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A review of mechanical sensing techniques based on magnetic methods is presented, with special reference to
magnetoelastic strain gauges and force sensors. A novel strain sensor, based on soft amorphous ribbons is
described. Other types of magnetic sensors, for the measurement of torque and displacement are briefly dis-
cussed. An overview of magnetic actuators based on giant magnetostrictive materials, with some practical
examples, is presented. Recent advances in the development and application of magnetic shape memory mate-
rials are discussed, together with the analysis of recent studies for the description of magnetic shape memory

phenomena.

1. Introduction

Mechanical sensors of mechanical quantities are used in
a wide range of applications and only a limited number of
categories will be discussed in this contribution. A
sufficiently complete list of mechanical sensors can be
found in the definition of the IEEE Sensors council field
of interest. In this list we find: metallic, thin-film, thick
film and bulk strain gauges; pressure sensors; accelero-
meters; angular rate sensors; displacement transducers;
force sensors; bulk and surface acoustic wave sensors;
ultrasonic sensors; flow meters and flow controllers.
Wishing to limit the scope of this discussion, we choose
sensors and transducers based on the direct or inverse
magnetostrictive and magneto-elastic effects i.e. strain
and force sensors; torque sensors; displacement sensors.
Magnetostrictive actuation is particularly suitable to high
force actuation, where large magnetic fields are required
to achieve large strain coupled to large forces. A lirnited
number of magnetostrictive actuators have been construct-
ed, and only recently they have been mass produced. The
number of magnetostrictive actuators is anyhow increas-
ing, since smart design may lower the energy input
requirements. In past few years a new class of magneti-
cally activated shape memory materials, in the form of
bulk single crystals has been recognized and studied. It
has been found that the motion of the twin boundaries of
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the martensite phase driven by magnetic field may lead to
a very large strain (up to 6%) at low load (<10 MPa). It is
interesting to observe that the analysis of structural
properties and the control of magnetic anisotropy lead to
the successful applications of bulk magnetic (magneto-
strictive and/or shape memory) materials to sensing and
actuation. A proper control of the anisotropy is even more
crucial in the case of thin magnetic films, due to the
particularly strong interplay between the thermal and
magneto-mechanical characteristics of the film and the
thermal and mechanical properties of the substrate. In any
case we should be aware that magnetic materials always
have hysteretic characteristics, which may have to be
taken into account in the design and operation of mag-
netostrictive as well as shape memory based transducers.

2. Issues in magnetic sensing and actuation

Magnetostriction, i.e. a deformation induced by an
applied magnetic field, can be used to convert magnetic
energy in a displacement, a typical example of actuation,
while typical magnetic sensor applications rely on the
inverse magnetostrictive effect, where the magnetic pro-
perties of the material are affected by the application of a
mechanical load/stress. In both cases a detailed descrip-
tion of the magneto-mechanical behavior of a material is
far from trivial, since magnetostrictive properties, which
are related to the mechanical behavior of a material, are
naturally described by a tensor quantities. To further
complicate matters, both the mechanical and magneti-
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zation behavior of materials are typically hysteretic
processes which dissipate energy and where a multiplicity
of states is available depending on past history. Given the
mtrinsic high complexity of the physics, we typically
choose a practical approach, where some strong simplifi-
cations and assumptions must be made, to allow an
acceptably simple description of the phenomena.

The magnetostrictive process relating the magnetic and
mechanical material states can be roughly described with
the two coupled linear equations. These equations neglect
the effect of temperature and have been reduced to scalar
form where the stress/strain and the applied field are
collinear along the z direction. In the magnetostrictive
equations of state several mechanical parameters appear
(strain g, stress 0, Young’s modulus at constant field E\H ),
magnetic parameters (applied magnetic field H, magnetic
induction B, permeability at constant stress 1°), and two
magneto-mechanical  coefficients (the axial strain
coefficient d;; = de/0H|,, and its inverse dy;” = dB/Jol;,.

