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materials by using finite element analysis. It was found
that wall roughness on contact with the fluid is important
for yield strengths, especially in low magnetic fields (9,10).
Size and size distribution of the suspended particles also
affect the change in properties of the MR fluid when placed
in a magnetic field (11,12). The combined effect of magnetic
and electric fields on magnetoelectrorheological materials
has also been explored (13). Tang and Conrad conducted
a series of systematic experiments to characterize the
rheology of MR fluids from technological and scientific
viewpoints (14).

APPLICATIONS

Because the state of MR materials can be controlled by the
strength of an applied magnetic field, it is useful in applica-
tions where variable performance is desired. Many smart
systems and structures would benefit from the change
in viscosity or other material properties of MR materi-
als. Beginning with the commercialization of MR fluid
rotary brakes for use in aerobic exercise equipment in
1995, application of magnetorheological material technol-
ogy in real-world systems has grown steadily. The past
few years have witnessed a blossoming commercializa-
tion of MR fluid technology. MR fluid technology has been
embraced by a number of manufacturers for inclusion in
a diverse spectrum of products that are now commercially
available (15):

* linear MR dampers for real-time active vibrational
control systems in heavy duty trucks

* linear and rotary brakes for low-cost, accurate, po-
sitional and velocity control of pneumatic actuator
systems

* rotary brakes to provide tactile force-feedback in

steer-by-wire systems

linear dampers for real-time gait control in advanced

prosthetic devices

adjustable shock absorbers for NASCAR oval and dirt

track racing

Other applications that are near commercialization
include

* low-cost MR sponge dampers for washing machines
(16,17)

* very large MR fluid dampers for seismic damage miti-
gation in civil engineering structures (17)

* large MR fluid dampers to control wind-induced vi-
brations in cable-stayed bridges (18)

* real-time controlled shock absorbers and struts for do-
mestic automobiles

MR materials are also being considered for use in com-
pliant mechanism design to change the compliance of flexi-
ble members. This behavior can be modified as a function
of time resulting in a variably compliant mechanism (19).
More applications are being considered and it is likely that,

as MR materials continue to improve, many more applica-
tions will be forthcoming.
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MAGNETOSTRICTIVE MATERIALS
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INTRODUCTION

Magnetostrictive materials are a class of smart materi-
als that can convert energy between the magnetic and
elastic states. For this reason, magnetostrictive materials
and devices based on these materials are often referred
to as transducers. Due to the bidirectional nature of this
energy exchange, magnetostrictive materials can be em-
ployed for both actuation and sensing. Alloys based on the
transition metals iron, nickel, and cobalt in combination
with certain rare-earth elements are currently employed in
actuator and sensor systems in a broad range of industrial,




biomedical, and defense applications. Because magne-
tostriction is an inherent property of ferromagnetic
materials, it does not degrade over time as do some poled
piezoelectric substances. In addition, newer magnetostric-
tive materials provide strains, forces, energy densities,
and coupling coefficients that compete favorably with more
established technologies such as those based on piezo-
electricity. As evidenced by the ever-increasing number
of patented magnetostrictive systems, transducer design-
ers are finding new opportunities to employ magnetostric-
tive materials in a wide variety of applications ranging
from stand-alone transducers to complex smart structure
systems.

A number of design and modeling issues, however, com-
plicate the implementation of magnetostrictive materi-
als in certain applications in which other smart material
technologies are currently favored. For instance, due to
the required solenoid and related magnetic circuit compo-
nents, magnetostrictive transducers are usually larger and
bulkier than their piezoelectric or electrostrictive coun-
terparts. Hence, they are employed primarily in appli-
cations that require high strains and forces but where
weight is not an issue. One additional consideration is
that the most technologically advanced magnetostrictive
materials are costly to manufacture. Advanced crystalline
materials are manufactured by employing sophisticated
erystal growth techniques that produce directional solid-
ification along the drive axis of the transducer material.
The manufacturing process also includes precision ma-
chining of laminations, final diameters, and parallel ends
of cut-to-length drivers, as well as thorough quality as-
surance and performance evaluation throughout the pro-
cess. These technological and cost-related problems have
been mitigated to some extent through the advent of new
manufacturing techniques that have enabled more capable
magnetostrictive materials in various forms, including
amorphous or crystalline thin films, magnetostrictive
particle-aligned polymer matrix composite structures, and
sintered powder compacts suitable for mass production of
small irregular shapes. From the perspective of model-
ing and control, magnetostrictive materials exhibit non-
linear effects and hysteretic phenomena to a degree which
other smart materials, for instance electrostrictive com-
pounds, do not. These effects are particularly exacerbated
at the moderate to high drive level regimes in which mag-
netostrictive materials are most attractive. These issues
have been addressed through recent modeling techniques,
and as new applications are developed, model accuracy and
completeness will almost surely follow.

The term magnetostriction is a synonym for magneti-
cally induced strain, and it refers to the change in physical
dimensions exhibited by most magnetic materials when
their magnetization changes. Magnetization, defined as
the volume density of atomic magnetic moments, changes
as a result of the reorientation of magnetic moments in
a material. This reorientation can be brought about by
applying either magnetic fields, heat or stresses. The lin-
ear magnetostriction AL/L that results from applying a
longitudinal magnetic field on a sample of length L, illus-
trated in Fig. 1, is the most commonly employed attribute
of the magnetostrictive principle in actuator applications.
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Though most ferromagnetic materials exhibit linear rmag-
netostriction, only a small number of compounds that con-
tain rare-earth elements provide “giant” magnetostrictions
in excess of 1000 x 108, These large magnetostrictions
are a direct consequence of the strong magnetomechani-
cal coupling that arises from the dependence of magnetic
moment orientation on interatomic spacing. When a mag-
netic field is applied to a magnetostrictive material, the
magnetic moments rotate to the direction of the field and
produce deformations in the crystal lattice and strains in
the bulk material. Referring again to Fig. 1 which per-
tains to a material that has positive magnetostriction, note
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Figure 1. Joule magnetostriction produced by a magnetic field H.
(a) H is approximately proportional to the current i that passes
through the solenoid when a voltage is applied to it. (b) The ro-
tation of magnetic dipoles changes the length of the sample, and
(c) curve AL/L vs. H obtained by varying the field sinusoidally.
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that the sample elongates irrespective of the direction of
rotation of the magnetic moments. A symmetrical magne-
tostriction curve is obtained when the field is cycled, as de-
picted in Fig. 1b,c. If stress is applied instead, the material
deformations lead to magnetic moment reorientation and a
subsequent change in the magnetization M. This magneti-
zation change can be detected through the voltage induced
in a sensing solenoid wrapped around the sample, which
provides a mechanism for sensing. In applications, either
one sensing solenoid or a plurality of them arranged along
the length of the driver can be placed inside of the driving
coil. Alternatively, it is possible to employ only one solenoid
to drive the magnetostrictive material and sense its
magnetization changes. This configuration exhibits the
major disadvantage that additional signal processing
hardware is required to extract the sensing voltage from
the driving signal.

This article provides an overview of magnetostrictive
materials in the next section, followed by a description of
the physical origin of magnetostriction and a discussion
of material behavior. The subsequent section is devoted to
linear magnetostriction, and other magnetostrictive effects
are discussed in the following section. Finally, a discussion
of current transducer designs and modeling techniques is
presented.

MATERIALS OVERVIEW

The study of magnetostriction began in 1842 when James
P. Joule first observed that a sample of iron changes in
length when magnetized by a magnetic field. Subsequent
work using other materials such as nickel, cobalt, and their
alloys led to numerous applications, including telephone
receivers, hydrophones, scanning sonar, fog horns, oscil-
lators, and torque sensors. During World War II, sonar
transducer were driven primarily by nickel, which ex-
hibits saturation magnetostrictions of about 50 x 106, A
breakthrough in magnetostrictive materials occurred in
1963 when the largest-known magnetostrictions in the
rare-earth elements terbium and dysprosium were dis-
covered. The strains in these elements are of the order
of 10,000 10, or three orders of magnitude larger than
those of nickel, but they are achieved exclusively at cryo-
genic temperatures. The temperature limitation and the
fact that the field of piezoelectricity was gaining techni-
cal maturity hindered the development of magnetostrictive
materials and led, in the early 1970s, to a search for a new
class of transducer materials capable of high room tem-
perature strains. Highly magnetostrictive rare earths (R),
principally samarium (Sm), terbium (Tb), and dysprosium
(Dy), were combined with the magnetic transition metals
nickel, cobalt, and iron by direct compound synthesis and
by rapid sputtering into amorphous alloys. In contrast to
the normal Curie temperature behavior of the R-Ni and
R-Co compounds, R-Fe compounds exhibit an increase
in the Curie temperature as rare-earth concentration
increases. Consequently, huge room temperature mag-
netostrictions up to 3,000x107% were achieved, partic-
ularly in the ThFe; compound. However, because the

magnetostriction originates in the strain dependence of
magnetic anisotropy, the large magnetostriction in these
compounds is obtained at the expense of large anisotropies.
This poses a technological limitation since impractically
large fields of more than 2 MA/m are needed to bring these
compounds to technical saturation.

