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Piezoelectric materials and shape memory alloysA§Nre very common materials for
actuators and sensors; however their compositegledrical generators are least
explored, although the use of piezoelectric mdteraa the mechanical energy harvester
is becoming popular. In this dissertation piezaeleanaterial and SMA are used as
constituents for an active composite of two typ@se is a composite of piezoelectric
material and SMA as an actuator and the secondscae&omposite as a thermal energy
harvester. The analytical modeling and experimestiady related to Piezo-SMA active
composites are examined for both cases. Eshelbgfgsion problems are combined into
a single model to treat the coupled behavior oftedtemechanics inherent in the piezo-
SMA composite where the piezo is matrix phase aMiASs filler phase. SMA
undergoes phase transformation such as stresseiddwartensite transformation and
temperature induced austenite transformation. Bdesign and experimental work done
on active composite are discussed in the areas aterral characterization and

mechanical modeling.
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Chapter 1. Motivation and Introduction

1.1. Motivation

Piezoelectric materials and shape memory alloys ASMare very common
materials for actuators and sensors; however themposites as electrical
generators are least explored, although the ug@eabelectric materials as the
mechanical energy harvester is becoming populahigndissertation piezoelectric
material and SMA are used as constituents for éimeacomposite of two types;
one is a composite of piezoelectric material andASAd a fast responsive actuator
and the second one is a composite as a thermajyeharvester. The analytical
modeling and experimental study related to PiezASMttive composite are
examined in Chapter 2 for actuator material an€hapter 3 for thermal energy

harvester.

In piezoelectric materials, the speed of actuadind sensing is fast, but the order
of induced strain is modest while SMA exhibits Ergtrain, but has much slower
speed of actuation. When two materials are combioddrm a composite, which
is called as piezo-SMA composite, one would ex@eanique property to arise.
This is the original motivation of the study relhtéo active composite as an
actuator; the modeling and the experimental stualyied out for the composite

structure are summarized in Chapter 2 of the dissen.



Thermal energy harvester using piezo-SMA compositalso modeled in the
second part of the study, i.e. Chapter 3. Compasitsubjected to fluctuating
temperature where the boundary conditions are ibescrin details in the

modeling part. The main mechanism of such a piddé-Scomposite is

synergistic effect of piezoelectric material and AMvhich are connected in
series. The composite is then subjected to fluctgaemperature which induces
large strain first in the SMA phase, then immedyateducing stress to the
piezoelectric phase, thus, generating charge l®cdpiezoelectric effect. In order
to make this problem more analytically traceabl® thodels of the composite is
examined in Chapter 3; simple laminated model a2l Model with Eshelby’s

theory.

In both actuator and thermal energy harvester pgsiselby’s inclusion problems
are combined into a single model to treat the cmdipbehavior of electro-
mechanics inherent in the piezo-SMA composite whieeepiezo phase is matrix
and SMA phase is filler. SMA phase can undergo @lwmnge such as stress-
induced martensite transformation and temperaturedluded austenite

transformation.

In the chapter 2, three dimensional (3-D) modehviishelby’s theory for piezo-
SMA composite is examined, then, a simpler case;dmensional (1-D) parallel
laminated model is discussed. In 1-D laminated mdmdh piezoelectric material

and SMA are assumed to have perfect bonding betwaeh other. A stress so



called bias stress is applied to initiate marténditansformation in the SMA
phase; at this point an additional stress which baninduced by applying
electrical field to piezoelectric phase is expediednduce more stress on SMA

phase and cause a large strain in the active catapos

In Chapter 3 where piezo-SMA composite is examiasda thermal energy
harvester, composite is modeled as materials of digos, one of piezoelectric
ceramic and the other of SMA material. The matsraak connected in series and
constrained together to have zero displacement dayyncondition is applied.
Since the composite is modeled to have zero displaat boundary condition, the
piezoelectric material is in compression throughth# process. Temperature
fluctuation between martensite finish temperatuké:)( and austenite finish
temperature (A induces phase transformation in the SMA. Comjpwvessiress is
induced during Austenitic transformation; due tatireg in SMA phase with fixed
displacement boundary condition, compressive stresguces while SMA
transforms to martensitic phase during cooling. Thange in the compressive
stress is converted into electrical energy by isgguiezoelectricity by the piezo
electric phase of the composite. The model predistsavailable power amount
according to the properties of materials and théflmetuation. The impedance of
the system is examined with different thermal fliating frequencies. Higher
frequencies which result in lower impedance giverenpower available to

electrical loading. The experimental and prediatesults are in agreement for



higher frequencies; however the prediction is mausate for lower frequencies of

thermal fluctuation due to the internal loss.

1.2. Introduction

An “active composite” should be distinguished frarnonventional composite that
is primarily used in structural design as a mairtemal. An active composite can
be manufactured to control its shape when subjettedifferent loads with

different boundary conditions. One or more consetits of an active composite
and hence the composite itself exhibits couplingwben at least two of the
following three effects: mechanical, thermal, arndctical, see Fig.1.1. Thus,
besides the polymer matrix, other constituents rofaaetive composite can be a
piezoceramic, a shape memory alloy, and/ or a magtetive material. A

variety of piezoelectric composite materials, ulsuablled piezocomposites, can
be made by combining a piezoelectric ceramic (PZvith either a non-

piezoelectric or a piezoelectric phase. Measuresnshbwing the potential for
improvement in the performance of naval hydrophgmesided a major impetus

to research on piezocomposites (Harrison, 1976).

Piezocomposites have been used as electromechamdaimedical ultrasonic
imaging transducers. They are more suitable foradgrmonitoring due to the
ease with which their mechanical properties cannianufactured and better
impedance matching with that of the host structée.changing the shape, the

size, the volume fraction of the piezoelectricg] Hre material of the other phases,



a cost-effective piezo-composite with the desirdeicteomechanical coupling
constants and impedance can be manufactured. Newehal.'s (1978, 1980)
connectivity theory characterized piezocompositesoaling as the phases are
connected in series or in parallel. They also deitegd the effective properties of
these composites. Banno (1983) extended their semlyo discontinuous PZT
fibers, and Smith and Auld (1991) to continuous Pit¥ers by studying the
thickness-mode oscillations in thin plates of 1+8zpcomposites. Badcock and
Birt (2000) have proposed a technique used to peepand pole 0-3

piezocomposites, and have also computed theirretaethanical properties.

One way that researchers used to compute effeatogeerties of a piezocomposite
is to use the Eshelby tensor for a PZT inclusioraminfinite matrix. Several
researchers, Deeg (1980), Wang (1992), Dunn anc Ta993), Chen (1994),
Hwang and Yu (1994), Jiang et al. (1997), haveveeriEshelby tensors for
piezocomposites. Li (1998) extended the Eshelbynédation to anisotropic
coupled field among elastic, electric, and magnetaperties and derived Eshelby
tensor explicitly for two simple geometries of iasion; elliptical cylindrical and
penny-shaped inclusions. If both the matrix and iti@usions exhibit coupled
electromechanical properties, then the Eshelbyoteissxpressed in terms of four
Green’s functions which are difficult to obtain aosed form. Dunn and Taya
(1993) considered ellipsoidal PZT inclusions inaa4piezoelectric elastic matrix
and used various micromechanics models to studyr thlectromechanical

properties. Dunn (1994) proved that a piezocompos#n exhibit pyroelectric



effects even though neither of its constituentsyi®electric. He also estimated the

effective thermal expansion and pyroelectric coedfits of a two-phase

pyroelectric composite (Dunn, 1993b).

Dielectric

Heat of
Deformation

Stress Thermal Stress

o)

Thermoelastic

Figure 1.1.Interaction between mechanical, thermal and etattproperties, lkeda
(1990), Taya (2005).



The interactions among densely distributed inclhsi@r inhomogeneities are
usually approximated by the Mori—-Tanaka (1973) migald approach. For small
concentrations of inclusions, one can use the oflenixtures to compute the
effective properties of a piezocomposite. An aldine to these analytical
techniques is to numerically analyze deformatiofhsa aepresentative volume
element of a piezocomposite, and determine matpraerties of an equivalent
homogenized system, Gabbert et al. (1999). Li e(1#199) obtained the exact
thermal properties and piezoelectric properties gfolycrystalline piezoelectric
material by assuming a uniform field where the prtips of texture orientation is

affecting the material properties.

Piezoelectric materials have the ability to be uasdmechanisms to transform
mechanical energy into electrical energy that caruked to generate power for
other devices. Mechanical stresses applied to pieztsic materials distort
internal dipole moments and generate electricabmials (voltages) in direct
proportion to the applied forces. These same diystanaterials also lengthen or
shorten in direct proportion to the magnitude aoldty of applied electric fields.
The practice of harnessing energy around a systehcanverting it into usable

power is termed power harvesting.

Power harvesting from piezoelectric materials hasnbinvestigated for several
different potential applications. Many researchkeve looked at utilizing the

energy loss from a biological activity to provideeegy for electronic devices.



Several recent studies have investigated piezoelgxiwer generation. One study
used lead zirconate titanate (PZT) wafers and bleximultilayer polyvinylidene
fluoride (PVDF) films inside shoes to convert mealal walking energy into
usable electrical energy, Kymissis et al. (1998r&k et al. (2001). This system
has been proposed for mobile computing and wasnatély able to provide

continuously 1.3 mW of power at 3V when walkingaatate of 0.8 Hz.

Other projects have used piezoelectric films toramtt electrical energy from
mechanical vibration in machines to power MEMS desj Glynne-Jones et al.
(2001). This work extracted a very small amountpofver (< W) from the

vibration and no attempt was made to conditiontoresthe energy. Similar work
has extracted slightly more power70 uW) from machine and building

vibrations, Roundy (2002).

Piezoelectric materials have also been studie@memte electricity from pressure
variations in microhydraulic systems, Hagood et (&P99). The power would
presumably be used for MEMS but this work is #tilthe conceptual phase. Other
work has used piezoelectric materials to convanetic energy into a spark to
detonate an explosive projectile on impact, En@&l00). Still other work has
proposed using flexible piezoelectric polymers fenergy conversion in
windmills, Hugo Schmidt (1992), and to convert flamvoceans and rivers into

electric power, Taylor et al. (2001).



The above studies have all successful applicatiorextracting electrical power
from piezoelectric elements. This dissertation @ns a theoretical analysis of
piezoelectric power generation that is not preskb&fore by using piezoelectric

material and Shape Memory Alloy (SMA) together dg/larid composite.

1.3. Piezoelectricity

Piezoelectricity is the phenomenon whereby elegiatarization is generated in
certain acentric crystals when they are subjeabethéchanical stress, which is
known asthe direct effectin piezoelectricity. Materials showing this pheremn
must also show a geometrical strain, which is priopaal to the applied electric
field, which is known aghe converse effecin piezoelectricity. Natural crystals
such as quartz, tourmaline, and zincblende arel#tssical piezoelectric materials.
For many years, these materials have served asdtraers for converting
mechanical energy into electrical energy and viessa. In general, natural
crystals have rather low piezoelectric coefficiel@sramic piezoelectric materials
were developed in the second half of th&' 2@ntury and have been constantly
improved since then. Modified lead zirconate titanfPb(Zr, Ti)Q] ceramics
(commonly known as PZT) are the leading materiaipfezoelectric applications

such as actuators and sensors.

1.3.1. Piezoelectricity Mechanism

There is a growing interest in thin films of PZTedt zirconium titanate

PbZr 47T195403) because of their potential applications. Foransg, the insertion



10

of PZT in asymmetric nematic liquid crystal cellsdiices a rectified electro-
optical response similar to that observed in suals because of the insertion of
metal oxide layers with ionic conductivity. SeverBZT films have been

investigated, obtained by different thermal treatteeafter sol-gel synthesis and
spin coating deposition by Marino et al., 2007. Bhserved rectifying effect, due
to the insertion of PZT films in asymmetric liqusdystal cells, has been attributed
to the presence of an internal field made fromrédwientation of nanodomains of
PZT. The presence of such internal fields is dernatesi and an estimation of it is
given. Moreover, asymmetric nematic liquid cryqfdLC) cells made with PZT

films show considerable improvements in both cattasmd response time.

-©-

Glass %

PbZr,Ti, .0, vV
o O

Glass

Figure 1.2.Current measurement of a NLC cell setup (Marinal €2007).

The insertion of a ferroelectric layer in NLC celtenstitutes an alternative
method for driving the liquid crystal response byexternal voltage, shown in Fig
1.2. In fact, by inducing a polar orientation oé tferroelectric film, it is possible

to generate a permanent internal field oppositg(larity) to the external field,
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without any charge migration. Thin films of PZT aa#iracting the interest of
many researchers because of their application invalatie memories. The
properties of such ferroelectric materials havenbmsidered in the last 10 years,
taking into account problems such as elastic aakbdiric properties, polarization
fatigue, aging, field and frequency dependencdefpiezoelectricity (Dana et al.,

1991, Lin et al., 1992 and Damjanovic, 1998)

1.3.2. Direct Effect

Mechanical compression or tension on a poled pleztiec ceramic element
changes the dipole moment, creating a voltage. Cesspn along the direction of
polarization, or tension perpendicular to the diget of polarization, generates
voltage of the same polarity as the poling voltafgension along the direction of
polarization, or compression perpendicular to theeation of polarization,

generates a voltage with polarity opposite thathef poling voltage, see Fig.1.3.
These actions are generator actions called astdifeect. The ceramic element
converts the mechanical energy of compressionr@ida into electrical energy.
This behavior is used in fuel-igniting devices,idatate batteries, force-sensing
devices, and other products. Values for comprestiess and the voltage (or field
strength) generated by applying stress to a pieztred ceramic element are

linearly proportional to a material-specific stress
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Figure 1.3.The effect of a force on a piezoelectric material.

1.3.3. Converse Effect

If a voltage of the same polarity as the polingtagé is applied to a piezoceramic
element, in the direction of the poling voltages #ement will lengthen and its
diameter will become smaller. If a voltage of pdlappposite that of the poling

voltage is applied, the element will become shaated broader, see Fig.1.4. If an
alternating voltage is applied, the element wilidthen and shorten cyclically, at
the frequency of the applied voltage. This motdroacis called converse effect,
and electrical energy is converted into mechargoargy. The principle is adapted
to piezoelectric motors, sound or ultrasound gemeyalevices, and many other

products.
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Figure 1.4.Deformation of a piezoceramic material when vadtagapplied.