E= O'/Ef{ +d33H (a)
B= d33*0'+ ,LlGH. (b)

These equations should be considered just as a crude
tirst approximation for analyzing the coupled mechanical
and magnetic behavior of magnetostrictive materials.
Equation a) shows that the strain of a magnetostrictive
body changes with stress and applied magnetic field.
When a stress o is applied to a magnetostrictive sample, it
will strain and the effect is inversely proportional to the
elastic modulus Efi An applied magnetic field H, can
also change the sample's length and the effect of H is
scaled by the piezomagnetic coefficient, ¢3;. The elastic
modulus and the piezomagnetic coefficients vary from
one magnetostrictive material to the next. Unfortunately.
just as the B = puH law, can be used as a very rough
approximation of the magnetic behavior of a material, the
above equations cannot take in to account the magnetic
and mechanical non linearity and hysteresis phenomena.
nonetheless they are a good starting point to analyze the
behavior of a body with magnetostrictive properties.

3. Mechanical sensing techniques

According to equations a) and b) we can use a mag-
netostrictive material to convert a change in dimensions
into an electric signal which can be further processed.
Magnetostrictive sensors can be divided in passive or
active sensors depending on the type of transduction used:
a passive sensor may rely on the inverse magnetostriction
to measure most mechanical quantities such as load/force/
pressure and flow rates while active sensors may be used
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to obtain higher sensitivity or a linear behavior, just as in
most magnetic field sensors based on the carrier techni-
que or in the case of transformer type sensors.

4. Magnetoelastic strain gauges
and force sensors

Many Fe, Ni or Co based magnetic materials in the
form of thin-thick films, ribbons or bulk can be success-
fully employed as sensing clements for deformation.
Many types of magnetic strain gauges can be constructed
and the operating principle is based on inverse magneto-
striction, where the dc or ac permeability changes are
induced by an applied compressive or tensile stress
(figure 1 and egs. a, b). A clarifying example can be
considered: an amorphous TbFe thin film shown in figure
| has a large magnetostriction (up to A, =4 x 107 and a
rather strong in plane anisotropy in the zero applied stress
state [1-4]. From the figure we can observe that in plane
anisotropy increases with tensile stress and vanishes with
coercivity and remanence when the stress is compressive,
an indication of out-of-plane anisotropy being developed.
These characteristics may be exploited for stress sensing
using an excitation field and a pick up coil, where maxi-
mum permeability changes will appear as differences in
the output peak voltages.

Magnetostrictive materials can be produced with values
of positive or negative magnetostriction for specific appli-
cations by tuning composition, and proper magnetic
conditions leading to linear magnetic conditions can be
achieved by preparation or post processing through field/
stress annealing, in order to induce the desired degree of
anisotropy. As an example we can study the behavior

0,44Fe, Tb x=58.3at%
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Fig. 1. Hysteresis loop of a 1 um thick FeTb amorphous film
on a 200 um Si substrate under tensile and compressive stress.
Magnetic permeability changes can be exploited for sensing
applications.
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under stress of an amorphous CoFeB alloy with a small
negative magnetostriction to monitor the deformation of
concrete structures under static or dynamic load. Magneti-
cally softer amorphous ribbons (thickness < 30 ym), having
a small coercive field and vanishing terms of anisotropy,
are particularly sensitive to external stress and they can be
excited at a few kHz without the detrimental influence of
eddy current shielding. Once the ribbon is stress or field
annealed it is possible to obtain a highly linear response
of the permeability in a wide range of applied tensile or
compressive stress/deformations, which in a reinforced
concrete structure may reach o= 500 MPa and £=2 x 107,
Due to the particularly wide stress and deformation range
a thin magnetic film on a rigid Si substrate does not
couple well mechanically. We can otherwise exploit the
fact that the reinforcement in concrete is made of steel
and a CoFe based amorphous ribbon, will posses compar-
able mechanical characteristics. After a proper optimi-
zation with a stress annealing which induces a strong
transversal anisotropy (figure 2 inset) we can achieve the
desired linear magnetic behavior shown in Figure 2. The
possibility of sensing a wide range of applied stress is due
to the combination of tensile stress and small negative
magnetostriction. It should be noted that this combination
leads to an increase of the transversal anisotropy under
tensile stress but does not lead to saturation of the sensor
at practical levels of applied stress.

