s free energy
with respect to strain yields two significant resul

The first of these results states that the equulibrstrain in the material is the
sum of a purely mechanical strain and a magnetielstsain. The mechanical strain
depends only on the mechanical stress and thaesgfconstants of the material. The
magnetoelastic strain depends on the magnetizatien,the orientation of the
magnetic moments and also on the spontaneous naggneton that arises due to the
spin-orbit coupling. Note that the stiffness constamentioned here should be
evaluated under the condition such that no magnahiment rotation can take place.

The second result from the energy minimization wékpect to strain showed
that the substitution of the equilibrium strainsthre free energy yields a stress-

induced anisotropy energ¥ () and a 4 order magnetostrictive anisotropy K).
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From here onwards we will denote the sum of thematgtrictive anisotropy K)
and the ¥ order magnetocrystalline anisotropK;| as the net A order
magnetocrystalline anisotrop¥4). This is a practical nomenclature because these
two parameters cannot be experimentally distinggdsiHirom each other, i.e.
experimentally measured valueskof also includes K [169] unless each and every
magnetic moment in the material can be clamped][170

In this work we use the saturation magnetizatibly),( the magnetostrictive
constant (100 and the # and &' order anisotropy constant&;(andK, respectively)
to calculate the Zeeman, stress-induced anisotopgymagnetocrystalline anisotropy
energies per unit volume due to a stre3sa(id a magnetic fieldH) applied along the

[100] direction as shown in Equations (2.3), (addl (2.5) respectively.

E,=-mMH g (2.3)
E, =-:—23/10§a 2 (2.4)
E.=K(afai+agiad )+Khda ) (2.5)

The stress-induced anisotropy energy [58, 159, 16B0] has been
erroneously called the magnetoelastic energy irerséwvorks [111, 153]. The
difference between these two energy terms has bgglained in details in Section
1.4. It is also ascertained that ignoring the effsficthe 6" order magnetocrystalline
anisotropy constanK, as done in prior work [153, 171] can severely ¢eathe
magnetization and magnetostriction response to etagrfield, particularly at

intermediate magnetic fields when the materialosgaturated and all of the direction
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cosines (1, 2, 3) of magnetization are non-zero. Hence appropgeatgnates oK,
are used in this work.

The free energyHror) of the system corresponding to different oridotat in
3D space can be expressed in terms of their dreciosines (1, 2, 3) as shown in
Equation (2.6).

Ewor(/9)=E, +E +E, (2.6)

The direction cosines can be expressed in terniseodzimuthal angle § and polar
angle () such thak, =sing cog , a, =sing siry anda, =cosy . It should be noted
that Equation (2.6) is only appropriate for a sengtystal but has been often used for
modeling polycrystalline material [128, 159, 171hwut taking into consideration
the fact that the different orientations of theiggain a polycrystalline materials
cannot be accounted for by using only one set afnatization direction cosines in a
global coordinate system. An appropriate method &fapting this energy
formulation for polycrystalline materials by incamating the volume fraction of

grains with different orientations has been showrtulasimhaet al.[111].

2.3.2.Modeling of constitutive behavior

Zhang and Chen [164] have shown that if the exchamgd magnetostatic
energy terms are not ignored then the Landau-lt#gBilbert equation can be used to
predict the bulk magnetization and magnetostrictiesponse as functions of stress
and magnetic field. Although this technique canvpte accurate results without
imposing assumptions on the energy terms, it is peaationally intensive,

particularly for implementation in 3D.
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A computationally efficient homogenized energy t@gne was successfully
implemented by Smith [158] and Evans and Dapin®]1%his technique is useful
for modeling hysteresis and minor loops but is tediby the consideration of only
two [158] or six [159] energy minima in the matériand require additional
parameters compared to Armstrong’s approach [188}eover, these models [158,
159] assume that the bulk magnetization and magtietioon is affected by thermal
relaxation and incorporates that using Boltzmaratistics. Boltzmann statistics is
only applicable to a large number of non-interagtoarticles and hence may not be
appropriate in ferromagnetic materials as the m@agmeoments interact with each
other through the exchange coupling. Even if treaidf non-interacting particles is
applied to domains instead of the magnetic moméeis known that the number of
domains in a bulk material diminishes rapidly ajfrhmagnetic fields and hence the
assumption of “large number” which is associatethvdoltzmann statistics will not
hold true under most operating conditions.

On the other hand, Armstrong [153] modeled the bedponse of the material
using a phenomenological probabilistic approachth@igh the probabilistic
approach takes the form of Boltzmann distributiitnshould be noted that this is
purely a phenomenological approach which does setamy postulate of Boltzmann
statistics. Furthermore, the only justification taing it in place of the LLG equation
(which includes exchange and magnetostatic enengysl) is because it provides a
computationally efficient method for calculatingetbulk response. In this work, we
will use the anhysteretic modeling technique wheceemed suitable for Galfenol as

Fe-Ga alloys exhibit negligible hysteresis.
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In order to develop an expression for the bulk netigation and
magnetostriction, it is necessary to understandiddewing probabilistic approach.
Let us assume that a bulk magnetic material is os@g of a number of non-
interacting magnetization units. The fraction ogégb units at a state {), which is
defined by the orientation { ;) of these units, may be denoted fyy From the
physics of ferromagnetism, we know that a largember of magnetic moments
would align along a direction of lower energy. &ipg is proportional to the number
of magnetic moments and inversely proportionaEter( i, ;), a probability density
function given by Equation (2.7) can be used toresgp; as a function oEror( i,

;). The choice of an exponential distribution in Bgon (2.7) is made to avoid a

singularity atErot = 0.

- ETOT (/. i j)

P (/19,)=N, exp
HereNp, is a normalizing factor which can be calculatemhfrEquation (2.8) from the

definition of a probability density function andis an empirical scaling factor. It is

assumed that the energy is distributed in a sptfanait radius.

Ny = (2.8)
exp — O |sing|dgd/
/=07 =0 w

Let us assumé€)( , ) is a distributed physical quantity. The expectatlie

<Q> can be obtained from Equation (2.9).

wee . -E .
- QUg)exp — 0" [sin|dr d
Q=5 = (2.9)
exp —°T |sing|dgdy/
/=0y =0 w
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In order to calculate the magnetization along [10@3 substitut&)( , ) with Mg
(= Mg 1) in Equation (2.9) and convert the definite intdgrto finite summations
which gives us Equation (2.10). An optimum value of = = 5 is used for all
cases to get converged solutions in reasonable watgm time.

20 -E

P
M., [sing|DgD)y exp %
M =iz — (2.10)
|sing|DgDy exp ——o"
j =0q =0 w

The magnetic induction is calculated using Equatibhl).
B=m(M+H) (2.11)

The same hypothesis can be extended to calculatenétynetostriction along [100]

using Equation (2.12).

2 p -
§/1ooa L- 1 |Sim7 |[17[) exp - Eror
) =izm=0? 3 W 2.12)
o ; B ETOT
|sing| DDy exp W
j =0g =0

The total strain can be described by Equation j2wll$ereEs is the purely
mechanical Young’s modulus of the material andl$® &nown as the modulus at
magnetic saturation. This is the modulus measureenvall the magnetic moments

are oriented either parallel or anti-parallel.

e=—+/ 2.13
E. (2.13)

Although model parameters suchMsand 100 can be easily obtained from
the magnetomechanical actuator characterizatiocritbes! earlier, the paramete{s,
Ko, and have to be obtained empirically in order to ge¢ thest fit of the

experimental characterization curves. Experimentaleasured values ¢f; andK;
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for quenched iron-gallium alloys [118] are usedatarting estimate for determining
these empirical values. A detailed study of theefbf the model parameters on the
model prediction can be found in the work of Atidaisa et al. [156]. The model
parameters used for the different samples in thégpter are shown in Table 2.2.

Table 2.2. Model parameters used in energy-based .

Parameters Fe.Gase Fes, Gajzs FesiGagg

M; (kA/m) 1456 1420 1321
100( ) 165 210 212
Ky (kd/nt) 13 16 17.5
Ky (kJ/nT) -90 -90 0
(J/nr) 600 630 707
Es (GPa) 76 65 59

2.4. Model validation

This section presents the experimental resultsirddafrom the actuator and
sensor characterization of z#8a5. The trends are explained using the energy terms
discussed earlier. Model simulations of the actumatand sensing behavior are

presented and a statistical method is develope@stonate the error in model
simulations.
2.4.1. Model fitting of actuator behavior

Figure 2.10 shows the magnetic induction /66 as a function of the
guasi-static magnetic field at different compresgive-stresses acting on the sample.

The saturation magnetization of the sample wasutzkd to be 1445 + 43 kA/m. It
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was observed that the higher the compressive sty on the material, the higher
is the magnetic field required to produce the samagnitude of magnetic induction

as a result of which a higher magnetic field isuieed to saturate the material.

Figure 2.10. Energy-based model prediction (dashetines) and experimental
(solid lines) magnetic induction B) vs. magnetic field H) at different
compressive pre-stresses ) in the FesGag sample.

Although in the absence of stress, the equivalel@0% directions have
minimum energy in a magnetic material with cubicatropy, it can be hypothesized
that if the compressive stress applied along tB@] trystal direction is high enough
to overcome the magnetocrystalline anisotropy enetpen all the magnetic
moments end up aligning perpendicular to the dwaadf stress and hence the [100]
direction does not remain an easy axis. Under supte-stressed condition, when a
small magnetic field is applied along [100], thegmetic moments lying in the [010]
and [001] energy wells start rotating away from(Par [001] but do not align along

[100] as it still remains a high energy directigh.net magnetic induction is still
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measured along [100] due to the sum of the comgoniethe local magnetizations
directed along [100] as the magnetic moments pseeesund the [010] or [001]
energy wells. On increasing the magnetic field toriical value, an energy well is
created along [100] which is marked by the suddemge in the slope of the B-H
curve. This condition is described as the "burgio®' in B-H curves. This critical
value of magnetic field increases with increasingipressive pre-stress. On further
increasing the magnetic field, more and more magmedbments align along [100] as
it becomes an absolute minimum energy directionthesenergy well along [100]
grows deeper, the energy wells along [010] and J[@@t shallower and finally these
wells along [010] and [001] disappear. At this stagll the magnetic moments align
along [100] marking the onset of saturation whishilénoted by the knee of the B-H
curve.

Figure 2.11 shows the strain inghf@as as a function of the quasi-static
magnetic field at different compressive pre-stresseing on the sample. In order to
compare the magnetoelastic strains only due tondignetic field at different constant
pre-stresses, the strains obtained only due toptkestress in the absence of a
magnetic field were zeroed in Figure 2.11.

The saturation magnetostriction of the sample vedsutated to be 242 + 7
by recording the maximum strain due to magnetitd fiegbtained at non-zero pre-
stresses. In the absence of a pre-stress, the tragnements in the sample are
assumed to be distributed equally along all easynorimum energy directions.

Hence a magnetic field applied along [100] can ookate those magnetic moments
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which are initially aligned along [010] or [001]wards [100] thereby producing the

magnetostriction.

Figure 2.11. Energy-based model prediction (dashetines) and experimental
(solid lines) magnetostriction () vs. magnetic field H) at different compressive
pre-stresses () in the FessGazs Sample.

When a sufficient compressive stress is appliech@ld00], the magnetic
moments rotate away from [100] and align along J04:0[001]. When a magnetic
field is applied along [100] of the pre-stressechgke, it is able to rotate much larger
number of moments from [010] and [001] to [100] rdt®y vyielding higher
magnetostriction. It was ensured that the minimwmpgressive stress (18 MPa)
applied during the experiment was high enough tentrall magnetic moments
perpendicular to [100].

Similar to the magnetization behavior, it was obedrthat the higher the
compressive stress acting on the material, theehighthe magnetic field required to

produce the same magnetostriction as a result aéhwé higher magnetic field is

97



required to saturate the material. Also, for eaompuressive pre-stress, theH
curves have a region of very low slope until thegnstic field is high enough to
overcome the magnetocrystalline and stress-indacesbtropy energy. The higher
the pre-stress, the higher was the critical magrfitid required to initiate this “burst
region.” This critical magnetic field for each psgess was found to be the same at
which the slope of the B-H curve changes abruptly.

Table 2.3. Estimation of magnetoelastic strain in &4Gay¢ at different pre-

stresses and zero magnetic field.

Pre-stress Measured pre- Pure mechanical Magnetoelastic strain

[ o— MPa] strain| o- U] strain|[ /Es-n] [( = ooH=0)-u]

0 0 0 0
-18 -440 -237 -203
-34 -658 -447 -211
-50 -906 -658 -248
-66 -1065 -868 -197

Table 2.3 shows that the difference between thespegns and the purely
mechanical strain at a given pre-stress yieldsrnbeease in useful magnetostriction
which is manifested as an increase in saturatiognetastriction on saturating the
sample by applying a magnetic field at that presstr The purely mechanical strain
was calculated usings = 76 GPa. The value of = ,, H = 0) was calculated to be
-215 + 23 using Equation (2.13). Note that this value isghlly the difference

between the saturation magnetostriction at zerespess and at higher pre-stresses

98



shown in Figure 2.11. This analysis confirms thnet pre-stress produces a negative
magnetoelastic strain which is regained as thetiaddi useful magnetostriction on
application of magnetic field.

Figure 2.12 shows the change in the azimuthal iposdf the energy minima
as the sample, which is originally in a demagneitizeate under a constant pre-stress,
is saturated by increasing the magnetic field. Feg2112 can be compared to Figure
1.17 which showed the 3D energy distribution ineendgnetized pre-stressed sample

subjected to increasing magnetic fields upto sétura

Figure 2.12. Arbitrary total energy [Etor( ,H)] vs. azimuthal angle () of the
magnetization direction at a constant pre-stress of66 MPa and for magnetic
field from O (demagnetized) to 30 kA/m (saturated)The energy map is plotted at

a polar angle () of 9¢, i.e. in the azimuthal plane.
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2.4.2.Model prediction of sensor behavior

Figure 2.13 shows the magnetic induction ins6@s as a function of the
guasi-static compressive stress at different cohgtias magnetic fields acting on the
sample. The saturation magnetization of the samwple calculated to be 1430 + 50
kA/m. At zero magnetic field, stress has no effeat the net magnetization or
magnetic induction because the magnetic domainsargge in such a way that the
magnetization in the domains end up forming closoo@s to ensure that there is no
stray magnetic field coming out of the material.neie it is not possible to perform

magnetostrictive sensing in the absence of a bagetic field.

Figure 2.13. Energy-based model prediction (dashetines) and experimental
(solid lines) magnetic induction B) vs. compressive stress ) at different DC
bias magnetic fields M) in the Fe,Ga;s sample.

On application of a bias magnetic field along [1d@hgnetic moments orient
along the direction of the magnetic field and a megnetic induction is observed at

zero stress. If the bias magnetic field is high ugio to align all the magnetic
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moments along the direction of magnetic field thematerial is said to be saturated
at zero stress. On application of a compressivesstrthe stress-induced anisotropy
energy has to work to overcome the Zeeman and magystalline anisotropy
energies during which no magnetic moments rotakes Tegion is denoted by the
horizontal part of the curves close to zero stie$3gure 2.13 (clearly visible for bias
fields 7.3 kA/m). On increasing the magnitude of stresgie the stress-induced
anisotropy energy overcomes the Zeeman and maggstailine anisotropy
energies, the magnetic moments start to rotate dway the direction of magnetic
field. This region is denoted by the downward shgppart of the B- curves for bias
fields between 1 and 17.8 KA/m.

Figure 2.13 also shows that beyond a certain afiv@alue of compressive
stress, the value @& attains saturation. The higher the bias magngdid,fthe higher
is the stress required to attain saturation. Theae for obtaining a non-zero value of
B at saturation is due to the fact that under tfie@ence of both stress and magnetic
field used in this study, the absolute energy mimmdoes not occur at 9@rom the
direction of stress application but is usually ame azimuthal angle less than®90
thereby having a componentBfalong the direction of field/stress. For a givatue
of high compressive stress, the higher the biashetagfield, the more the deviation
of the magnetization vector from 9and hence the higher the value of saturaBon
For a given bias field, it is theoretically possilbb apply a stress which can produce
the energy minimum at 9®@ut the magnitude of the stress required to attdmstate
would be on the order of several GPa which is mhigher than the strength of the

material and hence for all practical purposes weex@ect to see a residught high
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stresses. This hypothesis was validated usingnbkegg-based model by finding the
azimuthal angle corresponding to the deepest engedlyfor different combinations
of high compressive stress and magnetic fieldhaws later in Figure 2.15.

Figure 2.14 shows the strain inghf@as as a function of the quasi-static
compressive stress at different constant bias ntiginelds acting on the sample. At
zero magnetic field, there is no strain in the diangb zero stress. On increasing the
applied stress, a non-linear elastic region is eskwhich corresponds to additional
magnetoelastic strain due to magnetic moment ootaguperimposed on the elastic
strain. Beyond a critical compressive stress (-MPr), all the magnetic moments

align along the equilibrium direction and hencénadr - curve is observed.

Figure 2.14. Energy-based model prediction (dashetines) and experimental
(solid lines) strain () vs. compressive stress | at different DC bias magnetic
fields (H) in the Feg,Gas sample.

On application of a bias magnetic field, the maitleexhibits a magnetoelastic

strain even at zero stress. On increasing the cesspe stress, a linear curve is
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seen until the stress-induced anisotropy overcothesZeeman energy and the
magnetic moments start to rotate away from thel/séless direction. The magnetic
moment rotation is exhibited by a non-linear regiorthe - curve which becomes
linear once again at high stresses once all thenetagmoments have aligned along
the equilibrium direction. The higher the bias metgn field, the higher the
compressive stress required to rotate the magmetiments and hence the non-
linearity in the - curves gets shifted towards higher compressiess#s at higher
bias magnetic fields. The stress range used foexiperiment was not sufficient to
overcome the Zeeman energy due to 71 kA/m and hbecmagnetic moments in the
sample remain aligned along the direction of magnitld throughout the stress
cycle at this bias field. The Young’s modulus of gample at magnetic saturation or
“hard modulus” was calculated to be 76 + 5 GPavds observed that the Young's
modulus can change as a function of stress asasetiagnetic field due to additional
strain arising from magnetic moment rotation. Tpiienomenon is known as Delta-E
effect and will be discussed in Section 2.5.

Figure 2.14 shows that the difference in strainemb stress between zero and
saturating bias magnetic fields is around 60 which is equal to the value of
maximum magnetostriction that can be observed ai pee-stress in Figure 2.11.
Also, the difference in strain at high stresseswbeh zero and saturating bias
magnetic fields is around 247 + 4 which is equal to the saturation magnetostriction
observed at non-zero pre-stresses in Figure 2.L1lis Inoteworthy that the

magnetization and magnetostriction at saturatiotainobd from two independent
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experiments yielded similar values and hence pexlia measure of consistency for

the actuator and sensor characterization technidessibed in this chapter.

Figure 2.15. Arbitrary total energy [Etor( ,H)] vs. azimuthal angle () of the
magnetization direction at magnetic fields of (a) kA/m and (b) 7.3 kA/m for
compressive stresses ranging from 0 to 100 MPa. Tle@ergy map is plotted at a

polar angle () of 9, i.e. in the azimuthal plane.
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Figure 2.15(a) shows an energy map at very low mtagrield (1 kA/m)
when the material is not saturated at zero stnredd=gyure 2.15(b) shows the energy
map at a magnetic field (7.3 kA/m) when the ondgehagnetic saturation is evident
at zero stress. The strikingly different energyfites for the same stresses but at
these two different magnetic fields help in the enstinding of the sensing behavior
of the material by visualizing the azimuthal pasitand number of energy minima at
different operating stress and magnetic field chowds. Figure 2.15 can be compared
to Figure 1.16 which showed the 3D energy distidsutin a magnetically biased

sample subjected to increasing compressive stresses

2.4.3. Error estimation

In order to use the energy-based model for desigpgses, it is important to
get an estimate of error between the experimeasallts and model fit. As the model
provides a smooth function while the experimentdhdloes not, in order to compare

these two the experimental data was groupednnliwisions, each with equal number
of data points. The mean and standard deviatiahei” division is denoted byy,
andSD respectively. The termg™ andSD, denote the model predicted value for the
i division and the standard deviation of the resl'ﬂdlég?- yif”) respectively. The

standardized absolute relative errSARE given by Equation (2.14) was calculated

for the experimental data and model fit to quarntily goodness of the fit.

| standardized residugl 1 " (Y, y" )/SQ‘
standardized mean igl‘ y./SD ‘

SARE=l
n,

(2.14)
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Table 2.4 shows th8AREbetween the model prediction and experimental tata
the FgsGas sample.

Table 2.4. Error estimates between experimental datand model fit.

Relationships B-H -H B- -

SARE (%) 2.5 1.1 2.3 8.4

2.5. Evaluation of stress and magnetic field-dependeaxiernal properties

A set of coupled 1-D linear constitutive relatiodsscribed by Equations
(2.15) and (2.16) can be used to express smallgesam strain and magnetic
induction in magnetomechanically coupled materdsut a given operating point of
stress and magnetic field as described in det&kiction 1.6.1.

e=ss+dH (2.15)

B=d*s +mH (2.16)
Equations (2.15) and (2.16) suggest that the nadtproperties such as permeability
( ), axial strain coefficientd), axial stress sensitivitydf) and compliances| or
Young’'s modulus E = 1K) can be calculated from the slopes of the plotswvshin
Figures 2.10, 2.11, 2.13 and 2.14 respectively.

Although values for all four of these material peajpes are generally used as
if they are single-valued constants, the purposthisfsection is to examine a more
suitable assessment of these material propertissgggested in Equations (2.17) and
(2.18), which reflect the stress and magnetic foggendency of these material
properties.

e=s(s,H)s +d(s,H)H (2.17)
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B=d*(s, H)s +m(s, H) H (2.18)

2.5.1. Experimental method

The material properties were calculated from theeexnental B-H, -H, B-
and - plots using a moving average scheme. This methddced the large error
that can arise if numerical differentiation is penhed on experimental data which is
not smooth. A window of 0.4 kA/m (for B-H andH) and 1 MPa (for B- and - )
were chosen and a straight line was fitted to ladl tlata points lying inside this
window. The slope of the line gave the materialperties at the mean value of the
field/stress range of that window. The window wasved across the entire range of
data to obtain the material properties as functafmagnetic field/stress at different
pre-stresses/DC bias magnetic fields respectively.

A limitation on the experimentally obtained dataswthat all the four
magnetomechanical properties could be obtained doly the fifty possible
combinations of the five pre-stresses and the tas magnetic fields at which the

material was characterized.

2.5.2. Model simulations

In order to obtain all the material properties astmuous functions of stress
and magnetic field, the energy-based model was tsgdénerate B-H,-H, B- and
- curves for stresses ranging from -150 to 50 MPanainterval of 1 MPa and
magnetic fields ranging from 0 to 100 kA/m at atemmal of 0.1 kA/m. The first
derivative of these curves obtained by numericédintiation produced the material

properties ( ,H), d( ,H), d*( ,H) andE( ,H).
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2.5.3. Magnetomechanical properties

The experimental and model simulation of materialpprties of FgGas as
functions of stress and magnetic field are showRigures (2.16) — (2.19). Figures
(2.16) — (2.19) show that the model simulationstwagthe trend in the material
properties with varying stress and magnetic fieldegwell but the model simulations
appear to over-predict or under-predict the valoéghe properties. Such error
between the experimentally obtained values and insideulations can be traced
back to the fact that the model provides a goodfithe B-H, -H, B- and -
curves on an average sense and not at all pointsese curves. Any small deviation
of the model from the experimental curves wouldab#lified during the numerical
differentiation required to obtain the material peaties. Nevertheless, the simulated
values are of the same order of magnitude as tperementally obtained values and
for most of the operating region lie within the ermental scatter. Hence the model
simulations can be safely assumed to reflect thgemxental results. ThEARE
calculated for -H, d-H, d*- and E- curves in Figures (2.16) — (2.19) are 7.2 %,

12.4 %, 19.1 % and 28 % respectively.
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Figure 2.16. (a) Comparison of energy-based modelrgdiction (black dashed
lines) and experimental (colored markers) relativepermeability ( () in the
FessGass sample. (b) Model simulation of relative permeabity as a continuous

function of stress and magnetic field i( ,H), in the Fg,Gasg sample.
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Figure 2.17. (a) Comparison of energy-based modelrgdiction (black dashed
lines) and experimental (colored markers) strain cefficient (d) in the FesGays
sample. (b) Model simulation of strain coefficientas a continuous function of

stress and magnetic field d( ,H), in the FesGa;s sample.
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Figure 2.18. (a) Comparison of energy-based modelrgdiction (black dashed
lines) and experimental (colored markers) stress ssitivity (d*) in the FessGags
sample. (b) Model simulation of stress sensitivityas a continuous function of

stress and magnetic field -d*( ,H), in the Fg,Gaze Sample.
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Figure 2.19. (a) Comparison of energy-based modelrgdiction (black dashed
lines) and experimental (colored markers) Young’s mdulus () in the FesGays
sample. (b) Model simulation of Young’s modulus as continuous function of

stress and magnetic field E( ,H), in the FeGais sample.
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2.5.4.Discussion on the trend in material properties

The trend in the material properties can be exptiim terms of energy
balance in the material. For a given compressieesjress, the values of, d andd*
initially increase with increasing magnetic fieldtil they reach a peak value at a
critical magnetic field. This peak value indicatesbalance of magnetocrystalline
anisotropy, stress-induced anisotropy and Zeemagrgas such that a small
perturbation from this operating point will induceaximum number of magnetic
moments to rotate. The higher the pre-stress, ijfeehis the critical magnetic field
required to attain the peak values of the matesralperties. Beyond this critical
magnetic field, the values of, d andd* decrease with increasing magnetic field.

Similarly if the bias magnetic field is kept constathe values of,, d andd*
initially increase with increasing compressive pteess until they reach a peak value
at a critical compressive stress which correspdadbe energy balance. The higher
the bias magnetic field, the higher is the critsiaéss required for the energy balance.
Beyond this critical stress, the values of d and d* decrease with increasing
compressive stress.

The dependence & on andH, i.e. the Delta-E effect, is somewhat different
as can be observed in Figure 2.19. If the bias etagfield is kept constant and the
compressive stress is increased, the Young’'s mediditially decreases due to
additional magnetoelastic strain produced by magmebment rotation. The value of
E reaches a minima when the stress-induced anigogoergy balances the Zeeman
and magnetocrystalline anisotropy energies. Onhéurtapplication of stress:

increases and asymptotes to a value of 76 GPa wduiesponds to the Young’s

113



modulus at saturatiorkE§). Similar trend is observed at different consiam-stresses
and varying magnetic fields.