1.3.4. Examples of Piezo Actuators

The multilayer actuator is composed of a humbecearmic layers alternating
with internal electrodes. Individual internal electes are electrically connected in
parallel with two external electrodes attachechdides. When an electric field is
applied to the element, the element expands albaeddngitudinal direction in
accordance with the converse piezoelectric eftegportant features of multilayer
ceramic actuators are low driving voltage, quickpanse, high generative force,
and high electromechanical coupling. However, thely exhibit displacements in

the range of 1@m, which may not be sufficient for some applicasion

Results from measurements of the direct and coaveragnetoelectric (ME)
effect on a three-layer, epoxy-bonded, laminatepmsite are presented in Record
et al., 2007. The laminae are single transverselgrized piezoelectric elements

(PZ29) sandwiched between two longitudinal-magadiic polarized
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magnetostrictive TD elements (Terfenol-D-TX GMMh4 direct ME effect was
determined by measuring laminate output with a Hielihz-generated AC field

(up to 7 Oe) in the range 50 Hz—100 kHz biased HyCafield (0—1000 Oe),

Fig.1.5.
{a) Variahle Capacitors
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Figure 1.5.(a) Schematic of test facility to measure dire@& Msponse. (b) Sample
holder with the suspended composite under testofideat al., 2007).

-_

Magnetoelectric
Composite Sample

Peak voltage output occurred at the mechanicaheegdrequency of the sample,
its value depending on the strength and directibthe applied magnetic field.
The peak output was 3061mV at 30e AC field and 10@0bias, equivalent to

74.4Vcm® Oe™. The peak output coefficient, however, was 93.6Vc@e® at
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0.1 Oe AC field and 1000 Oe DC bias. The reductibhigher drive amplitudes
was attributed to increased Young's modulus of itBephase. Anomalous peaks
in the low frequency spectrum of sample output explained. The converse
magnetoelectric effect was measured by recordirg wbltage induced in a
solenoid encompassing the ME while exposed to @€ field and the PZ phase
driven by a 10VAC source. The peak output is shtawilepend on the strength of
the applied DC magnetic field and developed a mariniield of 15.4 Oe at the
mechanical resonant frequency of the sample. Thgpless capability as a micro-
power source was demonstrated in a simple deva®type, achieving 110V of
DC power. The results from the converse magnetbeleests demonstrate that
magnetoelectric composite samples could be usBtEMS applications, not only
as power source, but also a transducer for halfedupommunication and low

magnetic field detection.

The piezoelectricity and polarization of multilayactuator, being designed to
stack ceramic layer and electrode layer alternatelgre investigated under a
consideration of geometry, the thickness ratiohaf teramic layer to electrode
layer by Jeong et al.,, 2004. The actuators wereickted by tape-casting of
0.42PbTiQ-0.38PbZr@-0.2Pb(Mn;3sNb,3)O; followed by laminating, burn-out
and co-firing process. The actuators of 5x5°imcross section size were formed
in a way that 50-200m thick ceramics were stacked 10 times alternateti
5um thick electrode. Increase in polarization ancteie field-displacement with

increasing thickness ratio of the ceramic/electrdalger and thickness/cross
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section ratio were attributed to the change of h88£/180 domain ratio which

was affected by the interlayer internal stress Rodson’s ratio of ceramic layer.
The piezoelectricity and actuation behaviors weyanfl to depend upon the
volume ratio (or thickness ratio) of ceramic layelative to ceramic layer, see
Fig.1.6. Comparing with the experimental resultd ample calculation based on
the existence of the internal stress, the relalignsetween field-induced

deformation and the geometric structure in theatotuwas described.

electrode —

ceramic layer ~

Figure 1.6.Diagram showing ceramic multilayer actuator asdneasurement using X-
ray diffractory and laser vibrometer (Jeong et2004).
The piezoelectricity and polarization of multilayactuator, being designed to
stack PT-PZ-PMN ceramic layer and Ag—Pd electraderl alternately, were
investigated under a consideration of stacking itmm$ including the thickness
of the ceramic layer, see Fig.1.7. Increase in rpaion and electric field-
displacement with thickness of the ceramic layes atiributed to the change of
non-180 /180domain ratio. The relative amount of non-480@main reorientation

observed from the XRD diffraction indicates tha¢ tinternal stress is generated
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between the two layers in a manner that the certands to contract along axis
and to elongate along; axis. In addition, the piezoelectricity and aciomt
behaviors were found to depend upon the volume r@r thickness ratio) of
ceramic layer to total layer. The @@n-thick ceramic layer actuator showed lower
dependence of dielectric polarization and pernifitigand piezoelectric coefficient
on electric field than those of 12@-thick actuator. The change in dielectric and
piezoelectric properties may be caused by thedatimn of non-180domain wall
motion due to the internal stress generated betweeimwo layers. Such internal
stress effect was identified by comparison of theasured dielectric and

piezoelectric results with the results calculatgdhe simple composite model.

(elongation) ﬁ

B ——— X3

electrode

ceramics eleciric field, E,

-—— ||
(contraction)

Figure 1.7.Diagram showing the internal stress configuratiothe inner structure of
multilayer actuator subjected to an electric fizldngxs axis. The electric energy driven
by electric field exerts mechanical elongation glagaxis and contraction along &xis

(Jeong et al., 2004).
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Bimorphs usually consist of two thin ceramic shdmiaded together with their
poling directions opposed and normal to the intaxfaVhen an electric field is
applied to a bimorph, one of the plates expanddewthie other contracts. This
mechanism creates a bending displacement. In cbritrdhe multilayer actuator,
bimorphs are capable of generating large bendirgplatements of several
hundred micrometers, but the response time (1nts}rengenerative force (1.0 N)

are low.

The potential use of piezoelectric bimorph actumatominimally invasive surgery
suture-needle grasper/holder applications is egdl@omputationally by Grujicic
et al., 2005, shown in Fig.1.8. Upon defining thesign/functional requirements
for such surgical tools, a finite element analysfigshe underlying piezoelectric
boundary value problem is combined with the genatgorithm optimization

routine to arrive at an optimal morphology of theuse-needle grasper/holder.

Figure 1.8.A schematic of piezoelectric bimorph grasper m (&) open and (b) fully-
closed positions (Gruijicic et al., 2005).
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Based on the results obtained in this study, thevilng main conclusions can be
drawn. (1) PZT-based piezoelectric bimorph actsasmpear to be suitable for use
in the minimally invasive surgery suture-needlesgaa/holder applications. (2) To
obtain a compromise between a high actuator-tided&ébn encountered in

actuators with thin piezoelectric layers and a higlblocked force encountered in
the actuators with thick piezoelectric layers, atius with variable thicknesses of
their piezoelectric layers should be used and khekness variation along the
actuator length optimized in order to maximize gnasper performance. (3) The
use of the poling direction different from the astandard through-the-thickness
direction to increase the grasper performance umdoto have only a limited

effect. An increase in the grasper width, on theeothand, can significantly

increase the grasper-jaws opening to enable angeasy of the suture needle.

The electromechanical coupling behavior of a nolehly coiled piezoelectric

strip structure is developed in full, in order tgamine its performance and
efficiency in the study by Seffen, 2007, Fig.1.%eTstrip is doubly coiled for

compactness, and compared to a standard straigimtac of the same cross-
section; it is shown that the actuator offers legtenerative forces and energy
conversion, and substantial actuated displacembatgever, at the expense of a
much lower stiffness. The device is therefore psggbfor high-displacement,

quasi-static applications.
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1a)

Figure 1.9.Types of super-helix, or “coiled coil” whose siz@n be compared to British
coins: (a) a flat toroidal coiled coil; (b) two &=l coils of different sizes and multiple
turns (Seffen, 2007).

From an actuation viewpoint, the localized helwaiving of a piezoelectric coiled
coil bimorph strip offers two complementary feasirdhe amplification of
activated bending strains into substantial axigpldicements and the development
of a uniform bending moment everywhere along thig sinder an axial force for
an optimal structural behavior. Compared to a cornrally available straight tip-
loaded strip, which is not uniformly stressed, tloded coil generates 33% more
blocking force, and is 36% more energetically et when the structures are
approximately the same size; freely actuated digpreents increase tenfold and

maore.

A piezoelectrically actuated four-bar mechanismhwttvo flexible links is
proposed to be used in a micromechanical flyingeahsobot wing thorax for

stroke amplification. PZT-5H and PZN-PT based umphoactuators are utilized
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at the input link of the four-bar for a compact digthit weight thorax transmission
mechanism by Sitti, 2003. The kinematics and dyeanaf the proposed wing
structure with two parallel four bar mechanisms analyzed, Fig.1.10, optimal
four-bar link size selection method is introducadd quasi-static forces generated
at the wing are computed for evaluating the feasitof the design. Using laser
micro-machining and folding techniques, prototypeurfbar structures are
constructed. In the experiments, for a 10x1x0.12°mR@AT-5H actuator based
four-bar mechanism, stroke amplification of aro@@d25 is held, and an attached
polyester wing is resonated at 29 Hz with around f@{pping motion. These

results match closely with the predicted theorétretues.

Figure 1.10.Proposed 2 d.o.f. wing mechanism translating atating a folded polymer
wing using two independently actuaded parallel foar structures, and its kinematic and
force parameters (Sitti, 2003).
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PZT-5H and PZN-PT based unimorph actuators areedilat the input link of the
four-bar for a compact design, Figl.11. The kineesatdynamics, link size
optimization with kinematically singular case catesations, and quasi-static
force analysis of the proposed wing structure @lized. Using laser micro-
machining and folding techniques, prototype foursbare constructed, and it is
shown that the single four-bar structure can haweral 96 stroke motion at 29
Hz with a rigid polyester wing on it. Thus, the posed design is promising with
introduced theoretical models and experimental ltesliwo degree of freedom
flapping and rotating wing mechanism would enabtarimetic flight lift forces

where the actuators could supply the desired ifgraes.

Ul

Ce)

PZT unimorph

Figure 1.11.Four-bar design proposal for enabling very higblst amplification if
necessary (Sitti, 2003).

1.3.5. Examples of Piezo Sensors

As in most applications of nanotechnology, speed grecision are important

requirements for getting good topographical mapsmafterial surfaces using



23

Scanning Tunneling Microscopes (STM) and AtomicdéoMicroscopes (AFM).

Many STMs and AFMs use piezoelectric tubes for sgan and positioning at

nanometer resolution. In the work by Bhikkaji et @007, a piezoelectric tube of
the type typically used in STMs and AFMs is coneide see Fig.1.12. Scanning
using this piezoelectric tube is hampered by thes@mce of a low-frequency
resonance mode that is easily excited to producganted vibrations. The

presence of this low-frequency resonance modecatssthe scanning speed of the
piezoelectric tube. Concept of a Positive Veloahd Position Feedback (PVPF)
controller is introduced and a controller is desgnto damp this undesired
resonance mode. To achieve good precision, inpatthan shaped for the closed

loop system to track a raster pattern.

Figure 1.12.The piezoelectric tube mounted inside an alumishreld. The x-axis
capacitive sensor is shown secured at right anglascube mounted onto the tube tip.
And the y-axis capacitive sensor is secured at aghles to the perpendicular face of the

aluminum cube (Bhikkayji et al., 2007).
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A piezoelectric tube of the type typically used 8TMs and AFMs was
considered. This piezoelectric tube was interpreted linear system, and a linear
model was constructed for it using standard systemtification techniques. A
lightly damped resonant mode was observed in tieati model in the frequency
region of interest. Attempts were made to actuagepiezoelectric tube in a raster

pattern in open loop without a feedback contrall@mping the resonance mode.

In the article by Cimaa and Remiens, 2005, a nepe tgf sensor involving
ferroelectric domain displacements is theoreticahyd experimentally studied.
The principle of such sensors, called ferroeleditive sensors (FAS), is based
on the remnant polarization measurement; see ERy.Icarried out during a
transfer of electric charges caused by polarizagigitching. As demonstrator, the
case of thermal sensors is treated. The active afrd®e sensor is a PNZT film,
realized on silicon substrate. The theoretical qreninces of the device are
evaluated and compared with classical pyroelectesponses. It is finally
experimentally shown that this kind of sensor neledsvercome the problem of

material fatigue.
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Figure 1.13.Fatigue characteristics of PZT and PNZT (2 ati¥)s (Cimaa and
Remiens, 2005).

It is shown in this article that the ferroelectaictive sensors (FAS) can be applied
to thermal measurement. The material figure of heé#rkFAS is summarized by its
pyroelectric coefficient, excluding the materialmpétivity. It has been concluded
that PZT materials, exhibiting a high pyroelectaefficient, are good candidates
for FAS. It can be noticed that FAS can also be leygu for mechanical

measurement, due to the piezoelectric properti¢iseoferroelectric capacitor.

Rapid means of characterizing and detecting viarsigles are very important for
a wide variety of applications. In the study by dedn et al., 2006, it is used
vaccinia virus, a member of the Poxviridae virusifg and the basis of the
smallpox vaccine, as the test case and charadettisse particles using atomic

force microscopy and micron-scale cantilever beamithy the long-term goal of
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developing devices for the direct rapid detectibraio-borne virus particles. The
cantilever beams, driven by thermal noise and a pi#Zoelectric ceramic, served
as resonating sensors to measure the mass of ulaseparticles, see Fig.1.14.
Two different size cantilevers were used, with digiens of 21umx9um and
6umx4um. All cantilevers are measured approximately 260in thickness. The
resonant frequency spectra of the cantilevers werasured using a microscope
scanning laser Doppler viborometer before and dffteraddition of virus patrticles,
and scanning electron micrographs were taken iera quantify the number of
virus particles attached to the cantilevers. Thangle in resonant frequency as a
function of the number of adsorbed virus particless the basis of the mass
detection scheme. The average masses of a singt@niaa virus particle are
measured to be 12.4+1.3 fg and 7.9+4.6 fg, obtafrad the larger and smaller
cantilever beams, respectively, which are almoshénexpected range of 5-10 fg.
The measurable mass sensitivity of cantileversedrivy the piezoelectric ceramic
is found to be an order of magnitude greater then ensitivity of cantilevers
driven by thermal noise. These cantilever strustutan be integral parts of

biosensors for the detection of airborne virusipled.