Both force sensors and strain gauges based on magneto-
strictive ribbons or films can employ the change in elec-
trical impedance of a coil wound around the magneto-
strictive element to detect the mechanical load [5].
Several circuit configurations are possible with one or two
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Fig. 2. Linear hysteresis loops measured at increasing levels of
applied tensile stress on a stress annealed amorphous CoFe
ribbon. Maximum tensile stress 350 MPa. Inset shows the
transversal domain structure. Longitudinal sample direction
up-down, photo dimensions 0.9 x 1.7 mm. Courtesy of F. Fen-
drich L. Kraus (CAS Prague).
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coils. In a one coil circuit the force/strain may be detected
as an inductance change of the RLC circuit containing the
magnetostrictive element, measuring for instance the
change in resonant frequency. In the case of a two coils
circuit we can keep the primary coil current constant and
detect changes in the output voltage from the secondary
coil or better we can use a constant flux operating mode
which is more sensitive to structural changes of the
magnetostrictive material. In this type of measurement we
modify the excitation current to maintain a constant
detection coil output voltage. Comparing with conven-
tional force transducers employing strain gauges, these
force sensor are simpler, produce output voltage signals
three orders of magnitude higher. Another possible confi-
guration for force sensors relies on the changes of peak
magnetization at a constant applied field. In ref. [8] a set
of hysteresis loops is obtained by applying a sinusoidal
magnetizing current to an amorphous magnetic core, and
each loop is obtained with an increasing applied force.
The method has a good linearity for low levels of applied
stress (>>1% deviation up to 2.5 MPa. It should be especi-
ally noted that in the case of magnetization close to
technical saturation the hysteresis properties of the material
have no direct influence on the measured quantity as the
property studied is not influenced by the loop area.

5. Torque sensors

Just as in the case of force measurements we can use
the inverse magnetostrictive effect to detect torque through
the magnetization change induced in our sensor by a
torsional stress. Torque measurements are useful in a
great variety of applications such as rotating machines,
high power engines but also in the automotive field where
low torque measurements can be used for power steering.
Several possible configurations can be used: the magneti-
zation of the sensor can be measured directly (as a passive
sensor), or after an excitation as a change in permeability
or inductance in a coupled circuit [6]. In the case of
slightly ferromagnetic shafts the magnetostrictive material
can be bonded with several techniques (gluing, bonding,
brazing, plasma spraying etc.), or if the shaft is reason-
ably ferromagnetic it can itself be employed for the
measurcment, after a proper magnetization. A possible
configuration relies on one or two circularly magnetized
rings. As a torque is applied to the shaft a magnetic field
appears at in proximity of the region, directly proportional
to the applied torsional stress. Two rings magnetized in
opposite directions increase the output magnetic field
signal see Figure 3 [9] which can be detected by Hall
probes or other field sensors. An interesting example is
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Fig. 3. Double ring torque transducer from [9]. Each ring is
circularly magnetized in the opposite direction. Applied torque
causes a rotation of the remanent magnetization of the circular
direction.

[7] the torque measurement on a drill bit: a coil surrounds
a part of the drill including the shank and the flutes. Two
series opposition coils, positioned one over the flutes and
one over the shank, allow the measurement of the perme-
ability. The permeability of the shank is less sensitive to
changes in torque than the flutes and the difference in the
output voltages of the two coils is proportional to the
applied torque. Another possible configuration for torque
measurements on a shaft relies on the difference in
saturation magnetization of two regions of amorphous
magnetic material, which are designed with a chevron
geometry (see Figure 4 and ref. [10]). In the specific case
a Co based, negative magnetostrictive (A, =—6x 107%)
ribbon was used, cut in the shape of a chevron. Two
patterns of magnetic chevrons are attached to the non
magnetic shaft, with mirror symmetry. Due to the differ-
ent geometry, the patterns, which are magnetized along
the axis of the shaft by a solenoid with an applied
constant current, are subject to a different reorientation of
the magnetic anisotropy with the application of a variable
torsional stress. In one pattern the material will be
subjected to a predominantly compressive stress while the
other pattern will be subjected to a tensile stress. This
difference leads to an unbalanced magnetization which
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Fig. 4. Torque sensor on a non magnetic shaft from [10]. Neg-
ative magnetostrictive chevrons are attached with mirror sym-
metry and magnetized along the axis by a solenoid with a
constant field. Differences in the magnetization of the chevrons
due to torsional stress are measured by the pick up coils.

can be detected by the two pick up coils connected in
series opposition [10].