Partial substitution of dysprosium for terbium in the
TbFey system resulted in improved magnetostriction and
anisotropy properties. The resulting pseudobinary com-
pound Tbg 3Dy, 7Fe; g 105 has been available commercially
since the 1980s under the name Terfenol-D (Ter = ter-
bium, Fe = iron, N = Naval, O = Ordnance, L. = Labo-
ratory, D = dysprosium). The highest room temperature
magnetostriction for Terfenol-D is 1,600x107¢ at a moder-
ate saturation field of 0.16 MA/m, but even larger mag-
netostrictions up to 3,600x10~% are possible when the
material is employed in transducers driven at resonance.
The utility of Terfenol-D as a rugged, high-power trans-
ducer driver has been increasingly recognized in recent
years. At present, Terfenol-D is used in active noise and
vibration control systems; low-frequency underwater com-
munications (sonar); linear and rotational motors; ultra-
sonic cleaning; machining and welding; micropositioning;
and detecting motion, force, and magnetic fields. Terfenol-
D is currently available in a variety of forms, including
monolithic rods (1,2), particle-aligned polymer matrix com-
posites (3-5), and thin films (6,7). Because of the large
magnetostrictive anisotropy and strong magnetoelasticity,
Terfenol-D and other pseudobinary rare-earth—iron com-
pounds can be synthesized to exhibit a broad range of prop-
erties (8).

A second new magnetostrictive material based on amor-
phous metal was introduced in 1978, produced by rapid
cooling of iron, nickel, and cobalt alloys together with one
or more of the elements silicon, boron, and phosphorus.
These alloys are known commercially as Metglas (metallic
glass) and are commonly produced in thin-ribbon geome-
tries. Because of the extremely high coupling coefficients
(k > 0.92), Metglas is a prime candidate for sensing appli-
cations in which a mechanical motion is converted into an
electrical current or voltage (2).

The latest materials science research on magnetostric-
tive materials includes the development of new compounds
to minimize magnetic anisotropy and hysteresis and new
manufacturing techniques to produce Terfenol-D thin films
efficiently (9). Substantial advances have been achieved in
the quaternary compounds Terfenol-DH, which are pro-
duced by substituting holmium for terbium and dyspro-
sium (10). In addition, new manufacturing techniques are
enabling the production of multilayered driver rods which
will lead to reduced dynamic losses, thus facilitating op-
eration over a broad frequency spectrum into the mega-
hertz range. Ferromagnetic shape-memory alloys are an-
other class of smart materials which hold much promise
due to the large strains that they can provide. The nickel—-
titanium alloy commercially known as Nitinol features
large recoverable strains of the order of 60,000x10-%, but
it suffers from inferior dynamic response. The possibility
of combining the desirable aspects of shape memory with
magnetostriction through actuating an SMA in a magnetic
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Figure 2. In highly magnetostrictive materials, the spin moment
M gpin and orbital moment m gy are strongly coupled. When the
spin moment rotates to align with the external field H, the orbital
moment rotates along with it and produces considerable lattice
deformation.

field is currently being investigated. Promising candidate
materials are the Ni;MnGa system and the Fe-based In-
vars, which exhibit, in principle, the desired characteris-
ties. Further details on the Ni-Mn—Ga alloys can be found
in (11,12).

PHYSICAL ORIGIN OF MAGNETOSTRICTION

Magnetic coupling within atoms can be of two forms, spin—
spin and spin—orbit interactions. In ferromagnetic materi-
als, the spin—spin coupling that keeps neighboring spins
parallel or antiparallel to one another within domains can
be very strong. However, this exchange energy is isotropic
because it depends only on the angle between adjacent
spins, not on the direction of the spins relative to the crys-
tal lattice.

Magnetostriction is due mainly to spin—orbit coupling,
which refers to a kind of interaction between the spin and
orbital motion of each electron. This type of coupling is
also responsible for crystal anisotropy. Referring to Fig. 2,
when a magnetic field is applied and an electron spin tries
to align with it, the orbit of that electron also tends to be
reoriented. But because the orbit is strongly coupled to
the crystal lattice, the orbit resists the rotation of the spin
axis. Thus, the energy required to rotate the spin system
of a domain away from the preferred orientations is the
energy required to overcome spin-orbit coupling. Spin—
orbit coupling is weak in most ferromagnetic materials, as
evidenced by the fact that a moderate field of a few thou-
sand kiloamperes per meter suffices to rotate the spins.
Spin-orbit coupling in rare-earth metals is much stronger
by about an order of magnitude. When a magnetic field
rotates the spins, the orbital moments rotate, and consid-
erable distortion, and hence magnetostriction, results (13).

MATERIAL BEHAVIOR

Magnetic Anisotropy

Magnetic anisotropy refers to the dependence of magnetic
properties on the direction in which they are measured.
It can be of several kinds, including erystal, stress, shape,
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and exchange anisotropy. Of these, however, only crystal
anisotropy is intrinsic to the material, whereas the other
types are externally induced.

In crystalline materials, the magnetic moments do not
rotate freely in response to applied fields, but rather
they tend to point in preferred crystallographic directions.
This phenomenon is called magnetocrystalline (or crystal)
anisotropy, and the associated anisotropy energy is that
required to rotate the magnetic moments away from their
preferred direction. Crystal anisotropy energy and linear
magnetostriction are closely related. If anisotropy is in-
dependent of the state of strain, there will be no linear
magnetostriction (14). In rare-earth elements, for instance,
large strains are a direct consequence of the huge strain
dependence of magnetic anisotropy (8). Under the action
of a magnetic field, measurable strains result from the de-
formations that the crystal lattice undergoes to minimize
the energy state of the material.

When a sinusoidal magnetic field is applied to a ma-
terial that has sufficiently large anisotropy, the result-
ing magnetization curve is not smooth due to the pres-
ence of magnetic moment “jumping.” For example, Fig. 3a,b
shows the magnetization and magnetostriction of the alloy
Thog7Dyo33, which has substantial magnetic anisotropy.
The discontinuity in both curves near a field value of
40 kA/m occurs because the magnetic moments abruptly
enter or leave low energy directions. Elements that have
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Figure 3. (a,b) Magnetization and magnetostriction jumps in
Thy g7Dy0 33, a material that has large anisotropy. (c), (d) The same
measurements are much smoother in a material that has near zero
anisotropy such as Thy gDy 4 (36).
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Figure 4. Crystallographic orientations in monolithic Terfenol-
D. The square brackets represent the indexes of particular direc-
tions such as the edges of a cube: [100], [010], [001], [100], [010],
and [001], in which 1 denotes —1. The entire set of directions is
designated by any one direction in angular brackets, for instance,
<100=. Finally, planes of a form are designated by rounded brack-
ets, such as the six faces of a cube: (100), (010), (001), (100), (010),
and (001).

opposite anisotropies are often alloyed together to re-
duce the jumping and associated nonlinearities in material
behavior. Such a material is shown in Fig. 3c,d. In this case,
the same system but in a different composition (Tby gDy 4)
exhibits a much smoother response to the applied field.
Accurate models for crystal anisotropy and its relation-
ship to the magnetization process exist for simple cases of
cubic and hexagonal crystals (15,16), but models of com-
plex crystal structures often rely on simplifying assump-
tions that reduce the problem to the simpler cases. For
instance, it is often useful to assume operating regimes
in which stress anisotropy dominates crystal anisotropy,
thus enabling the modeling of highly complex cases such
as that of Terfenol-D whose crystals are grown in dendritic
twin sheets oriented in the [112] direction, as shown in
Fig. 4 and discussed in (1). Terfenol-D has a large and pos-
itive magnetostrictive coefficient of A;1; = +1,600 x 10-¢,
s0 a compressive stress applied along the (112) direction
produces a significant decrease in the internal energy of
the crystal at right angles to the applied stress. On the
other hand, although the anisotropy coefficient of Terfenol-
D varies significantly, depending on temperature and sto-
ichiometry (K; = —4 to —50 kJ/m? [3,17]), it is sufficiently
large to resist such energy changes by favoring alignment
in the <111> directions. Then, it is inferred that a suf-
ficiently large compressive stress will raise the elastic
energy above that of the crystal anisotropy, shifting the

preferred orientation of domains to the <111> magnetic
easy axes that are perpendicular to the [112] direction.
Under such compressive stress, the population density
in these two orientations increases, and a magnetic field
applied in the [112] direction produces nearly isotropic 90°
rotations because the energy wells of crystal anisotropy
have been effectively removed from the path of the ro-
tations. In addition, under compression, as large popula-
tions of magnetic moments align normally to the stress
direction, the demagnetized length decreases to a mini-
mum, and the saturation magnetostrictive potential in-
creases to a maximum. The 90° rotations subsequently
provide the maximum possible magnetostrictions. To sum-
marize, in materials that have positive magnetostrictions
like Terfenol-D, the stress anisotropy generated by com-
pression effectively improves the magnetoelastic state
that leads to enhanced magnetostrictions. The manner in
which this is implemented in transducer applications is
discussed later. In nickel, which has a negative magne-
tostrictive coefficient, the effect is reversed, and enhanced
magnetoelasticity is obtained from tensile stresses. Fur-
ther details regarding crystal anisotropy can be found in
(18-20).