It has been used cantilever beams as micromechangs®mnant sensors,
augmented by a piezoelectric device, to detectrthgs of vaccinia virus particles.
Piezo-driven cantilevers were found to have qudéttors an order of magnitude
greater than thermal-driven cantilevers, allowiryy fmass detection in the

femtogram range.
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Figure 1.14.Scanning electron micrograph of a large clumpiafsvparticles attached to
a cantilever beam, scale bar igrh (Johnson et al., 2006).

In the study by Beeby et al., 2001, authors deecab piezoelectric micro-
machined silicon accelerometer fabricated usingomkgnation of thick-film

printing and silicon micromachining and introduces microprocessor
implemented self-validation routine for the devideig.1.15. The thick-film

printed PZT elements act as sensors detectingdfiections of the internal mass
and also as actuators capable of performing atesllfroutine. The self-validation
procedure is performed at resonance and theredoricroprocessor is used to
identify the resonant frequency associated withhedevice and confirm the
operation of the PZT element. Whilst, this approachcertainly feasible, its
implementation can be simplified by reducing thessrtalk between drive and
detection elements and altering the geometry of #Hueelerometer. The
performance of the device demonstrates the suttahbif thick-film printed

piezoelectrics for this type of application.
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Figure 1.15.Plain view of accelerometer layout (Beeby etz001).

1.4. Energy harvesting by Piezoelectricity

Energy recovery from wasted or unused power has deesearch topic for a long
time. Power exists in various mechanical forms saglambient vibrations, water
flow, wind, human motion and shock waves. In recgears, industrial and
academic researchers have focused their attentiomaovesting energy from
vibrations using piezoelectricity. These effortsydgrovided the initial research
guidelines and have brought light to the problend lamitations of implementing
the piezoelectric transducer. In Chapter 3 of diésertation another type of waste
energy is considered as the power source to beestad by using the basic
principles of piezoelectricity. The waste thermakrgy is considered to be the
main source of energy that triggers the phase fsemation in Shape Memory
Alloy. Due to phase transformation the mechanicedrgy then transferred into

electrical energy by direct piezoelectric effectoril details will be discussed in
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Chapter 3. In this section of the dissertation,lthekground on mechanical energy

harvesting by piezoelectricity will be discussed.

There are three major phases/steps associategrbelectric energy harvesting
(see Fig. 1.16): (i) mechanical to mechanical ep&ansfer, including mechanical
stability of the piezoelectric transducer undergéarstresses, and mechanical
impedance matching, (i) mechanical to electricaérgy transduction, relating
with the electromechanical coupling factor in tlemposite transducer structure,
and (iii) electrical to electrical energy transfémcluding electrical impedance
matching. A suitable DC/DC converter is requiredatcumulate the electrical
energy from a high-impedance piezoelectric devic® ia rechargeable low-

impedance battery, [Uchino and Ishii, 2010].

Phase I Phase Il Phase I1I
Mechanical Mechanical-Electrical Electrical Energy
Energy Transfer Energy Transduction Transfer

. " Electrical » Electrical

Vibration Energy Energy Generated Energy Output

Environment Mechanical

Excitation Energy |

*Mechanical strength sCoupling factor (k) sElectrical impedance
=Mechanical impedance sPiezoelectric coeff. (d, g) =Circuit loss
=Damping factor

Figure 1.16.Three major phases associated with piezoelectaogy harvesting.
[Uchino and Ishii, 2010]
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Mechanical impedance matching is one of the importactors in energy
conversion in piezoelectric devices. Wasted or eaduwechanical energy should
be transferred properly to the energy harvester piazoelectric devices.
Mechanical impedance of the material is usuallyingef by the density and the
elastic stiffness of the material. In the energgvarsion the receiving part of the
mechanical energy in the piezoelectric device ttebéo be designed to match the
mechanical impedance with the mechanical energyceosuch as vibration
source. Mechanical strength and damping factor ad¢e the other important
parameters in addition to impedance matching izqakectric energy harvesting

concept.

Mechanical energy transferred to the piezoeledtansducer is converted into
electrical energy through piezoelectric effect. tdge induced by the

piezoelectricity can be explained by the simplepé&ectric equations;

Ft
V=0— 11
9-; (1.1)

g=d/&¢, (1.2)

Here,g, F, t and A are piezoelectric voltage constant, applied fotbekness,
and area of the piezoelectric material, respegtiielezoelectric voltage constant
can be written in terms of piezoelectric chargestamt, dielectric constant in
vacuum and relative dielectric constant as in showrEq.(1.2). The output

electrical power available from the piezoelectriatenial can be calculated as,
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P=1CV2 Of
2

(1.3)

1 t
= > (a5 8,5 [F° E';‘ Cof

C and f are the capacitance of the piezoelectric matandlthe frequency of the

mechanical energy source or vibration, respectividignce the output power of
the energy harvester can be evaluated by the pramfupiezoelectric voltage
constant and piezoelectric charge constant as f€&igh merit” of the energy
harvester. Best material for energy harvestingi@zqelectricity can be selected
by checking the figure of merit of the material bgmparing the piezoelectric

voltage and charge constants product of the materia

Piezoelectric materials generally convert mechdrecergy to electrical energy
with relatively high voltage which means output gdance is relatively high. On
the other hand, energy storage devices such ashargeable battery have low-
input impedance. Thus, large portion of the exciéattrical energy is reflected
back, if the battery is connected immediately atberrectified voltage. In order to
improve energy transfer efficiency, electrical irdpace matching is required.
Various converters can step down the voltage tptatitee electrical impedance:
Forward converter, Buck Converter, Buck-Boost Catere Flyback Converter
etc. These converters have low-output impedance laweoss characteristics,

(Uchino and Ishii, 2010).
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1.5. Shape Memory Alloys (SMAS)

Shape memory alloys (SMA) are generally defineanaserials with an intrinsic
ability to remember their initial crystal structufehis memory shows itself at the
macroscopic level mainly in two unusual behavidng superelasticity (SE) and
the shape memory effect (SME), Auricchio et al.QR0For the isothermal case,
where temperature is constant, and the stresstsgaph of alloy showing
superelastic -also called pseudoelastic- behadoshown in Fig. 1.17. This
behavior can be described as undergoing large metmns compared to other
conventional engineering materials without anydeal strain or deformations. In
Figure 1.17, a hysteresis loop can be seen. Thatelrgsis loop arises upon phase
transformation, and heat dissipation observed asesalt of this hysteresis.
However, as described earlier phenomenon takes plasothermal case; thus, for
this condition to occur, it is assumed that ambientperature is kept constant and
the loading is done slowly, so that the differehebveen material temperature and
the surroundings disappears, and the dissipated #ees not change the

temperature of the material.
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Figure 1.17.Superelastic behavior in SMA (Lagoudas, 2008).

For the non-isothermal case, the behavior of an SMA be seen on a stress-
temperature-strain space in Fig. 1.18. Micromeatarproperties of an alloy can
change under loading and can even be recovered toadk initial shape by
heating. This phenomenon is the main objective hi§ dissertation, will be
discussed in Chapter 3 where the shape recovesgssts used in piezo-SMA
composite. When shape memory alloys are plasticaliformed at one
temperature, they have the ability to completetower their original shape upon
an increase in temperature which is often calleshape-memory effect, Kumar et

al., 2003. Superelasticity, on the other hand,caigis the material’'s ability to
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undergo large deformations, up to 10-15% strainghout showing notable

permanent deformations, Lagoudas, 2008.
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Figure 1.18.Shape Memory Effect in a stress-strain-temperapaee and the respective
microstructures of a typical NiTi SMA material (Lagdas, 2008).

SMA has been receiving increasingly more attendiod study since the discovery
and the first publication of shape memory effectGhang and Read in 1951 as a
constituent in smart composite structures. In 1i®@2shape memory phenomenon
attracted worldwide attention with the announcemaina shape memory alloy
Nickel Titanium (NiTi), Kumar et al., 2003. The ientors W. J. Buehler and R.
Wiley named the alloy "NITINOL". The name comesnrdhe chemical symbol
"NiTi" followed by "NOL", the acronym for Naval Oraénce Laboratory, the prior

designation of the Naval Surface Weapons Centeth Wie demand for its
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properties, the NITINOL technology community preggara manual, Goldstein,
1980.

Nickel Titanium alloys have properties that arefulsin a wide variety of areas.
Since recoverable strains of up to 8% can be obdlain NiTi alloys over a

relatively narrow temperature range, and sincedmstraining NiTi alloys stresses
of up to 700 MPa can be generated (Otsuka and Wayi@99), these two
extremes of 8% strain with little or no force geatem, and 700 MPa stress,
provide a broad envelope to design components ditlerent strain outputs.

Although not all of them commercially successftiljsi estimated that there are
over 10,000 patents based on SMA's. In additionSME, where strain is

recovered upon heating, the SE can also be usddsigns, where the material
undergoes a transformation cycle with no exteraeadgerature change, simply by
loading above A (Austenite finish temperature). Shape-memory allaye the

basis for innovative applications, ranging from ides used in orthodontia (arch-
wires) to self-expanding microstructures for theatment of organ occlusions
(stents) or ranging from coupling devices to miaobdators, Auricchio et al.,

2001.

It is useful to introduce micromechanics for bettederstanding of superelasticity
and shape memory effect. Shape-memory alloys praseersible martensitic
phase transformations, that is, solid-solid diffudess transformations between a

crystallographically more-ordered phase, the aitst@hase or parent phase, and a
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crystallographically less-ordered phase, the maitenphase. Typically, the
austenite phase is stable at lower stresses ahdjtegr temperatures, while the
martensite phase is stable at higher stressestdodier temperatures, Auricchio

et al., 2001.

The phase transformation (from austenite to maiteeias vice versa) is typically
marked by four transition temperatures, named adeMsite start, M Martensite
finish, Mg , Austenite start, & and Austenite finish, A. The ordering between
these temperatures under constant stress is asviplIMe < Mg < As < Ar
(Rahman, 2008). These four temperatures are giverFig. 1.19 with the
microstructural shapes of austenite and martengitases as the result of
diffusionless transformation. From this figure,cén be seen that a change in
temperature within M< T < Ag range does not lead to a phase change, and, also,
within Mg < T < A: range, both the martensite and austenite phasgsoexist.

The phase transformation may take place with teatpe¥, with temperature and

loading simultaneously (SME) or with loading onlgdping temperature constant

(SE).
e Tyow
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Figure 1.19 Four phase transformation temperatures showermpédrature axis
(Simsek, 2009).
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Deformation mechanisms and their lattice structamresshown in Fig 1.20. From
1980 up to now, constitutive modeling of shape mgnadloys has been a subject
of active research. In general, the models devel@a® be categorized as micro,
micro-macro or macro models according to the lersgtide of the theory. Micro

models describe phenomena occurring at micro-dealel, such as nucleation,
interface motion, twin growth, etc (Auricchio et.,aR001). Micro-models,

generally, do not take into account martensiticunm and austenitic volume

fractions as internal variables, but as conseqseotmterface motion.

{a) Martensite (b} Austenite © i
Loading
Heating
—_—
SE
Lo Unloading
—y——
2
5 SME x
= 3
' T
(d) Martensite (e) Martensite

Figure 1.20.Lattice shapes and deformation mechanisms of stm@peory alloys under
different inputs (Mok, 2003).

Currently, the level achieved in SMA productionheologies, together with a
deeper knowledge of the micro-scale and macro-ggds@@omena, has created the

possibility of performing complex experimental istigations, such as combined
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tension/torsion or general non-proportional loadiests. As a result, researchers
have also moved toward the development of more istipdted and accurate
constitutive models. To name a few models; firsalbf Tanaka et al., in 1982 and
1986, studied constitutive behavior of shape menatigys, using Free Energy
concepts and martensite fraction evolution. For thardening during
transformation, an exponential hardening rule edusut material properties (e.g.,
elastic modulus) are assumed to remain constanhglythase transformation,
Lagoudas, 2008 and Tanaka et al., 1986. Seconaglaamd Rogers, in 1990,
proposed another One-Dimensional (1-D) model, usiegmholtz Free Energy
concepts, similar to Tanaka et al.'s work, but thme using a cosine hardening
rule for the hardening during phase transformatiater, in 1992, they extended
it to a three-dimensional (3-D) model. Lagoudas &uwyd developed another
model in 1996. In this model, a potential functisndefined using Gibbs Free
Energy concept and the variables of the potentiattion are stress, temperature,
and, volumetric martensite fraction. In their papamed "A General Macroscopic
Description of the Thermomecanical Behavior of Shademory Alloys",
Leclercq and Lexcellent proposed a model based e@mhbltz Free Energy and
used classical plasticity concepts in explaining pihase transformation surfaces,
Leclercq and Lexcellent, 1996. A.C. Souza et all%98 based their model on
Generalized Standard Materials approach wherenalterariables are defined to
describe the phase transformation process. Theypoped a 3-D

phenomenological model of SMAs. In addition to Gatlired Standard Materials,
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a potential is defined via Helmholtz Free Energyd dmom this potential 4
constitutive relations are found, giving mean sregleviatoric stress,
transformation stress and, entropy density. Patkfunction is a function of linear
strain, deviatoric strain, transformation straiml aof temperature (notice that since
Helmholtz Energy is used, strain is an internalialde in contrast to Lagoudas
and Boyd's Gibbs free energy model where stresanisinternal variable).
Auricchio and Sacco, in their 1997 work on a 1-Ddeloable to simulate the
superelastic behavior of shape memory alloys. Maite fraction is used and
evolutionary equations in rate form are proposedniartensite fraction. For the
evolution of elastic modulus different methodolaggeich as Voigt scheme, Reuss
scheme, and Mori-Tanaka scheme with elliptical phesical inclusions are
considered. Reuss and Mori-Tanaka schemes arermaefesince experimentally
Reuss scheme is realized best experimentally amce sMori-Tanaka scheme
represents a feasible upper bound. Extensive waskbleen done to characterize
these materials qualitatively through theoreticaldels, Tanaka, et al. (1982),
Liang et al. (1990), Brinson et al. (1993) and B@gdal. (1996). Birman (1997)
gave a review of work done in the areas of allograhbterization, constitutive
modeling, and applications. Compilations of papease also been published,
most recently by Otsuka and Wayman (1998). Eldsébavior of SMA fiber
composites has been examined by researchers Liaalg @990), Brinson et al.