6. Displacement sensors

Many magnetostrictive position sensors are constructed
using a magnetostrictive wire (i.e. a Ni wire) and position
sensing is obtained through the Wiedemann effect. The
Wiedemann effect is a localized mechanical twisting due
to the superposition of a circular field and a longitudinal
field generated by two sources, respectively a) a current
pulse propagating through the wire b) a longitudinal
magnetic field produced by a permanent magnet at a
certain position along the wire. The sensor can be built in
this way: an electric pulse propagates from the source end
toward the other wire end. As it the pulse and the
connected circular field reaches the position of the
permanent magnet a localized mechanical twisting occurs
(the Wiedemann effect), and the mechanical wave starts
propagating toward both wire ends at the proper speed of
sound (in the range of 5000 m/s). Since the electric signal
propagates at a much higher speed given by 1/./ue the
magnet position can be computed as the delay between
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Fig. 5. Example of a position sensor based on the magnetostrictive properties of a Ni wire, excited by a current pulse producing a
circular magnetizing field and a localized axial field produced by the permanent magnet at a certain position. The sum of the two
excitations produces a mechanical twisting which propagates in the wire at the speed of sound allowing for the detection of the

position of the magnet.
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the pulse emission time and the mechanical wave arrival
at the source end. At the other wire end there is usually a
damper to absorb the mechanical wave and avoid echoes.
The mechanical wave detector can be constructed with an
amorphous ribbon which will change its permeability
upon the arrival of the torsional wave, and a pick up coil.
In some cases a piezoelectric material can also be used.
Several position sensors of this type can be found on the
market, with different spatial resolutions and for different
maximum distances up to 50 meters with millimeter
resolution see Figure 5.

Other types of displacement sensors are based on
magnetostrictive delay lines, where a current pulse in a
wire orthogonal to the magnetostrictive line generates a
pulsed magnetic field and a coupled elastic wave in the
line. Again the acoustic wave is propagated through the
magnetostrictive delay line and detected by a receiving
unit. In this case it is possible to detect the distance
between the wire and the receiver. Several variations of
this configuration are possible as discussed in [11-12].

7. Actuation with giant magnetostrictive and
magnetic shape memory alloys

Magnetostrictive actuation is generally based on the
Joule effect, describing the shape change of a sphere that
becomes an ellipsoid upon application of a magnetic field,
this effect is typically used in highly anisotropic geometry
i.e. to produce a length change in a rod or radial vib-
rations of a ring composed by connected rods. Materials
conventionally used for actuation are magnetostrictive
elements like nickel, cobalt, iron, their alloys and also
some Co based ferrites. These materials posses a magneto-
striction typically lower than 1x 107 In recent years
(1970-1980), after the discovery and development of
Terfenol-D (bulk, laminations, powders) and other rare
earth based materials with giant magnetostriction, up to
2.4 x 1073 there has been an increasing number of appli-
cations based on magnetostrictive actuators. Magneto-
strictive actuation with conventional materials competes
directly with piezoelectric materials like barium titanate
and lead zirconate titanate (PZT) while in the case of high
power applications we can only use Terfenol-D.

In very recent times there has been the discovery of
magnetic shape memory materials (Ni,MnGa and FePd)
which can reach a strain up to 6% due to a rearrangement
of the martensite structure induced by a magnetic field. In
spite of this wide variety of available materials it should
be noted that pure Ni is still a material of choice in many
applications, due both to the low cost and to the absence
of aging processes which lead to the decay of properties
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in both Terfenol-D, shape memory and piezoelectric
materials.

8. Magnetostrictive actuators

Several types of actuators have been developed using
Terfenol-D a giant magnetostrictive alloy of composition
Tbo3Dyo7Fe g, (or its low temperature counterpart Terzinol
Tbo3Dyo7Zn; with a maximum 0.5% strain) among which
sonar, vibration dampers, fuel injectors, valve actuators,
acoustic speakers etc. Unfortunately Terfenol-D is not
very especially in the final form of oriented twinned
single crystal of large dimensions, which is the only
structure capable of achieving a maximum strain in the
range of 2 x 107 or above (up to 2.4 x 107*). Commercial
grade single crystals typically achieve a strain of 1.6 x 107
but due to price issues many applications rely on lower
performance but cheaper crystals, polycrystals or bonded
powders. The lower end materials, polymer bonded non-
oriented powders, can still achieve a good 6.5x 107
strain [11] at saturation and may be used for dynamic
applications exceeding 10 kHz. It should be noted that,
with respect to single crystals or polycrystals, this material
requires a comparatively high applied field to achieve a
given induction, due to the lower density and to the effect
of demagnetizing fields on the composite powder. Com-
posite powder samples are cheaper because they can be
produced directly from milled polycrystals which are
mixed with a polymer binder and compacted under high
pressure. They can be magnetically aligned imposing a
field during compaction, a treatment which enhances the
maximum achievable strain.