Domain Processes and Hysteresis

The changes in magnetization that result from an applied
magnetic field can be either reversible or irreversible. Re-
versible changes in magnetization are energetically con-
servative and occur for small field increments in which the
material can return to the original magnetic state upon
removing the field. Irreversible magnetizations are dissi-
pative because external restoring forces are needed to re-
turn the magnetism to its original state, for example, when
large fields are applied. In applications, both types of mech-
anisms contribute to the magnetization process. Magneti-
zation, either reversible or irreversible, can be explained by
considering two related mechanisms: the rotation of mag-
netic moments and the movement of domain walls. The
presence of domain walls lies in the domain structure char-
acteristic of ferromagnetic materials below their magnetic
phase transition temperature or Curie temperature, T} (see
Table 1 for values of 7, for several magnetostrictive mate-
rials). When a ferromagnetic material is cooled below its
Curie temperature, the magnetic moments become ordered
across volumes, called domains, that contain large num-
bers of atoms. The domain structure can be observed under
a microscope, and it typically consists of 10'>—10'® atoms
per domain. The transition regions between neighboring
domains are called domain walls. All of the moments of
each domain are aligned parallel, producing a spontaneous
magnetization M, but without a field, the direction of M,
varies from domain to domain, so that the bulk magneti-
zation in the material averages zero. This is illustrated by
the randomly oriented regions of Fig. 5a.

When a small magnetic field H is applied, as depicted
in Fig. 5b, domains oriented favorably to the field grow at
the expense of the remaining domains, and the main mag-
netization mechanism is domain wall motion. As the field
is increased (see Fig. 5c), entire domains rotate to align
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Table 1. Magnetoelastic Properties of Some Magnetostrictive Materials

Material 2 As(x1076) p (g/lem?) B. (T) T°C) E (GPa) k

Fe ~14(8) 7.88(14)  2.15(14) 770 (14) 285 (14)

Ni ~50 (14) 8.9(14)  0.61(14) 358 (14) 210(1)  0.31(8)
Co -93(14) 89(14)  179(14)  1120(14) 210 (1)

50% Co-50% Fe 87(2) 8.25(8)  2.45(76) 500 (14) 0.35 (8)
50% Ni-50% Fe 19(2) 1.60 (76) 500 (14)

ThFes 2630 (8) 9.1(14) L1(2) 423 (8) 0.35 (8)
Tb 3000 (~196°C) (36) 8.33 (14) -48(13) 55.7 (1)

Dy 6000 (—196°C) (36) 8.56 (14) -184 (1) 61.4(1)

Terfenol-D 1620 (8) 9.25 1.0 380 (76) 110(77)  0.77(78)
Tbo.6Dyo.4 6000 (~196°C) (36)

Metglas 26058C 60 (36) 7.32(2)  1.65(76) 370(2)  25-200(2)  0.92(1)

@Unless otherwise specified, all measurements were performed at room temperature.

with the easy [111] axis. This produces a burst region in
the magnetization versus field (M-H) and strain versus
field (e—H) curves by virtue of which small field changes
produce large magnetization or strain changes. In the fi-
nal stage shown in Fig. 5d, the material acts as a single do-
main as magnetic moments rotate coherently from the easy
axis to the direction of the field. This produces saturation of
the magnetization. Typical magnetization and strain loops
shown in Fig. 6 illustrate the burst region and saturation
effects. From a design perspective, magnetic biasing de-
scribed later is used to center operation in the burst region
for optimum performance.

For low magnetic field levels, partial excursions in the
M-H or e—H curve are observed that are approximately
linear. However, hysteresis is always present, particularly
when the materials are employed at high field levels such

(a)

[110]

[001]

as those of Fig. 6. The hysteresis can be attributed to the ir-
reversible impediment to domain motion by pinning sites,
such as when domain walls move across twin boundaries
in Terfenol-D. Modeling hysteresis and nonlinear behav-
ior is currently a focal point in designing and controlling
magnetostrictive materials. Extensive details on the topic
of ferromagnetic hysteresis can be found in (14,21,22).

Material Properties

Strains are generated by magnetostrictive materials when
magnetic moments rotate to align with an applied field.
This phenomenon is governed by an energy transduction
process known as magnetomechanical coupling that is in-
trinsically bidirectional and that facilitates both actuat-
ing and sensing mechanisms in a material. From a design

(b)

[11]
[112]

Figure 5. Domain processes in the (110) plane of single crystal Terfenol-D under the application of
a field H along the [112] axis: (a) demagnetized specimen, (b) partial magnetization by domain-wall
movement, (¢) from partial magnetization to the knee of the magnetization curve by irreversible
domain magnetization rotation into the [111] axis, and (d) from the knee of the magnetization curve
to technical saturation by reversible (coherent) rotation to the [112] axis (21).
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Figure 6. Relative magnetization M/M; and total strain ¢ as a
function of magnetic field H in a magnetostrictive material.

standpoint, the linear coupling coefficient & that quanti-
fies the conversion efficiency between mechanical and elas-
tic energies must be close to unity. Significant magnetic
moment rotation occurs only when a domain structure is
present, that is to say, in the ferromagnetic state below
the Curie temperature T.. Hence, the material must be
designed so that its Curie temperature is well above the
operating temperature range. In smart structure systems,
large forces are often involved that the magnetostrictive
material must support. The stiffness of the material is
quantified by the elastic modulus E. The material must
have a large value of E to support large forces. Finally, the
magnetostrictive material must feature a large saturation
magnetization M; (or, equivalently, a large saturation in-
duction B;), and the magnetic anisotropy must be small.
Shown in Table 1 is a list of nominal properties for
several magnetostrictive materials of interest. Note that
the magnetomechanical coupling responsible for diverse
material properties is a highly complex function that de-
pends on quantities such as magnetic field, stress, tem-
perature, and frequency. These quantities are collectively
known as “operating conditions” and typically vary during
device operation. It has been demonstrated that small vari-
ations in operating conditions often produce large changes

in material properties (23). Efficient transducer design
requires accurately assessing how material properties
behave under varying operating conditions.

LINEAR MAGNETOSTRICTION

Linear or Joule magnetostriction pertains to the strain
produced in the field direction and is the most commonly
used magnetostrictive effect. Because linear magnetostric-
tion occurs at constant volume, there must be a transverse
strain of sign opposite to that of the linear magnetostric-
tion,

AL =—=.

Isotropic Spontaneous Magnetostriction

It was mentioned earlier that when a ferromagnetic mate-
rial is cooled through its Curie temperature, a transition
from paramagnetism to ferromagnetism takes place, and
magnetic moments become ordered giving rise to sponta-
neous magnetization M; within domains. This process is
also accompanied by a strain which is known as sponta-
neous magnetostriction Aq. It is possible to derive a use-
ful relationship between i, and saturation magnetostric-
tion is;. To that end, we consider an isotropic material
in the disordered state above T, which is therefore mod-
eled by spherical volumes, as shown in Fig. 7a. As the
material is cooled below T, spontaneous magnetization
M, is generated within magnetic domains along with the
corresponding spontaneous magnetostriction Ay. The do-
mains are represented in Fig. 7b by ellipsoids that have
spontaneous strain e. Because the material is isotropic, the
magnetic domains are oriented randomly; each bears an
angle # with respect to the direction of measurement. Net
magnetization is consequently zero, and the length in the

(b)

=S Tl - |

Figure 7. Schematic diagram illustrating the magnetostriction
of a ferromagnetic material: (a) paramagnetic state above T;; (b)
after it has been cooled through 7;; and (¢) after it has been brought
to saturation by a field H.




direction of interest is given by (13)
e(f) =e cos? 4. (1)

Then, the average domain deformation at the onset of spon-
taneous magnetostriction can be obtained by integration in
all possible directions,

/2 e
lo=f e cos?0 sinfdf = —.
/2 3

Spontaneous magnetostriction i, is homogeneous in all di-
rections, so that the material has changed its dimensions
but not its shape. When a magnetic field is applied, the do-
mains rotate and become aligned either parallel to the field
or perpendicular to it, depending on whether the material
exhibits positive or negative magnetostriction. Assuming
positive magnetostriction, the domains will rotate into the
field direction, as depicted in Fig. 7c. Near saturation, the
material will be a single domain, and the total strain will
be e. Then, the total available saturation magnetostriction
is given by the difference between e and Ao,

2
K9=€—A0:§e=2l{). (2)

This expression provides a method of measuring the spon-
taneous strain A, by measuring A;. Methods to determine
A, are discussed next.

Saturation Magnetostriction

Assuming again for simplicity that the medium is isotropic,
saturation magnetostriction at an angle @ to the direction
of the field is given by (13)

3 W
As(0) = 3 Xy (cos 6 — 5) ; (3)

where A,(0) is the saturation magnetostriction at an angle #
to the field and A, is the saturation magnetostriction along
the direction of magnetization.