A tensile stress collinear to the magnetic fieldHar enhances the anisotropy
along that direction and saturates the material latver magnetic field than what is
required if there were no stress. This is eviderfigure (2.16) — (2.19) from the fact
that the variation in magnetomechanical propetigder tension is negligible.

There are two special cases that need to be detirese. The first case deals
with quasi-statically changing the magnetic fielthil no stress is applied to the
material which changes the symmetry of the energp fnom 4-fold to 1-fold and
hence all the magnetic moments orient along oneggrmainimum thereby producing
magnetostriction and exhibiting a non-zekoln this case, the magnetic field has to
overcome only the magnetocrystalline anisotropyidéethe peak in strain coefficient
(d) is observed at very small magnetic field.

In the second case, when the stress is varied-gtagially in the absence of
any magnetic field, the symmetry of the energy rahpnges from 4-fold to 2-fold
which indicates that the magnetic moments are gglikély to reside in both the
energy minima thereby not producing any net chaingenagnetic induction and
exhibiting a zero value ad* at all stresses while still exhibiting a softeniofgthe
Young’'s modulus due to magnetoelastic strain agi§iom reorientation of magnetic
moments.

Another insight available from Figures 2.17 andB2slthat ofterd andd* are
assumed to be equivalent in a small region abowpanating point [81]. Figure 2.20

shows the difference between tth@ndd* values calculated from experimental data
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at different operating conditions as shown in FeguR.17 and 2.18. While much of
this plot has values of close to zero, supportimg assumption, it is interesting to
note that the discrepancies are larger than thergrpntal uncertainty and they also
show a consistent trend with changing stress aaghetic field. For a given stress,
the difference betweed and d* appears to increase with an initial increase in
magnetic field until this difference reaches a maxin. At higher magnetic fields,
this difference decreases to zero. It can be dserved in Figure 2.20, that as the
compressive stress is increased in the materglmtéixima in the difference between

d andd* occurs at a relatively higher magnetic field.

Figure 2.20. Difference betweend and d* calculated from quasi-static
measurements performed on the RgGais sample at different operating stress

and magnetic field conditions.
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2.6. Energy density

This section presents the experimental and modallation results obtained
from the investigation of the effect of stress, mete field and composition on the
energy density of Fe-Ga alloys.

The energy densitylJ) of a magnetostrictive material is the magnetdilas
energy that can be stored in a unit volume of tlaenml. Energy density can be
calculated as the area under the actuator loadhtiaegiven operating magnetic field.
The actuator load line is the region in-a curve which lies in between the free strain
( = at =0)and blocked stress € pat =0). In general, if the actuator load line
is non-linear then the energy density has to beutatied using numerical integration.
A close inspection of the actuator load lines igufé 2.14 showed that for Galfenol
the actuator load lines are highly lineaf §R0.99) for all bias magnetic fields. Hence
it is reasonable to approximate the blocked stfegsas the product of Young's
modulus E) and magnetostriction X for a given pre-stress and operating magnetic
field. Therefore the energy density can be obtaimgdalculating the area under the

linear actuator load line using Equation (2.19).
1 1
U(s,H)=§st/ :—2E.(? H) §( H) (2.19)

The experimental values of energy density were iobth at 32 unique
operating points as shown in Figure 2.21(a). Theurygs modulus and
magnetostriction at these operating points wereaiobtl by using the scheme
explained in Section 2.5. A maximum energy density2.29 + 0.09 kJ/thwas

calculated for FaGas at saturation magnetostriction.
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Although the model prediction shown in Figure 2®1fnatches the trend
shown in Figure 2.21(a), the model appears to updatict the maximum energy
density. This behavior of the model can be tracadkhto the fact that the error
between the model and experimental characterizatioves is minimized on average
but not at all operating points. Moreover, as thergy density is proportional to the
square of the magnetostriction, an error in the ehditl of the magnetostriction will
be amplified in the model prediction of the enedgpnsity. An error estimate using
Equation (2.14) showed that tisREbetween the experimental values and model
prediction of energy density of E&asis 4.7 %.

Figure 2.22 shows the simulated values of energgitieof Fe,Ga75and
Fe;nGayg as a continuous function of stress and magnetdid.firhe maximum energy
density of FgsGa75 and FgGayg is higher than that of ggags owing to their
higher saturation magnetostriction. Althoughsd=8a 75 and Fe:Gag have similar
saturation magnetostriction, ,Ga7s shows a higher value of maximum energy

density as it has a higher Young’s modulus comptodek:Gao.
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Figure 2.21. (a) Experimental values of energy deitg (U) of Fes,Gayjgat =0, -
18, -34, and -66 MPa andd =0, 1, 1.8, 3.5, 5.3, 7.3, 8.8 and 17.8 kA/m. {pdel
simulation of energy density of FeGajs as a continuous function of magnetic

field and stress -U( ,H).
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Figure 2.22. Model simulation of energy density ofla) FepsGa;7s and (b)

Feg1Gaig as a continuous function of magnetic field and séiss -U( ,H).
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2.7. Magnetomechanical coupling factor

This section presents the experimental and modallation results obtained
from the investigation of the effect of stress, mete field and composition on the
magnetomechanical coupling factor of Fe-Ga alloys.

The magnetomechanical coupling factky i a measure of the transduction
efficiency and hence can be defined as the geacrnmaean of the actuator and sensor
efficiencies (a ). The actuator efficiency {) is the ratio of the magnetoelastic

work output =% :—; dH to the magnetic work inqu%BH :—; H? . The

sensor efficiency ) is the ratio of the magnetoelastic work
1 1 . . 1
output =§BH =—2d* H to the mechanical work mputE =

coupling factor can be expressed in terms of théenah properties as shown in

Equation (2.20).

;sdH ;d*s H
k(s,H)=Jhp, = T i
2 2 E (2.20)

=\/d(s,H)d*(s, H) Es, H)
{5 H)

A different derivation of the same coupling factdnich can be also obtained
from the ratio of magnetoelastic energy to the getoim mean of the magnetic and

mechanical energies is shown in Refs. [2, 81].

Prior work by Wun-Fogleet al. [171] simulated , d andk as functions of

stress and magnetic field in stress-annealed pg@talfine Galfenol using an energy-
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based model. The energy formulation used was césdrito that of single crystal and
a value of Young’s modulus at constant magnetia@tidn, calculated at magnetic
saturation, was used in the simulatiorkdbr non-saturated conditions.

In the present work, the experimental capability nodintaining constant
magnetic field using a feedback controller is puadvantage in order to obtain stress
and magnetic field-dependent Young’s modulus valukgh are used in Equation
(2.20) to calculate appropriate values of stressraagnetic field dependent coupling
factor from experimental data.

The experimental values of coupling factor wereaot@d at 32 unique
operating points as shown in Figure 2.23(a). Theerred properties at these
operating points were obtained by using the schexpéained earlier. The coupling
factor is always zero at zero magnetic field. Ib d&e observed that for each pre-
stress, the coupling factor increases with increpsnagnetic field, reaches a peak
value and then steadily decreases to zero at highgnetic fields. As the pre-stress
is increased, the peak in coupling factor occus lagher magnetic field. The highest
value ofk = 0.51 £ 0.03 was observed at -18 MPa andd = 3.5 KA/m in Fg;Gage.

The material properties obtained from the energgetdanodel as continuous
functions of stress and magnetic field were usedEqguiation (2.20) to obtain the
coupling factor of FgGays as shown in Figure 2.23(b). The model confirmstitbad
in coupling factor observed in the experimentalueal It should be noted that an
error between the model and the experimental amtuatd sensor characterization
curves along with the error in the numerical demxes used to obtain the material

properties would affect the calculation lofAn error estimate using Equation (2.14)
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showed that th6SAREbetween the experimental values and model prediobf

coupling factor of FeGasis 15.7 %.

Figure 2.23. (a) Experimental values of coupling faor (k) of FessGayjgat =0, -
18, -34, and -66 MPa andd =0, 1, 1.8, 3.5, 5.3, 7.3, 8.8 and 17.8 kA/m. Téreor
bars are shown only for =-18 and -66 MPa. (b) Model simulation of couplig

factor of Feg4sGay as a continuous function of magnetic field and séiss Kk ( ,H).

122



The magnetomechanical coupling factor gives a nreasof the
magnetoelastic workdone by the material for a ginegnetic and mechanical work
input. The higher the compressive stress actinghenmaterial, the higher is the
magnetic field required to obtain the maximum wiidm the material and hence the
coupling factor peaks at higher magnetic fieldhresre-stress is increased. The same
idea holds true if the magnetic field is kept canstwhile the stress is varied.
Moreover as the stress and magnetic field teneto,zhe coupling factor also tends
to zero as no magnetoelastic work is obtained fteermaterial. At the other extreme,
the coupling factor can also tend to zero if thgniade of stress is high enough at a
given bias magnetic field or conversely the magletof actuating magnetic field is
high enough at a given pre-stress such that thermbattains saturation and the
magnetic moments cannot rotate any further to perfmagnetoelastic work. The
general trend in variation é&fwith stress and magnetic field can be deducedyubia
energy plots shown in Figures 2.12 and 2.15 asaexgd below.

The variation ink depends on the volume fraction of magnetic moments
available which can undergo non-?8@tation. Hence the extent of variation kn
depends on the bias magnetic field or pre-stresisaglecides the volume fraction of
magnetic moments which are available for non°1&@ation and also the energy
barrier that needs to be overcome by the stresszetlanisotropy or Zeeman energy
respectively in order to rotate the magnetic moménam the direction of one energy
minima to another.

The volume fraction of magnetic moments residingam energy well is

proportional to the depth of the energy well. A ma in k denotes the operating

123



condition such that a small perturbation in eitther magnetic field or stress results in
the rotation of maximum volume fraction of magnaefoments. Such a condition

requires availability of shallow energy wells anrb80 intervals which correspond

to low stresses and magnetic fields as denoted Hy0, -10 and -20 MPa curves in
Figure 2.15(a).

If the stress-induced anisotropy is significantighter than the Zeeman energy
then there is no possibility of non-18fbtation as there are only two energy wells
separated by a 18Mterval and henck = 0 under such conditions, as denoted lay
-40 and -100 MPa curves in Figure 2.15(a). ConWersethe Zeeman energy is
significantly higher than the stress-induced amggmt then there cannot be any non-
180 rotation as there is only one energy well &ta@d hencek = 0 under such
conditions, as denoted Iby= 30 kA/m curve in Figure 2.12.

In general, the higher the bias magnetic field oe-giress, the lower the
volume fraction of magnetic moments that are abldor non-180 rotation and
hence, the smaller maximakn

A series of simulations using different combinati@f stresses and magnetic
fields showed that a maximum coupling factor of #40can be obtained from
Fe;sGag for compressive stresses inbetween 10 to 20 MRh naagnetic fields
between 1.5 to 3.5 KA/m.

Figure 2.24 shows the simulated values of coupiaugor of Fg,Ga7sand
Fe;nGayg as a continuous function of stress and magnetid.firhe samples with 16,
17.5 and 19 at. % Ga show maximum coupling factbrsigher than 0.7 inspite of

the fact that these samples have different magrestbanical properties. In these
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alloys, the permeability at the combination of s¢ée&s and magnetic fields where the
highest coupling factor is exhibited is about tl@me. The peak coupling factor
remains the same as a decreasing Young's modulhsinagreasing gallium content

(within 16-19 at. %) is compensated for by incregsi andd'.

Figure 2.24. Model simulation of coupling factor of(a) Fe.sGa;zs and (b)

Feg1Gaig as a continuous function of magnetic field and séiss k( ,H).
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2.8. Gage factor

This section presents the experimental and modallation results obtained
from the investigation of the effect of stress, mete field and composition on the
sensing gage factor of Fe-Ga alloys.

Prior work by Wun-Fogleet al. [172] defined a sensing figure of meri )
analogous to the gage factor of a resistive stggige by replacing the electrical
resistance with magnetic permeability (n the definition of gage factor as shown in
Equation (2.21).

- 1w

= 2.21
" e (2.21)

Since magnetic induction can be directly measutedike permeability, in this
chapter, we will use the sensing figure of merigage factorGF) defined by Datta

and Flatau [139] as shown in Equation (2.22).

*(s, H)E(s, H) (2.22)

The dimensionless gage factor defined by Equatidi22) satisfies the
physical conditions thaBF cannot be defined whed = 0, i.e. if the material is not
exposed to a bias magnetic field and also the tfattGF = 0 when the material
saturates and* = 0. Asd* andE are always positive, the sign Gf is the same as
the sign ofB. The sign oB simply shows the direction along which the biagnsic
field has been applied and can be arbitrarily séiet positive as the B-H curves in the

1% and & quadrants are the reflection of each other abmeitorigin as is evident
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from Figure 2.10. Furthermore, Equation (2.22)l&xible enough to accommodate
both strain and stress sensing which is evidem fitee expression shown here.

The experimental values of gage factor were obthate20 unique operating
points as shown in Figure 2.25(a). The materiaperties at these operating points
were obtained by using the scheme explained ealliean be observed that for each
bias magnetic field, the gage factor increases witlieasing compressive stress,
reaches a peak value and then steadily decreaskiglar stresses. As the bias
magnetic field is increased, the peak in gage fastours at a higher compressive
stress. The highest value®F = 7000 £ 1470 was observed for -34 MPa andH =
1 KA/m in Fe,Gass.

The material properties obtained from the energgetdanodel as continuous
functions of stress and magnetic field were usefignation (2.22) to obtain the gage
factor of Fg,Gae as shown in Figure 2.25(b). The model aids inideatification of
a trend in the gage factor.

A notable difference between the experimental amdilsted value ofGF is
observed beyond saturation. The experimentallyuéatied values oGF at very high
stresses are exactly zero because experimdntaéd exactly equal to zero beyond
saturation. The model predicts a small non-zeraevaf GF at very high stresses due
to its exponential nature as evident from Equat(@%0) and (2.12) and suggests that
GF tends to zero as the compressive stress tenadindy. An error estimate using
Equation (2.14) showed that tiSAREbetween the experimental values and model

prediction of gage factor of EfSae is 11 %.
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Figure 2.25. (a) Experimental values of gage factqGF) of Fes;Ga;gat =0, -18,
-34, -50 and -66 MPa anH =1, 3.5, 7.3 and 17.8 kA/m. For visual clarity,hie
error bars are shown only for the cases wheid = 1 and 7.3 kA/m. (b) Model

simulation of gage factor of FgsGajs as a continuous function of stress and

magnetic field -GF( ,H).
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Figure 2.26. Model simulation of gage factor of (afFes..sGaizs and (b) FeGage
as a continuous function of stress and magnetic fie— GF( ,H).

A series of simulations using different combinati@f stresses and magnetic
fields showed that gage factor greater than 70@00beaobtained from kgGags for
compressive stresses inbetween 5 to 15 MPa andetiadields less than 0.5 kA/m.

Figure 2.26 shows the simulated values of sensage dactor of Fe {Ga;75 and
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Fe;nGag as a continuous function of stress and magnegid.fiThe highesiGF
amongst all the compositions is shown by,E8a7s5 The peak values d&F are
slightly lower for both FeGas and FeiGae. This is because the differencednh
between these compositions is more than their réifiee in Young’s modulus and
hence the value ofi* influencesGF more significantly. These results imply that
energy harvesting using Galfenol would require vieny bias magnetic fields and
small compressive pre-stresses for most optimunfoeance. These results also

support the empirical observations made by StahelyFdatau [173].

2.9. Evaluation of clamped material properties

This section will present calculated and simulatedues of two material
properties which are seldom discussed. These aeYtung's modulus B?) at
constant magnetic induction and the relative pehiliga ( ) at constant strain.
Based on the rigorous mathematical interpretatioihe linear constitutive equations
presented in Section 1.6.1, it can be said Bids the magnetically clamped modulus
when a change in strain in the material can beesgad in terms of small changes in
independent variables stress and magnetic indudiitstead of magnetic field).
Similarly, is the mechanically clamped relative permeabiityen a change in
magnetic induction in the material can be expressetkrms of small changes in

independent variables strain (instead of stress naagnetic field.

2.9.1.Young’s modulus at constant magnetic induction

From prior discussion, it is apparent that whentr@ss is applied to a

magnetostrictive material in the presence of arres (applied) magnetic field, both
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internal magnetic fieldH) and magnetic inductiorBf changes in the material. The
internal magnetic field changes due to a chandgkeaneluctance of the sample which
occurs as the permeability of the sample changesfasction of stress. It was shown
in Section 2.2 that the internal magnetic field bathe kept constant using a feedback
controller in order to obtain stress-strain datacabstant magnetic fields in the
material which in turn was used to calculate thaiMgs modulus as a function of
stress and magnetic field in the material.

The magnetic induction changes due to reorientatibmagnetic moments
along energy minima created as a result of theceféé superposition of both
magnetic field and stress. It has been shown [&it]the Young’s modulus at a given
stress and magnetic induction in a material candifierent from the Young's
modulus at a given stress and magnetic field wipadduces the same magnetic
induction, depending on whether the magnetic fimidmagnetic induction is held
constant when the stress is quasi-statically chéimigehe material. The modulus at
constant induction B?) can be obtained from a process where both stess
magnetic field are simultaneously adjusted so anture thaB remains constant as
stress changes. AlternativeB? can also be obtained by combining Equations (2.15)
(2.16) and (2.20) and eliminatirtd) which gives the relationship shown in Equation

(2.23) [81].

E" (s,H)

EB(S’B)zl- k?(s,H)

(2.23)

Figure 2.27 shows the calculated and model sinomatalues of Young's
modulus as a function of stress and magnetic ingluat Fg,Gas. The values of the

modulus at constant magnetic fielj and the magnetomechanical coupling factor
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(k) were obtained from the results shown in Sectihbsand 2.7.

Figure 2.27. (a) Calculated values of Young’s modus (E®) under iso-induction
conditions in Feg,Gays as a discrete function of stress and magnetic indtion. (b)
Model simulation of EB( ,B) in FessGass as a function of magnetic induction and

stress.

It should be noted that the values of bBthandE®2 E,atH =0 andB =0
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respectively and as 0, wherek, is the modulus of the material in a demagnetized
state. For both these scenarios, the stress-indasttopy has to work only against
the magnetocrystalline anisotropy in order to mtahe magnetic moments.
TheoreticallyE, can be assumed to be a material constant butibtilg material is
perfectly demagnetized at the beginning of the resgnechanical transduction
process so that an equal number of magnetic monaeatsriented along each of the
six different easy axes in the material prior te tiansduction. Since this initial
condition cannot be ensured in a practical procsasiple history determines the
experimental value oE, which most likely will be somewhat different thats
theoretical value.

At B = 0, as stress increases, the magnetic momerate ratong the two
possible directions which are parallel (if the s$rés tensile) or perpendicular (if the
stress is compressive) to the direction of streds the material saturates at stresses
high enough to change the cubic symmetry of thal hergy in the material to a
tetragonal one. At these high stres#s= Es. At = 0, E? monotonically increases
with B until all magnetic moments are oriented alongshme direction wheg® =
Es. The variation irE® at other intermediate valuesBfand can be explained using
the energy-based hypothesis presented earlier. Mysirtantly, it should be noted
that E® = Eg, only if the material is saturated, i.e., whenr¢hes only one energy
minimum as shown by thid = 30 kA/m curve in Figure 2.12 or two energy miaim
which are 180 apart from each other as shown by the -100 MPa curve in Figure

2.15.
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2.9.2. Permeability at constant strain

Analogous to the modulus at constant inductiooait be shown [81] that the
relative permeability at a given strain and magnéld in the material will be
different from the relative permeability at a givettess and magnetic field which
produces the same strain, depending on whethesttbss or strain is held constant
when the magnetic field is quasi-statically changethe material. The permeability
at constant strain () can be obtained from a process where both stare$snagnetic
field are simultaneously adjusted so as to endwake tremains constant as magnetic
field changes. Alternatively, can also be obtained by combining Equations (2.15)
(2.16) and (2.20) and eliminatingwhich gives the relationship shown in Equation

(2.24) [81].
m(eH)= 1-K*( sH) m( sH) (2.24)

Figure 2.28 shows the calculated and model sinamatalues of relative
permeability as a function of strain and magnettdfin Fg,Gas. The values of the
permeability at constant stress)(and the magnetomechanical coupling factgr (
were obtained from the results shown in SectioBsad 2.6.

The trend shown by in Figure 2.28 can be once again explained udieg t
energy-balance approach. Note that a relative pabvitity of one denotes that the
material has saturated. It should also be noted din@er iso-strain conditions,
magnetic field in the material induces stress a&srtaterial cannot expand freely.

This stress can be used to calculate the stress@adanisotropy in the material.

134



Figure 2.28. (a) Calculated values of relative pergability ( ) under iso-strain
conditions in FesGaie as a discrete function of magnetic field and strai (b)
Model simulation of ( ,H) in FegsGa;g as a function of strain and magnetic
field.

When the material is in a state of tensile stra@nsmall magnetic field
collinear to the strain direction can be suffici¢atorient the magnetic moments

along strain/field direction thereby saturating thaterial. Hence, when the material
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has constant tensile pre-strain, increasing magretids monotonically decrease
permeability. If the material has a constant corsgike pre-strain, increasing
magnetic fields initially decrease the permeabllipfo a critical magnetic field which
balances the stress-induced anisotropy energy.rigetyos magnetic field, increasing
magnetic fields result in decreasing permeabilithis trend is analogous to the

behavior observed in Figure 2.16.

2.10. Summary

In this work, single crystal BgGas, FesosGai7s and Fg:Gag were studied as
magnetostrictive actuators and sensors along th@)><Icrystal direction under
different quasi-static stress and magnetic fieldnditions. Analysis of the
experimental data showed that the permeabilitgirstcoefficient, stress sensitivity,
Young's modulus, energy density, magnetomechartoapling factor and sensing
gage factor vary significantly based on the stressgnetic field and gallium content
in Fe-Ga alloys.

An energy-based model was used to obtain non-lifieaf both the actuator
and sensor characteristics of the samples. It vimsvrs that for a given alloy
composition, a set of model parameters obtainedn frexperimental actuator
characterization can also be used to predict tinsisg behavior. The model was
further used to generate the material propertiab astuator and sensor figures of
merit as continuous functions of stress and magtiedd in the material which were
compared with experimentally obtained values atrdi® operating stresses and
magnetic fields. The model can be a valuable todt&arn about the magnetostrictive

material’s non-linear response under varying opagastress and magnetic field
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without performing time-consuming extensive expetmal characterization.
Moreover, the material properties obtained fromriwel can be used for design of
magnetostrictive actuators, sensors and energesiang devices.

This study can be used to set some general guedelifor using
magnetostrictive iron-gallium alloys in actuatordasensor applications. A critical

compressive pre-stregs K, /6/,,,) is required to obtain the maximum saturation

magnetostriction for actuator applications. The nitagle of the pre-stress depends
on the magnetocrystalline anisotropy and magnettisin and hence depends on the
alloy composition.

It is desirable to operate the material at satomaith order to obtain maximum
free strain, blocked stress and energy densitynaactuator although the coupling
factor for such an operating condition is zero. Ppeak values of the energy density
for different alloy compositions are listed in Tald.5.

The higher the compressive pre-stress, the highttrel critical magnetic field

»% at which the “burst region” in B-H andH curves is observed. The

m

“burst region” describes the condition when magnetoments from other easy axes

start flipping towards the direction of easy adissest to the applied magnetic field.
For sensing applications, an increasing bias magrietld increases the

operating stress range but decreases the stresgivegn Moreover, if the bias

magnetic field is high enougf» K,/4mM,) to saturate the material at zero stress,
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" K-4mMH . . .
then a critical stress»¢ is required below which the sensor cannot be

100
operated.

Hence there is no single operating point for maggtettive materials which
can give the best performance under all conditighssuitable pre-stress or bias
magnetic field should be chosen based on the apgrebnditions of an actuator or
sensor respectively. In order to operate the natander the optimal condition in a
changing environment, a feedback controller candssl to vary the pre-stress or bias
magnetic field in actuators and sensors respegtivel

Table 2.5. Effect of composition on the simulated aximum values of actuator

and sensor figures of merit.

Figure of merit FessGae FepsGairs  FanGag

Energy density (kJ/nT) 2.1 3.1 2.8
Magnetomechanical coupling factor 0.74 0.78 0.73
Sensing gage factor 7000 9000 8250

For all compositions, the highest values of coupliactor and gage factor
which are listed in Table 2.5 were observed forrafyieg compressive stresses lower
than 20 MPa and below magnetic field of 5 kA/m.sTbbservation confirms that to
achieve maximum transduction from magnetic to meidah energy or vice versa the
initial orientation of the magnetic moments shob&lsuch that a small perturbation
in the total energy of the system produced by axgban stress or magnetic field

would rotate maximum number of magnetic momentsvas found that the highest
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energy density, magnetomechanical coupling andirsgmgmge factor were exhibited
by Fe.sGa7s thereby making it the ideal alloy composition fmsth actuation and

sensing applications. In general, the criteria #ogood actuator can be used in
vibration control and shape morphing applicatiorfseseas the criteria for a good

sensor can be used in structural health monit@myenergy harvesting applications.
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Chapter 3: Experimental studies on Galfenol beama asnsor
in bending

As a structural magnetostrictive alloy, Galfenoh dee expected to be used in
applications involving bending [137]. In this chept we will investigate the
magnetomechanical transduction in a bending Galfemember. The challenges
related to existing characterization techniquesolving bending is discussed to
motivate a technique [174] which uses a four-pbiending. It is expected that the
experimental approach described in this chaptel gl useful for evaluating the
sensing performance of any structural magnetosteiainaterial. The experimental
results are analyzed using an energy-based apprBatire describing the details of
experimental characterization in bending, it isessary to understand the mechanics

of a bending beam.

3.1. Classical beam theory

Structural members subjected to transverse loadsoaerating in flexural
mode are known as beams. For the purpose of tlapteh) we will consider the
Euler-Bernoulli assumptions of the Classical Beahedry which are as follows
[175].

1. The cross-section of the beam has a longitudinahglof symmetry

known as the neutral plane.

2. The resultant of the transversely applied loads Ire the longitudinal

plane of symmetry.
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3. Plane sections originally perpendicular to the lamdjnal axis of the beam
remain plane and perpendicular to the longitudaxad after bending.

4. In the deformed beam, the planes of cross-sectitm&e a common
intersection, that is, any line originally paraltel the longitudinal axis of
the beam becomes an arc of a circle describedebsattius of curvature.

These assumptions are applicable to a beam whaogéhlés 8-10 times more than

both its width and its thickness.

Figure 3.1. An Euler-Bernoulli beam in a Cartesiancoordinate system.