In the typical actuator the Terfenol-D rod is enclosed in
a cylindrical magnetic circuit which is designed to
generate intense fields in the range of 100 kA/m, the rod,
positioned on the cylinder axis and surrounded by a large
solenoid, is pre-stressed in compression to achieve a
maximum deformation at a given field. Additionally a
bias field is applied through a permanent magnet to shift
the zero current point to the region of maximum strain to
field response. The application of a bias also avoids the
typical frequency doubling of the mechanical output with
respect to the magnetic field, due to the insensitivity of
magnetostrictive strain to the field sign. Given the com-
plexity of the magnetic circuit of the actuator we can
understand that a detailed analysis of all the components
is needed for the design of a working device, where the
strain vs. field characteristic of the rod will only give us
the material properties regardless of all other parameters
of the magnetic and mechanical configuration which play
a fundamental role to define the strain vs. applied field
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Fig. 6. An oriented single crystal sample of Ni;MnGa is sub-
jected to compressive stress in the low temperature martensite
phase. As the sample contracts the tetragonal cells will pref-
erably orient their “c” axes along with stress. A magnetic field
can partly or fully reorient the “c” axis which is also the mag-
netic anisotropy axis. Regions with different orientations of the

¢” axis are separated by twin boundaries which appear as
lines at about 45° with respect to the sample edges -see inset-.

characteristics.

9. Magnetic shape memory actuators

Ni,MnGa and Fe;Pd; are the only alloys known to
date to posses shape memory effects which can be excited
through a magnetic field. In recent years most of the
research has been devoted to the Ni,MnGa system, which
has shown a 6% strain in a field of about 300 kA/m, while
the demonstrated output of the FePd system is about 1.2%.
It is important to clarify that the phenomenology beneath
this giant deformations is completely different from
magnetostriction. Shape memory materials have two
stable phases and in the case of Ni,MnGa, which is the
simpler system, the low temperature phase is martensitic
with a tetragonal unit cell. The tetragonal cell has a
shorter axis “c” which is also the magnetic anisotropy
axis [14-17]. A large pseudo-plastic strain (up to 6%) is
obtained when an oriented single crystal sample of
Ni;MnGa is subjected to compressive stress (in the range
of 1-10 MPa) in the low temperature martensite phase. As
the sample contracts the tetragonal cells will preferably
orient their “¢” axes in the direction of stress (see figure
6). The peculiarity of these materials is due to the
correspondence of the “¢” axis with an easy axis of
magnetization. Given this property, a magnetic field may
be able to reorient the tetragonal cells. This process
requires a low energy if it is due to the motion of twin
boundaries, which separate the regions of the sample with
equally oriented unit cells. This process is similar to

magnetization through domain wall motion, which is a
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Fig. 7. Vibrating sample magnetometer loop of an oriented
Ni;MnGa single sample with 3.5% strain in the (100) direc-
tion. The measurement starts in the demagnetized state after a
thermal sample reset. Upon magnetization a threshold field is
reached and the sample strains due to the reorientation of the
short “c” axis carrying the anisotropy. Subsequent magnetiza-
tion along the same direction will not produce strain. Magne-
tization after a 90° sample rotation will again produce strain.

lower energy process with respect to magnetization by
rotation. Once Ni-MnGa single crystals of proper compo-
sition (a little off stoichiometry) have been produced,
oriented and cut the magnetic field is able to select and
help the growth of variants of the martensite with the “c”
axis pointing in the same direction. An increasing magnetic
field will thus cause a growth of this type of variants
through the motion of twin boundaries (the mechanical
counterpart of 90° domain walls). If we measure a
magnetization loop, the magnetization curve will present
a discontinuity (see figure 7) when the threshold field
required for reorientation of the “¢” axis is reached. This
means that the reorientation of the “¢” axis will cause an
irreversible giant strain, but also an irreversible change of
the magnetic anisotropy of the samples. The behavior can
be observed again after a rotation of 90° of the sample or
after a heating above the martensite to austenite temper-
ature.