The saturation magnetostriction is then calculated from
the difference between the maximum magnetostriction
when the field is parallel to a given direction (i) and that
when the field is perpendicular to the given direction (A, ).
Substituting # = 0° and # = 90° in Eq. (3) gives

1 3
Ag) — AsL = = As = 5 s, 4
pmhu =det g A = A (4)

which defines A, independently of the demagnetized state.

Magnetostriction data from Clark (8) taken from poly-
crystalline Th,Dy,_(Fe, samples are reproduced in Fig. 8.
The data points correspond to Ay — As. at room temper-
ature and field values of H = 10 kOe (0.8 MA/m) and
H =25 kOe (2 MA/m). Near x = 0.3, the magnetostric-
tive curve shows a peak in accordance with the near zero
magnetic anisotropy observed at this composition. From
the magnetostrictive value at the peak, about 1600 x 1074,
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Figure 8. Magnetostriction of polyerystalline ThyDy;_.Fe, at
room temperature (8).

Eq. (4) gives A, = 1000 x 10 which is a widely employed
value for the saturation magnetostriction of Terfenol-D.

Anisotropy is present to some degree in all magnetic
materials, and therefore, the saturation magnetostriction
needs to be defined relative to the axis along which the
magnetization lies. One exception is nickel, whose mag-
netostriction is almost isotropic (see Table 2). Recognizing
that there are two independent magnetostriction constants
A100 and App; for cubic materials, the saturation magne-
tostriction, assuming a single crystal, single domain ma-
terial is given by a generalization of Eq. (3) for isotropic
materials:

3 ; 1
b = 5 b (ad]+ o} +adf - 5)

+ 3 by (eyaefi B + agasfafa + agar fspr),  (5)

where Aigp and Ay1; are the saturation magnetostrictions
along the <100> and <111> axes of the crystal. Cosines «;

Table 2. Magnetostrictive Coefficients

of Cubic Crystal Materials

Material A100 (10-9) A111(1079)
Nickel —46 —24
Iron 21 =21
Terfenol-D 90 1600
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(i =1, 2, 3) define the direction along which the magnetic
moments are saturated, and cosines g; define the direc-
tion in which the saturation magnetization is measured.
The saturation magnetostriction in the field direction is
obtained by using «; = f; in Eq. (5), which leads to

Ae = haoo + 3 (i — Aoo) (oad + ofad +afad).  (6)

Note that Egs. (5) and (6) apply only to single domain ma-
terials. In the saturated state, the whole specimen consists
of a single domain whose magnetization M, is aligned par-
allel to the applied field. However, when a domain struc-
ture is present such as in polycrystals, the magnetostric-
tion can be calculated only by averaging the effects, unless
the domain structure is known specifically. Note that dif-
ferent domain configurations can give the same bulk mag-
netization and different magnetostrictions (see Fig. 9). So,
assuming that there is no preferred grain orientation,
Eq. (6) simplifies further and becomes

o B 3
As = — A100 + = A111-
5 100 5 111
Extensive magnetostriction data on the R—Fe; compounds
can be found in (8), and calculations of A, in different
crystallographic structures such as cubic, hexagonal, and
polyerystalline can be found in (2,13,16,21).

Magnetostriction below Saturation

Although saturation magnetostriction i, can be deter-
mined by employing the methods previously discussed,
magnetostriction between the demagnetized state and
saturation is structure sensitive, so general constitutive

AL

(b)
(a)

Figure 9. Demagnetized specimen featuring a 180° domain wall
in the (a) horizontal or (b) vertical direction. The length of the spec-
imen is different in either case, even though the magnetization is
the same.

relationships for magnetostriction are not feasible. How-
ever, an explicit solution exists when strains are due pri-
marily to 90° domain rotations. In practice, these rotations
occur in (1) a single crystal that has uniaxial anisotropy in
which the field is applied in a direction perpendicular to the
easy axis or (2) a polyerystalline material in which the mag-
netic moments have been completely aligned in a direction
perpendicular to the applied field, such as Terfenol-D un-
der extreme compression or nickel under tension. The lat-
ter implies that perpendicular stress energy is sufficient to
dominate crystal anisotropy, as discussed earlier. For that
regime, combining Egs. (1) and Eq. (2) gives

3
A= 3 Ag COS%H, (N

where 6 is the angle between the M, vectors and the field
direction. Recognizing that the bulk magnetization in the
field direction is given by M = M, cos 8, Eq. (7) becomes

3 M2
=20 (ﬁ) )

which provides a quadratic relationship between magneti-
zation and magnetostriction. It has been shown that this
expression is sufficiently accurate in a broad range of trans-
ducer regimes in which high mechanical preloads are em-
ployed to optimize transducer performance (24). A gener-
alized version of this equation has been given in (25), and
more elaborate models of magnetostrictive hysteresis have
been presented in (19,26-28). Additional effects such as
stress dependences have been also considered (25,29). Fi-
nally, the dependence of the magnetostriction of the R—Fe,
compounds on temperature has been discussed in (8).

OTHER MAGNETOSTRICTIVE EFFECTS

Linear magnetostriction is just one of several manifesta-
tions of a more general phenomenon, the coupling between
the magnetic and elastic states in a material. These ef-
fects are briefly discussed following and are summarized in
Table 3.

Villari Effect

The Villari effect, also known as the magnetomechanical
effect, are the changes in magnetization that a magne-
tostrictive material undergoes when subjected to an ap-
plied uniaxial stress. This effect pertains to the trans-
duction of energy from the elastic to the magnetic state
and is inverse of Joule magnetostriction. Furthermore, the
Villari effect exhibits many of the attributes of the direct
magnetostrictive effect inasmuch as its physical origin also
lies in magnetoelastic coupling. The Villari effect has been
the object of much study, given its relevance in applications
such as nondestructive evaluation and sensing. Extensive
theoretical and experimental details can be found in (25).
The effect of stress on magnetostrictive materials in par-
ticular has been discussed in (30).




Table 3. Magnetostrictive Effects
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Direct Effects

Inverse Effects

Joule magnetostriction

Change in sample dimensions in the direction of the applied
field

AE effect

Magnetoelastic contribution to magnetocrystalline anisotropy

Wiedemann effect

Torque induced by helical anisotropy

Magnetovolume effect

Volume change due to magnetization (most evident near the
Curie temperature)

Villari effect
Change in magnetization due to applied stress

Magnetically induced changes in elasticity
Matteuci effect
Helical anisotropy and emf induced by torque

Nagaoka-Honda effect
Change in the magnetic state due to a change in volume

AF Effect

The elasticity of magnetostrictive materials is composed
of two separate but related attributes, the conventional
stress—strain elasticity that arises from interatomic forces
and the magnetoelastic contribution due to the rotation
of magnetic moments and the ensuing strain that occur
when a stress is applied. The latter contribution, known
as the AE effect, is quantified by AE = (E, — Ey)/E,,
where E; is the minimum elastic modulus and E; is
the elastic modulus at magnetic saturation. Because the
strain produced by magnetic moment rotation adds to the
non-magnetic strain [see Eq. (9)], the material becomes
softer when the moments are free to rotate. This is illus-
trated in Fig. 10. Note that the material becomes increas-
ingly stiff as saturation is approached and magnetic mo-
ment mobility decreases. The AE effect is small in nickel
(AE = 0.06) but is quite large in Terfenol-D (AE up to
5) and certain transverse-field annealed Feg;B135Si55Cs
(Metglas 2605SC) amorphous ribbons (AE = 10). The
AE effect of Terfenol-D can be advantageously employed
in tunable vibration absorbers and broadband sonar
systems (31).
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Figure 10. Magnetoelastic modulus of Tby3Dyg7Fe; under
various stresses (79).

Wiedemann Effect

A current-carrying ferromagnetic or amorphous wire pro-
duces a circular magnetic field in a plane perpendicular
to the wire, and the moments align predominantly in the
circumferential direction. When an axial magnetic field is
applied, some of the moments align helically and create
a helical magnetic field. The twist observed in the wire
is called the Wiedemann effect. The inverse Wiedemann
effect, known as the Matteuci effect, is the change in ax-
ial magnetization of a current-carrying wire when it is
twisted. Further details can be found in (2).

Magnetovolume Effect

The volume of a magnetostrictive material remains vir-
tually unchanged during normal operation, but in certain
extreme regimes, the volume of the material may change
in response to magnetic fields. This anomalous volume
change is called the volume magnetostriction or Barret ef-
fect. The effect has little applicability in smart structure
systems. For instance, the magnetostriction curve of nickel
rapidly reaches —35 x 1075 at only 10 kA/m, but the frac-
tional volume change is only 0.1 x 10 in a much larger
field of 80 kA/m. In the alloy Invar (36% nickel-64% iron),
the fractional volume change at the Curie temperature,
which is slightly above room temperature, compensates
for the intrinsic thermal expansion and gives a compound
that has nearly zero thermal expansion at room tempera-
ture. The inverse of the Barret effect, the Nagaoka—Honda
effect, is the change in magnetic state caused by a volume
change (2,14).