Let us assume a beam with length &long thex-direction and thicknesg)(
along thez-direction as shown in Figure 3.1, is subjected toending force. If the
transverse displacement)(along thez-direction after the bending deformation is
much smaller than the beam thickness, then thd digplacementy) along thex-

direction can be expressed using Equation (3.1).

u=-z— (3.1)

(3.2)

Using Equation (3.2) along with the constitutiveuation (x = E ) for elastic

material (whereE is the Young’s modulus of the beam material), anaot balance
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about they-axis would yield Equation (3.3) which describes tklationship between

bending moment\]), stress and beam dimensions.

S, =- zl\l/l— (3.3)

In Equation (3.3)] is the 3% moment of area which can be calculated from Equati

(3.4) for a beam with a uniform rectangular crosstion as shown in Figure 3.1.
| = zzdzdyzi bt (3.4)
12 '

Equations (3.2) and (3.3) imply that the stress aimdin at a beam cross-section
varies along the thickness for a given bending nmamehis variation is shown in

Figure 3.2.

Figure 3.2. A bending beam with compressive and tsile strain/stress above and
below the neutral axis respectively.

Figure 3.2 shows that when a beam is subjectedatts\terse loading, the
deformed beam has opposite states of strain agdsstn opposite sides of a plane
which is known as the neutral axis in the two-disienal representation of the beam.
The spatial variation in strain and stress everafepnstant bending moment makes
characterization under bending distinctly differdram characterization of a rod
under constant axial force that was described iapBdr 2. An intuitive question that

might arise is that whether the opposing stresestaroduce a net zero change in
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magnetic induction when a magnetostrictive beansulgjected to bending in the

presence of a bias magnetic field.

3.2. Motivation and scope of this work

The question posed at the end of the previousaseatiotivates the study of
the distribution of stress and magnetic inductiolon@ the thickness of a
magnetostrictive beam which is fixed»at 0 and free at = L. A beam with these
boundary conditions is also known as a cantilevdream. Cantilevered beams are
often used for bending characterization [137].

The stress at a given point in a cantilevered bsainjected to a transverse tip
loading ) can be described using Equation (3.5) which canobtained by
substitutingM = F(L - x) in Equation (3.3).

s, (%2)=- ZF(Ll_X)=- 1;':2" ?Z 1 f

(3.5)

Figure 3.3 shows the stress distribution along gpan and thickness of a
cantilevered beam calculated using Equation (3H)e simulation results are
expressed in terms of non-dimensionalized length) (and thicknesszt). The
parameters used in this calculationre 2 N,L =25 mmb=t=1.6 mm.

Using this stress distribution in the energy-basextiel described in Chapter
2, the magnetic induction distribution in aglt®a;s beam can be simulated as shown
in Figure 3.4. Note thaB varies significantly along the span as well askhess of
the beam. A GMR or Hall-effect sensor placed on gshgface of the beam would
measure a value proportional B at the location of the sensor. A pick-up coil

wrapped around the beam would measure a thicknesaged.
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Figure 3.3. Stress (x) distribution in a cantilevered beam.

Figure 3.4. Magnetic induction B8y) distribution in a cantilevered Fe,Ga;s beam
for a bias magnetic field of 0.5 kA/m.

Figure 3.5 shows the simulation results of thickrageraged® along the
span of the same cantilevered beam subjected tl &if2 loading, for different bias
magnetic fields. For the purpose of these simulatiove assumed that the bias field

is uniform inside the beam. These simulation ressfitow that the thickness-averaged
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B measured by a pick-up coil may vary significarglgng the beam span and hence

the measurement & will be affected by the length and position of thek-up coil.

Figure 3.5. Thickness-averaged magnetic induction leng the span of a
cantilevered Fe,Ga;s beam for bias magnetic fields of 0, 0.25, 0.5,2, 4 kA/m.
These challenges related to characterization dfileaared magnetostrictive
beam can introduce significant variation in the exkpental results and hence
motivates the development of an alternate chaiaeateyn technique for bending
magnetostrictive members. In this chapter, the ephof four-point bending test
under magnetic fields will be introduced. The expental design will be discussed
with particular emphasis on the magnetic and mechhboundary conditions and
how that can help in reducing the experimentalalality of a magnetostrictive beam

characterized as a sensor in bending.
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3.3. Design of experiment

This section will discuss about the design of thegnetomechanical four-
point bending experimental setup. The test setmgists of magnetic and mechanical
components. The mechanical components were desigased on the guidelines
given in ASTM C1161 [176]. The magnetic componentye designed to apply
different DC bias magnetic fields along the lengtithe Galfenol beam. The details

of the experimental design are discussed as follows

3.3.1. Mechanical components

Figure 3.6. (a) Assembled view and (b) parts viewf the mechanical components
of the four-point bending test.
Figure 3.6 shows the mechanical components of dhegoint bending test

setup. It was ensured that all load-bearing compisn@ge non-magnetic so that they
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do not interfere with the magnetic flux path. Theture was made of Aluminum

7075 and the load applicator and support rods werde of silicon carbide.

Figure 3.7. A beam subjected to four-point bendingafter Ref.[177]. (a) Free-
body diagram showing the applied and resultant fores. (b) Bending moment
diagram. (c) Shear force diagram.

Figure 3.7(a) shows the free-body diagram of théfe@al beam specimen
placed between the top and bottom fixtures. The &idicon carbide rods form line
contacts with the beam which can be described by pomints as shown in Figure
3.7(a). The two upper rods which are separated thigtance (2) apply equal loads
of magnitude P/2). The two lower rods which are separated by stadce (&)

provide equal reaction forces of magnitud&/2).
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Figure 3.7(b) shows the bending moment along tlembspan. The primary
advantage of four-point bending is that it offensegion of constant bending moment
between the load applicators. In this region, tiness varies only along the direction
of thickness. Hence, if a pick-up coil is wrappeduad this region of the beam, it
can be expected that the thickness-averaBedheasured by the coil would be
independent of the position and length of the coil.

A second advantage of using four-point bendingvident from Figure 3.7(c)
which shows the shear force diagram. The sheae fdragram implies that in the
region between the upper rods, the shear stregscén be expected to be zero. This
condition ensures that only one component of stfg3ss non-zero in the mid-span
of the beam and hence the setup can be effectreelyced to a one-dimensional
problem. Moreover, the stress-induced changes ignetec induction in the beam

would be only dependent on.

Figure 3.8. Stress (x) distribution in a beam subjected to four-point bading.
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Figure 3.8 shows the stress distribution in a beafangth 25-mm and cross-
section 2-mm x 2-mm subjected to four-point bendidorce @) of -20 N was used
for simulation. As anticipated from Figure 3.7,e@ion of constant stress can be seen
in Figure 3.8 for 0.3 x/L 0.7. A value ofx, = 2.5 mm andh = 5 mm were used in

the simulation to be consistent with the actualgtes

3.3.2. Magnetic components

Figure 3.9. (a) Schematic showing the position ohé Galfenol sample in the
electromagnet. (b) Photograph of the electromagnet.

Figure 3.9 shows the electromagnet that was spegdakigned to apply DC
bias magnetic fields to the sample kept insidefthe-point bending fixture. Since
the sample could not be kept inside a solenoith@swould obstruct the load path, an
electromagnet had to be designed which would peadmagnetic flux path. The
electromagnet core was made of 1018 steel. The pelees were tapered to the

cross-section dimensions of the sample in ordend&imize flux concentration. The

149



solenoid was made of insulated copper coil havié@02turns and it had a length of
8.25 cm. Note that in this setup, the nature ofilog prevents the design of a
perfectly closed magnetic circuit. Therefore, atéirelement analysis was performed
to estimate the effectiveness of the magnetic fblak.

A 3D electromagnetic finite element analysis wadgened using the AC/DC
module in COMSOL Multiphysics 3.4. TheMagnetostatics formulation used
vector - quadratic elements. The magnetic boundatye problem is solved by
COMSOL using the governing Equation (3.6) wharés a vector potential andl is
the current density in the coil. Note that Equat(@®6) is a special form of the
Maxwell's equations described in Section 1.3.4. Therent density is the current
flowing through per unit area perpendicular to tleev of current. In this case, the
relevant area is the length of the solenoid tinhesthickness of the conducting wires

in the solenoid.

ﬁ(r\r A)=J (3.6)

The relation betweeB and A is described by Equation (3.7). The potenflals

chosen to be a vector in order to satisfy the slidngi condition given by the Gauss’s

law(N.B = 0). The constitutive relation is given by Equatior8{3

B=N"A (3.7)

H=_1L g (3.8)

mm
For simulation purposes, relative permeability 6f and 1 were assigned to
steel and copper coil respectively. The relativerability of Galfenol was obtained

as a function oB at zero stress from the simulated data create@Ghiapter 2. A
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rectangular parallelepiped air domain with relafpegmeability of one and of roughly
three times the size of the electromagnet alony eathex, y andz-directions was
defined to ensure that the flux leakage is acclyr&stimated. A boundary condition
of magnetic insulation was assigned to the bouedadf the air domain. This
boundary condition ensures that the magnetic figs only tangential component at

the boundary of the air domain.

Figure 3.10. Flow of magnetic flux lines in the exgrimental setup. The flux lines
in air are suppressed for visual clarity.

Figure 3.10 shows the simulated magnetic flux linefor

Jo2 b Y ¢ whered, = 3.95 x 16 Aim? Note that the centerline

Jpee! y+2

of the solenoid is aligned with the globahxis, i.e., it passes through= 0 andz = 0.

J=0i-

It can be seen in Figure 3.10 that the flux linesvfthrough the steel electromagnet
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core and concentrate in the Galfenol sample thalaised between the electromagnet
pole pieces. The simulation also showed that ineg®nthe flux leakage is more

predominant at edges and corners.

Figure 3.11. Spatial distribution of B in the Galfenol beam. The plot shows the
variation in By along the section of the beam between the two uppeds. This
section is indicated by the red dashed line.

Figure 3.11 shows the simulated distribution of netg induction in the
beam placed between the electromagnet pole piddase plot of the variation oBy
between the load application points showed Byatan vary at most by 35 % in this
region. Considering that the nature of the expeninfgevents a perfectly closed
magnetic circuit, the estimation of the variationmmagnetic induction is important to
understand the variation in bias field for a consteurrent applied through the

solenoid.
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3.4. Magnetomechanical four-point bending test

This section describes the Galfenol sample usedh®rexperiment and the

test procedure of the magnetomechanical four-gmenting test.

3.4.1. Sample description

The rectangular parallelepiped single crystal Galfdoeam sample shown in
Figure 3.12 was obtained from the same ingot desdrin Chapter 2 from which the
FessGas rod was obtained. An EDS analysis of this Galfebem showed a
composition of 81.2 + 0.7 atomic % iron and 18.8.F atomic % gallium. The
compositional gradient in the ingot can be attelluto the growth and processing

technique.

Figure 3.12. Single crystal Galfenol (FRgGai;g) beam sample used in
magnetomechanical four-point bending test.

The Galfenol beam measured 25 mm x 2 mm x 2 mmitanéngth, width
and thickness were oriented along the crystalldgcagl00> directions. The size of
the Galfenol beam corresponded to smallest dimaagioescribed in ASTM C1161
[176]. A larger sample could not be obtained owimghe restriction imposed by the

size of the iron-gallium ingot.
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3.4.2. Test procedure

Figure 3.13. Schematic of the magnetomechanical fepoint bending test setup.
Figure 3.13 shows the assembled test setup. Thdamieal fixture was
mounted on a hydraulic MTS 810 universal testingmrze. A silicon carbide ball
that was used to transfer load from the MTS machméhe mechanical fixture
provided a point contact in order to ensure thdy @xial force is exerted on the
Galfenol beam. The electromagnet was clamped orsighes and placed in the same
horizontal plane as the sample so as to apply ntiagield along the length of the
sample. The DC bias magnetic field was applied bBgsmpg a constant current

through the solenoid. The load was quasi-staticaftsied once from 0 to 40 N at a
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ramp rate of 2 mm/min. At the end of the load cyt¢le constant current in the
solenoid was switched off. Before each test, thepda was demagnetized over 167
cycles using a 1 Hz sinusoidal field which underiv@rd % geometric decay every
1.5 cycles from an initial amplitude of 15 kA/m. &lprocedure was repeated for
applied magnetic fields of 0, 1.35 £ 0, 1.99 + (J12+ 0, 7.52 = 0.33 and 11.01 *
0.12 kA/m which were obtained by passing curreft3, ®.05, 0.15, 0.25, 1 and 1.75
ampere through the solenoid.

Note that these applied magnetic fields were nredsin air by placing a
hand-held gaussmeter (F. W. Bell Model 5080) inMeen the pole pieces of the
electromagnet for different constant current in sledenoid. In this experiment, the
bias magnetic field in the sample could not be na@émed during the loading cycle
using the feedback controller described in Chaptéecause of the lack of closed
magnetic circuit. Moreover, the stress distributionthe Galfenol beam creates a
spatial distribution of the magnetic field in theam unlike in the Galfenol rod
described in Chapter 2, where a uniform stresg-statthe entire rod ensured a
uniform change in reluctance and magnetic fieltheaGalfenol sample.

A pick-up coil with 100 turns wrapped around thenpée and connected to an
integrating fluxmeter measured the thickness-aegtagagnetic induction along the

beam span between the load applicators.

3.5. Results and discussion

This section describes the results obtained froemntagnetomechanical four-
point bending test and attempts to explain thedsarsing a qualitative energy-based

approach.
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In Chapter 2, stress could be used as an indepengant parameter in the
characterization as it was uniform in the rod-sliapample for a given axial force.
For a given transverse force, a stress distribudocurs along the thickness and
length of the beam. The physical quantity that iesiaonstant along the thickness at
a given beam section is the bending moment. Howdkiersame bending moment
can produce a different stress distribution basedhe cross-section dimensions of
the beam. Hence, in this chapter, the paramdtgr M/bt®) is introduced to replace
the use of stress as an input parameter in chawatten involving bending. Note
thatMy; has the dimension of stress and the magnitudegesfssdue to pure bending at

any point along the beam thickness is bounded by §) 6My.

3.5.1. Sensor characterization in bending

Figure 3.14 shows the thickness-averaged magmnediection B,) measured
by the pick-up coil placed in the mid-section oktbheam in between the load
application points. The maximum induction that cbbke observed in the Galfenol
sample was limited to ~0.5 T because of the foligmieason. An applied magnetic
field of 7.52 kA/m was sufficient to saturate tHeatromagnet steel core and hence
any additional current through the solenoid did sigiificantly increase the flux
through the electromagnet. Although the electroreagvas useful for concentrating
the magnetic flux into the Galfenol sample, thekla€ a perfectly closed magnetic
circuit caused significant flux leakage and coukhgrate a magnetic induction of

only 0.5 T in the Galfenol sample while the elestemnet core got saturated.
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Figure 3.14. Thickness-averaged magnetic inductio(By) as a function ofMy; at
applied bias magnetic fields of 0, 1.35, 1.99, 2,71.52 and 11.01 KA/m.

At a given non-zero magnetic bias field)( Galfenol is expected to show an
increase iB under tension and a decreaseBimnder compression. If the effect of
tension and compression due to bendingBowere equal theB should remain
constant at alMy.. Such behavior is observed at zero andHbupto 2.71 kA/m). At
higherH (7.52 and 11.01 kA/m), the magnetic moments arstijmaligned in the
direction ofH and hence a tensile stress collineaHt@loes not contribute to any
change inB and the magnetic response is dominated by conipeessess. This is
evident from the decrease B If My is increased to a critical value, the magnetic
moments in the compressive region of the samplalaadigned perpendicular td.
Beyond thisMy;, no stress induced change in magnetic moment tatien takes

place thereby leading to a steady valu.of
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3.5.2. Discussion on experimental trends

The trends shown in the magnetomechanical fourtgm@émding test can be
explained in terms of the total energy per uniuveé of the Galfenol beam. The total
energy considered here is the sum of the magnetiadiige anisotropy, stress-
induced anisotropy and Zeeman energies.

The thickness-averag&ican be deduced using the principle of superpasitio
The netB measured by the pick-up coil can be assumed tindeaverage of thB
below the neutral axis of the Galfenol beam whelnitension and thB above the
neutral axis of the beam which is in compressidre B below and above the neutral
axis will be proportional to the volume fraction ofagnetic moments and their
orientation in these regions respectively. Thisoinfation can be qualitatively
deduced from the energy maps shown in Figures&hii53.16.

Note that the magnetic fields used for simulatiom iaternal magnetic fields
in Galfenol and not the applied magnetic field. Bwrer, a lumped parameter
approach is used in demarcating regions with cosgpre and tensile stresses in the
beam instead of using a detailed profile of theesstrvariation along the beam
thickness. These assumptions are acceptable as reveomly interested in
understanding the physics of the behavior qualighti A more rigorous modeling
technique for bending magnetostrictive beams valtkeveloped in Chapter 5.

Figure 3.15(a) shows the four equal energy minim@alfenol in the absence
of stress and magnetic field owing to its cubic metgcrystalline anisotropy. Figure
3.15(b) shows that when a small bias magnetic fieldpplied, say along’Oonly a

small fraction of the magnetic moments which weadier oriented along 0180
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and 270 rotate towards Vas the energy wells along9a80d and 270 still continue

to exist.

Figure 3.15. Total energy distribution, Eot( ,H), in the azimuthal plane (a) in a
demagnetized and un-stressed sample, (b) after agpig a low bias magnetic
field, (c) in the region above neutral axis after bnding and (d) in the region
below neutral axis after bending.

When the Galfenol sample undergoes bending in peesef a small bias
field, the parts of it which are in compression &eakion have the energy distribution
as shown in Figure 3.15(c) and Figure 3.15(d) retppedy. The compressive stress
rotates the magnetic moments lying above the neaia of the beam from°Cand
180 toward 90 and 276. The tensile stress rotates the magnetic momeing |

below the neutral axis of the beam fronf @dd 276 toward G and 186. As a net
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effect, there is an insignificant change in thicksxaveraged before and after
bending in the presence of a small bias magnedid.fi

Figure 3.16(a) shows the four equal energy minim&alfenol in the absence
of stress and magnetic field owing to its cubic metgcrystalline anisotropy. Figure
3.16(b) shows that when a large bias magnetic feelapplied along § most of the
magnetic moments which were earlier oriented al®0y 180 and 270 rotate

towards 6.

Figure 3.16. Total energy distribution, Eor( ,H), in the azimuthal plane (a) in a
demagnetized and un-stressed sample, (b) after agpig a high bias magnetic
field, (c) in the region above neutral axis after bnding and (d) in the region

below neutral axis after bending.
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When the Galfenol sample undergoes bending in poesef the large bias
field, the parts of it which are in compression &eakion have the energy distribution
as shown in Figure 3.16(c) and Figure 3.16(d) retppedy. The compressive stress
rotates some of the magnetic moments lying abogenéutral axis of the beam from
0° toward 90 and 276. The tensile stress can rotate the magnetic maniging
below the neutral axis of the beam to eithtin018CF. Since most of the magnetic
moments are already oriented alorfgudder the influence of a large bias field, the
tensile stress has no effect. As a result, thecetie compressive stress in the upper
half of the beam dominates over the effect of terstress in the beam’s lower half,
and a net change in thickness-averaBaesl observed before and after bending in the

presence of a large bias magnetic field.

3.6. Summary

In this chapter, the use of a magnetostrictive baam sensing element was
introduced. Existing characterization technique cwhuses cantilevered beam was
reviewed. It was shown that the continuous spam-wariation of bending moment
(and stress) makes it experimentally challengingvaluate the sensing performance
of a cantilevered magnetostrictive beam.

The concept of a magnetomechanical four-point bentiest was introduced
as an alternate characterization technique. The mdvantage of this technique is
that it produces a region of constant bending mdrakmg the span of the beam in-
between the two loading points. A prototype fixtwas designed, built and used to
test a single crystal Ef5a9 beam at different applied bias magnetic fields.

Challenges related to application of bias fieldbiending sensor due to lack of a
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closed magnetic circuit were discussed. The experial results were analyzed using
the energy terms introduced in Chapter 1.

In conclusion, it can be said that magnetostricti@asing can be performed in
bending even when both tensile and compressivessatseare developed in the
material. The sensing is primarily due to the daating effect of compression over
tension. A critical bias magnetic field is reqairkelow which the magnetostrictive

sensing cannot be observed under bending.
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Chapter 4: Experimental studies on laminated Galfen
Aluminum composite

Active materials are often integrated with passsteuctural materials in
laminated composites which can be used as smadtstes. The simplest laminated
active composite is a bi-layered structure withaative and a passive layer. Such a
bi-layered structure which has one active layealso known as a unimorph. A
unimorph can work as the fundamental element oUingnbased smart structure.
This type of smart structure undergoes actuatioa tuthe strain induced by the
active layer. The unimorph configuration can beoalsed for sensing mechanical
guantities. For example, a force applied to thenamph would produce a stress in the
active layer thereby changing its properties whighturn can be measured and
correlated to the applied force.

In this chapter, we will investigate the actuatiand sensing behavior of
laminated Galfenol-Aluminum composite beams suctha®ne shown in Figure 4.1.
The concept of induced-strain actuation in comgadsgams comprising of active and
passive lamina will be introduced. Applications falfenol-based laminated
composites and motivation to study their design padormance criteria will be
stated. The design of experimental setup and clgdle related to measurement
techniques will be discussed which will be followeg the interpretation of the
actuator and sensor characterization results frardsts performed on the Galfenol-

Aluminum unimorphs.
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Figure 4.1. A Galfenol-Aluminum laminated compositebeam.

4.1. Classical laminated beam theory with induced-sti@ttuation

The Euler-Bernoulli beam theory can be used [1] douctural analysis of
laminated beams with the following assumptions.
1. The bond layer between the laminae is infinitesiynaiall and there is
no flaw or gap in the bond layer.
2. There is no shear deformation in the bond layer,the laminae cannot
slip relative to each other.
3. The bond layer has infinite stiffness and hence t¢benposite beam
behaves like a single lamina with integrated proegr
Section 3.1 presented the relevant mathematicatesgns required for
modeling pure bending but in general a compositarbmay undergo both extension
and bending. Therefore, the axial displacementgaledirection may be expressed
using Equation (4.1) wher€ is the extensional displacement of the mid-planthe
composite beam and the other terms are the sadesesbed in Section 3.1.

u=u’- zd—W (4.1)
dx

Similarly the total axial strain §) can be expressed using Equation (4.2) wheis

the mid-plane strain andis the curvature about tlyeaxis. Note that a non-zero mid-
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plane strain indicates that the neutral axis (whgre Q) of the composite beam will

not coincide with its mid-plane.

u d*w
=—=¢ - = @- zk 4.2
& X z dx e- 2 (4.2)

Let us assume that a composite beam Witmumber of laminae is subjected
to a force F) along thex-direction and a bending momemd) about they-axis. If «
is the axial stress developed in the beam, thesr@efbalance along theaxis and

moment-balance about tlgeaxis would yield Equations (4.3) and (4.4).

/2 NL P
F= s bbdz= s, bd:z 4.3)
-t/2 k=1 he
t/2 NL Do
M=- s bzdz- s, bzd (4.4)
-t/2 k=1 hy

Figure 4.2. Cross-section of Galfenol-Aluminum unirarph showing the different
parameters required to calculate the composite sfifiess terms.

Here hy is the distance of the edge of each lamina froenntid-plane as shown in
Figure 4.2. Note that the mid-plane is consideredha plane where = 0. For an
active material with free strain)( the 1D Hooke’s law can be written as shown in

Equation (4.5) wherg is the Young’s modulus.

s,=E(e,- /)= Ef°- %- /) (4.5)
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Substituting Equation (4.5) in Equations (4.3) gdd4) and integrating over the
thickness of each lamina, the force and momennbalan the beam can be expressed
in terms of Equations (4.6) and (4.7) respectivéilyis assumed that the Young's
modulus and width of each lamina do not vary actiesghickness of each lamina.

NL 1

F= Bh (ha- e S(He )k (e B/, (4.6)
m="En - )er S(He Bk (WL @)

Equations (4.6) and (4.7) can be combined andexrdis Equation (4.8) which can be

used to obtain the mid-plane strain and curvat@itbeocomposite beam [1].

EA -ES & _ F+F
© - / (4.8)
"ES El k M+M,

The terms used in Equation (4.8) which are nanfedyextensional stiffness
(EA), extension-bending coupling stiffnessy, bending stiffnessHl), actuation-
induced force K) and actuation-induced momenM | can be obtained from

Equations (4.6) and (4.7) as shown in Equatior) (4(4.13).

NL

EA= BR(ha- h) (4.9)
ES=%: & Ba- B) (4.10)
El %;Ll Eb (.- 1) (4.11)
F = Eb/ (e - h) (4.12)
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NL

Ekq/k(lfﬂ_ hé) (4.13)

k=1

M, =-

N~

Equation (4.8) signifies that the axial and bendtigplacements can be
coupled in a laminated composite beam and the eastirain in any of the laminae
produces both extensional force and bending mommdnth deform the active
composite beam. This theory can be applied to aeathe Galfenol-Aluminum

unimorphs that will be used in this chapter.

4.2. Motivation and scope of this work

Several works have shown the application of Galfwased unimorphs
where a Galfenol lamina was attached to other nadgel32, 136, 178]. However,
no experimental work or theoretical estimation hdween done that help in
understanding the effect of composite stiffness apérating conditions on the
actuation and sensing performance of such unimorphthis chapter, experiments
will be designed and performed based on the thdisigussed in Section 4.1 to study
the effect of stiffness and operating conditions thie performance of active
unimorphs.

The unimorphs will be comprised of a Galfenol lapérconstant thickness
and an Aluminum layer of a thickness that will laeigd to alter the stiffness of the
different unimorphs. The effect of operating cormlit will be evaluated by
performing experiments at different magnetic fieldad mechanical loading
conditions.

Actuator characterization is expected to providéormation on optimal

stiffness, magnetic field and mechanical loadingteda that would produce
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maximum bending displacement in the unimorph. Thasser characterization is
expected to provide information on the effect ofmurph stiffness, bias magnetic
field and mechanical loads on several sensing patesiwhich will be defined. The
results of these characterizations are expecteurdeide design criteria for smart
structures using Galfenol unimorphs that can predutaximum output under

different operating conditions.

4.3. Description of experiment

This section describes the Galfenol and Aluminumpsas that were used to
make the unimorphs. The choice of thickness ofdifferent Aluminum samples is
justified using the theory described in Section. 4The test setups used for
characterizing the unimorphs as actuator and searsodescribed. The magnetic and
mechanical aspects of the experimental setup akyzed separately in Sections 4.4
and 4.5 to provide a deeper insight into the effd#cboth of these aspects in the

experiment design.