It has been recently clarified that in these systems the
magnetic field acts as an equivalent stress so that giant
strain is obtained due to a particular mechanical softness
or pseudo-plastic behavior, which is shown in the stress-
strain curve (figure 8) where the mechanical yielding
appears at a very low applied stress value. Depending on
the single crystal composition, structure and also on
external stress and temperature this threshold level can
change, and may reach values too high to be achieved
with the simple coupling between magnetic field and
magnetic anisotropy.
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Fig. 8. [100] compressive stress vs. [100] strain curve of the
slab (1 x4 x5 mm®) sample, with all {100} faces and edges.
For each measurement the sample is heated above T, at 390 K,
then cooled at 300 K, below Ty, under a 0.3T [100] field (per-
pendicular to the measurement direction). The pseudo-plastic
behavior shown in the stress-strain curve shows a mechanical
yielding at a very low applied stress value. The yielding point
may change depending on the single crystal composition,
structure and also on external stress and temperature.

10. Modeling the behavior of magnetic
shape memory actuators

In recent years several attempts have been made to
describe, and possibly predict the magnetic and mechanical
properties of Ni;MnGa [18-20]. To address this issue here
we compare the mechanical and magnetization experimental
results obtained on two identical samples of Ni,MnGa
oriented single crystals with the predictions of a pheno-
menological model, in order to clarify and quantify the
role of the occurring physical phenomena. The model is
based on the assumption that the magneto-elastic inter-
action can be described as a stress acting on the crystal-
line lattice. This assumption allows to establish an equi-
valence between applied magnetic field and stress,
mediated by the magneto-elastic constants of the material.
This approach has been successfully used to describe the
quasi reversible strain behavior of Ni;MnGa alloys [21,
22]. Here the same approach is extended to analyze the
large strains due to the irreversible motion of twin boundary
interfaces under the pressure of the magnetic field. To this
end a statistical distribution is assumed for the energy
barriers hindering the growth of favorable martensite
variants. The model parameters are derived from the
experimental stress vs. strain and magnetization vs. field
curves. The modeling procedure is validated by comparing
the model predictions with the observed non linear
mechanical and magnetic behavior of the material. In
particular a theoretical value of the energy conversion
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coefficient is determined c,,=1.57 x 10~ MPa (kA/m)~,
in good agreement with the value c,,=1.25x 10~* MPa
(kA/m)™ determined through the comparison of experi-
mental stress-strain curves and magnetization curves.

11. Stress-magnetic field equivalence

A model for the equivalence between stress and applied
magnetic field in a ferromagnetic martensite has also been
discussed in a previous paper [22], here we report a brief
summary. Starting from the expression of the Gibbs
potential for a single magnetic domain cubic crystal one
adds the distortion of the cubic cell consequent to the
martensite phase transition to the magnetostrictive and
stress induced strain. In the case of Ni,MnGa, a cubic to
tetragonal martensitic transformation with a negative
magnetostriction constant occurs, and the deformation of
the parent cell will produce a uniaxial anisotropy along
the shorter ¢ axis. One can extract the magnetoelastic
energy term from the Gibbs energy potential obtaining

F o= O0M3[ 3(m} — m))uy+ 2m? —ms — mus]. (1)

The differentiation of Eq. (1) with respect to strain defines
a stress proportional to the square of the magnetization
vector:

Gy =6.38Ms(m; —m>), 05 =6M3(2m} — m; ~m’)
(2

where u,, are linear combinations of the strain tensor
components, m,, are the components of the unit mag-
netization vector, and & is a phenomenological coupling
constant. Under the action of an external magnetic field
the rotation of the magnetization vector is accompanied
by the appearance of the field-induced stress ©,;(H)=
0,3(H) — 055(0). When the magnetic field is applied
transversally to the easy magnetization axis of the variant,
it induces a stress o(H) = o,(H)/ ﬁ =Acos’y(H), where
A=-126M; and y is the angle between m and H. The
cosy term linearly depends on the magnetic field, i.e.
cosy = H/Hs, when H < Hg or 1, when H = Hy, where Hy
is a constant magnetic field. According to the above
expressions,

o(H)=c, H", 3)
where ¢,,,=—128M3/H;.