(1993) and Boyd et al. (1996) and Taya et al. (1993
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Chapter 2. Modeling of Piezoelectric - Shape Memory Alloy

Composite as a Fast Responsive Actuator Material

A hybrid composite of a piezoelectric ceramic ahdpe memory alloy (SMA) is
proposed as a new actuator material with fast iotuapeed and large strain.
Analytical modeling of the composite is constructembed on Eshelby’s theory
where linear piezoelectric constitutive equationsd abi-linear super-elastic
equations of SMA are used. The predictions of trersinduced by applied stress
and electric field are also modeled with two simplesigns of piezo-SMA
composites, 1-D series and 1-D parallel laminatechposites. The predictions
based on the proposed model indicate that 1-D |phrdalminate provides the
highest strain induced under bias stress and appliectric field among other

composite geometries examined.

Piezoelectric materials and shape memory alloys ASMare very common
materials for actuators and sensors. In the coromalt actuator materials, the
speed of actuation and sensing is fast, but theraslinduced strain is modest
while the latter exhibits larger strain, but at instower speed of actuation. Shape
memory alloy (SMA) of super elastic grade has gdastrain (up to 5% or so)
once it is stressed to the stress level of stmediseed martensite transformation,
while piezoelectrics exhibits small-strain (typigalless than 1%) with fast
actuation speed under applied electric filed. Hé tabove two materials are

combined to form a composite, which is termed & @SMA composite, one
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would expect some unique property to arise. Sevessdarchers Dunn and Taya
(1993a; 1993b), Kuo and Huang (1997); Odegard (20Qé (2004) predicted
that the electromechanical properties of piezogtecomposites consist of piezo
matrix and non-piezo filler. The concept of pie2d& composite was considered
by Jiang and Batra (2002) who formulated the cont@aosodel by considering the
piezo and SMA phases as filler, which are embediala@sbtropic polymer matrix
and the Eshelby’s method in their analysis. Thislgton the other hand, analyzes
piezo SMA composite where piezo phase is treatethagsnatrix and SMA as
filler, which can undergo phase-change such asssstreluced martensite

transformation as this requires use of Eshelby’'thotk

In the subsection of Chapter 2, first Eshelby’sotlgeto calculate the effective
composite behavior of the piezo-SMA composite Ww#l introduced; later in the
following subsections One-dimensional parallel mioded One-Dimensional
serial model will be summarized, and at the enthefChapter experimental study

carried on to manufacture Piezo-SMA laminate contpasill be discussed.

2.1. Modeling Electromechanical Coupling with Eshelby’sTheory

The mechanical and electrical behavior of a piezigt material can be modeled
by two linearized constitutive equations. Theseagéigus contain two mechanical
and two electrical variables. The direct effect barmodeled by following matrix

equations, IEEE Standard on Piezoelectricity, Asi8hdard 176-1987.
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O = Cijmn“’:‘mn + SN (_En) (213-)
Di = &mnfmn ~ Kin (TEp) (2.1b)

The constitutive equations for a linear piezoeleatraterial can be represented in

matrix notation as, Dunn and Taya (1993a; 1993&yal(2005)
r=RZ (2.2)

where © represents flux tensor of 9x1, the first six cohsmof the vector
components are the stress components, and thetHest are the electric
displacementsZ is the field tensor of 9x1, the first six columhf the vector
components are elastic strain, and the last themtor components are electric
field. R is the electro-elastic property tensor of 9x9 xFhield and electro-elastic

property tensors can be represented as

_|%exa _ € _ C eT
fhelef

respectively, wheres , D, C, €, x, ¢, and E denote stress, electrical
displacement, elastic moduli, piezoelectric cortstdielectric constant, strain, and
electric field matrices, respectively. Piezo ph&sessumed to be transversely

isotropic piezoelectric material.

Consider an Eshelby’s inclusion model for a piegotlc material: the composite

of interest consists of an infinite piezoelectriatrix (D -Q) containing a finite
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volume fraction,f , of spheroidal SMA fillers @), as shown in Fig.2.1(a). The
SMA fillers are considered as non-piezoelectrict bxhibit a bi-linear stress-
strain curve, that reflects the stress-induced @lassformation. The fillers have

electro-elastic moduluR ; while the matrix has electro-elastic moduRys.

The composite is subjected to the far-field unifoapplied stress and electric
displacement®. Fillers in the piezoelectric matrix can be simethby Eshelby’s
equivalent inclusions, resulting in Fig.2.1(b) wdehe electro-elastic stiffness

tensorR ,, is homogeneous in the entire domaii)(

(a) (b)

Figure 2.1. Analytical model for piezoelectric composite caniiag non-piezoelectric
SMA fillers, (a) original problem, which is conved to (b) Eshelby’s equivalent
inclusion problem.
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When a piezo-SMA composite is subjected to a fdfiuniform flux vector
(applied stress and electric displacemetft) the flux vector (stress and electric

displacement) in the fillerx, , can be written as
L, =R,(2°+Z+2)=R,[z°+Z+2-Z2) (2.4)

where, Z is the disturbance of the uniform field vector daehe presence of the
fillers and Z is the average disturbance of the field vectoraistand electric
field) in the matrix.Z™ is the fictitious eigen field vector (involvingggn strain
and eigen electric field) by means of equivalertlusion method.z® is the

uniform field vector (strain and electric field)gmided by uniform flux vectorg®

that would exist in the absence of the filler almeiytare related as
x° =R, Z° (2.5)

The flux vector (stress and electric displacementhe matrix,Z _, can be written

as
r,=R,(z°+Z) (2.6)

The disturbed field vector (strain and electridd)en the filler, z, is related with

fictitious eigenfield vectoz" through a piezoelectric Eshelby tensoas

Z =Sz (2.7)
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The flux boundary condition¥®) and the volume integral of the disturbance flux
vector (being zero over the entire composite doéads to the following

relation that relateg to Zand z" as
Z+f(z-2")=0 (2.8)

where f denotes the volume fraction of the SMA fille’. is computed from

Egs.(2.4, 2.5, 2.7 and 2.8) as

z" =B[R,-R,)Z° (2.9)
B={(R, -R,)[a-f)S+1]+R,}* (2.10)

wherel is 9x9 identity matrix and the superscript of “-1” deestinverse of

matrix.

The overall field vector (strain and electric fietaf the compositez, is computed

by using the weighted volume average (rule of nmedwof that over each phase

and given by
Z.=0-f)z,+1z, =l +1B[R,-R,)|Z° (2.11)

whereZ andz, represent total field vectors (strain and electietds) in the

matrix and filler, respectively. The total flux \Mecs (stress and electric

displacement) of each component are expressed as
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z, =Ry - (- )R, {S-1)B AR, -R, | RAx" (2.12a)
., =[Rn+ f RL(S-1)BOR, -R, R x° (2.12b)

The overall flux vector (stress and electric displaent) of the composite is then

given by

. =@1-f)E, +fx, =x° (2.13)
The effective electro-elastic modulus of the conieoR, is defined as

T, =R.Z, (2.14)

From Egs.(2.5, 2.11, 2.13, and 2.14) the effectiletro-elastic modulus of the

composite is obtained as
R, =R, [l + B[R, -R " (2.15)

2.1.1. Mixed Boundary Condition Problem

When a composite is subject to applied st€sand an electric fiel&®, where
¢’ is a part of flux vector ane® is a part of field vector, see Egs.(2.1, 2.2)s thi
lead the problem to have a mixed boundary condifibited boundary condition
should be converted to the non-mixed boundary ¢mmdin order to apply the

Eshelby’s equivalent inclusion method discussethénprevious section. This can
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be done by using the effective properties of thammuosite derived in the previous

section, Eq.(2.15).

Equation (2.1a) for composite strain can be reemitin terms of the composite

properties as follows,
g, =C'6° +C e E° (2.16)
where the subscript® denotes that the variable is a composite property.

The electric displacement generated in the compdsitapplied mixed boundary

condition (¢° and E°) can be obtained by substituting Eqg.(2.16) in ¢o(E 1b)
D. =eC.'¢° +e C e E° +x E° (2.17)

By using the applied stress®) and Eq.(2.17), the mixed boundary condition can

be converted to the non-mixed boundary conditipmegented as

[0}
20:{%}: ° (2.18)
D.] |eC.'s°+eClelE® +k E°

2.1.2. Stress-only Boundary Condition

We shall consider the composite subjected to tipdieapstress in the absence of

electric field,s° = U [&°, whereU is defined by

u=[001000] (2.19)
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The magnitude of the stress applied to the conmpaseteds to initiate stress-

induced martensite transformation of the SMA fdler . as shown in Fig.2.2.
The boundary condition is obtained from Eq.(2.1&) aan be written in terms of

stress magnitude® as;
£°=U_,0° (2.20)

where U, is 9 x 1 column vector and given by

o 2.21
_Lccglu} (2.21)

ZO

When the composite is subjected to a far-field amif flux vector (stress and

electric displacement}?, field vector (the stress and electric displacenierthe

filler, £, can be computed by Eq.(2.12a) as,

%, =Us,0° (2.22)
where

Us¢ =[Rp-(- f)R,(s-1)BHR, -R, R0, (2.23)

The stress that initiates martensitic transfornmatiothe fiber phase at the initial

state is calledbias stressind denoted as;,.. The bias stress can be determined by
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using Von-Mises effective stress,,, defined in the SMA filler domain that is

equal to the martensite start stress,, Taya and Arsenault, 1989.
Ot =0ms= X33~ Xggy (2.24)

where subscripts “33” and “11” represent the congmbs of the vectoE, , along

the SMA phasexg— axis) and its transverse direction, respectively.

™y

Figure 2.2.Bi-linear stress-strain curve of SMA.

From EQq.(2.22) and (2.24), the bias stress thaégsiired to initiate martensitic

transformation can be obtained as

a° Ims (2.25)

ms:
UZf,SS_UZf,ll

where o, represents the martensite start stress of the 8lMA see Fig.2.2.

With stress-only boundary condition, the bias striai the composite due to the

bias stress applied can be computed by Eq. (2.14).
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2.1.3. E-Field Boundary Condition

During the phase transformation of SMA filler, fraamistenite to martensite, the
relation between stress and strain of the SMA rfile assumed to be linear

betweeno,,, ando,; (see Fig.2.2). The applied stress is kept to bestemt and

its magnitude is computed from Eq.(2.25), whilectrie field E is varied. The

electric field is then increased such that SMAefdl start to transform from
austenite to martensite. When both the stress lacttie field are imposed on the
composite, the problem can be divided into two soblems. The first stage is the
composite subjected to the applied stress desciibétie previous subsection
(stress only boundary condition). The second sitagbe composite subjected to
the applied electric field which can be superimpose the results of the first

solution. The analyze of the second stage will iseussed in this section with an

arbitrary electric fieldE =Y [E°, whereY is defined by
Y =[001] (2.26)
The mixed boundary condition is converted into maired boundary condition by

Eq.(2.18)

0
X0 = E°=Y E° 2.27
LccgleIY +KCY} E° (2.27)

The flux vector (stress and electric displacemanthe filler domain is computed

by Eq.(2.12a), which is rewritten as
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. =Y E° (2.28)

s f,EC

where

YZf,EO :[Rm _(1_ f)DRm [(S_I)DB Equ - Rm)]l:IR%1 D{Eo

(2.29)

By using the definition of effective stress and(BE8), the magnitude of applied
electric field (E}; ) for the fillers to reach the martensite finisto (), is

determined as

E°, = O (2.30)

-Y
s fE®33 sfE%11

After substituting computed,, into Eq.(2.27) the total strain of the composite

with SMA fillers fully transformed to martensite isomputed under applied
electric field,E only by using Eq.(2.14). Finally, the total stranduced in the
composite by both bias stress and electric fietheéssum of the strains induced by
the results obtained in stress only boundary cardiand electric field only

boundary condition.

2.2. One-Dimensional Model Based on Parallel Connection

Next, we shall discuss one-dimensional model 1kB. parallel model as shown in

Fig.2.3 where the composite is subjected to appdiedsss®. The free body
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diagram of the composite is shown in Fig.2.4, wheseh layer is subjected to

internal force.

—»| SMA h/2 «—

o°—» PZT h, «— o°
N

— SMA hj2 [

Figure 2.3.Composite with 1-D parallel connection is subjddteapplied stress, where
h, and h, represent the thicknesses of SMA-phase and pieasep respectively.

F, 2
5~ smA h/2 |+

Xy
F,—» PZT h «— F, T_» .
F, F,
> SMA h/2 |« >

Figure 2.4.Free-body diagram showing forces acting on piekb@MA layers of 1-D
parallel model.

2.2.1. Analysis of a composite under applied stress only

The total force acting on the composite is the sfifiorces acting on each phase,

from which the applied stress’ can be expressed as

o (2.31)
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The strains in each phase are obtained from foy@ng's modulus, and

thickness, which are given by

Es = g = FS (2323.)
Es Eshs
F
e =% (2.32b)
Ep Ephp

Iso-strain condition of 1-D parallel modet (= £,) gives the relationship between

stresses in SMA and PZT phases:

E
o.=—0

=0 (2.33)

From Egs.(2.31 and 2.33), the applied sties€an be simply related with the

effective stress of SMA filler, as

fz%mggqmp (2.34)

S

The applied stressd,,.) to start martensite transformation of SMA fibess

ias

obtained from Eq.(2.34) as

(2.35)
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where g, is the martensite start stress of SMA. The stianuced in the
composite is called bias straip,.and is given by

s = 22 (2.36)

S

whereg, . is the strain corresponding to the applied stthas makes the SMA

phase reaching,,, see Fig.2.2.

2.2.2. Analysis of a composite under both applied stresad electric field

Next, let's consider the composite additionallyjsebed to electric field=° based
on Fig.2.3. With an addition of electric fiekf so as to induce the compressive
strain in the piezo layer, the stress field in toenposite is changed as shown in

Fig.2.5. The piezo-phase and SMA are in tensioncamapression, respectively.

go—> smMA h, [0
Ao > ' Ao, X,
(0] (o)
T Pzt o, [ T—>x3
Ao Ao e

Figure 2.5.Free-body diagram of the composite with appliedsst and electric field.