4.3.1. Description and characterization of Galfenol lamina

The rectangular parallelepiped single crystal Galféamina sample shown in
Figure 4.3 was obtained from the same ingot desdrib Chapter 2 from which the
Fe;sGas rod and the RgGa g beam were obtained. An EDS analysis of this Galfen
lamina showed a composition of 81.8 £ 0.7 atomia@n and 18.2 £ 0.7 atomic %
gallium. The composition stated here is based oavanage of EDS data obtained at

five equi-spaced points along the length of thef&wmll sample.

168



Figure 4.3. Single crystal Galfenol (F&Ga;g) sample used in the unimorphs.

The Galfenol lamina measured 25 mm x 8.4 mm x in&6and its length, width and
thickness were oriented along the crystallograptli@0> directions. A larger sample
could not be obtained owing to the restriction irsg® by the size of the iron-gallium
ingot.

Based on the theory discussed in Section 4.1, évident that in order to
design the unimorphs, it is necessary to obtaineasure of the magnetostriction of
the Galfenol lamina. However, the transducer seegzribed in Chapter 2 could not
be used to characterize this Galfenol sample duetstonon-cylindrical shape.
Therefore, an 82—-mm long and 35—-mm diameter sademwah ~2800 turns was used
to apply the magnetic field.

The Galfenol lamina was placed inside the solerdashg the center of the
long axis and was subjected to a cyclic quasiestatgnetic field with an amplitude
of 65 kA/m at a frequency of 0.01 Hz. Prior to thgplication of the quasi-static
magnetic field, the Galfenol sample was demagnetmesr 167 cycles using a 1 Hz
sinusoidal magnetic field which underwent a 5 %ngewic decay every 1.5 cycles

from an initial amplitude of 80 kA/m.
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Note that all magnetic field values mentioned i3 thapter were measured in
air using a hand-held gaussmeter. Hence these svaloieespond to those of the
applied magnetic fields. The Hall-effect sensorldawot be used to estimate a single-
valued internal magnetic field in Galfenol due ke tabsence of a closed magnetic
circuit which caused flux leakage and spatial mégnield variation as will be
shown later using finite element analysis.

The strain () along the length of the Galfenol lamina which waaced
parallel to the direction of applied magnetic fislds measured using a Vishay CEA-
13-500UW-120 resistive strain gage. A maximum fet&ain of 226 + 5 y was

observed as shown in Figure 4.4.

Figure 4.4. Free strain (j) vs. applied magnetic field in the single crystal

Galfenol (Fe,Gazg) sample.
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4.3.2. Choice of thickness of Aluminum laminae

In order to study the effect of composite stiffness the out-of-plane tip
displacement wrjp) of cantilevered unimorphs, Aluminum laminae offfetient
thickness t;) were chosen. For small out-of-plane tip displageinsuch that the
curvature ( 2w/ x°) is independent of the positiowsp (= w atx = L;) can be
obtained from the curvature and lengths of the Atwmm (L;) and Galfenol I(,)

layers using Equation (4.14).

W ==L +kL(L-L,) forl, Li (4.14)

N | X

From Equation (4.2) and Figure 4.2, it can be deduthat the curvature can be
obtained from the difference of strains on theae$ of the passive and active layers

divided by the thickness)(of the composite beam as shown in Equation (4.15)

PASSIVE ACTIVE
e -

k=5 te;( (4.15)

Figure 4.5. Normalized tip displacement of cantilesred Galfenol-Aluminum

unimorph vs. Aluminum layer thickness. Assumed.; =L,=L.
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The normalized tip displacementw{st/L?) of cantilevered Galfenol-
Aluminum unimorphs as a function of the thickness df the Aluminum layer for a
constant Galfenol layer thickneds £ 1.86 mm) and free strain € 226 1) is shown
in Figure 4.5. The simulation used Young’'s modwakies of Aluminum ag&; = 70
GPa and Galfenol ak, = 63 GPa. Based on this simulation result, Alumtmnu
laminae of thickness 0.46, 0.91, 1.85, 3.71 an® "¥n were obtained using wire
EDM for making the Galfenol-Aluminum unimorphs whievere expected to show
different maximum values of tip displacement. Thi#sekness values are marked by
the dashed lines in Figure 4.5. A series of expentsiwere conducted to evaluate the

performance of these unimorphs as actuators arsbiseim bending.

4.3.3. Description of no-load actuator characterization

The no-load actuator tests were performed to stiueleffect of magnetic field
on the actuation of the unimorphs having differstiffness. The composite stiffness
was varied by using Aluminum layers that were 0@6,1, 1.85, 3.71 and 7.43-mm
thick. The same 1.86-mm thick Galfenol lamina wasduin all the unimorphs. The
Galfenol and Aluminum pieces were laminated usingsh®y M-Bond. The
Aluminum layers were 35-mm long and 8.4-mm widee T®-mm overhang of the

Aluminum layer was inserted into a clamping device.

Figure 4.6. Schematic of the no-load actuator tesetup.
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The cantilevered unimorph was placed at the ceftédre solenoid described
earlier and as shown in Figures 4.6 and 4.7. VidbBA-13-500UW-120 resistive
strain gages attached on the free surfaces of #tiert®l and Aluminum layers were
used to measure the strains while the unimorphsubgected to a cyclic quasi-static
magnetic field with an amplitude of 65 kA/m at a&duency of 0.01 Hz. The
demagnetization sequence described in Section gr8ckeded each test run. The test
sequence was repeated four times on each unimorgmdure consistency in the

acquired data.

Figure 4.7. (a) Strain gage bonded on the unimorphburface. (b) Side view of the
cantilevered unimorph. (c) End view of the clampedinimorph placed inside the

drive coil. (d) Side view of the drive coil.
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At the end of all experiments performed on eachmanph, the Galfenol and
Aluminum were delaminated by immersing the comgobgam in an acetone bath

and subjecting it to ultrasonic shaking for 20 nt@su

4.3.4. Description of pre-load actuator characterization

Figure 4.8. (a) Schematic of the pre-load actuatotest setup. (b) Free body
diagram of the laminated section showing the shedorce and bending moment.
The pre-load actuator tests were performed to stbdyeffect of magnetic
field and mechanical pre-load on the actuationh& tinimorphs having different
stiffness. A schematic and photograph of the testpsare shown in Figures 4.8 and
4.9 respectively. In order to produce significaenéing moments in the Galfenol
patch attached near the clamped end by hangingreliff loads at the free end, a
longer Aluminum beam had to be used. All Aluminueains used for the pre-load
tests were 305-mm long out of which 10 mm was teskin the clamping fixture. In
order to avoid bending of the beams due to thein aweight, only the stiffer

Aluminum beams, with thicknesses of 1.84, 3.70 248 mm, were used.

174



Figure 4.9. The pre-load actuator test setup.

Different constant loadsP§ were applied by hanging precision weights from
the free end of the cantilevered beam. After thenbewas stabilized, the
demagnetization sequence was carried out followetthd quasi-static magnetic field
cycle. Strains on the free surfaces of Galfenol Ahuhinum near the clamped end
were measured using Vishay CEA-13-500UW-120 ressstrain gages. Prior to
recording the strain due to the quasi-static cyelagnetic field as described for the
no-load tests, the pre-strain due to the mechaluedlwas also noted in these tests.

Since the three beams used in the experiment wWatéferent thickness, the
same load would produce different stress profil@sg the thickness of these beams.
Hence it would be inaccurate to directly comparedharacterization results obtained
from the different beams. In order to avoid thislgem, a set of different loads were
chosen for the different beams such that the paearivg, (= M/bt), introduced in
Chapter 3, remains same. The actual loads andotinesponding values dfly; used

in the characterization for the three different rheaare shown in Table 4.1. The
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bending momentNl = P(L-x)] was calculated at the mid-length of the straagey by
substitutingL = 295 mm andk = 12.7 mm. Experiments were performed for both
positive and negative values Ml by laterally inverting the unimorph such that the
Galfenol was made the bottom and the top layere@sgly. Note that it was not
possible to obtain identical values My for the three cases due to the finite
combinations of loads available.

Table 4.1. Values of actual loadR) and M. used for the different beams.

t=9.29 mm t=5.56 mm t=3.7mm

P(9) My (MPa) P(9) My (MPa) P(9) My (MPa)

0 0 0 0 0 0
47 0.18 16 0.17 7 0.17
87 0.33 32 0.34 14 0.33
157 0.60 57 0.61 25 06
207 0.79 67 0.71 32 0.77
307 1.17 107 1.14 47 1.13
457 1.74 157 1.67 57 1.37
557 2.12 207 2.2 67 1.61
707 2.69 257 2.73 87 2.09
807 3.07 307 3.26 107 2.57
907 3.45 357 3.80 157 3.77

1140 4.34 407 4.33 207 4.97
1367.5 5.21 507 5.39 - -
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4.3.5. Description of sensor characterization

Figure 4.10. Schematic of the sensor characterizati test setup.
The sensor characterization used the same tegt astdescribed for the pre-
load actuator tests except for the fact that aegkth 1323 linear Hall-effect sensor

was attached at one end of the Galfenol layer esisin Figures 4.10 and 4.11.

Figure 4.11. (a) Top view and (b) side view of theantilevered unimorph

showing the position of the Hall-effect sensor.
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The Hall-effect sensor acquired a signal propodioto the change in
magnetic induction in the Galfenol patch under itiftuence of different magnetic
fields and bending loads. Note that the Hall semseasured a signal proportional to
B and notH because it was placed in such a way that it medghe axial component
of the magnetic flux lines emanating from the Gatlepatch. Also note that since
there is a spatial variation iB within the Galfenol layer during bending, the Hall
sensor can only measure a signal proportion8l bait not the absolute value Bfas
was measured using a pick-up coil in Chapters 23areurthermore, as mentioned
earlier, the internal magnetic field in Galfencda@lvaries spatially and hence cannot
be maintained using the feedback controller deedri;m Chapter 2. Hence all
references to magnetic field would indicate the li@pp magnetic field, i.e. the
magnetic field measured in air at the center ofsthlenoid for a given drive current.

The sensor characterization was performed in tferdnt ways to measure
the consistency in experimental data. In the fingthod, the Hall sensor data was
acquired while the magnetic field was quasi-st#itiaaycled for each of the different
loads hanging from the free end of the beam. Insteond method, a constant drive
current was used to produce a bias applied magineltic In the presence of this bias
field, the mechanical loads were quasi-staticadljjed and the change in Hall sensor
response was noted. The second method was usddufodifferent bias magnetic
fields. The Hall sensor data obtained as a funatfomagnetic field andi,; from the
two different methods were compared. Note thatfite# method is analogous to
measurement of B-H curves whereas the second me#isedhbles the measurement

of B- curves, both of which were discussed in Chapter 2.

178



4.4. Magnetic analysis of test setup

In this section, the method of magnetic field agdion is analyzed using
finite element method and an estimate of the spdiséribution of the magnetic flux

and the demagnetization effect in the Galfenol tens obtained.

4.4.1. Estimation of magnetic flux variation

Since the drive coil is of finite lengthd) and diameter.) the magnetic field
produced inside it will not be uniform and may ro® calculated using Equation
(2.3). The relevant analytical formula to calculdbkee magnetic field along the
centerline of the coil is given by Equation (4.1&3] whereN andi are the number of
turns in the coil and current respectively. No@th /2 x LJ/2.

H:M L, +2x N L. - 2x
)2 %

(4.16)

L

2 DZ+(L, +2x 2 D?+(L, - 2x)° &

Besides using Equation (4.16), the magnetic fieldation along the long axis
of the coil was also measured using a hand-heldssygaeter fori = 0.5 A.
Furthermore, a 3D electromagnetic finite elemerglysis was performed using the
AC/DC module in COMSOL Multiphysics 3.4. TheMagnetostatics formulation
used vector - quadratic elements. The relevant demynvalue problem for magnetic
FEA was defined in Section 3.3. Comparison of expental measurements bff at
the center of the solenoid for differenwith the estimated magnetic field from the
FEA showed thal, = 9 x 1§ A/m? corresponded tb= 0.5 A.

Results from all the three methods of magnetidfedtimation are shown in

Figure 4.12. It was found that the value Kf at the center of the solenoid
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corresponded to the value given by Equation (1n8l)thatH monotonically drops to
half of the peak value at the two ends of the smterFigure 4.12 also indicates that it
is desirable to place the Galfenol lamina in theti@ region of the solenoid in order
to expose it to maximum magnetic field for a givémve current with minimum

spatial variation in the field.

Figure 4.12. Comparison of measured values of magne field in air along the
long axis of the solenoid with calculated values dm analytical expression and
finite element analysis.

A 3D FEA analysis of the magnetic components inuhenorph actuator and
sensor tests that comprised of the drive coil (sut), the Galfenol lamina and an air
domain surrounding them was also performed. Simee damps were made of
Aluminum @, = 1), they could be considered as a part of the@mnain. Figure 4.13

shows these components.
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Figure 4.13. Schematic of the magnetic component§tbe experimental setup.

The constitutive B-H relation (at = 0) for Galfenol was obtained from a
look-up table generated using the energy-based Intsderibed in Chapter 2. The
model parameters are shown in Table 4.2. The nuataimeters were estimated from
Figure 4.4 and Table 2.2. For a valueBofalculated in Galfenol, the value ldfwas
obtained from the look-up table using piecewisetlcutierpolation.

Table 4.2. Parameters used in the energy-based ctihgive model for Feg,Gays.

Ms (kA/m) 100 (H ) K1 (ka/m®) Kz (kJ/m®) (I/m?)

1330 220 16.5 -45 200

This analysis was useful to estimate the spatiahtran of B in the Galfenol
lamina which in turn was helpful to determine agprate position for placement of

strain gage and Hall-effect sensor on the Galf&amlna.
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As shown in Figure 4.14, the 3D magnetic FEA intikdathat most of the
magnetic flux lines concentrated through the Galféamina. The flux lines formed

closed loops around the solenoid and were fourt taxially symmetric.

Figure 4.14. Concentration of magnetic flux linesitrough Galfenol.

Figure 4.15. Spatial distribution of B« in the x-y plane of the Galfenol lamina and

the variation in By along the span of the Galfenol lamina.
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Figure 4.15 shows the spatial variation of tkeomponent ofB in the
Galfenol lamina for a drive current of 2 A (= 3.6 x 18 A/m?). The plotted values
were calculated on a plane passing through thethni#tness of the lamina. Figure
4.15 shows thaBx does not vary significantly along a 15-mm mid-spanthe
Galfenol lamina. The uniformity oBy in the mid-region of Galfenol makes it the
ideal position for placement of strain gage as shamv Figure 4.7. HoweverBy
sharply drops off near the two ends along the femdtthe Galfenol sample and its
value reduces by ~ 70 % from its peak value obskal@ng the mid-span.

The determination of a suitable position for thdl ldansor is somewhat more
challenging. Figure 4.16 shows a close-up of tinéefielement simulation of the
magnetic flux lines flowing through and around @alfenol sample. Ideally, the Hall

sensor should be placed perpendicular to the fheslin order to measuBg.

Figure 4.16. FEA simulation of magnetic flux lineghrough Hall sensor placed at
one end of the Galfenol sample.

Based on the information from Figure 4.16, the ldalisor cannot be placed adjacent
to the strain gage on the free surface of the @Galfsample as then it would be
tangential to the flux lines. Hence, as shown guFes 4.11 and 4.16, the only option

is to place the Hall sensor at one end of the Galfsample.
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Figure 4.17 shows the finite element simulatiorBpfalong the long axis of
the solenoid when a current of 2 A is passed thrdbg coil. An expected increase in
Bx is seen inside the Galfenol sample due to itsdrigblative permeability compared
to that of air. The span-wise variation By makes the Hall sensor measure a signal
which is highly dependent on its position. Moreoutie effect of bond layer and
small air gap between the Hall sensor and Galfé&umther mitigates the signal and
hence the Hall sensor ends up measuring a sigaiaistiproportional to the maximum
magnetic induction in Galfenol. Figure 4.17 shows estimate of the difference
between the Hall sensor signal and maximBgin Galfenol. This knowledge is

important in order to interpret the sensor charaégon results.

Figure 4.17. FEA simulation ofBy along the long axis of the solenoid.
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4.4.2. Estimation of demagnetization

The existence of an open magnetic circuit in theeexnental setup motivates
the estimation of the demagnetization effect in@adfenol lamina. For a rectangular
prism with dimensionsa, b and ¢ along thex, y and z axes respectively, the
demagnetization factor can be obtained using tredyacal expression shown in

Equation (4.17) [60].

(4.17)
HereD, = N, The demagnetization factors along thandy directions, i.eN, and
Nyy, for a rectangular prism can be calculated usirggshme formula by applying
twice the circular permutatiorc a b c. Using this formula, the
demagnetization factors calculated for the Galfdaolina wereNy, = 0.062,N,y =
0.192 and\,,= 0.746.

An alternative method using the energy-based madet also used to
estimate the demagnetization facti, for the Galfenol sample. In this method, the
energy-based model was used to simulate the majnetion shown in Figure 4.4
using the parameters shown in Table 4.2. Equatiot4] was used to obtain the
applied magnetic field from the simulated magnéira and prescribed internal

magnetic field values. An initial guess bfy = 0.062 as obtained from Equation

185



(4.17) was used. Empirical variation My about the initial guess showed tiNg =

0.035 provided the best fit with the experimentiadas shown in Figure 4.18.

Figure 4.18. Energy-based model fit of magnetostiion in Feg,Ga;g as a
function of the applied magnetic field. The demagdctor Ng = Ny in this case.

A second alternative method for finding the dema&gagon factor used the
results of the magnetic finite element analysisingshe subdomain integration
option in COMSOL Multiphysics 3.4, the volume-avged values were calculated
for Bx (= 1.4677 T), internaHy (= 15.942 kA/m) and appligdx (= 63.2 KA/m) in the
Galfenol sample for a drive current of 2 A in tlidesioid. Substituting these values in
Equation (1.15) yielded a value bfj = Nyx = 0.041. Note that the estimate I
obtained from the " and ¥ methods are close to each other as both of them
considered the fact that the entire sample washaptogenously magnetized using
empirical and finite element approaches respegtivEhese estimates M, were
significantly different from the one obtained frahe analytical expression given by

Equation (4.17) which is valid only for a homogeslyumagnetized body.
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4.5. Mechanical analysis of test setup

In this section, the structural aspects of the erpntal setup are analyzed
using the finite element method. The objective ho$ tstudy is to find whether the
location of strain gages were appropriate for meaguhe desired strain or the strain
gages measured an average strain from a largalsgain distribution. Furthermore,
since the aspect ratio of some of the unimorphs it strictly conform to that
suggested in the Euler-Bernoulli beam theory, itsvweesired to perform a 3D
structural analysis using finite element methodirid the relative magnitudes of the
stress components in both the Galfenol and Alumitayers.

The 3D structural finite element analysis was penfed using the Structural
Mechanics module in COMSOL Multiphysics 3.4. Theoli8, Stress-Strain - static”
analysis used Lagrange — quadratic elements. Thehan&al boundary value
problem is solved by COMSOL using the static stregsilibrium Equation (4.18)
whereby, by andb, are the components of body forces alohy and z-directions

respectively.

1S, Ty +sz+bx -0

> My 1z

My Py N Z+b =0 (4.18)
™>x Ty 1z

1-[l‘zx_'_ﬂl.yz +ﬂszz +bz :O

> Ty 9z

The strain displacement relation for small stragnshown in Equation (4.19).
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The strain compatibility Equation (4.20) serveshessubsidiary condition.
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The stress-strain constitutive relation is describg Equation (4.21) where][is the

stiffness matrix and = { xx yy 2z yz 2x x} ' IS the free strain vector.

{s}=[c] {e}-{/} (4.21)

(4.22)

o © O O
o o © o o

0 0 O x 2

The stiffness matrix for isotropic materials candiained from the Young’s

modulus E) and Poisson’s ratio Y as shown in Equation (4.22). For modeling
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purposes it was considered tlaf = 70 GPaEre.ca= 63 GPa, o = 0.33 and re-ga=
0.45 [115]. The free strain in Galfenol was impleeel in COMSOL by assigning
values of saturation magnetostriction,(= 220 x 1 ,, = -110 x 1 ,, = -110 x
10°) to the variables {; vi zi) Which denote a uniform pre-strain in the materdl
shear free strain components were considered aetwedue to the orientation of the
single crystal FeGa g sample being used. For Aluminum, the free straiege set to
zero.

The 3D structural FEA was used to simulate thresegarlhe first case studied
the effect of free strain on the unimorph wherehb@alfenol and Aluminum layers
were of same length. This case simulated the nd-da#uator tests. The second case
studied the effect of free strain on the unimorgtewthe Aluminum layer was longer
than the Galfenol layer. This case simulated tleelpad actuator test setup without
any hanging loads. The simulation results from ¢hgo cases are discussed in
Section 4.5.1. Section 4.5.2 shows the simulatgsults for the third case where the
effect of both free strain and hanging load on uhenorph created for the second
case were considered. For all these cases, theiclgrof one end of the composite
structure was simulated by assigning a “fixed” laany condition on the faces at one
end along the span of both the Galfenol and Aluminayers whereas all other faces

were assigned a “free” boundary condition.

4.5.1. Effect of free strain

The simulation for the first case was performed tbe five different
Aluminum thicknesses that were used in the expearimerigure 4.19 shows the

simulation result for the 7.43-mm thick Aluminumyéat used which represents the
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extreme scenario where the 3D effects should be prosninent. It is evident from
Figure 4.19 that the strain on the free surfacdsotth Galfenol and Aluminum layers
are fairly uniform except very close to the clammed and the tip of the composite
beam. The existence of such uniform strain makesetlareas suitable for strain gage

bonding as shown in Section 4.3.

Figure 4.19. Strain profile (x) on free surfaces of Galfenol and Aluminum
layers in the unimorph due to a uniform free strainin the Galfenol layer.

Since the Euler-Bernoulli beam theory is only amgdbile if the shear-stresses
are negligible, it was deemed necessary to findntagimum magnitude of all the
stress components in the unimorphs with differdntknesses. In all the five
unimorphs, the most dominant stress component wasith a maximum magnitude
of 5 MPa. The only other non-zero stress compome ,, with a maximum

magnitude of 1.5 MPa. The 3D FEA showed that apkide-theory type analysis
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might be sufficient for modeling these unimorphsicls a 2D model will be
developed and presented in Chapter 5.

In order to further compare the predictions of 1&atm theory and 3D finite
element structural models, the normalized tip dispinent was calculated using both
these models. The 1D analysis used Equations (4dd)(4.15) whereas the 3D
analysis used the actual tip displacementz-uiirection in order to calculate the
normalized tip displacement. The simulation resatesshown in Table 4.3.

Table 4.3. Predicted values of normalized tip dispcement (wrpt/L? x 10°) of
unimorphs with different Aluminum layer thickness (t; in mm) used in no-load

actuator tests.

t1 0.46 0.91 1.85 3.71 7.43
1D 109 149 165 144 101
3D 106 143 160 141 104

The simulated values of normalized tip displacenséioivn in Table 4.3 corroborates
the fact that the aspect ratio of the unimorphsdus have a significant effect and a
complete 3D structural analysis may not be necg¢eanodel the unimorphs.

The simulation for the second case was performedtife three different
Aluminum thicknesses that were used in the exparimeThe strain on the free
surfaces of both Galfenol and Aluminum layers ia #rea where the strain gages
were attached were found to be uniform. In all theee unimorphs, the most
dominant stress component wag with a maximum magnitude of 5 MPa. The only

other non-zero stress component wgswith a maximum magnitude of 2ZMPa. The
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normalized out-of-plane tip displacemenisgft/L,?) for the unimorphs are shown in
Table 4.4.

Table 4.4. Predicted values of normalized tip dispcement (wrpt/L.* x 10° of
unimorphs with different Aluminum layer thickness (t; in mm) used in pre-load

actuator tests.

t1 1.84 3.70 7.43
1D 3712 3256 2274
3D 3635 3078 2096

The simulated values of normalized out-of-planedigplacement listed in Table 4.4
shows that even for the thickest unimorph the ckffiee between 1D and 3D
predictions is 7.8 % which is within the boundseaperimental uncertainty. Hence
the beam theory formulae may be used to analyzexperimental results that will be

presented in Sections 4.6 and 4.7.

4.5.2. Effect of free strain and bending load

In these simulations, the hanging load was simdlétg assigning an edge
load (unit: N/m) at the free end of the beam. Thigeeload was calculated by
dividing the desired force by the width of the be#&figure 4.20 shows the setup with

the position of the load and the clamped end obtem.

192



Figure 4.20. Geometry and boundary conditions usedor 3D finite element
analysis of pre-load actuator tests.

In order to evaluate the extreme scenario, thekélsicbeamt{ = 7.43 mm)
and highest tip loading (1367.5 g) were considef@ace again the dominant stress
component was found to bgs having a maximum magnitude of 30 MPa while the
same for y, was only 2 MPa. All other stress components werend to be
negligible. However, this simulation showed a dligligher variation in strain £)
in the region where the strain gages were bondeguré 4.21 shows the strain
distribution on the free surfaces of Galfenol andminum. A variation of ~ 10 %
and 4 % were observed for the Galfenol and Alumirsurfaces respectively in the
strain gage region for a load along negatnaxis. For the same edge load acting
along positivez-axis, the variation in strain on Galfenol and Aloom surfaces was
26 % and 9 % respectively. A positive edge loadipoes strain which is of opposite

sign to that of the free strain and hence leadshigher variation in strain.
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Figure 4.21. Strain profile (xx) on free surfaces of Galfenol and Aluminum
layers in the unimorph due to a uniform free strainin the Galfenol layer and an

edge load (-1595 N/m) at the free end of the Alumirm layer.

4.6. Actuator characterization results

This section presents the results obtained from rihdoad and pre-load
actuator tests described in Section 4.3. The magheld, My; and Aluminum layer
thickness in the unimorphs are considered as dop&@ameters and their effect on
strain on Galfenol and Aluminum surfaces are shanh analyzed. These strains are
used to calculate the tip displacements of the amphms which are compared to the

model predictions listed in Tables 4.3 and 4.4.
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4.6.1. Effect of laminate thickness under no-load conditio

The effect of changing the Aluminum layer thicknessthe strains observed
on the free surfaces of Galfenol and Aluminum layene shown in Figures 4.22 and

4.23 respectively. The strains are plotted as etfom of the applied magnetic field.

Figure 4.22. Strain (x) measured on the surface of Galfenol as a functioaf
applied magnetic field for unimorphs with different Aluminum layer thickness.
Figure 4.22 shows that for each unimorph, the rstcm Galfenol surface
increases monotonically till it saturates at somagnetic field. This behavior is
similar to that of the-H curve shown earlier. However, the slope of theve as well
as the saturation strain value appeared to incregbkedecreasing Aluminum layer
thickness. A possible explanation for this behaisothat for a given Galfenol layer
thickness, a thinner Aluminum layer provides lesastraint to the Galfenol layer

thereby letting it expand more freely. It shouldscalbe noted that for all the
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unimorphs except for one (ig.= 7.43 mm), the maximum strain on Galfenol surface
is higher than saturation magnetostriction of tGiglfenol sample. Therefore the
strain on the free surface of Galfenol is due tthlextension and bending and should

not be construed as the free strain of Galfenol.