MAGNETOSTRICTIVE TRANSDUCERS

One advantage of magnetostrictive transducers over other
types of transducers is that they can be driven by con-
ventional low impedance amplifiers, particularly at fre-
quencies well below resonance; in this case, the low
impedance of a magnetostrictive transducer means that
driving voltages can be low. This can prove useful in meadi-
cal applications and in general can greatly simplify ampli-
fier design. Figure 11 shows the measured complex elec-
trical impedance frequency response function Z.. = V/I
of a Terfenol-D transducer designed following the generic
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Figure 11. Total electrical impedance Z,, versus frequency, ex-
pressed as magnitude and phase: (a) bias condition of 5.2 MPa,
24 kA/m (0.75 ksi, 300 Oe), and varied ac drive levels; (b) constant
ac drive level of 8 kA/m (100 Oe) and varied bias conditions (79),

configuration indicated in Fig. 12 (32,33). This transducer
consists of a cylindrical magnetostrictive rod, a surround-
ing copper-wire solenoid, a preload mechanism that con-
sists of a bolt and a spring washer, magnetic couplers, and
a barrel-like permanent magnet that provides bias magne-
tization. Specific design details depend on the particular
smart structure application; however, this configuration
depicts the basic components needed to extract maximum
performance from a magnetostrictive material.

Because magnetostriction is produced by the rotation of
magnetic moments, a magnetostrictive transducer driven
by an ac magnetic field vibrates at twice the drive fre-
quency, and the motion occurs in only one direction. This
is illustrated in Fig. 13, where the solid lines represent
the unbiased input and corresponding strain output. The
dashed lines demonstrate the performance improvements
achieved by applying a magnetic bias. In the biased regime,
the frequency of the input is preserved, the output is bidi-
rectional, and the ratio of output per input is substan-
tially larger. To center operation accurately around the

Prestress bolt Permanent magnet Solenoid Compression spring

Magnetic coupler Magnetostrictive rod  Displacement plunger

Figure 12. Cross section of a typical magnetostrictive transducer.

desired bias point, a permanent magnet is often employed
in combination with a static field generated by passing a
de current through the solenoid. Note that exclusive per-
manent magnet biasing has the advantage of substantial
power savings, but it has the disadvantage of added bulk
and weight. Conversely, dc currents produce considerable
power losses through ohmic heating but facilitate savings
in bulk and weight. Magnetic biasing can be alternatively
provided by magnets located in series with the rod or rods;
this design is known as a stacked-magnet configuration.
The stacked-magnet configuration can improve the magne-
tomechanical coupling up to 5% for large rods (L > 20 cm,
D > 2.5 cm) compared to the barrel-magnet configuration.
However, collateral problems such as saturation effects
and resonance frequency shifts are common in stacked-
magnet designs. Carefully designed transducers must pro-
vide efficient magnetic flux closure within the circuit
formed by the rod itself, the couplers, and the permanent
magnets.

Strain A
Qutputs

Magnetic field

: —— Unbiased
ko ! ——— Biased

Me— 4
ﬁ ﬁ Inputs

Figure 13. Effect of magnetic bias on the strain produced by a
magnetostrictive transducer.




Finally, although modern magnetostrictive materials
such as Terfenol-D are manufactured so that their mag-
netic moments are nearly perpendicular to the rod axis,
a static stress (mechanical preload) is nevertheless, re-
quired to achieve full alignment of all of the moments.
The moments of a mechanically free rod are aligned ran-
domly, and the rod produces only about half of its max-
imum magnetostriction because the moments initially
aligned with the rod axis do not contribute to the mag-
netostriction. Furthermore, the stress anisotropy gener-
ated by the static compression (or tension for materials
of negative magnetostriction) enhances the overall mag-
netoelastic state, as described previously. Note that in de-
signs that employ linear washers for preloading, the stress
in the magnetostrictive rod can vary significantly rela-
tive to the nominal preload during dynamic transducer
operation. By virtue of the magnetomechanical coupling,
this can have a profound impact on the performance of the
magnetostrictive transducer and driving electronics by af-
fecting the magnetic state and, through it, the electrical
regime (see Fig. 11). The effects of mechanical preload and
magnetic bias on the performance of a Terfenol-D trans-
ducer have been studied in (34). A second reason for em-
ploying a mechanical preload is to avoid operating the rod
in tension, particularly when driving brittle materials such
as Terfenol-D (o; = 28 MPa, o, = 700 MPa) at or near me-

chanical resonance.

Actuator Applications

The number of actuator applications based on magne-
tostrictive materials, mainly Terfenol-D, is continuously
increasing as a consequence of the high energy density,
high force, broad frequency bandwidth, and fast response
that these materials provide. Even though the cost of
Terfenol-D is high at present, the range of applications is
likely to continue increasing as manufacturing techniques
are perfected and prices decline. Actuators designed ac-
cording to the configuration shown in Fig. 12 have been em-
ployed in these applications: sonar, chatter control for bor-
ing tools, high-precision micropositioning, borehole seismic
sources, geological tomography, hydraulic valves for fuel
injection systems, deformable mirrors, hydraulic pumps,
bone-conduction hearing aids, exoskeletal telemanipula-
tors, self-sensing actuators, degassing in manufacturing
processes such as rubber vulcanization, and industrial ul-
trasonic cleaning. Four main application subgroups of cur-
rent transducer designs are discussed here: sonar trans-
ducers, linear motors, rotational motors, and hybrid smart
material transducers. The reader is directed to (1,2) for
more complete details.

Sonar Transducers. Efficient sonar transducers must
produce high mechanical power at low frequencies and of-
ten have the additional constraint that a broad frequency
bandwidth or equivalently, a low quality factor @, must be
attained. Although nickel was widely employed in sonar
applications during World War 11, it has a low magneto-
mechanical coupling coefficient of k2 = 0.30 which typi-
cally demands a high @ to achieve good efficiencies. In
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contrast, the newer giantmagnetostrictive materials have
much higher coupling coefficients of more than & = 0.70
which makes it possible to operate the transducer at low
@ and attain high power output simultaneously. For ex-
ample, a Terfenol-D Tonpilz transducer similar to that de-
picted in Fig. 14a can produce a bandwidth of 200 Hz at a
resonance frequency of 2 kHz (@ = 10) and a source level
of 200 dB ref. 1 uPa at 1 m (35). Another Terfenol-D trans-
ducer reportedly produces a maximum output of 206 dB
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Figure 14. Magnetostrictive sonar transducers: (a) Tonpilz,
(b) flextensional, and (¢) square ring.
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ref. 1 uPa at 1 m and operates across a broad usable band-
width of 5-50 kHz (36). Other designs employ the linear
motion of eylindrical magnetostrictive rods to flex a sur-
rounding shell or to induce radial vibrations in a tube or
ring, as shown in Fig. 14b,c. Further details and references
are provided in (37).

Linear motors. Direct coupling between the load and the
magnetostrictive element in Fig. 12 implies that the net
load displacement is limited by magnetostriction. For in-
stance, an 11.4-cm Terfenol-D actuator provides maximum
displacements of about 0.2 mm. This displacement level is
sufficient for many vibration control applications, but cer-
tain applications such as flow control valves or aircraft flap
positioners typically require much larger strokes.

The fact that Joule magnetostriction takes place at con-
stant volume is employed in the Kiesewetter motor to
displace loads beyond the maximum strain normally
achievable by a Terfenol-D rod. This motor (38) consists
of a cylindrical Terfenol-D rod that fits snugly inside a stiff
stator tube when no magnetic field is applied. Several short
coils surround the stator to produce a magnetic field pro-
file that sweeps along the Terfenol-D rod. When one of the
coils is energized, for instance, coil 1in Fig. 15a, the section
of rod directly exposed to the magnetic field elongates and
shrinks. As the field is removed, the rod clamps itself again
inside the stator but at a distance d to the left of the original
position. As the remaining coils are energized sequentially
and the magnetic field profile is swept, the rod moves in
a direction opposite to the sweeping field. The direction of
motion is changed by inverting the sequence in which the
coils are energized. From a design perspective, the total
displacement is limited only by the length of the Terfenol-
D rod, whereas the speed of motion is proportional to the
sweeping frequency and the magnetostriction of the rod.
Other factors that affect the smoothness and speed of the
motor are the number of traveling pulses, the spacing bet-
ween excitatory coils, the stiffness of the Terfenol-D mate-
rial, and skin effect degradation due to eddy currents. The
Kiesewetter motor is self-locking when unpowered, which
is an important attribute for many robotic applications.

A proof-of-concept Kiesewetter motor presented in (39)
produces 1000 N of force and 200 mm of useful stroke at
a speed of 20 mm/s; it is intended for uses such as control
of coat weight and fiber distribution in the paper industry
and valve operation and precision positioners for the ma-
chine tool industry. An improved design presented in (40)
addresses some of the technical problems of the Kiesewet-
ter motor, particularly the degradation of fit between the
stator and the rod caused by wear and thermal expansion.
Furthermore, this revised design enables rotary motion in
a way that is otherwise impossible to achieve by using the
original Kiesewetter design.