The stress increments in both phases are comprdedforce equilibrium along

thexs—axis over the entire composite satisfy
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h 4o =hdo, (2.37)

The total strains in both phases are generatedhdyapplied stress and electric

field and are the same:
£bias + AgsE = gbias + A‘EpE (238)
The strains in the SMA and PZT due to the applledtgc field are expressed as

Ao
fe, =%  and ge, =- CEE 40, (2.39)

AM p

where E,, is Young’s modulus of SMA during stress-induced agsh

transformation, see Fig.2.2. Since the bias strait®th phases are the same, the

rearrangement of Eq.(2.38) and Eq.(2.39) results in

AJSE — AJDE
Eau E

+d,,E, (2.40)

p

Since the internal stresses in both phases aredemlaout, the changes of the

stresses in the phases are related with

Ao, = %AapE (2.41)

By inserting Eq.(2.41) into Eq.(2.40), the strelsarge in the PZT is obtained as
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fE \ E (0asE
AapE: AM =pH33t=s
fE +(1-T)E,

(2.42)

The strain induced in the composite by both biassst and electric field is
obtained as

(1- f)E d,E,

gc = gbias+ fEAM +(1_ f)E

(2.43)

p

2.3. One-Dimensional Model Based On Serial Connection

Let's consider a one-dimensional (1-D) model foe #tomposite consisting of
layers of PZT and SMA as shown in Fig.2.6, whichsihjected to an applied

stresso® along thexs-axis.
Analysis of composite under applied stress only

The initially applied stress°is desired to make SMA phase stress-induced

martensite (SIM) phase with starting stressogf, which is already defined as
bias stress in the preceding section. The strassksth PZT and SMAg, and
o,, are equal due to iso-stress condition inheretitenl-D series model, which is

given by

(2.44)
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A

SMA h/2
h h
PZT s
L’ X]_
SMA  h/2

LI A

Figure 2.6.Composite with 1-D series connection is subjetbesh applied stress, where
h, and h represent the thicknesses of PZT and SMA layespectively.

The strains in both phases generated by the apgiliesls can be computed as

£,= iams andg, = iJms (2.45)
E, En

where E; and E, denote Young's moduli of PZT and austenitic SMA,

respectively. The resultant strain in the compoisitealled a bias strain and it is

obtained as

£bias = (1_ f +LJJms (246)

where f denotes the volume fraction of SMA and is equahh for this 1-D

series model.
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Analysis of a composite under both applied stressnd electric field

The electric fieldE® is additionally applied to the composite under Ibees stress

¢° as shown in Fig.2.6. Since the stresses in bo#sg#are maintained ag,,

the strain in the matrix increases with its eleetechanical behavior and the
strain in the SMA filler does not change. The sisain both phases can be

represented as

e =Lto +dE (2.47a)

(2.47b)

The strain in the composite induced by both thes lsimess and electric field is

additive and given by

gc = gbias + (1 - f )d33E3 (248)

2.4. The Stiffness Properties of the Piezo-SMA composite

An analytical model to predict the effective stéBs and slope of the stress-strain
(SS) curve of a SMA articulate composite which eenposed of the particulate
SMA phase and piezoelectric matrix phase is cootgds The model is restricted
to particulate geometry, and also the role of paldte and matrix can be
exchanged. The model is based on Eshelby’s the®riypical SS curve of a

composite containing SMA phase is idealized asgn?E7 which consists of three
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linear stages, the first stage (100% austenitegBa$'), second stage a mixture
of austenite and martensite phas€&sy() and the third stage (100% martensite
phaseE;""). Please note that in the second stage, thedracfi martensite phase

increases with an increase in stress, thus thig staoften called “stress-induced-
martensite phase transformation (SIM)”. SIM is ay keart of superelastic
behavior, shown as the loop in Fig.2.7. In thedfeihg, details of the model

calculations are stated.

A
(¢
3 Stage
loading
2" Stage
1% Stage
\ .
unloading
» &

Figure 2.7. Stress-Strain curve of a SMA composite whereitisednd the third stages
are 100% austenite and 100% martensite phase teghgcand the second stage is a
mixture of both phases.

1% stage loading curve

For the first stage of the loading curve, the tfamsation straing, =0. The

problem thus reduces to Eshelby’s inhomogeneityplpro (Fig. 2.8) where the

applied stress causes a relative strain among #texmand fiber. Using Mori-



60

Tanaka’s Mean Field Theory in association with Bsyie the stresses in the fiber

Q domain are given by
6’ +o=E™[(e°+e+g) =ET ™ [{e° +s+e—¢") (2.49)

Here,s® is the initial applied stresst is the change of the stress;is the
disturbance strain fielcg is the average strain due to interactions;Eif# is the

stiffness tensor of the piezoelectric material.

SMA ) .
E EP|ezo, €
Piezo
T I E EPiezo
Q - Fiberdomain
oo D-Q - Matrix domain oo
() (b)

Figure 2.8.(a) Piezo-SMA composite and (b) equivalent Eshislimclusion problem for
analysis of the first and the third stages in St®&8ain diagram.

By definition,
80 - (E PieZO)—l Bo (250)

and,
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c=E™[e+c-¢) (2.51)

The volume average strain disturbance over theeetitimain is zero, thus
g=—f(e—¢ ) (2.52)

where f is the SMA volume fraction. Substitute equatiorb@} in (2.49)

1

E, = [(EPHO)* + K } (2.53)

where
g =K [6°
K = [(ESMA _ EPiezo) [ﬂ(l— f)S +fl ) + EPiezo]‘l EﬁE Piezo _ ESMA) [ﬁE piezo)—l
ESYA o, ES™ for stagel loading and®"* -, E;"* for stage3 loading

From equation (2.53) the slope of the compressiSnc&ve of the composite

given the input parameters, namely, material ptogeeof constituent phases SMA
and Piezo, can be found. But in order to traceS8ecurve of the composite, the
stress required such that the SMA phase of the ositgphas a stress value equal

to Martensite Start Stresso{.") need to be evaluated. The following set of

equations describes the approach to calculate ttesss Applied stress iRs-

direction can be written with rule of mixtures as
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6°=V,0,,=1-f)e™+ fo " (2.54)
thus the stress in the Piezo will be

6Piezo - (| _ fEPiezo EQS—I) K A)Bfo
= GPieZO — RA |]F0

(2.55)
whereV, =[ 001000]", RA =(I —EP*°[¥(S-1) K ,)

and for stagel loading

K NE [(EiMA -E Piezo)[{(l_ f )S + fl } +E Piezo]_1 [ﬁE Piezo _ EiMA)[(E Piezo)_1

use (2.55) in (2.54)
(I-RA)V, o, = foor? (2.56)
RAB = (I - RA)V, (2.57)
the magnitude of the stressxidirection can be solved as
fope (31)

R —— (2.58)
RAB (31)

Thus, applyingo,;stress inkgdirection would produce SIM in the SMA phase of

the piezo-SMA composite. Similarly, the total stran the composite is given by

<8>total = (1_ f)<8>Piezo+ f<8>SMA (259)
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(€) ., = A=) +e) + f(e° +e+e) (2.60)
<8>total = 80 + fS* (261)
<8>total = |:(EPiezo)_1 YK, } 6° = [(E Piezg)-l f K, } V.0, (2.62)

Thus, the point @,,,(¢) __ (31) indicates the first “kink” point of the linear SS

total

curve of the SMA particulate composite.

2" stage loading curve

In the second stage of loading, an eigenstrfaiphase transformation strain from
Austenite to Martensite, exists in the SMA phasec&the eigenstrain or the non-
elastic strain exists only in the fiber phase of fhiezo-SMA composite, the

problem is identical to Eshelby’s inhomogeneityluston problem (Fig 2.9).
In domain Q,
EimA[ﬁs° +§+s—sT): Epiez°[ﬂs° +et+e—g' —s*): EP‘eZ°[ﬁs° +§+s—a”) (2.63)
where
g =g +g'

ST:[_VSMA ~Vsua 1 0 0 O]T 3;3



64
V = [(EimA “E Piezo) [ﬂ(l— f)s+ ﬂ} +E Piezo]—l [ﬁE Piezo _ EimA) [ﬁE piezo)—l
W= [(EikﬁA - Epiezo)[ﬂ(l— f)S+ fl}+ EF’ieZO]_1 [E SV

g€ =V6°+WIEE'

ESMA,ET

- E Piezo, 8**
Piezo
Q - Fiberdomain
(0]

() D-Q - Matrix domain GO

Figure 2.9.Eshelby’s inhomogeneity inclusion problem for ffiulation of the second
stage behavior of Stress-Strain curve of a SMA asite.

Since the Stress-Strain curve of SMA is assumeletdinearg;y", the stiffness

tensor of SMA phase exhibiting eigen strain is written as

[ SMA _ ESMA
v (e32) = EX"+ (-] 3 (2.64)

T
8total

where ¢!, is the total transformation strain during compi@s$oading of SMA.

The total volume averaged stress in domain-D besome
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(6), =6° =(1- NE"™ [{&° +¢) + f (o), (2.65)
6° =(1- DE™ e’ - f(S-1) &) + f (o), (2.66)
6° =(1- fle° - f(1- HNE"US-) & + f (o), (2.67)
[1+(1- PEP (S~ 1) IV |6° +(1~ HEP[(S- )W 7 =(a), (2.68)
or
0] - VSMA_
0 “Vsua
[l +(1- DEP s -1) Dv]m(l) o+ (A= FEPOS~1) W IJ (1) £33 =(0),
0 0
_0_ L o .
this can be simplified as
R0, +T (61)g; = (o), (2.69)

REBDo,; +T (3’1)5;3 = <O-33>f =053 = (2.70)

where



66

0 “Vsva
0 “Vsva
Piezo 1 Piezo 1
R =[l +(1- HE"= (S -1) DV][]O andT = (- DE"0S-) W
0 0
_O_ - O -
The volume averaged strain is computed as
g) =(1-f)le°+¢)+ f(e®+e+e—¢") =g’ + flg" —¢'
(2) =(1= D" +a)+ 11 y=e+ 1 -e) 271)

= ((EF’iem)‘1 + fV)E;O +f(W-1)&"

where
0] __VSMA—
0 “Vsua
o 1 1
¢ = 0 T8’ = 0 £
0 0

Thus, the applied stress,; required to cause any given,transformation strain

can be calculated using equation (2.64). Consety¢né total strain exhibited by

the composite for the applied stress can be ewuating (2.68). Plotting

og;versus(e) (3,1) values obtained by varying, between (G, ) gives us the

SS curve for the piezo-SMA. It is to be noted teqtiation (2.64) makes use of

iterative method which uses ‘oldesi, to comput&¥(¢1,) . An iterative process
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for the calculation ofr,, has been proposed hegg, is varied between (6., )

and at each "hstep, ESVA(c])is calculated usingZ, (n-1)". By increasing the

number of steps, the error can be minimized.

3" stage loading curve

Third stage loading curve is similar to th&stage in the sense that there does not
exist any transformation strain in the SMA phadeud] the problem can be solved
as Eshelby’s inhomogeneity (Figure 2.8). The fstp involves calculation of

martensite finish stress for the SMA phase.
6° =0V, = A~ F)6™ + fo " (2.72)
c"™=(-E™°(S-1) K, )6° = ¢"*° =RM [&° (2.73)
whereV, =[ 001000]" , RM =(1 -E”**[¥(S-1) (K ,,) and for stage3 loading
K, = [[ES -EP=)q(1- 1)s+ i} +EP=|" g - g3 g o)
use (2.73) in (2.72)
(I-RMV o, = foSi (2.74)
define

RMB =( - RM)V, (2.75)
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the magnitude of the stress can be solved as

four (31)
_ 2.7
= RMB 3]) (2.76)

Thus, applyingo., stress ins-direction would produce;"(31)in SMA phase of

the piezo-SMA composite. The total strain in thenposite is given by

<8>10t51| = (1_ f)<8> Piezo+ f<8>SMA (277)
(€)== )& +2)+ F(&° +2+e) 2.78)
<8>total = 80 + fS* (279)

(), = |E=) + 1, e = |E=) " + 1, | v, 0 (2.80)

Thus, the point ¢,,,(¢)__ (3D)) indicates the second “kink” point of the assumed

total

linear Stress-Strain curve of the SMA particulaieposite.

2.5. The Experimental Study to Fabricate the Piezo-SMA hBminated
Composite

Spark Plasma Sintering (SPS) process is used er twdorm mechanical bonding
between piezo and SMA which will form laminated quosite material discussed
in modeling part for the actuator, see Fig.2.1Q. &Inter Model SPS-1020 Spark

Plasma Sintering System from Sumitomo Coal Miniray &@d. which is designed
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for a wide range of experimental research on netenads is used in SPS process.
The Dr. Sinter allows sintering inorganic materiaisluding ferrous and non-

ferrous metals.

Spark plasma sintering process first compressest#teng powder material, and
then applies ON/OFF pulse controlled power using triginally developed
sintering DC pulse generator to concentrate higisitie energy positively in the
area of neck formation between particles in ordeprovide compacts with high

dimensional accuracy and uniformity.

@ Press
Upper Punch
Cathondie .\ _|
“h\
Thennocoaple ."-h.. ' TR
i UL
Sample W= I
.,...-‘" e 3 Porarer Supply
Vammm |
chanber
e
Lowrer Panch

Figure 2.10.Schematic view of Spark Plasma Sintering (SPShmac

The SPS system fabricates high-grade sintered cdmpé a lower temperature
and in shorter time than conventional sinteringhads. Amorphous materials can
be sintered at below the normal temperature oftalimation. With this process

one can control the microstructure of the matexmal crystal growth. The original
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properties of the material are maintained. Sinteraan be carried out under
atmospheric conditions, with inert gases, or evenaivacuum. The system
operates over a wide temperature range up to maitit00°C. Dr. Sinter has
optimal functions to aid in development of a bragmbctrum of new materials;
nano phase materials, tungsten carbides, magnedierials, titanium alloys,
amorphous materials, electronics materials, funalionaterials, composites and

also fine ceramics. The system can also be usedarufacture highly porous

materials.
\\l\ﬁTi Powder
Piezc
@9dwder SMA and Piezo Disc
‘\ /.
Piezc Sold Piezc
(b) SMA plate and Piezo Disc (c) SMA pleB®/JA ring and Piezo Disc

Figure 2.11.Schematic view for preparing the specimen for SrRf8ess

It is attempted to fabricate piezo-SMA laminatedhposite first using powders of
piezo and SMA (NiTi), Fig.2.11(a). However, piezonglers (PMN) were in non-
oxidization condition during high temperature armtwum SPS process, which

causes piezoelectric material to lose its piezdetegroperties. In order to recover
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the piezo properties, oxidation process needs tadveed on following SPS
process. In other words, heat treatment in an @midanvironment needs to be
done to recover the piezoelectric properties whield been destroyed while
heating over the Curie temperature. Post heatniedtis carried on in oxidation

environment. This causes the composite to have pieaoelectric properties.