Figure 4.23. Strain (x) measured on the surface of Aluminum as a functiownf
applied magnetic field for unimorphs with different Aluminum layer thickness.
Zero-strain is indicated with a grey dashed line.

Figure 4.23 shows that the behavior of the strainhe Aluminum surface is
somewhat different than the strain on the Galfesiface. In general, for all
unimorphs, the magnitude of strain increased wittraasing magnetic field until it
saturated. However, the monotonic behavior of stvath increasing magnetic field
as well as the monotonic behavior of saturatiomis$r with increasing Aluminum

layer thickness as shown in Figure 4.22 does nlot thee for Figure 4.23.
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Fort; = 7.43, 3.71 and 1.85 mm, the strain on Aluminunfaxe decreases
monotonically with increasing magnetic field theyedbearly exhibiting a bending of
these unimorphs. Far = 0.91 mm, the strain initially appears to deceeasth
increasing magnetic field upto 30 kA/m beyond whitle strain increases with
increasing magnetic field and even changes sigt8 &A/m. This behavior indicates
that at lower magnetic fields the unimorph predantty deforms due to bending but
at higher magnetic fields (> 30 kA/m), the effettbending reduces and finally for
fields higher than 43 kA/m the deformation is doated by extension which is
evident from the same sign of strain on both théfe@al and Aluminum surfaces.
Fort; = 0.46 mm, the strain on Aluminum surface is pesitt all magnetic fields
which shows that this unimorph predominantly defetm extension.

The negative values of saturation strain on themitwm surface increases
whent; is changed from 7.43 mm to 3.71 mm but decreasdarther reducing; to
1.85 mm. The saturation strains far= 0.91 and 0.46 mm are positive and are
increasing with decreasinig Note that although the changetirfollows a geometric
progression, i.e. each being the half of the previealue, no such monotonic
behavior can be observed in the saturation straimeg for different;. It appears that
the saturation strain varies very little for largduminum thickness but varies
significantly for smaller Aluminum thickness. Thigehavior is related to the
contribution of Aluminum to the integrated stiffisesf the composite structure and
will be explained in details in Chapter 5 using rlosimulations.

In order to visualize the extension and bendingeath of the unimorphs

separately, the strains shown in Figures 4.22 a28 dould be used to calculate the

197



mid-plane strain €) and normalized tip displacement of the unimorpased on the
beam theory assumptions using Equations (4.23)(4&r2dl) respectively. Here "

and "5%*are the strains on the Aluminum and Galfenol siesarespectively.

eo B eAL + EFEGA

; (4.23)

Wnpt ~ el - gECA
L2 2

(4.24)

Figure 4.24. Mid-plane strain (°) as a function of applied magnetic field for
unimorphs with different Aluminum layer thickness.

Figure 4.24 shows the mid-plane strain in the umphs as a function of
applied magnetic field. For a given Aluminum laykickness, the mid-plane strain
monotonically increases with increasing magnetatdfiand for a given magnetic
field, the mid-plane strain monotonically increaseth decreasing Aluminum layer

thickness. The unimorph structure tends to exteradenfreely with decreasing
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Aluminum layer thickness as the contribution of Ainum to the composite stiffness
decreases. Hence the mid-plane strain asymptotdsetéree strain of the Galfenol
layer with decreasing Aluminum layer thickness. Tiee strain of Galfenol shown in

Figure 4.4 is also shown in Figure 4.24 to empleattis fact.

Figure 4.25. Normalized tip displacement (rpt/L?) as a function of applied
magnetic field for unimorphs with different Aluminu m layer thickness. The
circles show the 3D FEA predictions from Table 4.3.

Figure 4.25 shows the normalized tip displacemanthe unimorphs as a
function of applied magnetic field. For a given Alunum layer thickness, the mid-
plane strain monotonically increases with increggimagnetic field except far =
0.46 mm. This apparently anomalous behavior caexXpdained by combining the
information from Figure 4.22 and 4.23 and usingrtha Equation (4.24). Fan =

0.46 mm, the strain on both the Galfenol and Alumnsurfaces are of same signs.
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Hence if the rate of change of strain with respgecimagnetic field is higher in
Galfenol than in Aluminum, the magnitude of norrmetl tip displacement can
decrease with increasing magnetic field. It candbduced that this effect may be
even more prominent for a thinner Aluminum layer.

At magnetically saturated conditions, the normalize8p displacement
increases with decreasing valuestotipto 1.85 mm. Fot; smaller than 1.85 mm,
normalized tip displacement decreases with decrgagalues oft;. This trend is
consistent with the 1D and 3D simulations showiable 4.3. However, the 3D FEA
predictions appear to consistently under-predicté thaturation values of tip
displacement as shown in Figure 4.25 using théesiran each curve.

The under-prediction of experimental results byhbdD and 3D models is
possibly due to the omission of the effect of tlomd layer between Galfenol and
Aluminum layers and any associated imperfectiofooal delamination in the bond.
The bond layer can be modeled as an additionalr [&gtween Galfenol and
Aluminum in the Euler-Bernoulli composite beam. tgsthe formulae in Section 4.1,
the effect of the bond layer on the normalizeddigplacement of the unimorphs can
be estimated as a function of the Young’s modulughe cured bond and the bond
layer thickness as shown in Figure 4.26. Since gkact value of the Young's
modulus of the bond is unknown, the simulation wagormed using possible range
of values for typical cured cyanoacrylate glue. ®&wer, since the thickness of the
bond layer can vary in the different unimorphs, siraulation was performed for a
range of bond layer thickness. Figure 4.26 showas tlormalized tip displacement

can increase with increasing bond layer thicknegkthe bond’s Young’s modulus
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significantly from an ideal condition of a non-exig bond layer. The simulation
results of Figure 4.26 provides a possible explanatf the higher saturation values
of normalized tip displacement calculated from ekpent compared to the values

predicted by ideal models which ignored the eftéc bond layer.

Figure 4.26. Effect of thickness and Young's moduki of bond layer on
normalized tip displacement (wrpt/L?) for Galfenol and Aluminum layer

thickness of 1.86 and 0.46 mm respectively.

4.6.2. Effect of bending loads in absence of magnetidfiel

From the discussion in Section 3.5, we know thatrttaximum bending stress
due to an externally applied bending momentN&.6Figures 4.27 — 4.29 show the
measured strain and calculated bending strédg)(ét the surface of the beam where
the strains were measured for the three differaninarphs. These strains were

measured in the absence of a magnetic field.
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Figure 4.27. Measured strain vs. calculated bendingtress (= ®1y;) for 7.43-mm

thick Aluminum beam and also for the unimorph madewith the same.

Figure 4.28. Measured strain vs. calculated bendingtress (= ®1y) for 3.7-mm

thick Aluminum beam and also for the unimorph madewith the same.
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Figure 4.29. Measured strain vs. calculated bendingtress (= 1,;) for 1.84-mm
thick Aluminum beam and also for the unimorph madewith the same.

Additionally, the strains measured on the surfat¢he Aluminum beams
prior to bonding the Galfenol patch are also showirigures 4.27 — 4.29. For all
cases the stress-strain curve of only the Alumirheam was perfectly linear and
consistently showed a slope of 68 + 1 GPa whictlase the literature value (70
GPa) of Young’s modulus of Aluminum.

The strains measured on the Galfenol surface shawédyhly non-linear
response even in the absence of a magnetic fielel tduthe stress-induced
magnetoelastic strain. However, the Galfenol stempeared to be locally linear at
higher magnitudes oM, when the stress developed on the Galfenol surfexe
sufficient to magnetoelastically saturate the Guaifelamina at the surface by
orienting the magnetic moments near the Galfenafase either parallel or

perpendicular to the strain measurement directiepedding on whether the local
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stress is tensile or compressive respectively. Nb& at other points along the
thickness of the Galfenol layer the stress wouldldeer and hence magnetic
moments would still have different orientations.

Another prominent feature of the strain measuredhenGalfenol surface is
that it increased with decreasing Aluminum layeickhess thereby exhibiting a
different slope in the different unimorphs. Thisosls that the unimorphs do not
undergo pure bending even when a bending momeapptied in the absence of
magnetic field and hence the strain measured oG#ifenol surface cannot be used
to obtain the true Young's modulus of Galfenol frdmending measurements.
Similarly, the strain measured on the Aluminum acef of the unimorphs were also
different than that measured from the pure Aluminbeam for a givenMy:.
Moreover, the strain on the Aluminum surface of tinenorph was non-linear due to
the effect of non-linear Young’s modulus (Deltafieet) of Galfenol which affected
the composite stiffness. Note that the apparentngsumodulus of Galfenol varied
along its thickness due to the variation of strasd stress-induced magnetoelastic
strain thereby making the unimorph a highly noredinelastic structure. A method of
modeling this behavior will be shown in Chapter 5.

In general, the results shown in Figures 4.27 9 &lRarly exhibited the
integrated mechanical properties in the Galfenalmihum laminated composites
which motivate the use of a suitable structural ehddr predicting the behavior of
these unimorphs. The non-linear strains obtainethénabsence of a magnetic field

also motivates the use of a non-linear constitutnagerial model instead of a single-
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valued free strain to model the actuation in thesenorphs. A modeling approach

combining these features will be developed in Cérapt

4.6.3. Effect of bending loads in presence of magnetid fie

This section shows the effect of variation of allele parameters which have
been introduced, on the actuation behavior of uniim® These parameters are the
applied magnetic field, bending loa,f) and the Aluminum layer thickness. In
Figures 4.30 — 4.33, the Aluminum layer thickneskept constant (1.84 mm) while
the effect of changing the applied magnetic fietd B, is discussed with respect to
the strains measured on the free surface of thée@dland Aluminum layers. In
Figure 4.34, the actuation-induced normalized tippldcement is calculated at
magnetic saturation and shown as a functioMgfand Aluminum layer thickness in
the different unimorphs.

Figures 4.30 — 4.33 show that the strain respongeraspect to the applied
magnetic field is analogous to theH curves. This is expected because a higher
magnetic field will enhance the magnetostriction tire Galfenol layer thereby
increasing the magnitude of strain transferred e Aluminum layer until the
magnetostriction saturates. As expected from Figug8, the strain on Aluminum
surface is of opposite sign compared to the stminGalfenol surface for this
combination of Galfenol/Aluminum thickness at alagmetic fields. Also note that
Figures 4.30 — 4.33 show the actual strain in otdegive a feel of the relative
difference between the pre-strain induced dudjpin the absence of a magnetic

field and the strain due to magnetic actuation &My, is kept constant.
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Figures 4.30 and 4.31 show that increasingly negatalues ofM,; induce
increasing tensile pre-stresses in the Galfendrlghyereby reducing the effective free
strain that can be obtained from it. Note thatrasst gradient still exists along the
thickness of the Galfenol layer and hence this &gens not the same as subjecting a
Galfenol rod to uniaxial tension. This gradient ppe-stress in Galfenol creates a
gradient of magnetically induced-strain on appiaatof magnetic fields. This
complexity cannot be modeled with the existing miode techniques described
earlier which assume a uniform and constant fre@nsin the active layer of the

unimorph. An appropriate modeling technique willdigcussed in Chapter 5.

Figure 4.30. Total strain on Galfenol surface vs. @lied magnetic field for
different My which produce tension in the Galfenol layer in theunimorph

having a 1.84-mm thick Aluminum layer.
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Nevertheless, as a result of reduced free stragntauensile pre-stresses, the
maximum values of magnetic field-induced strainbmth Galfenol and Aluminum
surfaces reduce with increasingly negatig applied to the unimorph as shown in
Figures 4.30 and 4.31. This implies that a devisiagia Galfenol-based unimorph
should ensure that any external forces acting @t ttevice should not create

significant tensile stresses in the Galfenol laydrich could block the actuation

strain.

Figure 4.31. Total strain on Aluminum surface vs. pplied magnetic field for
different My which produce tension in the Galfenol layer in theunimorph
having a 1.84-mm thick Aluminum layer.

Figures 4.32 and 4.33 show that increasingly pasitialues ofM,; induce
increasing compressive pre-stresses in the Galfena@r thereby increasing the

effective free strain that can be obtained fronHbwever, the extent of increase in
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free strain in Galfenol will depend on the stresgribution along its thickness and
hence on the Aluminum layer thickness too. Thetingivalue of the free strain is
(3/2) 100 which can be obtained if the minimum magnitudecampressive stress in
Galfenol is sufficient to orient all the magnetioments perpendicular to the length
of the Galfenol sample. Once again, it should b&dhdhat this behavior of the
unimorph cannot be modeled by assuming a constaatdtrain in Galfenol layer.
The modeling of this scenario would require the boration of a structural model

and a non-linear material constitutive model.

Figure 4.32. Total strain on Galfenol surface vs. @plied magnetic field for
different M, which produce compression in the Galfenol layer ithe unimorph
having a 1.84-mm thick Aluminum layer.

As a result of increased free strain due to consprespre-stresses, the

maximum value of magnetic field-induced strain athbGalfenol and Aluminum
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surfaces increases with increasingly positgapplied to the unimorph as shown in
Figures 4.32 and 4.33. This implies that a devieagia Galfenol-based unimorph
may be subjected to external forces that wouldtersignificant compressive stresses

in the Galfenol layer in order to improve the atitwra performance.

Figure 4.33. Total strain on Aluminum surface vs. pplied magnetic field for
different M, which produce compression in the Galfenol layer ithe unimorph
having a 1.84-mm thick Aluminum layer.

The same analysis repeated on the strains obtdroed the Galfenol and
Aluminum surfaces in the unimorphs with 3.7 and37dm thick Aluminum layers
showed the same trends with respect to variationsagnetic field ant¥y;.

Figure 4.34 shows the actuation-induced normaligedlisplacement of the
three different unimorphs as a function\y;.. These values were calculated from the

strains observed at magnetic saturation. The siplacement due to applicationMf;
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at zero magnetic field was subtracted in order ¢tonmare the additional tip
displacement only due to magnetic actuation effddte tip displacement was
normalized with respect to the length of the actaxger and total thickness of active
and passive layers so that the effect Mfi can be compared. Since in these
unimorphs, the active and passive layers are &éréifit lengths, the choice of total
thickness of active and passive layers but only ldregth of active layer for
calculating the normalized tip displacement wasebasen Equations (4.14) and

(4.15).

Figure 4.34. Actuation-induced normalized tip disphcement (wrpt/L2%) vs. My
at magnetic saturation for the unimorphs with 7.43,3.70 and 1.84-mm thick
Aluminum layers.

The experimental values B&t,; = 0 were compared to the predicted values in

Table 4.4. Both the 1D and 3D models predictedirtyed and order of magnitude of
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the values well. However, they consistently undedgted the tip displacement
values in all three unimorphs probably because thdynot account for the bond
layer.

Figure 4.34 confirms the observations made fronuffég 4.30 — 4.33. A
negativeMy; induces tension in Galfenol and reduces its actua@apability whereas
a positive My; induces compression in Galfenol thereby enhandisgactuation
capability. The tip displacement can be reducedeim by applying a sufficiently
negativeM,; which can block the actuation-induced bending mam@n the other
hand, there is also a critical value of positMg which is required to obtain the
maximum tip displacement. Further increase My does not increase the tip
displacement. Figure 4.34 also shows that the sadfiboth blockingMy; and critical
My are inversely proportional to the Aluminum laydrickness for the three
unimorphs on which the experiments were performiéus proportionality indicates
that the composite stiffness of the unimorphs pkysmportant role in determining
the actuation performance of the active layer dtagethe entire composite structure.
Such complex behavior of active structures can belynodeled using a combination
of structural and non-linear material constituthmedels as mentioned earlier. Such a
model can be used for investigation of the actuatierformance of unimorphs for a

wider range of parameter variation.

4.7. Sensor characterization results

Prior work by Datta and Flatau [139] presented ne&mgtrictive strain
sensing results using two different configuratioh&alfenol-based unimorph. These

results were obtained at only one bias magnetid fieghich was provided by a
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permanent magnet placed on the Galfenol layerarutimorph. Such a configuration
introduced significant inhomogeneity in the magndtix distribution in the Galfenol
layer and also restricted the study of the effdcinagnetic biasing on the sensing
behavior which is known to be an important perfonocea parameter from the
discussion in Chapter 2.

The results shown in this section were obtainedguai non-contact magnetic
biasing mechanism that used a solenoid and hemcedhsing behavior could be
evaluated at different bias magnetic fields by oahibg the current in the solenoid.
However, a practical restriction on the measuremes imposed by the range of the
Hall sensor which acquired a signal proportionalttte magnetic induction in the
Galfenol layer. The Hall sensor could measure Uf60 gauss and hence would
saturate at an applied magnetic field of 20-25 kAlepending on the applidd:.

A commercially available Hall sensor with highengea would exhibit a lower
sensitivity to change in magnetic induction anddeerh would not be able to measure
change in magnetic induction due to small changeslid. This trade-off between
range and sensitivity in a Hall sensor is not agbld and hence it is advisable to
choose an appropriate Hall sensor which can opeii#tién the desired range with an

acceptable sensitivity for any magnetostrictivessam application.

4.7.1. Self-consistency in sensor data

It was shown in Chapter 2 th&( , H) is a state function for quasi-static
changes in andH. Based on this premise, the unimorph sensor cteization was
performed using two different methods as describeBection 4.3 in order to verify

the consistency in the Hall sensor ddaa().
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Figure 4.35 shows a typical plot obtained from tinst method where the
Bruan was acquired for quasi-statically varyifty,, at different constaniy. Using
this plot, it is possible to fin8.a at differentMy; at a constantipp, as shown by the
vertical grey dashed line on Figure 4.35. Thesa @atnts can be plotted 8gq VvsS.

My at constanH,p, as shown in Figure 4.36 by the circles ifap, = 10 KA/m.

In the second method, tik,, was kept constant by passing a constant current
through the solenoid while the tip loading was &drto obtain differenM,; and
correspondingly different values &.,. The Byay vs. My data obtained from the
second method is shown by the solid line in Figu®6. A comparison of the data
obtained from the two different methods clearly who that the sensor

characterization data was self-consistent.

Figure 4.35. Hall sensor output vs. applied magnetifield obtained at constant
My of -5.21, -1.74, 0, 1.74 and 5.21 MPa from the wmmorph with 7.43-mm thick

Aluminum layer.
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Figure 4.36. Hall sensor output vsMy; obtained at a constant applied magnetic

field of 10 kKA/m from the unimorph with 7.43-mm thick Aluminum layer.

4.7.2. Effect of bias magnetic fields

Figure 4.37 show®Buai VS. My at Happ Of 4.6, 9.8, 14.7 and 19.2 kA/m
obtained from the unimorph with 1.84-mm thick Alumam layer. Such sensor
characterization curves obtained from other unirhsrgvere qualitatively similar.
Therefore, the effect of bias magnetic field aid on the sensing behavior will be
discussed using the representative plots shownguaré 4.37. The labels “tension”
and “compression” denote the dominant stress statfiee Galfenol patch due to the
appliedMy:.. Also note that the subplots in Figure 4.37 hawkem@nt maximum and
minimum values ofByy on theiry-axis but the range is same (100 G) in all the

subplots.
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Figure 4.37. Hall sensor output vsMy; at bias applied magnetic fields of (a) 4.6
kA/m, (b) 9.8 kA/m, (c) 14.7 kA/m and (d) 19.2 kA/mn the unimorph with 1.84-
mm thick Aluminum layer.

Figure 4.37 shows that at a given bias applied midgrield, the material
saturates at a relatively small magnitudé/gf( 2.5 MPa) if the Galfenol patch is in
tension. Note that both bias field and tensionnactogether favor the orientation of
magnetic moments along the length of the Galfeatttpthereby saturating Galfenol.
Saturation 0By is not observed if the Galfenol is in compressimtess the bias
field is very small (4.6 kA/m) such that relativedynall compressive stresses which
can be produced b, 5 MPa is sufficient to rotate most magnetic moraent

perpendicular to the length of the Galfenol patdbte that the characteristic curve
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shown in the lower right quadrant of Figure 4.37amalogous to the B-curves
obtained under compression which were shown in @& whereas the curves in
upper left quadrant is analogous to Burves under tension.

Although the aforementioned analogy is helpfuldlate the bending behavior
with the axial sensing behavior, it should be natemt since the internal magnetic
field could not be kept constant under bending, sleasing behavior is highly
influenced by the shape anisotropy and the strestgbdition in the Galfenol patch
both of which affect the internal field for a cosst applied magnetic field. Keeping
these factors in view, the features shown by thevesuin Figure 4.37 could be
explained more accurately.

For example, it is logical to assume that as trees ield would increase,
Galfenol would saturate in tension at a lower vabdieM,;. However, Figure 4.37
shows that although the applied magnetic fieldhanged by a factor of four, the
saturation in tension always takes place clo9d,4a= 2.5 MPa. This behavior can be
explained by the reasoning that for a given appheanetic field, an increasing
tensile stress decreases the internal magnetat (@ explained in Chapter 2) and a
smaller fraction of magnetic moments orient along kength of the Galfenol patch
than it would be expected. Hence the sensing ramgension is increased by a
compensating reduction in the internal magneticfie

Similarly, the internal magnetic field in Galfenalould increase for
increasing compressive stresses thereby reducengatiige as well as sensitivity of
the Galfenol sensor under compression. Howeves, thenomenon can be put to

advantage for designing a Galfenol-based bendingasevhich requires equal range
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of operation in tension and compression. Sinceitternal field depends on the
demagnetization factor, applied field and streasiterative design and experimental
approach could be used to find suitable dimensants bias applied magnetic field
that could be used to operate the Galfenol semstind desired stress range. Since
such an iterative design procedure can be timeuroimg) and costly, it is desired to
develop a modeling technique for a magnetostrictemesor in bending which can be
used to simulate sensing behavior in order to ahcosh design parameters. Such a

modeling technique will be shown in Chapter 5.

4.7.3. Analysis of sensor parameters

It is required to define certain parameters [1T9pider to gain more useful
information from sensor characterization curveseseh parameters are useful for
sensor design and for comparing sensor performamder different conditions.

Sensitivityis the ratio of change in the output sigriail4) to change in input
signal My). This can be obtained from the slope of the fiestraight line to the
Bhan VS. My plot. It can be expressed in T/GPa which is als® wnit for stress
sensitivity @*) under axial loading. Note that the sensitivitstdid in Table 4.5 is
significantly lower than the values df shown in Chapter 2. This indicates that the
device sensitivity will always be significantly l@vthan the sensitivity of the active
material.

Table 4.5 indicates that in all the unimorphs, de®ice sensitivity is higher
when Galfenol is in compression (i.e. positiMg) except for the lowest bias field
(4.6 kA/m). Also, the sensitivity increased withcieasing bias fields for both

positive and negativéy. The effect of unimorph thickness could not beadie
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distinguished due to small variations in Hall sengosition between one unimorph
and another.

Table 4.5. Effect of bias applied magnetic fieldHapp in KA/m), nature of My
(negative/positive) and Aluminum layer thickness t{ in mm) on sensitivity

(T/GPa) of Galfenol-Aluminum unimorphs.

Happ 4.6 9.8 14.7 19.2

Myt - + - + - + - +

t,=7.43 0.47 0.79 0.69 1.54 0.81 1.87 0.89 2.01

t;=3.70 0.48 0.47 0.55 1.01 0.59 1.25 0.64 1.36

t;=1.84 0.52 0.37 0.56 0.79 0.59 1.02 0.64 1.16

Operating rangeis the range of input for which the sensor canega
proportional (preferably linear) output. No commeain be made about the entire
operating range of the unimorph sensors since pleeating range of the Hall sensor
used in the experiments did not allow the measunémé& magnetic signal upto
saturation. However, it can be said that for tlas liields at which the experiments
were performed, the unimorphs showed a linear sgnsisponse for -2.5 MPaMy;

5 MPa. Note that in dynamic applications, the enffrequency within which the
sensor can work needs to be defined too.

Resolution(Rnyey) Of @ magnetostrictive sensing device is the ssalthange
in input which produces a measurable change irothput. This parameter depends
on the sensitivity of the Hall sensoSyf 2.5 mV/gauss), the sensitivity
( Buan/ My of the magnetostrictive sensing device and tselu#ion Rnneas= 0.25

mV) of the voltage measuring device which measthesoutput of the Hall sensor.
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The resolution of the magnetostrictive sensing ckevcan be expressed using

Equation (4.25).

_ Rn,
R = cas 4.25
e S (1B /TM,) (4.29)

Table 4.6 lists the sensing resolution of the umphcsensors under different
bias fields and loading conditions. In general, thsolution was better when the
Galfenol patch was in compression. The resolutiboned nominal improvement
with increasing bias fields.

Table 4.6. Effect of bias applied magnetic fieldHapp in KA/m), nature of My
(negative/positive) and Aluminum layer thickness t{ in mm) on sensing

resolution (x 1G Pa) of Galfenol-Aluminum unimorphs.

Happ 4.6 9.8 14.7 19.2
My - + - + - + - +
ty=7.43 21 13 14 6 12 5 11 5
t,=3.70 20 21 18 10 16 8 15 7
ty=1.84 19 26 17 12 16 10 15 8

Accuracyis the ratio of maximum error of output to thelfatale output
expressed as a percentage. The highest valuenafasthdeviation for any data point,
which was ~ 2 gauss, was considered as the maxienmton The full scale output is
the difference between the values Bf, corresponding to the maximum and
minimum values oM. In these experiments, the accuracy was between 4.6 %.

Linearity is the maximum deviation of experimental data fsifilom best

straight line fit between output and input. A ggidiline can be fitted to thBya vs.
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My plot and the correlation coefficient YRcan be considered as the measure of
linearity. Table 4.7 lists the values of Bbtained from the straight line fits of the
sensor characterization data. As expected fromiqgueanalyses, the values in Table
4.7 also confirm that higher bias fields and commpnee stresses in Galfenol produced
more linear sensing response from the unimorphs.

Table 4.7. Effect of bias applied magnetic fieldHapp in KA/m), nature of My
(negative/positive) and Aluminum layer thickness t{ in mm) on correlation

coefficient (R?) of Galfenol-Aluminum unimorphs.

Happ 4.6 9.8 14.7 19.2

Myt - + - + - + - +

;=743 0.818 0993 0873 0999 0.870 0.999 0.861 0.999

t;,=3.70 0.788 0972 0810 0996 0.809 0.999 0.824 0.999

t;,=184 0.713 0935 0.774 0987 0.781 0.992 0.798 0.999

Hysteresisis the change in output for the same input appiigdically. The
standard deviation By, obtained for each value of strain gives a meastithe
hysteresis. The hysteresis in the data was extyesnehll ( 2 G) under the operating
conditions of the experiments.