12. Statistical model

The microstructure of a martensite deriving from a
cubic structure can be modeled by considering the
alternating variants of a tetragonal crystal lattice in twin
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Fig. 9. Two variants in twin relation. The tetragonal crystalline
structure in the two twinned variants is schematically repre-
sented. The magnetization vector inside each variant is aligned
to the short edge (c) of the cell that represents an easy mag-
netization direction. The two variants are separated by a twin
houndary. ¢ and a are constant on both sides of the boundary.

relation. The orientation of the x and y axes is chosen
close to that of the c-axes in the twinned variants (an
example of xy-structure is shown in Fig. 9). Assuming
that the magnetic field H is applied along the y direction,
the magnetic and magnetoelastic responses of a
martensite in the xy-structure can be modeled under the
tollowing assumptions [23]:

The rearrangement of xy-twins under an increasing
stress O(H) occurs in two stages:

—a reversible displacement of the twin boundary is
coupled to the partial rotation of the magnetic vector of
the x-variant from the x direction toward the y direction;

—once a critical stress-field value is reached the twin
boundary jumps irreversibly, the x-variant disappears and
the magnetic vector becomes aligned to the y direction all
over the spatial domain previously occupied by the twin.

The critical field values H, and the relative threshold
stress values o,=0(H,), coupled to the jumps of the twin
boundaries, are different for the different twins.

The critical stress values o, are distributed around the
average value o, and their distribution is Gaussian:

,,,nzlexp{_gwﬁ}, 2-3 exp {_<|on| ~la) }

20, 20,
(7N
where oy is a constant parameter.
The jump of each twin boundary is accompanied by the

abrupt alignment of the c-axis of the x-variant to the
direction of the field H. The number N of “relaxed” twins

can be found from the condition |o(H)|>|o,|, which
results in the expression
N(o)=N, 2. p,8(ld o)), ®)

where N is the initial number of twins, 8 is the Heaviside
function and o= o(H)
The same approach can be used for the description of
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magnetization loops. The volume fraction of the y-variant
in the xy-structure, affected by the increasing stress o(H),
satisfies the equations

[ @ (0)[1=N(0)IN,], 0<0, .
(9)= 0,(0)+[1 - 0,(0)IN(G)/N,, 620. ®

For the reverse stress path we have

o<0,

(O )[1 = N(G)/N
ay(a)z{a‘(dmdx)[ (0)/Nol, (10)

a\'(o-max)’ 020.

where ¢, is the maximal stress value achieved during
the forward field path.
The equations for the field-induced strain are:

£.(H)=(S '12)0—(cla-1)[o(0) — 0t (0)],
&,,(H)=-S 'o+(c/a - D[a,(0) - a,(0)],
e..(H)=(S"'12)0, (an

where a and ¢ are the values of lattice parameters in the
martensitic phase and § is the stiffness coefficient. Equa-
tions. (10) and (11) are obtained for the case c/a< 1.
They describe field-induced strains and the stressstrain
relations obtained during the mechanical testing (see Fig.
9). The terms containing the stiffness coefficient S corre-
spond to reversible strain contributions whereas the terms
containing volume fractions of the variants o correspond
to irreversible strains [23]. As a first approximation we
also assume that magnetization processes here involve: (a)
the reversible rotation of the magnetic vectors of the
variants; (b) a reversible displacement of the 180° magnetic
domain walls; (c) the irreversible reorientation of marten-
site variants (field-induced stress relaxation) which are
expressed by the following terms:

M, =M [(H/Hg)0(Hs— H) + 6(H - Hy)] ,

Mg =M [(H/H)O0(H,.~H)+ 6(H-H,)],

Mrelza_\'(H)Mdis+[l _a\(H)]M (12)

rot »

where H. is the critical field for the disappearance of the
180° domain walls structure. M,,; and My are derived
taking into account magnetic saturation [23], while the
term M, takes into account how the magnetization is
coupled to stress and causes irreversible structural rear-
rangements accounted by the o volume fraction (see Egs.
8-10). M, is expressed for the case of large area marten-
site variants (twins) which can include a few magnetic
domains separated by 180° domain walls. In such a case
the stress relaxation in the xy-structure is accompanied by
both the rotation of the magnetic vector (for x-variants)
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and the displacement of magnetic domain walls (for y-
variants). Since it can be expected that the xy-, zy- and zx-
structures initially arise in equal amounts in the specirnen,
(M)=1/3(M" + M¥ + M™), where M" is the magneti-
zation of the spatial domain of martensite initially occupi-
ed by the jj-structure. For the first forward path of the
field H, we can assume that M“'=M"=M,,, M“=M .
Ditferent initial states of the sample can be accounted by
a proper choice of the «,(0) value without any changes
in the expressions of M, above. Taking into account the
irreversible character of the stress relaxation (correspond-
ing to a reorientation of the martensite) and the 180°
magnetic domain wall structure, for the reverse field path
and all further paths we obtain M =M""=M, , M"'=M,,, .
Using Egs. (7)-(10), and the previous expressions of M
we are thus able to compute the magnetization loops for
single crystals in martensitic state.