Another approach to fabricate piezo-SMA laminatenposite is proposed by
using piezo-plate(disc shape) and NiTi plates |ateid together, then subjecting
the laminate to SPS process, shown Fig.2.11(b).advantage of this method is
to keep the original properties of both piezo (PAmY SMA (NiTi) plates, while

the disadvantage is difficulty of making a stroran@ling between piezo plate and
NiTi plates. This method resulted in often crackofgPZT material presumably
was caused during high pressure of SPS proces$rdthel nature of PZT material

itself.

Third method, shown in Fig.2.11(c), is carried ofthwtwo SMA rings are

introduced in the middle layer that helps to keefl Biezo disc inplace. The
number of rings are depends on the thickness dPideoelectric material, and the
SMA plate thickness itself. In addition, NiTi powdgSMA material that is used
in this method) are put in the interface betweehi llates and piezoelectric disc
to enhance the bonding during SPS process. Uponp&it®ss, the piezo-SMA
laminate composite is dissected by diamond sawwsho Fig.2.12. The cross-

section appears to be good in shape without crgckin
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Figure 2.12.Cross section if PZT-NiTi laminated composite.

All cases of methods, (a), (b) and (c) appliedahbricating piezo-SMA laminate,
are summarized in Table 2.1, where the acceptablm{SMA composite process
is named as Case 8. The cross section of Caseh®wa in Fig.2.12. SPS process
is carried on with low range pressure option of 8#S machine, starting with
Case 6. Pressure control of SPS machine has tweatiesls, in high range the
loading can be varied from 5kN to 100kN, whereaw range it can be controlled

from nearly 1kN to 5kN.
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Table 2.1. Summary of SPS processing on piezo-S8iifkates.

1%

t

]

~—~~ E —_
§ g é g E 2 —~
0| S 520 s g o3 o
@ S 2 a TS E 2« 7
© 5 S ca own °Z g 5 N 0
©l 2 |SEE| 3 E= " 2 &
¢ [2OF| & zZd =
a < £ K
PMN Powder (fine) PMN color is OK. Several
100, . .
1| 1.60 a axial cracks. Low porosity,
800 (20, due to fine powder
1.05) P :
PZT
100, PZT is damaged. Pressure i
21 121 g0 | (10, (10, 1) b high.
2.05)
PMN PMN is damaged; one surfag
100, seems to bounded well, whil
3 36 800 (20, (20.1) b the other is not. PMN get
1.05) black in color.
PZT PZT is damaged. Rings are
100, not bounded; also PZT is no
4| 796 800 (10, (30, 1) ¢ bounded to NiTi. Surface
2.05) polishing should be better.
PZT Total thickness of the rings i$
100, equal to the PZT thickness.
5 46 800 (10, (30, 1) ¢ PZT is damaged. Bonding is
2.05) OK, between PZT and NiTi.
PMN | Powder, fine around the PM Lom ra:c_ngtetpressgrtle IS ltj.sed f
100, and SMA contact surfaces; e firstime. ©nly a tiny
6 | 0.80 800 (20 30 in the t d bott a crack observed in thickness
1 05’) Qum mof tieo(z:n otton direction. High porosity due t
' ' thick powder.
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1.11

100,
700

PMN

(20,
1.05)

(20,1)

PMN is damaged on purpos

before SPS in order to figure

out difference in color throug
the cracks. After the
experiment, it is observed thg

some axial and radial cracks;
color is black so the difference

can't be observed. One side
bounded well while the other
not.

1.11

100,
700

PZT

(10,
2.05)

(30, 1)

Low range loading, PZT with
2.05 mm thickness is used.
Fine powder is applied in the
gaps between the PZT and
discs due to the thickness
difference in PZT and rings.
Also fine powder is applied
between NiTi contact layers

Color is OK. No cracks.

Bounding seems OK, but
should be examined further

"
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beaker Thermocouple K-

Composite Specimen
Figure 2.13.Poling setup for Piezo-SMA laminated composite.

Since, PZT material loses its piezoelectric prapserat the temperatures higher
that the Curie temperature. The material is poledifplying a high voltage (1-
1.5kV/mm) at a temperature of 1%®Dto gain its piezoelectric properties. Poling

setup used for the poling purpose, shown as ir2Ai§.

2.6. Results and Discussion

In this section of the study, the modeled compesitiee assumed to be composed
of SMA (CuMnAl) fillers and piezo (PZT) matrix, wke properties are given in
Table 2.2 (Takagi et al., 2002). The data marked bBye not available from the
literature and assumed with comparing the mateliated in other literature

mentioning the same materials. One-dimensionalllph@nd three-dimensional
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with Eshelby’s theory are employed with the matguraperties given. The fillers
for Eshelby model are assumed to be continuous 8b&k where the aspect ratio
of prolate ellipsoidal inclusion is set to infinitfixed boundary condition is
converted into non-mixed boundary condition by gsielectromechanical
coupling behavior of piezoelectric material. Strairthe composite with respect to

applied electric field is predicted with two models

Table 2.2. Property data of piezo and SMA phases.

C [GPa] e [C/m] K
Cll C12 C13 C33 C44 e&l %3 e.|.5 Kll/KO ) K33/KO

PZT 146 954 943 128 253 -3.947.5 123 916 1654

E, =295, E,, = 178,
SMA E, = 575, v =03
o, =117MPa, o,, = 217MPa

"k, = 885x10™2[C?/ Nn?] = permittivity of free space

Total strain in the composite with respect to aggpklectric field is predicted with
using 1-D parallel model, serial model and 3-D madéh Eshelby theory. Figure
2.14 shows the predicted results for the totalirstrath applied electric field. All
strain response starts with a bias strain due fuieap bias stress which was
defined as; the stress to be applied to the congwsorder to have SMA to reach
martensite starting condition. This stress valueleined as Martensite starting
stress in bilinear stress strain curve of SMA. ®iealy case is also plotted in the
same graph; one can easily see that this case theme bias stress applied
therefore initial strain is zero for Piezo only ea3he volume fraction of SMA

filler is 0.5 for all except piezo-only case.
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PZT-CuMnAl SMA system

2.5 T T T T T T T T T
—— 3-D Eshelby Theory l 1 1 1 1
—— Serial Model 1 1 1 1 l
—— Parallel Model 1 1 1 1 |
2 Piezo Only w/o Bias Stress I I .

Strain in x3 direction [%]

Electric Field [V/m] 7

Figure 2.14.Total strain of the piezo-SMA composite with applielectric field.

The Stress-Strain response with different volunaetions of SMA phase is also
examined by using 3-D model with Eshelby TheorguFe 2.15a shows the case
when the SMA volume fraction is 0.5. The graph csissof two regions; in first
the stress in the composite is linearly increasingthe second region while
composite stress is constant the strain is inangasdile to applied electrical field
to the composite. These boundary conditions weseudsed in Section 2.1.2 and

2.1.3, respectively.
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PZT-CuMnAl SMA system
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Figure 2.15.(a) Stress — Strain of the piezo-SMA composite SAime fraction of 0.5

and (b) E-Field — Strain for different SMA volunradtions by using 3-D model.



79

As the volume fraction of SMA phase increases, mafollowed in Fig.2.15b, the
required electric field to reach same amount ddistis also increasing. This is
mainly because when the volume fraction of piezasghdecreases, the stress
generated by piezoelectric material decreasesosame amount of electric field

applied as well.

A new concept of piezo-SMA composite is proposedaabkigh performance
actuator material under bias stress and appliedrigldield. The best piezo-SMA
composite design for achieving highest strain is af 1-D parallel composite
design of Fig.2.3. To this end, a new analyticadeidased on Eshelby theory is
developed, which can account for anisotropic mairid linear SMA superelastic
behavior. The experimental study is also performeatder to manufacture such a
composite where the bonding is required between plases; piezoelectric
material and SMA. Spark Plasma Sintering (SPS) maak used to create such a
bonding between two materials. In SPS process,spresand temperature are
controlled to achieve the best sintering conditibm.addition to several SPS
condition, three different design conditions arsoatarried out as discussed in
Experiments section, Fig.2.7. The overall resutis $PS are tabulated. In all

cases, the bonding is examined by nondestructsis. te
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Chapter 3. The Piezo-SMA composite for Thermal energy

harvesting

Piezoelectric materials and shape memory alloys ASMare very common
materials for actuators and sensors; however themposites as electrical
generators are least explored, although use ofoeleetric as the mechanical

energy harvester is increasingly popular.

This chapter of the dissertation thermal energyvdster using piezo-SMA
composite is examined. Piezo-SMA composite is suefe to fluctuating

temperature. The main mechanism of such a piezo-8bhAposite is synergistic
effect of piezoelectrics and SMA which are connécte series. Temperature
fluctuation induces large straining first in the SMphase then immediately
stressing to the piezoelectric phase, thus, induchrarge by direct piezoelectric
effect. In order to make this problem more anabjlyc tractable, we are
developing two models, simple laminated 1-Dimenaiomodel and 3-D model

with Eshelby’s theory.

The piezo-SMA composite is made of two plates @&zpelectric ceramic and
SMA, which are connected and compressed by the m@sjon spring. The
composite is modeled to have fixed displacemenhbtary condition to ensure the
piezoelectric material is in compression throughth# process. Temperature
fluctuation between martensite finish temperatukég)( and austenite finish

temperature (A induces phase transformation in the SMA. Comjpwvessiress is
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generated during Austenitic transformation; dueh&ating in SMA phase and
fixed displacement boundary condition and compvesstress reduces while
SMA transforms to martensitic phase during coolinhe change in the

compressive stress is converted into electricatggnby inverse piezoelectricity.
The model predicts the available power accordingmiaterial properties and
thermal fluctuation. The impedance of the systenexamined with different

thermal fluctuating frequencies. Higher frequencikich result in lower

impedance, give higher available power to eledtricading. The experimental
and predicted results are in agreement for higheguencies, while for lower
frequencies of thermal fluctuation the predictisnniot accurate due to internal

loss.

3.1. Analytical Model of the Piezo-SMA Energy harvester

Analytical modeling consists of two sections; i tlirst step stress generated in
the composite will be determined with two analyticaodels; one-dimensional
serial composite model, and three-dimensional meddl Eshelby’s theory; for
the second step the corresponding electric fiefcegded by direct piezoelectricity
will be calculated. It is convenient to develop lgtieal models that can predict
the response of composite material made of pieztvalenaterial and SMA under
different input conditions and for known materiabperties. In this section of the
study, for hybrid composite, the analytical modglis discussed. Stress generated
during the thermal cycling environment is the keginp in energy harvesting

process, and should be predicted by using compo®ieling theories. 1-D and
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3-D approaches are discussed in this section tigirthe stress generated. The
predicted stress during phase transformation deenstrained recovery is used to
generate electrical charge in piezo-phase by ievpiszoelectric effect, and later
in the following sections the electrical model stimate the available power from

piezoelectric material is examined.

The mechanical and electrical behavior of a pieztigt material can be modeled
by two linearized constitutive equations. Theseagéigus contain two mechanical
and two electrical variables. The direct effect bermodeled by following matrix

equations (IEEE standard on Piezoelectricity, Ak8hdard 176-1987):
O = Cijmn€mn * & (7Ey) (3.1)
&j = Sja T + i Di (3.2)
and converse piezoelectric effect can be modelddllmwing matrix equations:
Di = &mn€mn ~ Kin (—En) (3.3)
—-E =gyok — LD (3.4)
Equations (3.1) and (3.3) can be represented inxmaitation as:
r=RZ (3.5)

Equations (3.2) and (3.4) can be represented inxmaitation as:
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Z=Fx (3.6)

3.1.1. One-Dimensional Modeling

In this section piezo-SMA composite is consideredoae dimensional series
composite model. Both piezo electric and SMA hawetef thicknesses. They
laminated together to form the energy harvestingymasite. SMA used in this
model is in martensitic phase at room temperateige3.1(a), this phase is called
self-accommodated martensite, see Fig.1.20(a)trBmess introduced to SMA by
simply loading and unloading it in martensite phase room temperature,
Fig.3.1(b), since SMA is martensitic in room tengiare Shape Memory Effect
(SME) is observed in this step and deformation iartemsite proceeds by the
growth of one variant at the expense of the otenount of the prestrain is
determined by the loading stress, and here insthidy it is assumed that the SMA
is deformed less than 3% strain, see schematieseptation in Fig.3.2. The
deformed martensitic SMA, Fig.3.1(c), is attachedpiezo and the laminated
composite is clamped in a way that it has zerolaégment boundary condition,
see Fig.3.1(d). It is expected that upon heatingvabthe austenite finish
temperature, SMA exhibits shape memory effect aach esariant reverts to the
Austenitic phase in the original orientation by theverse transformation,
Fig.3.1(e). Due to fixed displacement boundary @b where mechanical
obstacle is assumed to be completely rigid anaddmact strain is independent of
temperature and stress; the phase transformatiurc@a compressive stress in the

composite. Both fiber (SMA phase) and matrix (Piggwase) will be under
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compression. After heating above thetdmperature, maximum recovery stress is
generated, here it is assumed that the stressajedas below the yielding stress
of the SMA. The composite then cooled below the t¥mperature to finish the

cycle, and the stress in the composite decreasesiab value, Fig.3.1(f).

SMA T
N SMA
X2
(a) Initially martensite (b) Prestrain introduced by (c) Deformed martensite
phase loading and unloading at ¢/ phase at M
milil ININ o mININ miin| Ofim
| s A . rs [ 4 FFE I EE L d L T FFFFrrErErFrry "
Piezc ||| || bee== Piezc ____ Piezc
SMA
[ FFFTFTFFFTFFTFTTF | [rara FFIFIFFTFITTFITFFFTT [rara FFFTFTFTTFTFFTFTFTF
[milll LT WININ] NI NININ] HININ]
(d) Constrained together with (e) Heating with M-A transformation (f) Cooling with A-M
Piezo to form a hybrid (constrained recovery)
composite

Figure 3.1.Modeling of Piezo-SMA composite.