Offsetis the value of output for zero input. This is @ignal B,) obtained
from the Hall sensor when a bias magnetic fieldaplied in the absence of a
mechanical loading. Table 4.8 lists the Hall serdftset values under different bias
applied magnetic fields for the different unimorpMote that for the sami,,p, a
different B, could be measured based on small misalignmentagation in the

position of Hall sensor which can occur during biogd
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Table 4.8. Offset B, in gauss) in Hall sensor output for different biasapplied
magnetic fields Happ in KA/m) in the Galfenol-Aluminum unimorphs with

Aluminum layer thickness {; in mm).

Happ 4.6 9.8 14.7 19.2
t, = 7.43 208 440 666.25 867.5
t, = 3.70 142.75 311 475 620
t, = 1.84 148.25 324.5 496.5 647.75

Noiseis a measure of the clarity of the signal. Noiae be introduced due to
drift in measuring instruments, harmonics of thegfrency at which the power line
operates, or even faulty electrical or mechanicalnections. Most of it can be taken
care by applying simple signal conditioning on tbatput signal. Since all
experiments were performed under quasi-static ¢iomdi, the electronically acquired
data displayed a 60 Hz noise due to the power kt@nce appropriate filtering and
averaging was performed on the raw data.

Operating conditionsnclude environmental factors for which the caiioon
of a device is valid. All material properties ammperature dependent and phase
transformations take place at certain temperatifesnidity and pH values of the
operating environment affect corrosion rate. Dyrananditions can lead to fatigue.
Hence it is necessary to have the knowledge ofatiper conditions. All experiments
on the unimorphs were performed at room temperatur20 + 1°C) under quasi-
static conditions. The solenoid was surroundedckypacks to avoid any significant
local temperature variation due to Joule heatirflge Temperature in air inside the

solenoid was measured using a commercial thermomete
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Figure of merit (FM) is a dimensionless number which defines the
performance of the magnetostrictive sensing deVAceexperimental figure of merit
based on Equation (2.20) can be defined for a Ingnsiensor as shown in Equation
(4.26). Here |My| is the absolute value of operating range for Whie sensitivity
has been calculated. Note that Equation (4.26)uded the effect of device
sensitivity, operating range and magnetic bias tmmdand hence can be considered

as a comprehensive measure of the device perfoenanc

FM — Hall (4.26)

Table 4.9. Effect of bias applied magnetic fieldHapp in KA/m), nature of My
(negative/positive) and Aluminum layer thicknesst{ in mm) on figure of merit

(FM) of Galfenol-Aluminum unimorphs.

Happ 4.6 9.8 14.7 19.2

Myt - + - + - + - +

t;=7.43 0.11 0.20 0.08 0.19 0.06 0.15 0.05 0.13

t;=3.70 0.18 0.17 0.10 0.17 0.06 0.14 0.05 0.12

t;=1.84 0.18 0.12 0.09 0.12 0.06 0.10 0.05 0.09

Table 4.9 lists the values &M obtained from the unimorphs under different
bias fields and loading conditions. These valu&enae earlier observations which
showed that better sensing performance could ba&redat at higher bias field and if
the Galfenol was under compression. HiM values also showed that for the lowest
bias field (4.6 kA/m) the sensing performance uneesion and compression were

similar.
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From the analysis of gage factors of Galfenol img@br 2, it is known that the
sensitivity of Galfenol peaks at small values ofgmetic bias and compressive stress.
Since all the unimorphs showed improvement of sgngerformance with increasing
bias applied magnetic field, it can be deduced fbatall these applied magnetic
fields, the internal magnetic fields in Galfenolregpossibly less than or equal to the

bias magnetic field where the peak in gage facts abserved in Chapter 2.

4.8. Summary

In this chapter, the concept of a magnetostrictarainated composite was
introduced. A unimorph with an active magnetostreelayer and a passive structural
layer was identified as the simplest active comgoshich could be used in bending
applications both as an actuator and as a sensercdmposite stiffness, mechanical
load and magnetic field were identified as the keyameters that influence the
performance of magnetostrictive laminated compssite

Galfenol-Aluminum unimorphs were built based onigescriteria set by
beam theory with induced-strain actuation. Thesienarphs were characterized as
actuators and sensors which can work in bendingemdtie effect of unimorph
stiffness, mechanical pre-load and actuating magnéeld on the actuator
performance was studied. The out-of-plane tip dispinent of the unimorphs
normalized with respect to the composite thicknasd length of active layer was
chosen as the performance parameter for actuaiamilarly, the effect of unimorph
stiffness, bias magnetic field and nature of memdanloading on the sensor
performance was also studied. Several performameangeters for sensing were

defined and calculated.
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A number of challenges related to experimental attaerization were
analyzed and discussed. Some of these challengdsas the effect of bond layer on
stiffness matching condition dealt with the struataspect of the unimorphs whereas
other issues such as demagnetization and magreticvariation dealt with the
magnetic aspect of these magnetostrictive commosit@hallenges related to
measurement and interpretation of magnetic sigoal sensing purposes using
commercial magnetic field sensors was also disclisse

The experimental studies revealed the presenceoopling between the
magnetic circuit of the device, the structural desiof the setup and the
magnetomechanical response of the active mat@ia.experimental results showed
consistent trends which had to be explained usiognabination of theories discussed
so far. A suitable modeling technique for magnetctsie laminated composites
would be one that can be used to simulate the tmtuand sensing behavior for a
wider range of parameter variation which could b@tperformed in the experimental

studies. Chapter 5 will present such a coupled mmagieechnique.
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Chapter 5: Modeling of magnetostrictive laminatedposite

In this chapter, a generalized modeling approachdescribed for a
magnetostrictive device which is then used to dgvel magnetomechanical plate
model (MMPM) to predict the strain, stress and nedigninduction in laminated
structures with magnetostrictive and non-magneatels.

The MMPM is used to perform simulation studies ofiamorph structure
having a magnetostrictive Galfenol layer attacheedlifferent non-magnetic passive
layers. The actuation response from the patch tairdd for in-plane axial magnetic
field acting on the unimorph. The MMPM is used tegct the normalized tip
displacement due to induced-strain actuation irileered unimorph beams and the
results are compared with existing modeling techesq

The model is used to study the effect of tensilé emmpressive axial forces,
and bending moments on the actuation and senssmpmee of the unimorph at
different magnetic fields. A study is also perfodrte understand the effect of total
thickness of the structure, the ratio of the ad¢pigesive layer thickness and the effect
of the mechanical properties of different passivaanals on the actuator and sensor
performance.

Finally, the MMPM is used to model the actuatiod aensing response of the
unimorphs discussed in Chapter 4. The results dstraia that the model captures
the non-linearity in the magnetomechanical procasd the different structural

couplings in a magnetostrictive laminated composite
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5.1. Background and scope of this work

Several researchers have attempted to addresshdienges involved in
modeling the actuation and sensing behavior of m@gtrictive composites using
different approaches. Klokholm [180] developed aalgical expression to find the
magnetostriction constant of a magnetostrictiva fiim attached to a non-magnetic
substrate from the measured displacement of tleeeiine of a cantilevered composite
beam. Another analytical expression for the samenato was obtained by du
Tremolet de Lacheisseret al. [181] which differed from Klokholm’s formula by a
factor of (1 - )/(1 + ). Assuming a Poisson’s ratio of= 0.33, for a given cantilever
tip displacement; Lacheisserie’s formula would jred magnetostriction which is
nearly half of what Klokholm’s formula would predtlidn a later work, Klokholrret
al. [182] validated their formula with experimental suéts from thin film
measurements. A tacit assumption in both theseoappes was that the film
thickness is negligible compared to the substraigkhess and hence the structure
undergoes pure mechanical bending due to a “bendliognent” arising from the
constraint imposed by the passive substrate ofrébestrain of the active layer.

This limitation in the model was addressed in othealytical approaches
[183] using beam theory and shell theory to accéamiboth expansional and bending
strains due to induced-strain actuation of a cont@d®am but these approaches did
not account for the effect of magnetic field antss on the magnetostrictive layer.
In a later work [184], an improved analytical modehs obtained using energy
minimization methods, which was shown to be vald &ll active/passive layer

thickness ratios. However, the omission of the neémprystalline anisotropy energy
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which indicates the preference of magnetic momamntation along particular

directions called easy axes made this model onitalde to handle only isotropic
saturation magnetostriction in amorphous magnettisg materials. Moreover,

Guerrero’s model [184] does not account for thengeain magnetostriction or
magnetic induction in the active layer due to tleess developed in the active
material as a result of the deformation of the cosite structure due to induced-
strain actuation.

Wun-Fogle et al. [185] used a planar magnetization rotation model f
predicting the sensing performance of an amorphmagnetostrictive material
adhered to an Aluminum beam subjected to varioadity conditions. This approach
is well suited for one-dimensional prediction oé ttnagnetostrictive response in the
regime where magnetization rotation takes place. Sdineme used for calculating the
magnetostriction is suitable for prediction alohg magnetic easy axis provided all
the magnetic moments in the material are initialigned perpendicular to this axis.
Their model included the magnetomechanical intevastunlike the other models
discussed, but the structural interaction withAheminum beam and its effect on the
performance of the magnetostrictive material wagaleen into account.

Structural interactions between the active and ipasdayers of a
magnetostrictive composite were addressed in defislement approach [186].
However, this work used constant magnetomechapicalerties of the active layer
thereby ignoring the effect of stress developed twustructural deformation of the

active layer on its magnetomechanical properties.
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In order to overcome these limitations, a magnetdraeical plate model
(MMPM) is developed in this chapter by combining emergy-based constitutive
magnetostrictive model with the classical laminafddte theory and a lumped
parameter magnetic model. Although the results shiovthis chapter are relevant for
guasi-static mechanical stress and magnetic fighlication, the model algorithm can
be used in a dynamic setting too. The model desdritere is two-dimensional in
nature and can be used to analyze laminated stegctin which active
magnetostrictive layers actuate the structures.

This model offers the following advantages. Thergndased constitutive
magnetostrictive model offers the flexibility of @ping stress and magnetic field in
any direction in 3D space and the resulting noadm magnetization and
magnetostriction can also be predicted along argction. The plate theory accounts
for Poisson’s effect and other types of mechanmalpling such as extension-
bending coupling. The Ilumped parameter magnetic anodccounts for
demagnetization and helps in calculating the irlemagnetic field for a given
applied magnetic field. Most importantly, a recuesialgorithm used in this work
accounts for the change in magnetostriction anermiad magnetic field in the active
layer due to the stress developed in it as a re$ulie deformation of the composite

structure due to induced-strain actuation and aggin of external forces.

5.2. Model formulation

This section will describe a generalized coupleddeting approach for
magnetostrictive devices using a recursive algaritin order to use this technique in

laminated magnetostrictive composites, a constiguthagnetostrictive model, the
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classical laminated plate theory and a lumped per@mmagnetic model will be
introduced. Finally, a specific algorithm for cominig these theories to develop the

MMPM will be described.

5.2.1. Magnetostrictive device modeling approach

Physics-based modeling of a magnetostrictive aciiabr sensing device
requires the modeling of three mutually dependeablpms. These three problems
are namely the structural analysis of the device,rmhagnetic analysis of the device
and modeling the constitutive behavior of the atiwaterial which is at the core of

the device. The flow diagram of such a modelingragph is shown in Figure 5.1.

Figure 5.1. Flow diagram of device-level model.

The structural analysis of the device is perforrbgdsolving the mechanical
boundary value problem. The structural model actoior the effect of an external
force (axial and shear forces, bending moment arglie) acting on the device and

predicts the displacement (in and out-of-planeldsgments and twist) of the device.
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It also calculates the stress in the magnetosteictnaterial in the device. The
structural analysis can be performed using lumpedrmeter force-balance approach
(zero-dimension), beam theory (1D), plate theo)(@r finite element method (3D).
The general mechanical boundary value problem bas Hiscussed in Chapter 4.

The magnetic analysis is performed by solving tlegmetic boundary value
problem. The magnetic model accounts for the effeictan external applied
magnetizing source (current in a solenoid or rerhmaagnetization in a permanent
magnet) on the device and predicts the correspgndimgnetic quantities
(magnetization, magnetic induction and magnetig)flit also considers the entire
device as a magnetic circuit and hence can préaécimagnetic field in any of the
components of this circuit. The magnetic model mcassary to account for
demagnetization effect. The magnetic analysis canpérformed using lumped
parameters, simple magnetic circuits or finite edabhmethods. The general magnetic
boundary value problem has been discussed in Qiseptnd 4.

Once the stress and magnetic field in the magnettwee material are known
by solving the mechanical and magnetic boundaryiergiroblems, the material
constitutive model can be used to predict the m@mateon (or magnetic induction)
and magnetostriction in the active material. Thepted linear constitutive equations
and several non-linear phenomenological and eneaggd models described in
Chapters 1 and 2 can be used for this purpose.

Most device level [2, 81] models use a combinatiériwo out of the three
analyses mentioned above. For example, magnetostriactuator models use a

magnetic circuit to calculate magnetic field fromivd current and uses this magnetic
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field value in a constitutive model to calculates tmagnetostriction in the active

material. Other types of actuator models considembagnetostriction to be a known

and constant value and use that value in a stalatuvdel to calculate deformation or

force induced by the active material. Conversatpser models assume a known and
constant value of bias magnetic field in the matefhe stress in the material is

calculated from a structural model without takimgoi consideration any actuation

effect caused by the bias magnetic field. The staesl bias magnetic field values are
used in a constitutive model to calculate the magmeduction in the material.

Mudivarthi et al. [166] developed a bi-directionally coupled mageddstic
model (BCMEM) approach which used a recursive smtutof all of the three
problems. Hence there was no distinction made d@tvactuation and sensing effect
as both cases required solving the mechanical aghetic boundary value problems
using a non-linear constitutive material model fbe magnetostrictive material.
Whereas other models consider stress and magneid &s the fundamental
independent inputs, this approach considered thledmet mutually dependent. The
model was validated against experimental data wbthifrom Galfenol-based
unimorph strain sensor [139].

It was evident from the discussion of the experitakeresults in Chapter 4
that stress and magnetic field cannot be conside®dindependent inputs in
magnetostrictive composites. In an actuation seentre magnetostriction produced
by an applied magnetic field deforms the compaeiteé produces stress in the active
material. The stress changes the permeabilityefrthterial and therefore the internal

magnetic field also changes. The development a#sstrand change in internal
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magnetic field as a result of actuation affects mh@gnetostriction which in turn
changes the actuation stress in the material. Tdreréhis problem can be accurately
solved only by using a recursive approach. In aisgnscenario, the stress produced
by an external mechanical force changes the petiitgand internal magnetic field
for a given bias applied magnetic field. Furtherendhe internal magnetic field also
produces magnetostriction which also deforms thecsire thereby producing
additional stress in the material. This stress @gzaen leads to change in the internal
magnetic field thereby making the problem a remarsine.

In this chapter, the recursive approach is appiedchodel the actuation and
sensing behavior of magnetostrictive laminated amsnips. Since the preliminary
analysis in Chapter 4 showed that a 2D structuratleh would be sufficient to
analyze the unimorphs, the classical laminatecegglaory was deemed to be an ideal
candidate for the structural model. As the magné&éld in the experiment was
applied only in one direction using a solenoidumped parameter magnetic model
was deemed sufficient to analyze this scenario. il&ily, the energy-based
magnetostrictive model which was used in Chaptevds considered a good choice
for modeling the non-linear constitutive behavidr @alfenol in magnetostrictive
composites. These modeling components will be de=ttin details in Sections 5.2.2
— 5.2.4. Finally, Section 5.2.5 will present thgaalthm for combining these models
into a recursive algorithm that can be used asupled magnetomechanical plate
model (MMPM) for predicting the actuation and segdbehavior of magnetostrictive

laminated composites.
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5.2.2. Energy-based constitutive magnetostrictive model

The energy-based constitutive magnetostrictive m¢#ie3] described in
Chapter 2 is presented here in its 3D form. The ehadses the saturation
magnetizationNls), the magnetostrictive constantsof, 111) and the # and &' order
magnetocrystalline anisotropy constanks, (K;) to calculate the Zeeman, stress-
induced anisotropy and magnetocrystalline anisgt@pergies per unit volume due
to a magnetic fieldH) applied along the direction cosines,( 2, 3) and a stress )
applied along the direction cosines, (2, 3) as shown in Equations (5.1), (5.2) and
(5.3) respectively.

E, :'”ZMSH(qq+ a,b,* asba) (5.1)

3
£ =Sl bg b a k)

-3/,5 bagg raagg9 +aagg)

E.=K(ajaj+aaiad )+Khda ) (53

(5.2)

However, in a 3D scenario, the stress-induced &woisp energy cannot be
calculated using Equation (5.2) which shows onlg oragnitude of stress and one set
of direction cosines. In order to include the effetall the components of a stress
tensor, the eigen-value problem shown in Equattod)(should be solved to get the
principal stresses {) and a set of direction cosines;( 2, 3) for each principal
stress and these values should be used as shofguation (5.5) to calculate the

total stress-induced anisotropy energy for a 3[2.cas

sxx txy [xz gl gl
ty Sty 9, =5 9, (5.4)
txz tyz S zz g3 g3

233



3 3
=gl S R4k ivad)

5 (5.5)
-3 S RAG ¥ ,+28G §,v23G,4,)
j=1
The total energyHror) of the system corresponding to different orieoted
of the magnetic moments with direction cosineg (2, 3) is shown in Equation

(5.6). The direction cosines can be expressedrimst®f the azimuthal angle X and

polar angle () such thata, =sing cog , a, =sing siry anda, =coy .

ETOT(/Q):EH-'-ES +Ean (56)
The magnetization components are calculated usipgtion (5.7).

p & - Eror
M, a, |singDgDj e ¥
Ml j=0g =0 a
M= M, = 3 (5.7)
M3

2p

» p - Eror
|singDgDj e W
/=0g =0

The magnetic induction is calculated using Equatto8).
B=m(M +H) (5.8)

The magnetostriction components are calculatedyusguation (5.9).
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The model parameters used to simulate the nonrlimeagnetomechanical
behavior of F&Gag are shown in Table 5.1. The model parameters westienated
from Figure 4.4 and Table 2.2.

Table 5.1. Parameters used in the energy-based ctingive model.

Ms (KA/m) 100 (M ) (M) Ki(kdm®) Kz (kdim) (2/m°)

1330 220 -13 16.5 -45 200

5.2.3. Classical laminated plate theory

While the energy-based constitutive model is sidfit to predict the
actuation and sensing behavior in a magnetosteictigterial along a given direction,
it needs to be coupled with a structural model ddrass actuation leading to or
sensing due to extension/contraction, shear, taisdl anticlastic or synclastic
bending. The bending can be anticlastic or synclas¢pending on opposite or
similar signs of the curvatures along thandy-directions which are denoted by
and y respectivelyThe classical laminated plate theory was foundetsintable for
modeling 2D laminated structures with active magsieictive layers and passive
structural layers. A typically deformed unimorphébiting anticlastic bending under

the influence of magnetic fields and/or mechanigedes is shown in Figure 5.2.
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Figure 5.2. Schematic of a deformed unimorph. Thergy and black patches are
the active and passive layers respectively.

In the MMPM, plate theory is used to determinertegnitudes as well as the
directions of stresses in the magnetostrictivermyad in turn these are used in the
energy-based constitutive model and therefore thagnetostriction becomes a
function of axial/shear forces and/or bending/tinggtmoments.

To apply CLPT [187] to the laminated structureisitassumed that there is
perfect bonding between the layers. Additionallgcte lamina has to satisfy the
Kirchhoff-Love thin-plate assumptions. Plates assumed to be in a state of plane
stress (; = 0) under the influence of in-plane forces. Atglaubjected to bending or
twisting moments will produce out-of-plane displa@nt which should be small
compared to the plate thickness. Planes normahdgoneutral plane always remain
normal to it (y,= x,= 0) and are also unstretched along the plat&&ribss (, = 0).

This formulation leads to what appears to be aradidtory assumption, i.e.,
both plane stress {= 0) and plane strain (= 0). This assumption was discussed and
explained by Bhaskeaet al. [188] who showed it to be appropriate for thintpta
Hence the non-zero values gfcalculated by earlier models [181, 184] violate th

formulation of models which are based on the assiompf thin plates.
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As shown in Equation (5.10), CLPT can be usednd the mid-plane axial

and shear strains{e°} ={q‘j g Qy}T and bending and twisting curvatures

{& ={/(X k, kxy}T of a laminated structure witNL layers using the structural

(A - _
18 [ {4 (MM

The extensionalA], coupling B] and bendingD] stiffnesses of the structure can be

stiffness and forces acting on it.
(4 {e} _ (v 510

calculated from Equations (5.11), (5.12) and (5r&3pectively. The mechanical and
actuating forces NI} and {N} and moments §1} and {M} per unit length, are

explained in detail later.

A = k:l(Q,- ) (- ) (5.11)
B, =%kNLl(Q,)k(m21 if) (5.12)
D, =j,1,,’kN:l(Qj ) (W i) (5.13)

Herei, j = 1, 2 and 6 for plane stress condition &pds the distance of the" layer
from the mid-planez = 0). The reduced stiffness matri@][of a material under plane

stress and having a cubic symmetry is given by Bop#5.14).

7 nE 0
1- n? t n?

[Q="8 . & . o (5.14)
0 0 G
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The mechanical properties of the different pasemagerials used in the model

simulations are shown in Table 5.2. For an isotropaterial, the shear modulus is

given by G :%(Hn)' Single crystal Galfenol (gg5asg) is not isotropic but has a

cubic symmetry and hence its Young’'s modulds=(63 GPa) and Poisson’s ratio (
= 0.45) are the same along any of the equivale@0xMirections ans = 128 GPa
[115].

Table 5.2. Mechanical properties of different passe materials [189].

Material  Aluminum Silicon Alumina
E (GPa) 70 165 530
0.33 0.22 0.24

The stiffness matrix of the laminated unimorph stinee is shown below.

All Alz 0 - B11 - Bl 0
Alz ’All 0 - 812 - Bll 0
0 B

0 0 Ass 0 - Dee
- Bll - BlZ 0 D11 D12 0
- BlZ - Bu 0 D12 D11 0

O 0 -B, O 0 D,

The termsA;;, D11 and Des are the standard extensional, bending and torsiona
stiffness respectively. The numerical values dfratss terms with subscripts 11 and
22 are equal and those with subscripts 12 and €&lap equal as the materials are
assumed to be either cubic or isotropic. The noo-zelue ofA;, indicates the
extension-contraction coupling in they direction due to Poisson’s effect. A non-
zeroB;; (or Byp) indicates an extension-bending coupling in theesdirection as the

loading wheread3,;, indicates an extension-bending coupling betwedhogonal
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directions. The presence of thi&s term indicates a shear-twist coupling in the
laminated structure. ThB1, indicates a coupling between the curvaturesand
due to bending along theandy-directions respectively.

The mechanical axial and shear forces and bendidgveisting moments per
unit length acting on the laminated structure awergby the vectorsN} and {M}
respectively. The actuation forces and moments pait length due to

magnetostriction can be calculated from Equatiénsy) and (5.16) respectively [1].

(N} = " (A4 - 1 5.15)

{M}=-

N[

RERUNUSY) (5.0

Figure 5.3 illustrates the symbols used in thiskfor describing the in-plane forces

and moments per unit length acting on a thin plate.

Figure 5.3. (a) Forces per unit length ) acting on a thin plate. The arrows
indicate the direction of the forces. Tensile forceas considered positive. (b)
Moments per unit length (M) acting on a thin plate. The arrows indicate the &s
about which the moments are applied. Anti-clockwisemoment is considered

positive.
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For comparison between laminates of different théds, the parameters such
as force per unit cross-sectioNy (= Ny/t) or normalized momentsvi; = M,/t?) are
more appropriate and hence will be often usediswdhapter.

The strains and stresses at any pardying in the k" layer) along the
thickness of the structure can be calculated froquaons (5.17) and (5.18)

respectively.

{d={¢}-A4 (5.17)
{s}=[al.({e}-{/}.) (5.18)

5.2.4. Lumped parameter magnetic model

While the energy-based magnetostrictive model cadigt the actuation and
sensing behavior in a magnetostrictive materialaf@iven internal magnetic field in
the material, it needs to be coupled with a magnatdel to calculate the internal
magnetic field corresponding to a measurable agptiagnetic field. For magnetic
fields applied along one direction, a lumped patameodel can be used to calculate
the internal field from the applied field by usitige relative permeability {) and
demagnetization factoN{) of the magnetostrictive material in Equation 5.1

Ha
H, = PP (5.19)
1- Nd+ Nd”?( S, Hin)

Note that for the same applied field, a changdénstress state of the material
will change the permeability thereby changing thierinal field. This can be readily
implemented by considering stress and magnetid-tiependent permeability as
shown in Chapter 2. The use of a variable permidalnl Equation (5.19) makes it a

recursive equation.
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Figure 5.4 shows the effect of demagnetizationofagh the internal magnetic
field for different applied magnetic fields. Noteat the plot is shown in log scale to
account for the large difference between appliatiiaternal fields at higher values of

demagnetization factor.

Figure 5.4. Effect of demagnetization factor on irdrnal magnetic field for a
given applied magnetic field.

Although a lumped parameter approach is not s@itédl obtaining spatial
variation in magnetic quantities in the magnetostré material, however it can be
computationally efficient for modeling along oneretition using an average
demagnetization factor calculated based on an geer the magnetic field

distribution in the material as shown in Chapter 4.
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5.2.5. Algorithm of Magnetomechanical Plate Model

The energy-based constitutive model was combineith wie CLPT and
lumped parameter magnetic model to develop a magregthanical plate model
(MMPM). The input and output parameters of thesal@®were coupled using the

recursive algorithm shown in Figure 5.5.

Figure 5.5. Recursive algorithm used for couplinghe material, structural and
magnetic model in the magnetomechanical plate model

The applied magnetic field along tikedirection {Hy) and an initial guess of
small non-zero (to ensure convergence) stress wesxl in the energy-based
constitutive model to obtain the magnetostriction 11, y= 22 and x, = 12) and
magnetic induction Bx = B;). The magnetic induction was used to calculate the
permeability. The magnetostriction values were usedalculate N} and {M }.
These values along with values of initial mechdniceces (Nx, Ny or Ny,) were used
in the CLPT to calculate the mid-plane strains emc/atures. The values of% and

{ } obtained were used to find the strains and sé®sm the free surfaces of the
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active and passive layers using Equations (5.1d)(&ri18). The magnetic model was
used to calculate the internal magnetic field ustggation (5.19). The stresses, (y
and 4y) on the Galfenol layer and the internal magnegtdfwere used to update the
value of the stress-induced anisotropy and Zeemargg respectively in the energy-
based model to obtain new magnetostriction and etagmduction values which
were used to recalculate the strains and stresseg CLPT and internal magnetic
field using magnetic model. The process was repeatdl the calculated stress and
internal magnetic field on the Galfenol patch cageel to within 0.1 % deviation.