Another variant of the inchworm principle is shown in
Fig. 156b. This motor consists of translating clamps, fixed
clamps, pusher transducers, and a load shaft. By coordi-
nating the clamping and unclamping actions of the clamps
with the action of the pushing transducers, it is possible
to induce bidirectional motion of the load shaft. The load
rating is limited by the frictional force between the clamps
and the load shaft. Note that the inchworm principle can
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Figure 15. (a) The Kiesewetter inchworm motor. Black rectangles
indicate energized coils; white rectangles indicate inactive coils.
(b) Inchworm linear motor.

also be implemented by using other smart materials such
as piezoelectric stacks (41) or a combination of piezoelectric
and magnetostrictive elements, as shown later.
Piezoelectric transducers are often preferred for ultra-
sonic power generation in the megahertz range, but certain
applications in the low-ultrasonic range benefit from the
ruggedness and lack of depoling mechanisms of magne-
tostrictive materials. For instance, nickel is extensively
used in applications such as degassing liquids (20-50 kHz)
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Figure 16. Schematic diagram of an ultrasonic Terfenol-D device
consisting of a quarter-wave transducer coupled to a quarter-wave
titanium waveguide and a half-wave acoustic horn. Different tool
tips can be used as needed.

and cleaning dental or jewelry pieces (more than 50 kHz). A
surgical ultrasonic tool based on Terfenol-D was developed
recently that reportedly provides enhanced power and dis-
placement output compared to existing piezoelectric tools;
it is also lighter, more compact, and can deliver a 600-V,
1-MHz signal to cauterize bleeds without affecting its
surgical function. In this device, illustrated in Fig. 16, a
laminated quarter-wavelength Terfenol-D rod is coupled
to a quarter-wavelength titanium waveguide that provides
the resonant subassembly to which a half-wavelength
acoustic horn is attached. The acoustic horn has an am-
plification factor from 15-30; thus, it provides extreme
accelerations and energy concentration at the tip of the
tool (42,43). Other current or potential uses for this trans-
ducer design include industrial cleaning, sonic cell disrup-
tion and sterilization, friction welding, and treatment of
diverse chemical and biological processes (1).

Rotational Motors. Smart material motors based on the
magnetostrictive principle are potentially simpler and
more reliable than conventional hydraulic or electromag-
netic systems. The inchworm technique has been employed
in a rotational motor that produces a torque of 3 Nm at a
speed of 0.5 rpm (44). Another inchworm type device also
provides a speed of 0.5 rpm but produces a very high torque
of 12 Nm and precision microsteps of 800 urad (45). Despite
the great positional accuracy and high holding torques, the
current inchworm-type rotational motors tend to lack effi-
ciency. Much of the efficiency limitation has been overcome
in the resonant rotational motor proposed by Claeyssen et
al. (46). Two linear Terfenol-D actuators are used to in-
duce elliptical vibrations in a circular ring that acts as
a stator and transmits the vibrations to rotational rotors
pressed against the ring. The prototype reportedly pro-
vides a maximum torque of 2 Nm at a maximum speed of
17 rpm.

The field of ultrasonic rotational motors has aroused
much research and commercial interest. These motors are
employed in a wide range of applications from autofocusing
camera lenses to robotic manipulators. A rotational actua-
tor developed by Akuta (44) employs Terfenol-D to achieve
a relatively high speed of 13.1 rpm and a maximum torque
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Figure 17. Rotational ultrasonic motor (44).

of 0.29 Nm. As depicted in Fig. 17, this motor employs two
Terfenol-D exciter rods to induce rotations in the shaft.

Hybrid Magnetostrictive/Piezoelectric Devices. Given
their technological interest, hybrid smart material actu-
ators can be considered a separate class independently of
whether they are intended for sonar, linear, or rotational
applications. Because magnetostrictive materials are in-
ductive and piezoelectric elements are capacitive, it is ad-
vantageous to combine both types of materials in the same
device, so that a resonant electric circuit is formed. When
driven at resonance, such a device behaves like a purely
resistive load and only the energy that is effectively con-
verted to mechanical motion or lost to inner losses needs
to be supplied externally. This greatly simplifies amplifier
design and helps to attain high efficiencies.

The hybrid device has been demonstrated that over-
comes the difficulties involved in achieving motion at
only one end of a Tonpilz piston-type sonar transducer;
it consists of a quarter-wavelength stack of piezoelectric
Navy type I ceramic rings joined to a quarter-wavelength
Terfenol-D composite tube [see Fig. 18a and (47)]. The in-
herent 90° phase shift between the magnetostrictive and
piezoelectric velocities in combination with the quarter-
wavelength design of the elements ensures addition at one
end and cancellation at the other. The device is mechani-
cally unidirectional, but it becomes acoustically unidirec-
tional only under array-baffled operation. The measured
front-to-back pressure ratio is 5 dB for the device alone and
15 dB under array-loaded conditions. The concept of hybrid
piezoelectric/magnetostrictive transduction has also been
implemented for linear inchworm motors (48,49) and rota-
tional motors (50). For example, the prototype presented
in (48) has the configuration shown in Fig. 15b, but the
clamping is done by piezoelectric stacks, and the transla-
tion is provided by Terfenol-D rods. The intrinsic 90° phase
lag between the two types of elements provides natural
drive timing for the inchworm, and the direction of motion
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Figure 18. Hybrid magnetostrictive/piezoelectric transducers:
(a) sonar projector (47); (b) rotational motor (50).

is easily reversed by changing the magnetic bias on the
Terfenol-D elements. This motor achieves a zero-load speed
of 25.4 mm/s and a stall load of 115 N.

The hybrid magnetostrictive/piezoelectric rotational
motor illustrated in Fig. 18b follows the proof-of-concept
transducer presented in (50). A piezoelectric stack clamps
a piece of friction material onto the rotating disk, and two
magnetostrictive rods move the clamp tangentially to the
disk to produce rotational motion. As indicated before, the
sequence of the motion is determined by the natural timing
of the piezoelectric and magnetostrictive responses. The
device produces a speed of 4 rpm at excitatory voltages
from 30-40 V and frequencies from 650-750 Hz.

Sensor applications

Magnetostrictive materials are being employed in a wide
variety of sensor designs as evidenced by the growing num-
ber of publications and patents. In this overview, the term
sensor is used in a broad sense to indicate the attributes
of magnetostrictive materials that facilitate generation of
electrical signals in response to mechanical excitations,
such as force, strain, and torque, or magnetic excitations
such as magnetic fields. By virtue of the magnetomechan-
ical coupling, changes in the magnetoelastic state through
these parameters (or a combination of them) produce mea-
surable change in magnetization anisotropy. To complete
the sensing mechanism, a pick-up coil is often wrapped

around the magnetostrictive material to detect magneti-
zation changes; this effectively provides a mechanism for
conversion of energy from magnetic to electrical regimes.
The principle that links the magnetization with the volt-
age V generated across a pick-up coil is the Faraday-Lenz
law of electromagnetic induction:

dB
V=-NA 5
in which N and A are, respectively, the number of turns
and constant cross-sectional area of the coil and B is the
magnetic induction that quantifies the magnetization state
through the relationship B = uo(H + M) (21). Alterna-
tively, interferometric techniques can be employed to de-
tect the changes in wave speed that occur when the magne-
tostrictive material changes its properties in the presence
of external excitations, for instance, the stiffness changes
associated with the AE effect described earlier.

An overview of sensor designs is presented next. The
main principles that enable operation of the sensors are
emphasized. The list is not comprehensive, but it shows
that a huge number of alternative designs can be de-
vised based on the fundamental operation principles pre-
sented here. Further details can be found in the references
provided.

Torque sensors. Magnetostrictive noncontact torque me-
ters have been devised based on the principle that the
torque applied to a shaft generates stresses of opposite
sign, +t and —t, oriented +45° from the shaft axis. If the
shaft is magnetostrictive or has a magnetostrictive amor-
phous ribbon bonded to it, the magnetic properties along
the directions of +r and —r change as discussed previ-
ously. These properties can be measured either differen-
tially by a set of perpendicular coils, as shown in Fig. 19a,
or through a single Hall effect or similar magnetic field in-
tensity sensor (51). This kind of sensor can be employed,
for instance, in fly-by-wire steering systems for the auto-
motive and aerospace industries. Additional details and
references can be found in (2).

Another class of noncontact torque meters relies on the
changes in permeability exhibited by a magnetostrictive
material subjected to torsional stress. In particular, appli-
cations that require less sensitivity can benefit from the
elevated mechanical strength that magnetic steels or al-
loys provide. One example is shown in Fig. 19b, where the
working torque on a drill bit is detected by two sensing
coils connected in series, one located over the flutes and
the other over the shank (the permeability of the shank is
less sensitive to changes in torque than the flutes.) A coil
provides the ac magnetic field excitation, and the sensor’s
proportional output is the differential voltage generated by
the sensing coils as the permeability of the bit changes due
to the applied torque (52).