A one-dimensional model for computing the stresshim Piezo-SMA composite
generated by temperature induced martensitic amstemitic transformations is

modeled by using iso-stress (constant stress) ttondi
c = 0n=0; (37)

whereo,, o, and o, are the stress of composite, matrix and fibempeesvely.

Both piezo and SMA assumed to have the same ceas®sal area, and
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denotes the volume fraction of SMA phase in the posite design. During the

constrained recovery, total deformation of the cosiie, s, is kept to be zero

3, =0, +3,=0 (3.8)
whered,, andJ; are the deformation of matrix and fiber, respesiiv Equation
(3.8) can also be written in terms of constituestitains as

g =fe +@1-f) =0 (3.9)

since the cross-sectional area is uniform througlirection and the volume
fraction of each constituent is linearly proporabmno its thickness, deformation

can be written as strain.
Total compressive strain for the piezo can be amits

TE _ Agy,

=g E - =g AT -

£ (3.10)

m
m

wheres'F, a,,, €5, andE,are the thermal strain, thermal expansion coeffigie

elastic strain and Young’s modulus of the piezormafAT is the temperature
difference between Aand M, AT >0 for reverse (M. A) transformation, and
AT <0 for martensitic (A~ M) transformation. Total compressive strain for the

SMA can be written as

Ao
g, =elF+elR—g =g AT +]R -—L (3.11)

f
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where e[F &R &% a,, and E, are the thermal strain, prestrain, elastic strain,

thermal expansion coefficient and the austenitessphéoung’s modulus of SMA

fiber phase. Assuming linear dependence8f, E; and a; (Tanaka, 1986)

T<Me

Stres:

TR

e—— Enax —| Strain

Figure 3.2.Schematic Stress-Strain curve of SMA to introdoiestrain,s '~ .

e7 (&) = - &) xemn, (3.12)
E (&) = ExEY +(1-&)ET (3.13)
a;(§) =éxat’ +(1-&at (3.14)

whereEY! , E} a}', af and ¢ are martensite phase Young's modulus, austenite

phase Young's modulus, CTE of martensite phase, GfT&ustenite phase and
martensite volume fraction of fibers, respectivelyis a function of temperature

and stressé can be expressed for martensitic (M) transformation, (Tanaka,

1986).
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ET,0) :1—eX|ciaM x (M, —T)+h, xaf) (3.15a)
v _ In(001) _a"
v by, . (3.15b)

and for reverse (M A) transformation as

E(T,0)y . a = expla®x(A ~T) +byx o) (3.16a)
A _ In(007) _at
= b= L (3.16h)

whereT, o;, C,, andC, are temperature, the effective stress in fiberspha

slope of martensite transformation contour and eslop reverse transformation

contour respectively.

Compressive stress across the composite irxgHaerection (along the thickness,

Fig.3.1) can be found as;

ry =X OnT + e )+ - )xa,aT

’ P 1-f
E((¢) E,

The stress induced by phase transformation is m&ted. The value of the stress

(3.17)

is highly proportional with the transformation ssehat has defined in initial steps
as R . Further deformation in martensite phase will icelh more stress in the

composite that can be converted into electricakg@néy inverse piezoelectric
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effect. The stiffness of both materials is anofhetameter that affects the amount
of the stress. An increase in the stiffness ofpiezo also increases the recovery
stress. Stress relaxation during cooling cycleosaalculated since it is assumed
that all the stress induced in heating cycle dieapp during cooling cycle due to

martensitic transformation in the SMA phase, whére 1.

One-dimensional model of energy harvester is foeaiwith the determination of
the stress generated during the heating cyclehénnext section piezo-SMA
composite will be examined by applying Eshelby’sdty. The electrical model to
convert mechanical energy into electrical energyl we discussed in later

sections.

3.1.2. Three-Dimensional Modeling with Eshelby’s Theory

A three dimensional analytical model for computihg stress and strain in the
Piezo-SMA composite is examined by using Eshelbgtdusion method with

Mori-Tanaka mean field theory. The schematic regmegtion of the analytical
model for the calculation of composite stress iewsh in Fig.3.3 where phase
transformation strain of fiber, thermal mismatchasts of fiber and matrix are
shown. The composite consists of an infinite piéatteéc matrix (D-Q )

containing a finite volume fractiorf, , of spheroidal SMA fillers Q). A
deformation constraint is applied xg-direction for generating the recovery stress

during the thermal induced phase transformationghvis represented biy°.
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Figure 3.3. Analytical model for predicting residual stresgeSMA filler and piezo
matrix, (a) original problem is converted to (bhElby’'s equivalent inclusion problem.

The phase transformation strain of the SMA by thapse memory effect can be

expressed as
Z%=&™[~v, v, 1 0 0 0 0 0 Q=&™VT™ (3.19)

where £™® and v, denote the phase transformation strain from aiisten

martensite and Poisson’s ratio of the SMA phasspectively.¢ is expressed for
martensitic transformation and for reverse tramgfdron in EQs.(3.15) and
(3.16).The thermal mismatch strain is generatednduthe cooling and heating

processes due to difference in coefficient of trerexpansions (CTEs) of the

SMA and PZT, and it is expressed as

Z®=ag*[1 1100000 P=a*v™ (3.20)
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wherea® = (a; -a,)AT , anda,, a,, andat are the CTEs of the fiber and matrix,

and temperature change, respectively. Both Augteamtd martensite phase have

different CTEs,a;, which can be assumed to be linear functiorg afuring the

phase transformation, Tanaka (1986).

By using Eshelby’s inclusion theory with Mori-Tarsknteraction effect, the

stress distribution for SMA phase can be expreased
2 =R {Z+z-2"-2™) (3.21)
2 =R"{Z+2-7') (3.22)

where R is the electro-elastic stiffness matrix, is the field vector,Z is the
average elastic field in the matrix domait, is the equivalent eigenfield of the
equivalent inclusion, and superscrigtsand m refer to the fiber and matrix,

respectively. Electro-elastic stiffness of fitel depends o and is assumed to

be a linear function of, Tanaka, 1986. Therefore electro-elastic stiffrassrix

for SMA phase can be written as
R' =¢R/ +(1-&)R! (3.23)

where R/, and R! are the electro-elastic stiffness of martensitd aostenite

phase of SMA, respectively.
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The integration of the disturbance stregsver the entire domain (D) vanishes,

average field disturbance in the matrix can betemias

Z=-flz-7) (3.24)
The total strain fieldz and Z” are related through

Z=Sx (3.25)

whereS is the coupled electro-elastic analog of Eshelligissor as defined by

equation given in Mikata (2000) whege . « for elliptic crack like inclusions

normal toxs-direction in transversely isotropic piezoelectriatnix. The tensor
also can be found as a flat oblate spheroid (pahaped) inclusion embedded in
a transversely isotropic piezoelectric matrix, igeg by 9 by 9 matrixes, Taya

(2005).
Rewrite Eq.(3.22) by plugging Eqgs.(3.24) and (3id3krms ofz”
' =(1-f)R"fs-1)zZ’ (3.26)

In order to define eigenstrai@, one can equate Eqgs.(3.21) and (3.22) and plug

Eq.(3.25) to get,
z =[(1— f)(RT-R")B+R™+f(R'- Rm)TElR "Z™+2™) (3.27)

Equation (3.27) can be used in Eq.(3.26) to detazrthie flux vector
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T =(1- f)R™(fs-1) (1~ F)(R"~R") B+ R+ f (Rf‘Rm)]_l

(3.28)
I:Rf I]ZTE +ZTR)
The average flux vector in the fiberx' > obtained as
<z >=REQZ™ +2™) (3.29)

Since internal flux field over the entire compositemain vanishes, for matrix

average flux vector,

f

<xm >=f—_1RE qz™+z™) (3.30)
where

RE = (1- f)R™[{S-1)A R’ (3.31)

A=[i- f)R" -R")s+R+ £[RT -R] (3.32)

It is noted that bold facRE, R' and A are 9 by 9 matrices.
From Eq.(3.6) field tensor in matrix domain canoli¢ained as
Zszm <Zm> (333)

where the material properties of matrix are useda@atermining the compliance

property tensorF™.
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Stress generated during the reverse transformaftisghe SMA is predicted with
using two approaches; one-dimensional model, am rBodel with Eshelby’s
theory. Material properties and characterizatiorS®A will be discussed in the
following section of this Chapter. Electrical modelpredict the available power
to an electrical load will be introduced. Charaiztgion of the Piezo material used

in thermal energy harvester will be also discudatat in the following sections.

3.1.3. 3-D Modeling with Superposition Principle

Two-phase composite comprised of piezo-SMA is psepoto harvest the energy
from temperature cycle in the earlier sectionsinkion of work/energy that can
be extracted from SMA which is under thermo mectarnnduced transformation
will be examined by examining the response of thimmosite during temperature
cycling. Here the free energy response of the SMéukl be described; Fig.3.4
shows the sketch of free energy response with cespdemperature of austenite
and martensite phase of the SMA material. With sstréree the austenite
transformation happens around temperatysewhile with stress applied the free
energy band for martensite phase decreased ths¢ t@nsformation to happen in
higher temperatures, shown ag T Fig.3.4. The austenitic transformation
(martensite-to-austenite) occurs when the freeggnef austenite becomes less
than the free energy of martensite at a temperahigber than a critical
temperature J. The free energies of the two phases are equahgierature
However, the transformation does not begin exaatl, in the absence of stress,

at a temperature A(austenite start), which is higher thag The transformation
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continues to evolve as the temperature is increaséda temperature denote¢ A
(austenite finish) is reached. This temperaturteihce A — Ag is an important

factor in characterizing shape memory behavior.

Austenite

Martensite

no stress

Free Energ
/

under stress

o~

R ECREEEE

—
o
_‘
T

Temperature

Figure 3.4.Free energy — Temperature diagram of SMA

When the SMA is cooled from the martensitic phaséhe absence of stress, the
reverse transformation (austenite-to-martensitgginse at the temperature v
(Martensite start), and at the temperature (Wartensite finish) the material is
fully martensite. The equilibrium temperaturgi¥ in the neighborhood of (M
Ap)/2. The spreading of the cycle {A- Ag) is due to stored elastic energy,
whereas the hysteresis {A M) is associated with the energy dissipated during
the transformation. Due to the character of thetenaitic transformation, applied
stress plays an important role. During cooling bé tSMA material below
temperature Min absence of applied stresses, the variantseaintrtensitic phase
arrange themselves in a self-accommodating marmeudgh twinning, resulting

in no observable macroscopic shape change. By iagpiyechanical loading to
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force martensitic variants to reorient (detwin)oin& single variant, large
macroscopic inelastic strain is obtained. Aftertimgato a higher temperature, the
low-symmetry martensitic phase returns to its rsghrmetry austenitic phase, and
the inelastic strain is thus recovered. The maitienshase transformation can also
be induced by pure mechanical loading while theenmlt is in the austenitic
phase, in which case detwinned martensite is dyrecoduced from austenite by

the applied stress (Stress Induced Martensite, &tNBmperatures abovesM

SMA phase in piezo-SMA thermal energy harvester ¢@asstrained recovery
boundary condition; i.e. the increase in the termpee induced stress which
suppress the Austenitic transformation a bit. Ideorto complete further
transformation, the temperature has to increaseemior this section of the
dissertation, one complete cycle of the thermatggnbarvester is examined with
application of similar principle concept, i.e. EKhes theory, covered in the
earlier section of the dissertation, however innapter way; where superposition
principle is considered to simulate the Boundarpdiitons (BCs) involved in the

problem.

(1) The process of constrained recovery is possiblg if the structure of SMA is
stress-induced or oriented martensite. Therefotharpiezo-SMA thermal energy
harvester concept the SMA phase initially cooletbter temperature, in order to
have martensite phase; then compression straimtiediiced to SMA,-¢',

schematically shown in Fig.3.5.
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Strair E

Stres

Figure 3.5.Stress—Strain curve for SMA which is at martengliase

(2) Piezo-SMA composite formed where piezo is maand SMA phase has
volume fractionf. as can be seem in Fig.3.6. Here it is assumedhbanterface
between Piezo and SMA phases is stress free arfdcperbonded. And as
mentioned before in the first stage, the tempeeatsirless then M(martensite

finish temperature).

—> C,¢",SMA

C, piezo

Figure 3.6.Schematic view of 2-phase Piezo-SMA composite viid displacement
boundary condition.

(3) This stage the composite is subjected to hgatith austenitic transformation.
During heating when Ais reached, reverse transformation starts asds
recovered and causes the compressive stress taeindthen the reverse

transformation is suppressed. To induce furthemsfmmation, the temperature
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has to be increased. Eventually when the temperatrwhicho, is reached,

reverse transformation completes, Fig.3.7.

Temperature

MS o AS TH

Stres:

Q

Figure 3.7.Temperature - Stress for heating cycle of Piezo-Sidmposite.

During the complete austenitic transformation, amiaf heat absorbed by SMA

can be written as
Q(T,) =(T, = Ty)As (3.34)
where As is entropy difference between Martensite and Aittghases of SMA.

(4) This stage the composite is subjected to cgolimth A-M transformation.
During cooling when M is reached, forward transformation starts, congives
stress reduces by an amountdef. and forward transformation suppressed. To
induce further forward transformation, temperatsrdecreased. Eventually when
the compressive stress is totally released comfibeteard transformation occurs,

schematically shown in Fig.3.8.
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During complete martensitic transformation, heatatthdissipates to the

environment from SMA can be written as
&?(TL) = (TL _TO)AS (335)

whereT,_ is equal to the martensite start temperaturg, M

Temperature
Ms Mg As

Stres:

A

S

Figure 3.8. Temperature vs. Stress for cooling cycle of PiektASomposite.
Total energy into SMA is can be represented as
RQ(T,) +RAT) (3.36)

However, the energy dissipatidw,, which is shown as shaded area in Fig.3.9,

should be subtracted from the total work, therefotal work extracted will be

AW =(Ty,) + AT, ) — M, (3.37)
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Strain

Stres:

7
/

A

Figure 3.9.Stress-strain curve for SMA at a temperature higien Austenite
transformation finish temperature.

After covering what happens for a complete tempeeatycle, mean value of
stress in the Piezo domain will be calculated l®yuke of superposition principle

in the following part of the dissertation.