The advantage of using the MMPM s illustrated gskigures 5.6 and 5.7.
The results shown in these figures were obtainétgusn MMPM simulation on a
Galfenol-Aluminum unimorph where both the materiaisre of equal length (25
mm) and width (8.4 mm). The thickness of the Gailfeand Aluminum layers were
1.86 mm and 3.7 mm respectively.

Figure 5.6 shows the internal vs. applied magrfegld in the Galfenol layer
calculated using a demagnetization factor of 0.08% “no coupling” curve was
obtained by using permeability values in Equati®ri®) which were obtained at the
required internal magnetic field but at zero str@$se MMPM simulation considered
the stress developed in the Galfenol layer whitaredl the permeability and hence

affected the calculated values of internal magrfetid.
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Figure 5.6. Internal vs. applied magnetic field caulated in Galfenol layer of a

Galfenol-Aluminum unimorph. The Galfenol layer wasassigned arNg = 0.035.

Figure 5.7. Strain on Galfenol surface vs. internamagnetic field in a Galfenol-

Aluminum unimorph.
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Figure 5.7 shows the strain calculated on the $tetace of the Galfenol layer
in the unimorph as a function of the internal magnield. The difference between
the “no coupling” and MMPM curves are caused byfdw that MMPM modifies the
free strain in Galfenol based on both its stress iaternal magnetic field states
whereas the “no coupling” curve considers onlyititernal magnetic field which is
also calculated erroneously as shown in Figuref3t@ coupling is not considered.

These results motivate the use of the MMPM for glesand analysis of

Galfenol-based unimorph actuators and sensors.

5.3.  Model simulation results

In this section, the coupled model (MMPM) is usedimulate the actuation
and sensing behavior of Galfenol-based unimorphS&eiction 5.3.1, the out-of-plane
tip displacement of cantilevered unimorphs obtaifrech MMPM is compared with
the same obtained from other models in order tdliglgt the difference in their
prediction capabilities.

From the perspective of actuator design, the pynmaterest lies in studying
the strain and stress in Galfenol as a functiothefmagnetic field and how much of
that strain and stress is transferred to the satiesieading to extension and bending of
the composite structure. It is also of intereskiow stiffness-matching criteria and
effect of pre-loads on the actuation performaneetiSns 5.3.2 and 5.3.3 will present
simulation results showing the effect of magneteddf and axial pre-load on the
structure, the effect of varying the ratio of aetito passive layer thickness and the

effect of mechanical properties of the passiverayethe actuator performance.
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From the perspective of sensor design, the prinmeyest lies in studying the
change in magnetic induction in Galfenol as a fiamctof the applied force or
bending moment. Section 5.3.4 will present simatatiesults showing the effect of
bias applied magnetic fields and tensile and cosgive extensional forces on the
sensor performance.

Finally in Section 5.3.5, the MMPM simulations atempared with the
experimental results obtained from the actuatorsersor characterization described

in Chapter 4.

5.3.1. Comparison with existing models

The analytical formulae used by Lacheisserie [1&Ipkholm [182] and
Guerrero [184] were used to find the normalized dipplacement (/L) of a
cantilevered Galfenol-Aluminum unimorph as a fuotiof the thickness ratid;).
Heret is the thickness of the composite beans its length and thickness ratip) (is
the ratio of the thicknesses of the active andipadayers. The net tip displacement
( ) is the difference between out-of-plane tip displaents\{rp) obtained when the
magnetic field is parallel and perpendicular to kwegth of the beam respectively.
For either of the magnetic field conditions, the tlisplacement wWrp) of the
cantilevered unimorph can be obtained from Equat80). Here 4, which is the
beam’s curvature along thedirection, can be obtained from the axial strainsthe

surfaces of the active and passive layers of tiraanph as shown in Equation (5.21).

Kk
Wp =210 (5.20)
k & -6 (5.21)

X t
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The results obtained from the other models are emetpwith that obtained
from the MMPM for an applied magnetic field{,, = 65 kA/m) along the&-direction
in Figure 5.8. Both Lacheisserie and Klokholm pecé@in infinite increase in the tip
displacement with an increasing thickness ratioe Thsplacement predicted by
Klokholm’s model is (1 - )/(1 + ) times that of Lacheisserie’s prediction. Both
Guerrero’'s model and MMPM predict that the magretudf normalized tip
displacement increases initially with an increasehie thickness ratio and reaches a
maximum when the strain due to bending is maximdiurther increase ir;,

decreases as the unimorph extends freely at increasingléig.

Figure 5.8. Normalized out-of-plane tip displacemen( t/L?) vs. thickness ratio
(t) of a cantilevered Galfenol-Aluminum unimorph obtaned at an applied

magnetic field Happ = 65 kA/m). The Galfenol layer was assigned &y = 0.035.
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Table 5.3. Comparison of normalized tip displacemdrof cantilevered Galfenol-
Aluminum unimorph as predicted by models proposed ® Lacheisserie [181],

Klokholm [180], Guerrero [184] and the MMPM.

t; 0.0001 0.01 1 100 10000

Lacheisserie  8.17x1¢ 8.25x 10 16x 10* 8.25 8.17 x 19

Klokholm 412x10 4.16x1¢F 8.23x 10 4.16 4.12 x 16
Guerrero 9.95x10° 9.76 x10F 2.48x 10" 9.65x10° 9.84 x 10°
MMPM 3.20x16¢ 3.17x10 1.08x 10" 5.48x10 5.65x10°

Table 5.3 lists the values of the normalized tigpticement at certain
thickness ratios as predicted by the earlier moaetscompares them with the values
predicted by MMPM at the same thickness ratios. ther purpose of comparison,
same material properties and saturation magnettstri value for Galfenol were
used in all the models. The results of MMPM weraleated atH,,, = 65 kA/m
which is sufficient to saturate Galfenol as evidénm the experimental results
shown in Chapter 4. Guerrero’s model and MMPM predimilar tip displacement
only at high thickness ratio when the stress deexloin the Galfenol patch is
negligible and does not affect the magnetostrictibrthe stress developed in the
Galfenol patch is significant, as in the cases \Wtht,, and induces anisotropy so as
to oppose the magnetic field-induced anisotropg, rttagnetostriction will change as
a function of the stress developed in Galfenol Wwhie turn will affect the tip
displacement and the stress developed in the Gdlfestich. Since the recursive

scheme explained in Section 5.2.5 takes care efabiupled behavior, the MMPM
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provides a more flexible and accurate framework fowdeling the response of

magnetostrictive composites at any magnetic fiald thickness ratio.

5.3.2. Effect of actuating magnetic field and pre-load

In order to study the effect of magnetic field andal pre-load, a unimorph
structure of thicknesg € 3.7 mm) having single crystal Galfenol {f&a ) attached
to Aluminum such that, = 0.5 was used for simulation purposes. The foatiuh is
independent of the actual length and width of tinecture as the values of stiffness
and forces were defined for unit length and widimce it is easy to measure the
strain in a laminated structure by placing straages on the free surfaces of the
structure, which in turn can be used to calcullagecurvature and tip displacement of
the structure, the results presented here refahdovalues calculated at the free
surfaces of the Galfenol and Aluminum layers. Hbcases, the Galfenol layer was
assigned a demagnetization factor of 0.035 aloeg-thirection.

The strains  and y) and stresses ( and y) in Galfenol and Aluminum
along thex andy-directions as functions of the applied magnetitdfialong thex-
direction are shown in Figures 5.9 and 5.10 respeygt These figures show the
results when there are no external mechanical $omre moments acting on the
structure. As Galfenol exhibits positive magnetostn, a magnetic field applied
along thex-direction extends the free surface of the Galfdagkr along thex-
direction but the material contracts along yhdirection. An increasing magnitude of
strain is observed along both thandy-directions on the free surface of the Galfenol

layer with increasing magnetic field until the nrékesaturates at high fields.
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The maximum change in strain () in Galfenol due to applied magnetic field
was found to be 208 uOn actuation, the structure shows a negativeature ( )
along thex-axis and positive curvature,f along they-axis which make both the
strain and stress in Aluminum compressive alongdtigection and tensile along the
y-direction. In order to calculate the stress in@adfenol layer, the free-strain)(has
to be subtracted from the total strain as indicatedequation (5.18). Since the
Galfenol layer is constrained by the Aluminum lagkre to the bonding, the total
strain on its free surface is less than the fremrstThis leads to the development of a
small compressive stress along thdirection and small tensile stress along yhe

direction on the free surface of Galfenol.

Figure 5.9. Strains (x and ) on the surfaces of Galfenol and Aluminum layers

vs. applied magnetic field Hy) for Ny = O.
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Figure 5.10. Stresses ( and y) on the surfaces of Galfenol and Aluminum
layers vs. applied magnetic fieldKlx) for Ny = 0.

A compressive pre-stress applied to Galfenol alilvegsame direction as the
magnetic field is expected to provide an initidgament to the magnetic moments
perpendicular to the field direction and produceoaresponding decrease in initial
length in this direction due to the stress-indutgefnetoelastic strain in addition to
the mechanical strain. In the presence of a magfietid, the magnetic moments
align themselves along the field direction recawgrithe pre-stress induced
magnetostriction and thereby vyielding a higher aetuation strain. A different
scenario arises when a tensile pre-stress is a@ppieGalfenol along the same
direction as the magnetic field. A tensile stressexpected to initially align the
magnetic moments parallel to the field directiond goroduce a corresponding
increase in initial length in this direction duethe stress-induced magnetostriction in

addition to the mechanical strain. In the presesfca magnetic field the remaining
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magnetic moments align themselves along the fietdction thereby yielding a
smaller actuation strain.

It is evident from Equation (5.18) that it is natgsible to apply a constant
pre-stress to the laminated structure but it issids to apply a constant initial force
per unit cross-section. Hence a simulation wastoufind out the effect of constant
initial force per unit cross-section on the GalfieAtuminum laminated structure. It
was assumed that the structure was subjecteddostant initial force per unit cross-
section ) and the actuation response from the structureoltsned as the applied

magnetic field was varied from O to 65 kA/m.

Figure 5.11. Strains (x and ) on the surfaces of Galfenol and Aluminum layers

vs. applied magnetic field Hy) for Ny = -20 MPa.

252



Figure 5.12. Stresses ( and ) on the surfaces of Galfenol and Aluminum
layers vs. applied magnetic fieldKly) for Ny = -20 MPa.

The variations in strainsyand y) and stresses(and y) on the free surfaces
of Galfenol and Aluminum layers as functions of #ygplied magnetic field for an
axial compressive initial force per unit cross-getiof Ny = -20 MPa are shown in
Figures 5.11 and 5.12 respectively. The compreddiv@nparts an initial negative
strain (x) and stress () in the structure which are different at the feeefaces of the
two materials. If there were no extension-bendiagpting in the structure, they;
would have produced the same pre-strain in bothmhbeerials. Additionally if the
Young’'s modulus and Poisson’s ratio of both theemals were the same then the
initial stress would also have been the same.

The maximum change in strain () in Galfenol due to applied magnetic field
increased to 318 pthereby increasing the strain in the Aluminum scef The

simulation supported the idea that higher actuattrain can be obtained by
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introducing a compressive initial force per unibgs-section. It is also evident from
Figure 5.12 that the change i and  in Galfenol and y in Aluminum is
insignificant compared to the change iin Aluminum due to actuation.

A simulation was also carried out to find the effeta tensile initial force per
unit cross-section dfl; = +20 MPa on the actuation response. The tensddgad
imparts an initial positive strain,§ and stress () in the structure which are different
in the two materials due to the difference in thechanical properties of Galfenol and
Aluminum and the inherent extension-bending couwplim the structure. The
maximum change in strain () in Galfenol reduced to 1.33 yhereby reducing the
strain in the Aluminum surface to almost zero. Shulation supported the idea that
lower actuation strain is obtained by introducintgasile initial force per unit cross-
section. It was also found that application ofNy/and Hy was analogous to the
application of -/N, and Hy. The effect of application of 4 and -/4M, were
similar. The simulation effect dfl, will be shown in Section 5.3.5.

The shear strain ,{) and stress £) in both Galfenol and Aluminum were
zero as yy = 0 for all the scenarios presented above dubdmbsence of any shear
force or twisting moment acting on the structure afso because of the absence of
any structural coupling in the unimorph between ektension/shear, bending/shear,
extension/torsion and bending/torsion modes. Thk & these structural couplings
in the unimorph also resulted in no effect on sgand stresses along thandy-
directions due to application df, andHy. The effect oM,y is analogous that d,,

for strains and stresses along xtendy-directions.
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Model simulations showed that shear strain coulcieated by applying a
combination ofH, andHy even in the absence of any external mechaniceg¢$oiThe
shear strain is produced due to the existencenuinazero , under the influence of
two mutually perpendicular magnetic fields or a metge field directed in a way such
that it has two non-zero mutually perpendicular ponents. Figures 5.13 and 5.14
show the shear strains on the free surfaces ofe@alfand Aluminum layers
respectively. The values of magnetic field showrFigures 5.13 and 5.14 are the
internal magnetic fields. For a givety, the maximum shear strain is obtained when
Hx = Hy. Since the value of shear strain dependdlgrandMy, the maximum shear
strain that can be obtained is limited by the mé&ggtection of the Galfenol layer and

the properties of the laminate.

Figure 5.13. Shear strain (x) on Galfenol surface vs. internal magnetic field
along thex-direction (Hy) at different values of internal magnetic field abng the

y-direction Hy.
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Figure 5.14. Shear strain () on Aluminum surface vs. internal magnetic field
along thex-direction (Hy) at different values of internal magnetic field abng the
y-direction Hy.

A dimensionless parameter, “percentage strain feghdefined by Equation
(5.22) was used to analyze the actuation behasiar fanction of different thickness
ratios ;) and stiffness ratiog)) of the laminated structure.

_ De(freesurfaceof passivelayer

ST(t. Q)= 100 (5.22)

De ( free surface of active laygr

In Equation (5.22)Q; is the ratio of the stiffness [E/(B)] of the active layer to that
of the passive layer and; is the change in strain measured along the dinectin
the material due to a magnetic field.

Table 5.4 shows the maximum change in strain albeg andy-directions in
both Galfenol (Fe-Ga) and Aluminum (Al) under difat conditions of initial force

per unit cross-section and the correspondiig The initial « and y denote the pre-
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strain in the material only due to the initial ferat zero magnetic field. The change in
strain is calculated between applied magnetic $ietidH, = 0 andHy = 65 KA/m.
Table 5.4. Induced strain ( ) and percentage strain transfer (ST) from Galfenol

to Aluminum (t; = 0.5,Q, = 1.05) under differentNy..

itial 4 ( ) «( ) STx mital y( ) () ST,

Ny = 0
Fe-Ga 0 208 -34 0 -106  -34
Al 0 -70 0 36
Ny = -20 MPa
Fe-Ga -422 318 -34 171 -131 -34
Al -240 -107 68 44
Ny = +20 MPa
Fe-Ga 527 1.33 -34 -242 -0.64 -34
Al 205 -0.45 -44 0.22

The simulation results showed that in general tharsvariation with field
follows the same trend in both the active and padsiyers and th8T; varies by less
than 1 % with initial mechanical force and measwegetdirection. The data shown in
Table 5.4 confirms the significant effect of axiatial force per unit cross-section on
actuation strain in both the active and passivesnads in a unimorph.

Table 5.5 shows the maximum change in stresg &long thex andy-
directions in both Aluminum and Galfenol under €iffint conditions of initial force
per unit cross-section acting on the laminatedctire. The initial x and , denote

the pre-stress on the free surfaces of the landnsti@icture only due to the initial
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force at zero magnetic field. The change in stisssalculated between applied
magnetic fields oHy = 0 andHy = 65 kA/m.
Table 5.5. Actuation stresses in Galfenol and Alumum (t; = 0.5, Q; = 1.05)

under different initial Ny.

Initial  (MPa) x (MPa) Initial y (MPa) y (MPa)

Ny = 0
Fe-Ga 0 -0.18 0 0.39
Al 0 -4.53 0 1.02
Ny = -20 MPa
Fe-Ga -20 -0.22 -0.25 0.59
Al -17 -7.20 -0.85 0.72
Ny = 20 MPa
Fe-Ga 20 -0.001 0.45 0.003
Al 15 -0.03 1.83 0.005

It should be noted that the magnitude of changgress ( xor ) is always
larger in the passive layer than in the active layée large change in stress in the
passive layer develops due to the actuation efitade the small change in stress in
the Galfenol layer develops as it is constrainedhgypassive layer. In the absence of
any constraint, the free strain in the Galfenoletayould not have produced any

stress in it.

5.3.3. Effect of laminate thickness and stiffness

Based on the results shown in Section 5.8.R,was deemed as a suitable

parameter to evaluate the performance of unimogbator as a function of the
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thickness of the unimorph structure as well ag#tie of the thicknesses of the active
and passive layers. Section 5.3.3 shows simulaBenlts which were obtained by
using passive layers of Aluminur@{(= 1.05), Silicon Q; = 0.46) and AluminaQ;, =
0.14) in the unimorph along with the Galfenol lay€or each combination of active
and passive layers, the total thickness of the arpim was varied from 0.1 to 100
mm and for each of these unimorph thicknessewas varied from 10 to 1¢ in
order to simulate structures of different thickresssvith very thick passive material
and very thick active material respectively. Strai) and stress () on free surfaces
of Galfenol and passive layers as well as 8% were calculated at an internal
magnetic fieldHyx = 20 kA/m and in the absence of any external machapre-loads.
The results showed that the strains, stresses astda¥ transfer are functions
of the mechanical properties of the passive antveadayers and;, but they are
independent of the total thickness of the struct@e actuation, the unimorph
exhibits both mid-plane strains and curvatures.ngl@any direction X or y), the
curvature is proportional to the inverse of thaltthickness and the mid-plane strain
is independent of the total thickness. The distafatdrom the mid-plane of the
structure to the plane where the strains and ssease being calculated can be
expressed as a fraction of the total thicknesefstructure. Hence the strains and
stresses at the free surfaces of the structurallagdd using Equations (5.17) and

(5.18), and th&T; are independent of the total thickness of thectire.
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Figure 5.15. Effect of thickness ratiotf) on the strain ( x) on Galfenol surface for

different stiffness ratios Q).

Figure 5.16. Effect of thickness ratiotf) on the stress (x) on Galfenol surface for

different stiffness ratios Q).
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Figure 5.15 shows the strain along thdirection () on the free surface of
the Galfenol layer as a function of the thicknesfor(;,) for different stiffness ratios.
The strain is always tensile, peaking at same t,. for each stiffness ratio, and
dropping slightly for higher values &fto approach a constant value. ok t,c, the
strain decreases rapidly with decreadingrhis behavior is related to the constraint
imposed by the thick passive layer on the thinvackayer. Fort, > t., the strain on
free surface of the Galfenol layer is higher foffest passive layers. At high, the
strain approaches the free strain of the activeen@dt As shown in Figure 5.15, the
strain att, =t is higher than the free strain of the active makeowing to the
superposition of maximum bending strain with exienal strain. The behavior of the
active layer under actuation induced bending isntamintuitive when contrasted
with that of pure mechanical bending.

Figure 5.16 shows the stress)(on the free surface of the Galfenol layer as a
function of the thickness ratio for different stiéfss ratios. The stress is compressive
at low t, due to the constraint imposed on the thin actayed by a thicker passive
layer. On increasingy, the stress becomes zero at a point when the stiommat
bending and extensional strain in the Galfenoldagpials its free strain. Beyond this
value oft;, the stress becomes tensile and keeps incredihgéaks att, = t,c. Fort,
> t, the stress decreases on increasiramd approaches zero as the active material

strains freely at high.
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Figure 5.17. Effect of thickness ratio tf) on the strain (x) on passive layer

surface for different stiffness ratios Q).

Figure 5.18. Effect of thickness ratio ) on the stress (x) on passive layer

surface for different stiffness ratios Q).
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Figures 5.17 and 5.18 show the straif) &nd stress () respectively on the
free surface of the different passive layers usetheé unimorph as a function of the
thickness ratio. The strain and stress are compeeiy t, < t,. and tensile fot; > t.
The strain and stress attain the maximum magnitundier compression attawhich
corresponds to the state of zero stress on thesfidace of the Galfenol layer as
shown in Figure 5.16. Below this value Bf the magnitude of strain and stress
decreases with decreasihgand approaches zero at very sntaltlue to very low
actuation force. Fot, > t, as the passive layer becomes thinner and oféss |
resistance to deformation due to actuation, therstin its free surface approaches to
the free strain of the active material and hen@e dtnains in the different passive
layers become independent @f. The stress always depends @nand hence for a
given value of strain, a stiffer passive layer deps a greater stress.

A visual comparison of Figures 5.15 and 5.17 shtves the strains on the
opposite free surfaces of the unimorph can be leensider induced-strain actuation
unlike in pure mechanical bending where the strainshe opposite surfaces of a
beam/plate are of opposite nature. Comparison gireés 5.16 and 5.18 shows that
the stress-states on the free surfaces of the wpimoan be both tensile or
compressive unlike in pure mechanical bending.

The physical significance of the parame®¥ is evident from Figure 5.19
which showsST, as a function of; for the Galfenol layer attached to different passi
layers. A negativ&T indicates that the strain on opposite surfacaékestructure are
of opposite signs and hence bending is the predommode of deformation while a

positiveST; indicates that the strain on opposite surfacebestructure are of similar
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nature (can be both tensile or compressive) andehdre deformation is dominated

by extension or contraction.

Figure 5.19. Effect of thickness ratiotf) on the % strain transfer (ST) along the
x-direction for different stiffness ratios (Q;).

A critical thickness ratiot() can be defined to denote the situation wia&n=
0. As t, increases abovg., extension dominates the deformation of the stinact
Figure 5.19 also shows the expected result thattasds to infinity, the passive layer
vanishes thereby exhibiting 100 % strain transfae do pure extension. A
decreases below, bending starts to dominate the structural defaonaAlthough
the theory formulated here shows that there willnbeinduced strain fot, = 0 as
there will be no actuation, the theory also sugg#stt as the thickness of the active
layer tends to zero (say in case of a thin filrhg strain transferred from the free

surface of the active layer to the free surfacthefpassive layer approaches -50 %.

264



It is interesting to note that fay < 0.5,ST appears to be independent@f
For small values of;, the active layer becomes thin enough such thahéchanical
properties do not affect the stiffness of the cosgostructure and it merely provides
a surface force on the passive layer. Under thesdittons, the strain is both due to
extension and bending and it can be assumed the¢ th no strain/stress gradient
across the thickness of the active layer. It shdoddnoted that thg. observed in
Figure 5.19 is the santg which corresponds to the maximum strain (Figubshb.
and maximum stress (Figure 5.16) in the activerlaye

It should be noted that the maximum strain dueending is different from
the total strain which is due to the superpositbbending and extension. Since the
out-of-plane tip displacement depends only on tbenmonent of strain due to
bending, this necessitates the introduction of ibes parametet,, to denote the
thickness ratio for a given active/passive layembmation which produces the
maximum tip displacement.

Figure 5.20 shows the normalized out-of-plane tgpldcement of unimorph
cantilevers with Galfenol attached on differentgpas layers. For all cases, it can be
observed that a peak in the tip displacement ocaus®me thickness rati¢ € ty,).
Fort, <t,y, the actuation momenkk) shown in Equation (5.16) decreases due to an
effective decrease in active layer thickness thereulucing the out-of-plane tip
displacement. Fot; > t,,, the actuation momenbkA() decreases while increasing the
extensional actuation forceN( shown in Equation (5.15) thereby extending the

entire structure at higt.
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Figure 5.20. Effect of thickness ratio t) on the normalized out-of-plane tip
displacement of a cantilevered unimorph beam for dierent stiffness ratios Q).
The thickness ratit,, can be used to get an estimate of the optimurkribas
ratio required to produce maximum tip displacemehtthe actuator for a given
combination of active/passive layers. For the choparameters for Galfenol the
magnitude of the maximum normalized tip displaceinvess found to be 2.45 x T0
This value depends on the properties of the adéiyer only, so for a given active
layer the same tip displacement can be obtainedabying the thickness for different
passive layers. For the Galfenol active layer tthebtained from Figure 5.20 for Al,

Si and AbO; passive layers were 1.10, 1.77 and 3.14 respéctive
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Figure 5.21. Critical thickness ratio ) and thickness ratio {.) for maximum
tip displacement as a function of stiffness ratioQ).

Figure 5.21 shows. andt,, as functions of the stiffness rati®,f varying
from 0.1 to 10 which covers a wide range of stiéfevalues for all practical
purposes. Both. andt,, decreases roughly as the square ro@,of

The critical thickness ratid,{) denotes the condition when the stiffness of the
passive layer is just enough to counter the acindbrce so that there is neither any
extension nor any bending at the free surface ®fptssive layer and hengd = 0.
As t. denotes the thickness ratio which produces theirmar stress on the free
surface of the Galfenol patch, this configuratioowd also lead to maximum stress-
induced change in magnetization in the Galfeno¢daitereby producing the highest
sensitivity to change in stress at a constant ntagfield. Hencet,. is the most

desirable configuration for sensing purposes.
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For the Galfenol active layer, thg obtained from Figure 5.19 for Al, Si and
Al,O3; substrates were 2.11, 3.13 and 5.38 respectiltelyas observed that for a
given active material (like Galfenol), the Youngi®dulus of the passive materials
affects thet,. more strongly than the Poisson’s ratio. Hencesforulation purposes,
Poisson’s ratio was considered to be 0.33 for afles shown in Figure 5.21. A
change in by 50 % for Si and 37.5 % for AD; produced a difference tp. by only

1 % and 0.6 % respectively.

5.3.4. Effect of applied force and bias magnetic field

The results presented in this subsection were mdxdadrom the simulation of a
unimorph structure having a single crystal Galfefks,Gayg) layer attached to an
Aluminum layer such that; = 0.5. The results presented here refer to thaegal
calculated at the free surface of the Galfenoltpatc

Figure 5.22 shows the magnetic induction along xftkrection Bx) as a
function of the axial force per unit cross-sectapplied along the-axis (i) and the
bias applied magnetic fieldH() in the same direction. A positivéy; extends (and
also causes bending due to coupling). The valuB,cadt zero force indicates the

induction due to bias field.
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Figure 5.22. Effect of axial force per unit crossection along thex-direction (Ny)
on the magnetic induction By) at different bias applied magnetic fields ify).