Deformational and Position Sensors. Transverse-field an-
nealed magnetostrictive ribbons or wires make very sensi-
tive strain gauges. A sensor of this kind has been made
from strips of Metglas 2605SC transverse annealed for
10 min in a 208 kA/m (2.6 kOe) magnetic field at 390°C
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Figure 19. Magnetostrictive noncontact torque sensors: (a) Dif-
ferential reading in directions oriented +45° from the shaft axis
and (b) differential reading of the permeability changes experi-
enced by a drill bit subjected to a torque.

and rapidly cooled in a saturation field (53). The sensor
responds to the changes in the permeability of the rib-
bon, which by virtue of the magnetomechanical coupling
depends in turn on the state of strain in the material.
Defining a dimensionless gauge factor as the fractional
change in the measured parameter (in this case perme-
ability) divided by the change in strain, F = (81/88)/p,
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Figure 20. Magnetostrictive waveguide position sensor.

this sensor has an F value equal to about 250,000, which
compares extraordinarily well with resistive strain gauges
(F = 2) and semiconductor gauges (F = 250). One problem
encountered in using this device is that normal thermal
expansion can saturate the sensor. This problem can be
overcome by bonding the material using a highly viscous
liquid, although this limits operation to ac regimes.

A position detector can be made by using a magne-
tostrictive material as an acoustic waveguide. This device,
shown in Fig. 20, consists of a permanent magnet that is
connected to the target and rides along the length of the
waveguide, an emitter/receiver head that sends and re-
ceives either an acoustic or current pulse down the waveg-
uide, and a damper that prevents unwanted wave reflec-
tions. The sensor’s operating principle is rather simple;
the magnet interacts with the magnetostrictive waveguide
and locally changes its material properties. These material
property changes can be detected in different ways. In one
version, the stiffness discontinuity produced by the magnet
(AE effect, see earlier) partially reflects an acoustic pulse
sent by the emitter. In a second version, the emitter sends
a continuous current pulse down the waveguide that pro-
duces a circumferential magnetic field that interacts with
the axial field from the magnet. The resulting helical field
produces a twist in the wire (Wiedemann effect) that trav-
els back to the receiver head. In both versions, the transit
times of the original and reflected pulses provide a mea-
sure of the location of the magnet along the waveguide.
This sensor can be used for measuring fluid levels by con-
necting the magnet to a float or for generic position sensing
of up to 50 m at 1 mm accuracy (2).

Magnetometers. If the magnetostriction of a given ma-
terial is known as a function of magnetic field, the problem
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Figure 21. Hybrid magnetostrictive/piezoelectric magnetic field
sensors. When a magnetic field is applied to one of these sensors,
the magnetostrictive material strains, which either (a) generates
a voltage across the piezoelectric plate or (b) induces an emf in
a surrounding pick-up coil that can be extracted from the alter-
nating carrier emf produced as the piezoelectric plate resonates.

of measuring the magnetic field reduces to one of measur-
ing length. The length can be measured by a laser inter-
ferometer, optic fiber, strain gauge, capacitor, or another
calibrated material such as a piezoelectric compound. For
example, a very simple design consists of two slabs of mag-
netostrictive and piezoelectric materials bonded together
(Fig. 21a). When a magnetic field is applied to the magne-
tostrictive material, it strains and induces a proportional
voltage in the piezoelectric material. In another version,
shown in Fig. 21b, a magnetometer is realized by bonding
a field-annealed metallic glass ribbon onto a resonating
PZT plate by using a viscous fluid. An alternating voltage
is applied to the PZT plate, which generates a longitudi-
nal stress field. By using proper bonding techniques, the
dynamic stress in the metallic ribbon is congruent with
that in the PZT, and the static component is filtered out
by the viscous fluid. By virtue of the Villari effect, these
dynamic stresses create an oscillating electromotive force
(emf) in the surrounding pick-up coil. When exposed to
low-frequency magnetic fields, a low-frequency emf is gen-
erated in the coil that is extracted from the carrier emf
by conventional phase sensitive detection techniques. The
measured detection limit can reach 6.9 x 10 % A/m at 1 Hz
(54), which compares with that of fluxgate magnetometers.
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Figure 22. Magnetostrictive force sensor based on the Villari
effect.

Another type of magnetometer consists of a magneto-
strictive film bonded to an optic fiber. When the sensor is
exposed to magnetic fields, the magnetostrictive material
deforms and induces a deformation in the optic fiber. This
causes changes in the optical path length of laser beams
that pass through the optic fiber and can be detected by an
interferometer (55). Highly sensitive metallic glass ribbons
have been employed in devices so designed that yield quasi-
static resolutions from 1.6 x 10-%—8.0 x 103 A/m (56). Fi-
nally, a diode laser interferometer has been used to detect
changes in the length of a Terfenol-D rod that are produced
when a magnetic field is applied (57). A maximum sensitiv-
ity of 160x10~% A/m was achieved, although certain non-
linear dependences were observed that make it critical to
operate the sensor within its optimum mechanical preload
range.

Force Sensors. By employing the Villari effect, it is pos-
sible to realize a simple and rugged force sensor from
either crystal or amorphous magnetostrictive materials.
The magnetostrictive attribute that provides the operat-
ing principle for such a sensor is the dependence of magne-
tization on the state of stress in a material. To illustrate,
the design in Fig. 22 consists of two magnetostrictive ele-
ments, one surrounded by an excitation coil and the other
surrounded by a pick-up coil, and two rigid end plates. In
one mode of operation, an ac voltage is applied to the ex-
citation coil that generates a magnetic flux in the sensor
and a corresponding voltage in the sensing coil. As a force
is applied, the magnetostriction in the elements produces
a change in the magnetic flux that is detected as a pro-
portional voltage change in the pick-up coil. In a second
mode of operation at constant flux, the excitation voltage
is allowed to change to maintain a constant pick-up coil
output voltage. The change in excitation voltage is then
related to the change in the applied force. Compared to
conventional force sensors such as those based on strain
gauges, this sensor is simpler, more rugged, and requires
simpler electronics. A similar Villari effect sensor based on
amorphous ribbons has been discussed in (58). Numerous
other designs have been discussed or patented, including




percussion sensors, pressure sensors, and force sensors
based on magnetoelastic strain gauges. The reader is di-
rected to (2) for further details and references.

Transducer Models

Fundamental models of the performance of magnetostric-
tive materials used in smart structure systems are
particularly difficult to develop. The difficulty lies in the
coupling between regimes and the strong nonlinear de-
pendence of material behavior on operating conditions
and the hysteresis inherent in the materials. Notwith-
standing, models based on physical principles are neces-
sary to optimize transducer design and control, particu-
larly considering that first-principles models provide the
ability to scale the results in a sense that empirical mod-
els typically do not. These include magnetization models
based on Preisach, Stoner—Wohlfarth, Jiles—Atherton, and
micromagnetic theories, as well as domain rotation and
higher order magnetostrictive models. However, compre-
hensive models for designing and controlling integrated
smart structure systems must address the interaction bet-
ween the magnetostrictive material’s elastic, magnetic,
thermal, and electrical regimes and the dynamics of the
underlying structure. This can include elastic dynamics
and also acoustics attributes. Following is an overview of
models that have been employed to design and control mag-
netostrictive transducers. The reader is directed to the ref-
erences for more comprehensive details on individual mod-
eling techniques.

Piezomagnetic Constitutive Equations. Piezomagnetic
models analogous to those classically employed for piezo-
ceramics can prove useful for low drive level applications
where hysteresis is minimal and behaviors are quasi-
linear. Neglecting thermal effects, the total strain & of
a magnetostrictive material includes two contributions:
(1) the magnetostriction A produced by the rotation of
magnetic moments as they align with externally applied
magnetic fields and (2) a purely elastic component ¢ = so
of the kind found in conventional nonmagnetic materi-
als. Analogously, the magnetic induction B consists of
two contributions: (1) a magnetomechanical component
dependent on the stress and (2) the constant-stress
magnetic constitutive law B = uH. From these considera-
tions, the constitutive linearized equations that describe
magnetostriction or piezomagnetism can be written in
differential form, as follows:

Ae = s Ao +d AH,
9
AB =d* Ac + u° AH,

where ¢ is the total strain in the magnetostrictive material,
st is the compliance at constant field H, d and d* are the
piezomagnetic coefficients, o is the stress, Bis the magnetic
induction, and p” is the magnetic permeability at constant
stress.

The ratio of fundamental constants 42 = d? / (s ) for
this one-dimensional linearized case provides a formu-
lation which has been of value in describing the mag-
netomechanical coupling coefficient & of magnetostrictive
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materials. This coupling coefficient provides a measure of
the conversion efficiency between magnetic and mechani-
cal energies. Specifically, the magnetomechanical coupling
coefficient squared represents the fraction of maximum
stored magnetic energy that can be converted into elas-
tic energy or conversely, the fraction of maximum stored
elastic energy that can be converted into magnetic energy.
It has been shown (59) that & can be expressed in terms of
suitable internal energies,

Une

VO U,

in which Uy, = (1/2) Hd" o is the magnetic energy due
to elastic energy, U, = (1/2)so? is the elastic internal en-
ergy and Uy, = (1/2) x H? is the magnetic internal energy.
Note that these expressions for & are based on the intrin-
sic assumption of piezomagnetic reciprocity, that is,d = d*
and Uye = Uy = (1/2)d Ho. In that sense, these expres-
sions must be employed strictly within the linear operating
regimes in which the reciprocity assumption is sufficiently
accurate. Typical values of the coupling constant are pro-
vided in Table 1. Further details can be found in (1,8).