13. Experimental results and discussion

One cube and one slab sample were cut from a
Nis, (Mny;0Ga,, ; oriented single crystal grown by induc-
tion method at the Swiss Federal Institute of Technology
(ETH) Ziirich. The crystal was annealed at 900°C for 40 h
under an Ar atmosphere. The samples are characterized
by a Ty=314 K, T4 =316 K, T- =370 K where T, and
T, are the forward and reverse martensitic transformation
temperatures respectively and T¢ is the Curie temperature,
measured by low field magnetic susceptibility. Mechanical
and magnetization experimental data were used to deter-
mine the parameters of the distribution of energy barriers
and the conversion factor ¢, connecting the induced
stress to the magnetic field. Prior to either magnetic or
mechanical tests the initial state of the sample was forced
to single variant (x-variant) by cooling from the austenite
phase to 300 K under a 0.3 T magnetic field. Stress-strain
curves were measured on the sample with a slab geometry
(5 mm X4 mm X 1 mm) by means of a microprocessor
controlled mechanical test system. As shown in Fig. 8 the
stress-strain curve exhibits an initial linear portion at low
stress (below 5 MPa) where the elastic stiffness of the
material is predominant and no irreversible twin boundary
displacement occurs. The onset of a twin boundary
displacement processes occurs around 5 MPa, causing a
large irreversible strain after which another elastic region
is reached. The cubic sample (2.6 mm long edge) with
(100) faces was magnetically characterized by VSM
magnetometry measurements. After cooling under a 0.3 T
field along the <100> direction, the sample was magne-
tized along one of the orthogonal [100] directions. An
irreversible jump of the magnetic susceptibility is observ-
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Fig. 10. Experimental VSM (dots-thin line) and modeled
(thick line) magnetization curve. A low susceptibility is
observed when the sample is first magnetized. Around 200 kA/
m an abrupt change of the susceptibility is observed due to the
rearrangement of the easy axis which accompanies a large
strain.

ed during the first field ramp (Fig. 7, dots-thin line),
accompanied by a large magneto-strain driven by the twin
boundary motion. In the framework of the present stati-
stical model, the value of field at the susceptibility jump
and the yield stress shown in Fig. 8 must be consistent
with Eq. (3). This comparison gives an experimental
conversion factor of ¢,,=1.25 x 10™* MPa (kA/m)2. The
theoretical curve shown in Fig. 10 line, superimposed to
the one in Fig. 7 open dots-line was computed from the
Egs. (7)-(10) and the expressions of M appearing in
section 12. In particular a tetragonal martensite cell with
lattice parameters a = b = 0.591 nm and ¢ = 0.558 nm was
used, a field Hg= 640 kA/m (see for example [22]) and a
saturation magnetization M;=0.57 T was derived from
the measured magnetization curves. In accordance with
the experimental procedure the sample is assumed in an
initial x-variant state with ,(0)=0. A good fit of the
experimental magnetization curves is obtained in Fig. 10
using the following assumptions and parameters: a Gaussian
distribution of energy barriers with a mean o, = 0.95 MPa
and a standard deviation o,=0,./4, a phenomenological
coefficient §=-23 Mpa T2 Using these parameters one
can obtain a theoretical value for the conversion coeffi-
cient of ¢, = 1.57 x 10°* MPa/kA’m 2. This result is in
good agreement with the experimentally determined value
of 1.25 x 107 MPa (kA/m)~%. Therefore on the basis of a
statistical model, assuming an equivalence between the
applied magnetic field and a magnetically induced stress
it is possible to evaluate the critical stress that is necessary
to overcome twin boundary pinning in a defined marten-
site structure.
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Summary

We have presented a review of mechanical sensing
techniques based on magnetic methods, in particular
magnetoelastic strain gauges and force sensors were
discussed. We described a novel strain sensor constructed
with soft amorphous ribbons possessing a small negative
magnetostriction. A review of magnetic actuators based
on giant magnetostrictive materials was shown. Recent
advances in the development and application of magnetic
shape memory materials were also discussed, coupled to
an analysis of recent studies for the description of magnetic
shape memory phenomena, where an equivalence between
field and stress was presented.
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