It was shown in Chapter 2, that if the internal metge field can be kept
constant then the sensing range would increase iwttteasing bias field but the
sensor operating region would shift towards congivesstresses. Note that in Figure
5.22 the internal magnetic field also changes wkgis changed at a given applied
magnetic field. A positively increasingy; induces tensile stress in Galfenol thereby
reducing the internal magnetic field while a neggl§l increasingNy; increases the
internal magnetic field. Therefore, the stress iatefnal magnetic field developed for
a givenN, and applied magnetic field produces opposing &ffen the magnetic
induction of Galfenol. As a result of this, the siinity is reduced compared to the

material’s sensitivity@*) under all operating conditions.
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This coupled behavior between stress and interagnetic field also affects
the operating range in a way contrary to that dised in Chapter 2. Since a
positively increasind\y; increases the tensile stress but reduces thenahtéeld, a
higher operating range can be obtained in tendMnereas a negatively increasing
Ny increases the compressive stress which redBichst also increases internal field
which contributes to increase in the valueBpf As a result, the operating range in
compression is reduced compared to a hypothetasa of constant internal magnetic
field. In general, an increase in the bias apphegjnetic field increases the operating
range both along positive and negatiygand not only along negatiwg; as it would
happen if the internal magnetic field were kept stant. The simulation results
showed that in bending it is possible to use Galf@s a sensor in tension even at
higher bias magnetic field.

For all bias applied magnetic fields, a distindiyvénear sensor operating
region is observed at small values of tensile aothpressive force but if the
tensile/compressive force is increased beyondtealrvalue (depending on the bias
magnetic field),Bx appears to saturate. This behavior can be explae the
following reasoning. The linear region denotes dperating conditions which favor
the maximum rotation of magnetic moments due tollspeaturbations in stress or
magnetic field as discussed in Chapter 2. Sincaidarcollinear to the magnetic field
favors alignment of magnetic moments along thelfstiess direction, a small value
of tension produces sufficient stress-induced d@ropg which along with the Zeeman

energy is able to orient most magnetic momentsgatba field/stress direction. Note
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that tension does not significantly increase thkiesaf B as it also orients some
magnetic moments towards £86om the direction of bias field.

The saturation behavior under compression is saamfly different. For any
given bias magnetic field, the value Bf under compression appears to approach
zero induction, as the stress-induced anisotropgksvagainst the Zeeman energy to
orient the magnetic moments away from the field&gtrdirection. For a small bias
field, it may be possible to achieve zero inductigrapplying a significant amount of
compressive force. However, if the bias field ighhienough to almost saturate the
material, then the stress required to counteracZ#eman energy may be higher than
the strength of the material and hence under attfal conditions a residu@
would exist in the material. This behavior wouldallead to a “second” linear
operating region in the unimorph sensor but oneh vat significantly reduced

sensitivity.

5.3.5. Comparison of experimental data and model predictio

In order to appreciate the usefulness of the MMPdteh, it is imperative to
compare the model predictions with certain basetixigerimental results which can
highlight the effectiveness of the model with regtp® its prediction capability for
different input parameter variation. This subsettall compare MMPM simulation
results with the experimental results obtained f@napter 4.

Table 5.6 lists the experimental values of strainGalfenol and Aluminum
surfaces, the calculated values of mid-plane staaih normalized tip displacement
and the % strain transfer in the unimorphs witliedént thickness ratios used in the

no-load actuator tests in Chapter 4. Correspontbngach experimental value, the
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MMPM prediction is also listed. All values were rsaeed or calculated at an applied
magnetic field of 65 kA/m when the Galfenol layeasvsaturated. The model
predictions are of the same order of magnitudenasekperimental values and also
exhibit similar trends in variations of strains aather output parameters for the
variation in the input parameter of thickness ratio

Table 5.6. Comparison of MMPM prediction with expeimental data obtained
from the different unimorphs at Happ = 65 kA/m from the no-load actuator tests.

All values (except ST) are shown in parts per million.

t, FEGA AL 0 Wrip (/L 2) ST, (%)
0.25 Experiment 176 -57 59.5 116.5 -32
MMPM 138 -57 40.5 97.5 -41
0.50 Experiment 285 -75 105 180 -26
MMPM 206 -69 108 177 -34
1.00 Experiment 313 -55 129 184 -18
MMPM 263 -54 104.5 158.5 -21
2.04 Experiment 331 15 173 158 5
MMPM 284 -3 140.5 143.5 -1
4.04 Experiment 356 99 227.5 128.5 28
MMPM 274 61.5 167.75 106.25 22
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Figure 5.23. Comparison of MMPM prediction with experimental strain data

obtained from Galfenol surface in the unimorph witht, = 0.5 at differentMy.

Figure 5.24. Comparison of MMPM prediction with experimental strain data

obtained from Aluminum surface in the unimorph with t, = 0.5 at differentMy;.
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Figures 5.23 and 5.24 compare the experimental esaland MMPM
prediction of variation in strain as a functionrofgnetic field on the Galfenol and
Aluminum surfaces of the unimorph witth = 0.5. Results are shown for zero,
negative and positive values Mf; obtained from the pre-load actuator tests desdribe
in Chapter 4. It is evident that the MMPM is abteaccount for variation in both

external mechanical forces (bending moment indage) and magnetic fields.

Figure 5.25. Experimental and predicted values of Hll sensor output vs.My; at
bias applied magnetic fields of (a) 4.6 kA/m, (b).8 kA/m, (c) 14.7 KA/m and (d)
19.2 kA/m in the unimorph with t, = 0.5.

Figure 5.25 compares the experimental values ardehprediction of sensor

characterization. The results are shown for thdeBal-Aluminum unimorph with;,
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= 0.5 and at bias applied magnetic fields of 4.8, 94.7 and 19.2 kA/m. The
MMPM prediction for each case is shown with thadsbhe. The dashed line shows
the modeling results when no recursion was perfdyméhich is similar to prior
magnetostrictive sensor modeling approaches [186]. Figure 5.25 clearly shows
the benefit of the recursive approach used in MMRKhout which the error is
nearly 300 % for all cases shown here.

The main challenge in modeling the sensor resudis due to the fact that the
magnetic field in Galfenol close to the Hall sens@s significantly different from
the applied magnetic field at the center of theféall layer along the solenoid axis.
Moreover the Hall sensor has a finite surface dwvtuch some area was bonded to
the side (i.e.) along the thickness of the Galféapér whereas the rest of the surface
of the Hall sensor was exposed to air. Hence tiperaxental data recorded by the
Hall sensor is an average of theomponent of the magnetic flux emanating from the
cross-section of Galfenol as well as the flux inaaljacent to the Hall sensor surface.
An accurate modeling of such a scenario requiresd&ils. However, Figure 5.25
shows that the MMPM solution which is based onBhealculated at the free surface
of Galfenol is at the most 25 % different from #perimental values. In order to
account for the spatial variation in magnetic fjglte MMPM used values of applied
magnetic field which produced the experimenBal at My, = 0. Since the “no
recursion” model cannot use an applied magnetid &s input, appropriate values of
internal magnetic field was used such that the imdsction atMy; = 0 matched with

the experimental values.
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The difference between experimental values and hyeeictions for all the
cases shown above can be attributed to the folgpwauses. Firstly, the experimental
values are affected by the bond layer between thke@l| and Aluminum layer
which is not modeled in the MMPM. The effect of bolayer can be significant
especially when the Aluminum layer thickness bec®owmmparable to the bond layer
thickness such as for= 2.04 and 4.04. It should be noted that the exptal strain
values are average values measured over the ardee cftrain gage whereas the
model values are calculated for a point. Also, shectural component of MMPM
(i.e. CLPT) is inherently a 2D model which is lest#f than a 3D structural model.
This may affect the results for thick structurestsas the ones with = 0.25 and
0.50.

Furthermore, the internal magnetic field calculatgdthe lumped parameter
magnetic model is also a point estimate. Althougls should not contribute to a
significant error in modeling the actuation behavidhe Galfenol layer is saturated,
it is possible though that under experimental coomias, some areas might not have
been fully saturated due to spatial variation méagrfeeld. However, if the spatial
variation in magnetic quantities is not accountad it may lead to significant error in
modeling the sensing behavior. The extent of ewould depend on the magnetic
circuit and the experimental method of measureraeéntagnetic quantities.

The maximum error contribution is due the energgeldlamaterial constitutive
model. As shown in Chapter 2 that although this @hasl capable of predicting the
non-linear magnetomechanical behavior of magnettiser materials, the prediction

is of a best-fit nature and does not coincide p#gfevith experimental behavior at all
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operating conditions. Hence the predicted valuesguthis constitutive model are
significantly affected by this error. Also note tla@m error introduced in the first step
of recursion due to the values predicted by thesttutive model would also lead to
subsequent erroneous predictions of stress, strmimmagnetic field by the structural

and magnetic models.

5.4. Summary and conclusions

In this chapter a generalized modeling approachrfagnetostrictive devices
was described. Based on this approach, a magnetameal plate model (MMPM)
was developed by combining a lumped parameter ni@gneodel, the classical
laminated plate theory and an energy-based noaslioenstitutive magnetostrictive
model using a recursive algorithm.

The MMPM was used to simulate the quasi-statidrstesponse of Galfenol-
based unimorph actuators and the quasi-static miagmeduction response of
Galfenol-based unimorph sensors. The effects ofieppnagnetic field, axial pre-
load, active/passive layer thickness ratio andipadayer mechanical properties on
the strains and stresses on the free surfacesairttmorph actuators were studied.
The effects of bias applied magnetic fields andriaeire of loading on the magnetic
induction response of unimorph sensors were alsdiest. The predictions reflected
the non-linear magnetomechanical response as wethe structural and magnetic
coupling in the unimorph.

A non-dimensional paramet&T; (percentage strain transfer) was introduced
to explain the behavior of the unimorph actuatarextension and bending dominated

regimes and a critical thickness ratit)(was defined to demarcate these two
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regimes. It was deduced that also corresponded to the optimal thickness ratio f
maximum sensitivity in a unimorph sensor.

Similarly, a condition for obtaining maximum out-pfane tip displacement
was also obtained. The out-of-plane displacemehtsamwtilevered unimorph beams
normalized with respect to the thickness and lengtine unimorphs were calculated
as function of magnetic field, thickness ratio atiffness ratio. It was shown that for
any active/passive layer combination, a partictlaakness ratiotf,) which produces
the maximum curvature in the structure would preduthe maximum tip
displacement.

This model presents a significant improvement atber existing models as
it accounts for the effect of stress developedhm rmmagnetostrictive layer under its
own actuation effect and recalculates the magmatbsh as a function of the
magnetic field as well as the stress in the magettive patch. The effect of stress
on the internal magnetic field for a given appliadgnetic field is also implemented
by considering stress and magnetic field-depengentneability in Galfenol. The
effect of shape anisotropy is implemented usingl demagnetization factor.

Existing models [183-185] which do not considex toupling between stress
and internal magnetic field in Galfenol would eitlower-predict or under-predict the
actuation forces and moments depending on thenitenagnetic field and stress
developed in the Galfenol layer. It was shown tbder models [180-182] which
predict tip displacement of magnetostrictive uniptoare only suitable for thin films

and they largely over-predict at thickness ratiosve 0.05.
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The model simulations of unimorph sensor showed tha sensitivity,
operating range and linearity of a unimorph semsor be tuned by varying the bias
applied magnetic field. The trends were explaingdgienergy principles.

Finally, the MMPM was used to simulate represemgagxperimental cases
presented earlier in Chapter 4. The model predist&showed good correlation with
the experimental results. Possible reasons foerdiffce between model predictions
and experimental values were also discussed.

The generalized modeling approach presented in dhépter is not only
restricted to modeling of magnetostrictive deviteg can also be used for other
smart materials. For example, a piezoelectric adewian use a combination of a
structural model, an electrostatic or electrodyrambdel and an appropriate non-
linear electromechanical constitutive model. They klifference of this modeling
approach with other models lie in the recursivétegue used in the algorithm which
can account for bi-directional coupling effectok input parameter (stress) on other
input parameters (magnetic or electric field) ia ttevice. This generalized approach
is expected to be helpful in modeling active vilmatcontrol, morphing structures,

structural health monitoring devices and energyésting devices.
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Chapter 6: Conclusions

In conclusions, a summary of the research carriad as part of this
dissertation is presented. The original contrimgioof this dissertation and their
significance are stated and suggestions for funoek to expand or improve upon

this research are made.

6.1. Summary of research

Prior work on high performance rare-earth magnataste materials such as
Terfenol-D had focused on material characterizatioraxial mode because these
materials could not be used in bending due to theitleness. Although bending
characterization has been performed on amorphougnetastrictive alloys, a
comprehensive literature survey showed that a tdckonsistency in experimental
design and terminology and limitation in physicalndarstanding of
magnetomechanical coupled mechanics requires furtkaepth research in this area.
Galfenol was considered as a suitable active nadtdyecause of its unique
combination of magnetostrictive and mechanical progs which could be utilized in
bending applications.

The main objectives of this dissertation were talarstand the effect of
operating conditions on the actuator and sensoioqmeance of magnetostrictive
Galfenol alloys and to use this information forther studies and understanding of
the actuation and sensing behavior of Galfenokinding mode.

Chapter 2 described the use of well-establishecmahicharacterization and

non-linear modeling techniques in axial mode talgtthe effect of stress, magnetic
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field and alloy composition on figures of merit bucas energy density,
magnetomechanical coupling factor and sensing dag®r. Results showed that
maximum energy density could be obtained at magnséturation under the
simultaneous influence of a compressive stressnealt to magnetic field, which is
sufficient to align all the magnetic moments in tmaterial normal to the stress
direction in the absence of magnetic field.

The maximum coupling factor and sensing gage fagts observed at small
values of magnetic fields and compressive stressesms deduced from the spatial
energy distribution in this range of stress/magndteld that a peak in the
magnetomechanical transduction takes place at epehnating conditions when a
small perturbation in either magnetic field or sgean lead to the reorientation of a
large number of magnetic moments.

The experimental work in Chapter 2 provided infotiora consistent with
prior work describing material behavior under coegsive stresses. Using the model
parameters obtained from these experiments, thavimhof the material under
tensile stresses could be extrapolated. The ursthelisty of material behavior under
both tension and compression and at small as veelielatively large (saturating)
magnetic fields was extremely useful in understagdialfenol’s response under
bending.

The information from this work also helped in detaring alloy composition
and operating conditions for further tests and cide the design of the bending

experiments described in Chapters 3 and 4. Theriexpetal characterization also
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provided the model parameters which were used énethergy-based constitutive
model in Chapter 5.

Chapters 3 and 4 described experimental work innglv bending
characterization of Galfenol under the influence ro&agnetic field. Chapter 3
described the simplest bending scenario when o®@wpléenol member was subjected
to bending while Chapter 4 described experimenkedracterization of laminated
Galfenol-Aluminum structures subjected to bendifipe results from Chapter 3
highlighted the usefulness of Galfenol bending mersln sensing applications. The
results from Chapter 4 showed the interaction offgdal with other passive
structural materials. This information is necess#oy fabricating Galfenol-based
magnetomechanical transducers which can work umeleding loads.

Chapter 3 also discussed the challenges in degignimagnetic flux path for
a magnetostrictive device operating in bending. AAirfpoint bending test was
proposed, designed and performed on a Galfenol hewtar different bias applied
magnetic fields. The results showed that a Galfemaiber can be used as a sensor
in bending but a critical bias magnetic field igueed for operation of such a sensor.
Moreover, the net sensing response is due to tpi@ssive stresses in the Galfenol
member rather than the tensile stresses. ThesHsregere qualitatively explained
using the balance of magnetocrystalline anisotrepgrgy, Zeeman energy and
stress-induced anisotropy energy in the materidle Tesults from Chapter 3
determined the sensing response of only a Galfemaiber as opposed to the
Galfenol being attached to a passive structuraler@twhich was described in

Chapter 4.
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Chapter 4 discussed the concept of laminated masgnietive composites
using Galfenol and other passive structural mdgeriaxtensive finite element and
analytical simulations were performed to designegixpents which were conducted
on cantilevered Galfenol-Aluminum unimorph actuatoand sensors. The
experiments studied the effect of three parametgnsliied magnetic field, tip loading
and Aluminum layer thickness. The experimental ltesdemonstrated non-linearity
in the magnetomechanical response of the struauack also exhibited structural
coupling between the extensional and bending madidéke structure. In order to
investigate these observations and perform a widege of parametric study, an
appropriate coupled modeling technique was devéloje Chapter 5. Besides
performing a parametric study on Galfenol-Aluminummorphs, a number of useful
evaluation criteria for sensors were defined anltutated in Chapter 4. These
sensing criteria could be used in future work fomparing the sensing performance
of magnetostrictive unimorphs.

Chapter 5 described a generalized recursive maglalgorithm which can be
applied to any smart material device by approprateice of component models.
Unlike previous models which assume stress and etagfield as fundamental
independent inputs in magnetostrictive models, #pgroach assumes a mechanical
force and a magnetizing source as the fundamenrgats. It was discussed how stress
and magnetic field can affect each other in a miagtective device which motivated
the use of a recursive approach. A magnetomecHaplae model (MMPM) was

developed based on this approach.
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The MMPM simulations were compared to existing niiodetechniques to
emphasize on the importance of the algorithm desdrin Chapter 5. The MMPM
was used to perform simulations over a wide rangeadation in magnetic field,
axial mechanical forces and bending moments andefgassive layer thickness
ratio. These simulation results were helpful in edetining certain optimal
configurations and conditions for Galfenol-basedmorph actuators and sensors.
Finally, the MMPM simulations were compared witle taxperimental results from
Chapter 4.

The work in this dissertation was focused on expental study and modeling
of quasi-static behavior of single crystal Galfenolorder to spend more effort in
understanding the physics of the problem, settifg standard experimental
techniques and providing baseline results. This kwaan be extended to
polycrystalline Galfenol alloys and can be impleteenin dynamic settings.
However, additional experimental challenges relatedddy currents and hysteresis
will have to be addressed using careful magnetuitidesign, transducer structural

design and processing of active materials.

6.2. Contributions of this research

The original contributions of this dissertation atated below.
Magnetomechanical transducer figures of merit weeperimentally
evaluated for a particular composition of singlgstal Galfenol (F&Gays).
The effect of stress and magnetic field on thegearéis of merit was also

shown.
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A non-linear energy-based magnetostrictive cortstgumodel was used to
predict these figures of merit not only as a fumetof stress and magnetic
field but also as a function of composition of @albl. The model can be used
to obtain the figures of merit at any desired ofegacondition without
performing experiments at those precise conditidiés database of figures
of merit is expected to aid in the design of adegptransducers. This database
can be used for choosing appropriate Galfenol c@itipa, operating range
and bias conditions.

Statistical methods were developed and used to tifpagrror estimates
between experimental and model simulation valuefigofes of merit. The
error estimates are useful for providing a bound tbe deviation in
performance of a device based on simulated figofeserit compared to
using experimental values for device design.

Experimental values of Young’'s modulus at constadtiction and relative
permeability at constant strain were calculatedsfogle crystal Galfenol. The
effect of magnetic induction and stress on the rhesdand the effect of
magnetic field and strain on the permeability valugere shown using
experimental data. This is the first published wealuof these material
properties.

A classical four-point bending test concept waseeaed for bending
characterization in the presence of magnetic fieldneasure the sensing
performance of Galfenol beams under bending loadk & different bias

applied magnetic fields. This method ensured thatidcation and size of the
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device measuring the magnetic induction changé&sailfienol beam does not
influence the evaluation of sensing performancerethye providing an

experimentally consistent technique.

Experimental studies were designed and performechatilevered Galfenol-
Aluminum unimorph beams. The actuation performapicthese beams was
guantified by the normalized out-of-plane tip demment calculated from
the strains measured from the surface of GalfendlAluminum layers. The
sensor performance was quantified using severanpeters which were
defined. This study focused on the effect of magrfetld, bending loads and
Aluminum layer thickness on the actuator and semmoformance of the
unimorphs and provided information on optimizinge thonfiguration and

operating condition for Galfenol-based unimorphuatdrs and sensors.

A magnetomechanical plate model was developed édligr actuator and
sensor behavior of magnetostrictive laminated caites. The model
simulations were used to perform a wider range ashimetric studies. The
model predictions were also compared with the tedubm the experimental
studies on Galfenol-Aluminum unimorphs. It was destoated that the model
can not only capture the non-linear magnetostectdpehavior but also the
structural couplings in a magnetostrictive lamidateomposite and can
estimate the internal magnetic field in Galfenater the influence of any

applied magnetic field and mechanical forces ancherds.

286



6.3. Recommendations and future work

This section will make certain recommendations anggest future work on
Galfenol devices based on the understanding aneriexgge gained through the
course of working on this dissertation research.

Although single crystal alloys exhibit superior matpmechanical properties,
it is desirable to use processed polycrystallinloyal for future commercial
applications. That would require the knowledge ajufes of merit of those
specifically processed materials. The figures ofitmgescribed in Chapter 2 for
single crystal Galfenol alloys could serve as ampeupbound but the same
experimental procedures may be used for gettingrate information on figures of
merit of processed polycrystalline materials. Sactiatabase does not exist at this
point of time. A database of stress and magnetid-ilependent figures of merit for
not only single crystals but also processed pobtetiine Galfenol would be
extremely useful for transducer designers.

The results from Chapter 2 showed that there casigmficant error between
the energy-based magnetostrictive model and expetah data if a constant | is
used as a fitting parameter in the model for abraping conditions. Such error can
contribute to higher errors in other modeling apgtes which use the energy-based
constitutive model such as the one discussed irpt€h&. This issue has not been
addressed by any work that has used similar eneaggd models. Since it was
explained in Chapter 2 that is merely a statistical fitting parameter, theseno
reason why it should be assumed to be a constdmrefore, a multivariate

regression analysis should be performed to evaluats a function of stress and

287



magnetic field and henceforth a variableshould be used to provide more accurate
values of magnetostriction and magnetic inductibdifferent operating stresses and
magnetic fields.

Although sufficient work exists on quasi-static matpmechanical
transduction characterization of single crystal potycrystalline Galfenol alloys, no
published work exist on dynamic characterizationGaflfenol. Since it is expected
that most real-life applications using Galfenol \Wbie of dynamic nature, it is
extremely important to focus on dynamic characéian of Galfenol. Dynamic
characterization may involve its own challengeshsas eddy current losses, skin-
effect, inductive losses in drive coil and struatudesign of a transducer with
appropriate inertial effects. Dynamic character@atesults are expected to exhibit
the variation in magnetomechanical properties &snation of drive frequency and
will also reveal whether Galfenol could be a usehdgnetostrictive transducer in
dynamic conditions inspite of possessing a higleemeability under most operating
conditions than rare-earth based magnetostrictivatenals. Such dynamic
experimental data will also be useful for validgtolynamic models.

Similarly, there is a need to develop a dynamic-in@ar magnetostrictive
constitutive model. The current form of the enebgged model and its variants are
not suitable for predicting the dynamic behaviothed material as there are no strain
rate or magnetization rate terms in the energyetarsed in the models. As of now,
the only approach for dynamic modeling is using tieromagnetic LLG equation
[160, 164] which is accurate but computationallyemsive. Hence it would be

beneficial to attempt a modification of the enelmsed model shown here by adding
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strain rate and magnetization rate and possibgrmal damping in the energy kernel
so that magnetization and magnetostriction canredigted as a function of not only
stress and magnetic field but also their frequencie

The four-point bending test under magnetic fieldalded in Chapter 3 could
serve as a standardized test for sensor charattenzof any magnetostrictive
material under bending. It would be easier to perfthe tests using a longer sample
as prescribed in ASTM C1161 [176], than the onalusethis work. Also, a better
magnetic flux path may be designed by introduciegesal thin chips of high
permeability Metglas to fill the small air gap be®wn the electromagnet poles and the
sample.

Further experiments based on the ones shown int&hépnay be conducted
with processed polycrystalline Galfenol to evalusite performance of specific
materials as unimorph actuators and sensors. Atesed technique may be used to
directly measure the tip displacement of cantileviesstead of using the measured
strain values to indirectly calculate the displaeatrusing beam theory assumptions.
However since the area around Galfenol will alwagscovered by a solenoid in such
experiments, resistive strain gages might stilltbe best method for measuring
strains.

Other lay-ups using different combinations of aefpassive layers may be
used in such unimorphs. Note that a bimorph condion might end up producing a
pure extension if the extension-bending couplingrésluced to zero through
appropriate choice and thickness of materials.ariqular, it would be interesting to

find the response of an active laminated composite one layer having positive
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magnetostriction (e.g. Galfenol) and the other ddhaving negative magnetostriction
(e.g. Nickel). Another interesting combination sashGalfenol/PZT [191] might lead

to the formation of magnetoelectric laminated cositgo Other such interesting lay-

ups can also be considered by depositing thin fitmapplication in magnetostrictive

MEMS devices. It should be noted that for all theases, the most important design
parameter would be the aspect ratio which conttbks shape anisotropy and
demagnetization factor.

The unimorph sensor characterization shown in Gnaptcould be modified
to develop a standard measurement technique sathmidignetic induction changes
measured from different unimorphs can be directtynpared. Also, to further
investigate the sensor response of unimorphs athigias fields (close to or beyond
saturation), the sensor characterization could drfopned with Hall-effect sensors
having higher ranges. However, such Hall-effectseem would also have poor
resolution that will affect the linearity and acaay of the results.

Further work needs to be done on the model predent€hapter 5 to extend
its capabilities firstly to 3D quasi-static scewaand finally to 3D dynamic scenarios.
A finite element approach could be used to reptaeeCLPT and lumped parameter
magnetic model but that would also involve extreramputational challenge to solve
the energy-based constitutive model recursivelyptadiwith a finite element model
having three components of the magnetic field veatal 6 components of the stress
tensor at each node. Recent works by Mudivatlal. [166] and Graharet al.[192]

have shown significant advantages of using finlement structural and magnetic
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models in this modeling framework. However it has been possible yet to account
for the effect of all components of magnetic fialtd stress using a 3D model.

As Galfenol exhibits very low hysteresis, the anbésetic version of
Armstrong’s [153] model was used in Chapter 5. Btirer materials that exhibit
significant hysteresis, energy-based hystereticatsodeveloped by Armstrong [154],
Atulasimha [157] or Evans [193] can be used toaeplthe anhysteretic model shown
here.

Finally, it should be clearly stated that this miodevalid in the regime of
continuum mechanics. Although this model can beduse prediction involving
extremely small thickness ratio, the actual thideheffects might not be negligible at
very small length scales where surface tensionather forces play significant role
in controlling the structural deformations. Therefoto model magnetostrictive
MEMS or nano-scale devices, the component modalaldhoe replaced with more

appropriate ones while keeping the same framewadkr@cursive algorithm.
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