The piezomagnetic model given by Eq. (9) has been aug-
mented by adding saturation phenomena, temperature de-
pendences, and the quadratic relationship between the
magnetization and free strains given by Eq. (8). This higher
order anhysteretic model has been described elsewhere (4).
Like the original formulation from which it derives, this
augmented model has the advantage of simplicity in ad-
dition to adding certain nonlinear features. In this model,
however, complete nonlinear phenomena or hysteretic ef-
fects can be addressed only by using complex model pa-
rameters. Furthermore, this model addresses material
attributes primarily but disregards important transducer
effects such as the electrical and dynamic regimes. These
effects have been addressed to some degree by coupling the
piezomagnetic equations (9) with transducer models such
as the linearized canonical equations for electromechanical
transducers,

k=

V=2Z. I+ Tnv,
F=TI+zyv, (10)
that describe the behavior of a “black box” analog of a trans-

ducer system that consists of two coupled electrical and me-
chanical regimes (60,61). In these equations and Fig. 23,

Transducer

Figure 23. Schematic representation of an electromechanical
transducer.
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V and I are the voltage and current in the coil, Z, is the
blocked electrical impedance (electrical impedance that is
observed when the mechanical system is prevented from
moving), F and v are force and velocity on the mechan-
ical side, z,, is the mechanical impedance, and T, and
Tme represent transduction coefficients that describe the
electromechanical coupling. Although this model is phe-
nomenological, certain loss mechanisms based on physical
effects such as eddy currents have also been incorpo-
rated (1).

Magnetization Models. Magnetization plays a funda-
mental role in both the magnetostriction that arises from
the rotation of magnetic moments (actuator mode) and
the change in magnetic anisotropy that occurs when the
material strains (sensor mode). From a modeling perspec-
tive, the hysteretic phenomena that arise as magnetic mo-
ments rotate in response to magnetic fields, stresses, or
thermal energy are often the primary magnetization at-
tribute that needs to be quantified. Models for magneti-
zation hysteresis in ferromagnetic materials range from
micromechanical models to phenomenological characteri-
zations. Micromechanical models (28,62) describe the cou-
pled magnetoelastic interactions through first-principles
formulations that involve the elasticity, thermodynamics,
and the electromagnetic energy states. This can lead to
highly accurate results at the magnetic domain level, but
the large number of parameters required currently pro-
hibits implementing micromechanical models at the sys-
tem level. The Preisach model has been extensively used to
characterize the magnetization of ferromagnetic materials,
and more recently of magnetostrictive materials as well
(63—66). This model approximates the multivalued hys-
teretic map by employing a parallel collection of operators.
This method has the advantage of intrinsic generality, but
typically it requires identifying a large number of nonphys-
ical parameters, and it does not employ or provide insights
regarding the dynamics of the system. One advantage of
this method is that the Preisach operator can be inverted
to facilitate linear control design. Domain rotation mod-
els include the classical anisotropic formulation of Stoner
and Wohlfarth (18) and later extensions to include cubic
anisotropies (67) and compressive loading effects (19). A
more complete generalization includes anisotropy, magne-
toelastic, and field energies in all three spatial directions
(20). Although model results agree well with measured
data, identifying the fractional occupancies that define the
participation of different easy axes in the total magneti-
zation is rather complex. The domain wall theory of Jiles
and Atherton has provided accurate results in ferromag-
netic (68), magnetostrictive (30,69), and ferroelectric (70—
72) materials. This model is constructed from a thermody-
namic difference between the magnetic energy available
to magnetize a material and the energy lost as domain
walls attach to and detach from inclusions or pinning sites
in the material. This yields a set of differential equations
that depend on five physical parameters which quantify re-
versible, irreversible, and total magnetization changes. In
the limit when domain wall pinning goes to zero, the Jiles—
Atherton model reduces to Langevin’s anhysteretic func-
tion, although alternative anhysteretic models that employ

the Isin spin relation have been studied (72). Finally, the
Jiles—Atherton model has been employed in combination
with Eq. (8) to map the H-A constitutive relationship (24),
and later with dynamical transducer effects to provide a
set of reciprocal constitutive relationships among H, M, ¢,
and o (30,69). This modeling approach has proven useful
in inverse compensation designs (73), characterization of
collocated actuation and sensing in transducers (74), and
quantification of the AE effect in magnetostrictive materi-
als (75).

CONCLUDING REMARKS

Magnetostrictive materials are a class of smart materials
that can convert energy between the magnetic and elastic
states. The phenomenon of magnetostriction is ultimately
due to the coupling between magnetic moment orientation
and interatomic spacing, or magnetomechanical coupling.
This type of coupling provides a mechanism for bidirec-
tional conversion of energy between magnetic and elastic
regimes which is attractive for actuator and sensor systems
because it does not degrade in time and it provides almost
immediate response. Newer materials such as Terfenol-D
or amorphous metallic ribbons exhibit a unique combi-
nation of high forces, strains, energy densities, operating
bandwidths, and coupling coefficients that justify their use
in an ever-increasing number of applications ranging from
micropositioners to vibration control systems for heavy
machinery. The excellent performance of magnetostrictive
materials is sometimes obscured by the large magnetic
hysteresis losses and substantial nonlinear effects exhib-
ited by these materials when operated at the high regimes
in which their attributes become more prominent. In this
sense, realizing the full potential of magnetostrictive ma-
terials presents rigorous engineering challenges in a way
that other less capable smart materials do not. However,
as evidenced by the increasing number of patented devices
based on magnetostrictive principles, designers continue
to overcome these challenges and make advances in de-
signing, modeling, and controlling magnetostrictive trans-
ducers. Furthermore, clever transducer designs are possi-
ble solely due to the rich performance space that arises
from the otherwise undesirable nonlinear characteristics
of these materials. As material advances continue, it is ex-
pected that magnetostrictive device designers will find new
magnetostrictive solutions for an ever-growing variety of
transducer applications.
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INTRODUCTION

For the past few years, consumer products such as com-
puters, mobile phones, and cameras have drastically de-
creased in size and their functionalities have increased.
In addition, mini-invasive techniques in surgery have led
to a growing need for small, highly reliable components
that can go through arteries or veins. In general, there
are nearly no highly technological products that do not
benefit from miniaturization. However, one cannot sim-
ply scale down electrical or mechanical components from
“macroscale” because physical forces do not scale down
at the same amplitude. Therefore, the efficiency of actu-
ators depends on their size. Consequently, there is a need
for new actuating technologies adapted to the microworld

that can replace usual actuators such as electromagnetic
motors. Among these technologies, smart materials such
as piezoceramics, magnetostrictive, electrostrictive, and
shape-memory materials are of particular interest. This
article describes the use of shape-memory alloys (SMA) for
microengineering applications.

In the first part, a brief deseription of SMA properties is
given. The second part addresses some usual design princi-
ples. Finally, a literature survey and a concept of monolithic
microdevices concludes the article.

SHAPE-MEMORY ALLOYS (SMA): A SUMMARY
OF THEIR PROPERTIES

Properties of SMA: A Brief Description

Three main functionalities can be associated with the
martensitic transformation: the shape-memory effect, su-
perelasticity, and high damping capability. Special care is
taken to describe the shape-memory effect, which is the
essence of the SMA actuator. For a thorough understand-
ing, the reader may refer to other sections of this ency-
clopedia. General books about SMA material may also be
consulted (1-3).

The shape-memory effect. This happens when a ma-
terial, previously deformed in martensite—the low-
temperature phase—recovers its original shape when
heated up to the austenite—the high-temperature phase.
Figure 1 illustrates the shape-memory effect. The graph
on the left side represents the stability zone for the two
phases in a stress—temperature representation. Accord-
ing to the Clausius—Clapeyron relationship between stress
and temperature, the oblique lines indicate the boundary
between phases and the transition period. The martensitic
transformation occurs across a given range of temperature
(M, to My, from austenite to martensite and A, to Ay, from
martensite to austenite).

Let us consider an example: a strip that is flat in the
austenite phase, that is, the “memorized shape” (step 1
in Fig. 1). If a stress is applied below the martensite fin-
ish temperature (My) and if this stress is higher than the
critical stress to detwin martensite, the variant reorien-
tation occurs, and the strip is deformed in a plasticlike
way (step 2). This means that when the stress is released,
almost all of the deformation remains. When the mate-
rial is heated above A; (step 3), the material transforms to
austenite and recovers its original shape. Repetitive cool-
ing (step 4) does not cause any shape change.

The term “one-way, shape-memory-effect” is often used
to address this effect, because it is a one-time occurrence;
the material keeps its original austenitic shape upon fur-
ther cooling cycles below M;. Because nonoriented marten-
site is created upon cooling, martensitic structures have
the same specific macroscopic volume as the austenitic
crystal. A plasticlike deformation of martensite (“detwin-
ning”) is required to observe a shape change while heat-
ing up to the austenite. This phenomenon can be well un-
derstood using a one-dimensional phenomenological model
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