The condition shown in Fig.3.6, which has fixed bdary inx; axis, can be
divided into two different sub problems by superpos principle. The concept is

schematically described in Fig.3.10.

e =Clo’=—"f¢

Figure 3.10.0riginal problem can be solved by superpositiongpgle.
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In order to calculate stress and strain in eaclvithaal problems; the subproblems
are converted into Eshelby’s equivalent inclusioobfems, as referred by | and Il

respectively, shown in Fig.3.11.

(1) Boundary is stress (traction) free.

Actual eigenstrain in SMA =T’

The average stress in SMA can be found by usinglBghheory with mean field

method to reproduce average stress for equivaiehision as,

(o). =C'[- f(S-Ne" +S¢ 7]

(3.38)
= f(s-1)e +S¢ ¢]

Figure 3.11.0riginal problem converted into Eshelby’s equivaleclusion problems.

Solving fore™ gives the average stress in SMA domain.

The average stress in piezo,
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(o). = —ﬁ@F =—fc(s- I’ (3.39)

Note EQgs.(3.38) and (3.39) satisfies

f(c), +(@-f)o), =0 (3.40)
Strain (total) in SMA,

yr =S¢’ - f(S-1)¢ (3.41)
Strain (total) in piezo,

vy =—f(S-1)¢ (3.42)

(I1) Strain inxs-direction is set to be zero

In the traction free boundary condition (l), comip®sshows the average total

strain as follows, by using rule of mixtures with953.41) and (3.43)
(y)=fe' (3.43)

therefore to get zero strain ig-direction the composite is elastically strainedkba

e =—(y)=—f¢' (3.44)

Using Eshelby’s theory with Mori-Tanaka mean figdgproach to reproduce

average stress for equivalent inclusion yields,
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(o) =C [~ f(S-N" +S |=C[8 - (S~ +& -8 |  (3.45)

solving for " gives the average stress in SMA domain.

The average stress in piezo,

(o) =6° - fC(S- )" (3.46)

M
Strain (total) in SMA,

ye =e°+S¢" — f(S-1)g” (3.47)
Strain (total) in piezo

vy, =&" = f(S-1)¢" (3.48)

Summation of EQs.(3.38) and (3.45) is the stressSMA phase, when the
composite has fixed displacement boundary condffiotal strain=0). The stress

in piezo can be found by superposing the solutiond) and (ll) as,
(o), +(o), ==TC(S-De +0° - fC(S~I)&" (3.49)

Equation (3.49) is used to determine the stressiemo domain during thermal
cycling. Strain in the Piezo domain can be alsonébly superimposing the

solutions found in Egs.(3.42) and (3.48).
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Martensite Volume Fraction

Martensite volume fraction as a function of tempaée is shown in Fig.3.12.
During heating since a bit of transformation striginecovered, compressive stress
increases in the SMA domain, which suppresses #éwverse transformation.

Further transformation occurs when temperaturedseased.

Ms’&AS’@UZO
Ms &As @U¢O

100

9% Martensite

M S M S’ AS AS’ :TH
Temperatu re

Figure 3.12.Martensite volume fraction as a function of Tempaeof Piezo-SMA
composite.

After determining the mean field stress in Piezandm, the piezoelectricity will

be used to convert mechanical energy into eleteicargy.
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3.2. Shape Memory Alloy (SMA) Material Characterization

In a shape memory alloy (SMA), the shape memorgcef{SME) and super-
elasticity (SE) or transformation pseudo-elasti@ppear and are dependent on
stress and temperature. In nitinol (NiTi) SMA, SMEd SE appear due to the
martensitic transformation (MT) and the rhombohedrhase transformation
(RPT), Miyazaki (1984 and 1986), and Otsuka (1996).applications as an
actuator, a robot and a solid-state heat enginEMa is used as a working
element which performs cyclic motions. The workaiwaracteristics of the SMAs
are specified by the beginning and completion teatpees of the motion, the
working stroke and the working force. These charastic values are determined
by the transformation temperature, the transfomnatistrain and the

transformation stress of the material.

In this section of the study, the material progertof SMA are examined. The
experimental equipment used to characterize thpesh@mory behavior includes
Differential Scanning Calorimeter (DSC), and InsetrdMechanical Testing

(Instron) machine. DSC is used to determine thep&atures associated with
phase transformation with in the SMA. Compressiestihg is performed with

mechanical testing device to examine the SME oftlagerial. Figure 3.13 shows
the experimental setup used for homogenizatiom®fSMA material used in this
work. Homogenization conditions are 16G0for 24 hours, Argon atmosphere
followed by an ice water quenching. Rotary typewan pump is used to sweep

the air environment prior to balancing inside @& fuartz tube with Argon.
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Thermocouple

mechanical

quartz tube pressyre gauge

NiTi Specimen

-» gas out
as in

- 1000 C for 24hour

- Argon atmosphere

- Rotary type vacuum pump

vacuum pump

Figure 3.13.Setup used for homogenization of NiTi based SMA.

Nitinol (NiTi) material used in Piezo-SMA energyriiaster model is a 51.2Ti-
48.8Ni(at.%) SMA. In order to determine the tramsfation temperatures of the
material, DSC is performed to the homogenized samfl precise method of
determining the transformation values at zerostres to use a
Differential Scanning Calorimeter (DSC). This DS@thod yields a plot such as
Fig.3.14 by measuring the amount of heat giverooffibsorbed by a tiny sample
of the alloy as it is cooled or heated throughpitsse transformations. The DSC
yields excellent, repeatable results on fully atesasamples (annealed
at temperatures above ?@0for sufficient time to achieve a full anneal, geaily
about 10 to 15 minutes for small samples). One mapb drawback to the DSC
method is that tests on partially cold worked mater such as those used to
optimize superelasticity, can yield poor, inconslagesults. This same drawback
also may apply to samples which have undergoneatitteatment in the range of

400-600C following cold working. Fully annealed DSC resudire often used as
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the basis for NiTi raw material selection sinceytledfectively characterize the
baseline properties of the material prior to colokrking and heat treatment. The
DSC results for the fully annealed material repbrés: M=313 K, M=293K,
As=328K and A-=343K. DSC graph is shown in Fig.3.14, note the temjpeea
values are in Celsius in the graph. The hysteradimnsformation is measured to

be approximately 50K.

The peak in cooling curve, Fig.3.14, is called masitic, B2> B19’

transformation, the starting and ending temperatuaéies corresponds the
martensitic starting temperature, sMand martensitic finish temperature, M
respectively. This helps to find the critical tergdares for the SMA that is used

in experimental part of the dissertation.
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Figure 3.14.DSC result of 51.2Ti-48.8Ni (at.%) SMA.
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It is experienced from the study that Ti-contenging, thermo-mechanical
treatment and additional of alloying elements, ianportant for controlling the
memory behavior, in other words one can changectiteeal transformation
temperatures by simple changing the Ti contenthi@ NiTi alloy and heat
treatment. Since having a martensite phase SMAahrtemperature the material

described above, in Fig.3.14 is used in the exparial work of the dissertation.

The stress-strain properties of the SME were exathfor the SMA material, see

Fig.3.15. At first, the loading and unloading preses with maximum straigf?

were performed at a low temperaturebelow martensite finish temperatureg.M
While maintaining zero loading, by simple using tlead control option of
Mechanical Testing device, the sample was heatduigto temperature Tabove

Austenite finish temperature sAnd the process is followed by cooling fo T

Stress-Strain
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Figure 3.15.Stress-Strain response of 51.2Ti-Ni (at.%) SMA3GAK
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Starting material for SMA phase used in energy éster is deformed (twinned)
martensite as discussed before; therefore thetmigsntroduced by compressive
stress is a key parameter to be measured beforgy doi further steps in the
experimental study. Defining the pre-strain is parfed simply by using the
Stress-Strain curve generated by compressive gegtiftowed by heating above

Artemperature.

After Stress-Strain testing, the case that showFigr3.15 is selected to be used as
the material properties of the SMA used in expentak study and analytical
modeling. Approximately 2.5% compressive straimisoduced to NiTi material,
as it can be seen from the figure most of therstcain be recovered by Shape

Memory Effect (SME) simply by heating above thet@mperature.

Experiments in order to characterize the materraperties of SMA yield the

design variables such as critical temperatureshake transformations, pre-strain
that is introduced by simply loading and unloadthg SMA at a temperature
below than the martensite finish temperature ahdratechanical properties such
as Martensitic and Austenitic Young’s modulus. Waih parameters, 1-D model
and 3-D model with Eshelby’s theory, the stressegation in the composite,

especially in piezoelectric material phase, willdnedicted.

The results are shown in Fig.3.16 for 1-D model &mgl3.17 for 3-D model,
respectively. From both 1-D and 3-D result one t&dinthat during heating when

Asis reached, reverse transformation starts and samadlunt of transformation
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strain, Je,,is recovered and causes the compressive stressltee. Then the

reverse transformation is suppressed. If the teatpexr had not been increasing at
this point, the recovery stress generation wouldrehatopped; however,
temperature increases and induces further tranatoom Eventually when the

temperature at which maximum recovery stress ished reverse transformation

is complete.

Piezo-SMA Thermal Energy Harvester Systemn

1-D Model
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Figure 3.16.Effective piezo stress based on 1-D model as aifunof temperature
(Namli and Taya, 2011).

During cooling when M is reached, forward transformation starts, congives

stress reduces by an amountdef, and forward transformation suppressed. To
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induce further forward transformation, temperatsrdecreased. Eventually when

the compressive stress is totally released comfueteard transformation occurs.

With the material properties and thermal boundamyddtions, i.e. heating above
the A: followed by cooling below M temperature, the stress generated during
constrained recovery in piezoelectric phasalirection, calculated as ~130 MPa
with 1-D model and ~110 MPa with 3-D Model with E#ity’s Theory. It is noted
that even though it has been taken into consideramn the analytical model

calculation, thermal expansion is neglected in ioted) the results.
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Figure 3.17.Effective piezo stress based on 3-D model with EsfeTheory as a
function of temperature (Namli and Taya, 2011).
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Martensite volume fraction of the SMA phase is ewgdially related to

temperature and effective stress in SMA phase witthie composite, as
formulated in Egs.(3.15 and 3.16). For the numégoanputation of the effective
matrix stress the martensite volume fraction witkpect to temperature is also

plotted as in Fig. 3.18.

Piezo-SMA Thermal Energy Hanester System

Martensite Volume Fraction, &

Temperature [K]

Figure 3.18.Martensite volume fraction of the piezo-SMA compesiuring thermal
cycling based on 3-D model with Eshelby’s Theory
3.3. Electrical Model
It is convenient to develop analytical models et predict the response of these
piezoelectric elements under different input candg and for various material

properties. It is known that piezoelectric matepadperties are not constant at all



112

as they depend in a nonlinear fashion on conditiemsh as mechanical and
electrical boundary conditions, and the frequenay amplitude of the excitation
force profile. These effects must be considerednwing@ng this model to predict
piezoelectric response under conditions signifigawiifferent from those for

which the model parameters are determined.

The piezoelectric material also has a considerabipact on achievable
performance of the transducer. Commonly used pieztiee materials are based
on Lead Zirconate Titanate (PZT) ceramics. Assuntivag a PZT disk is directly
used as a transducer, the significant materialnpeters can be outlined to provide
the material figure of merit. There are many fagtibrat influence the selection of
the PZT composition. The constitutive equationsafdinear piezoelectric material

under low stress levels can be written by recalltigg.(3.2) and (3.4) as;
&ij = Sja T T 9y Dk (3.2)
-E = Oik T i« _ﬁij D, (3.4)

where o is the stressD is the electric displacemert, is the electric fields is

the elastic compliance, arglis the piezoelectric voltage coefficient given as

(3.50)

here,d is the piezoelectric constant ards the dielectric constant. The constant

[ in Equation (3.4) is the dielectric susceptibijlignd equal to the inverse
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dielectric permittivity tensor component. Under kgxb force F = o [ A (Where A
is the effective area), the open circuit outputtagé (V) of the piezoelectric
material can be computed from Eq(3.4), and given as

glF It
A

V=Ed=-gwd=- (3.51)

wheret is the thickness of the piezoelectric materiale Tharge Q) generated on

the piezoelectric can be determined from Eq(3.&)ginen as;

D:g :E:VD{OK (352)
A Bt
or
o = KK _ (3.53)

whereC is the capacitance of the material. The abovdioalship shows that at
low frequencies a piezoelectric plate can be asdumbehave like a parallel plate
capacitor. Hence, electric power available undex tyclic excitation with

frequency, f, is given as follows;

P :%cv2 3 (3.54)

or
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2
:%d EFZEI%D} (3.55)
K K

Under certain experimental conditions, for a giveaterial of fixed area and
thickness, the electrical power is dependent ondfhi ratio of the material. A
material with a highd?/« ratio will generate high power when the piezoelect

ceramic is directly employed for harvesting energy.

It is also worth investigating the maximum opercagit output voltage that the
sample can reach by pyroelectric effect. The piendec governing equation can

be rewritten to include pyroelectricity as
D =€, & -k, (-E,) + p,(AT) (3.56)

where AT is the temperature difference between cold andstade, andp is the

pyroelectric constant. Open circuit voltage caridusd as

(3.57)

where A is the surface area ar@ is the capacitance of the piezo material.
Available power, with pyroelectric effect, can balaulated by parallel plate

estimation

P .==CV2 0O (3.58)

pyro — 2 pyro
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3.4. Experimental Study

Modeling of piezo-SMA composite as a thermal enengyvester material has
been discussed in previous sections, here desigeifisptions are summarized
based on modeling and material properties. Predicof the experimental
condition is done based on simple 1-D model. Theerrad properties used in
experimental study is shown in Table 3.1. Thesegnttes are used in 1-D
modeling to predict stress in piezo phase and theep available to electrical

loading which will be discussed in later sections.

Table 3.1. Material Properties of PZT and SMA

PZT 8558 SMA - 51.2Ti-Ni(at.%) SMA
Austenite Martensite
Young's Modulus [GPa] ££=56,G3=51 46 28
CTE [10%°K] 7.5 11 6.6
Egﬁ)gl/e,\f]trlc Charge Constant Gss= 600,ds; = -276, 0= 720
Piezoelectric Voltage Constant
[10° Vm/N] 9 033= 21031=-9,015= 27
Transformation Temperatures [K M 293 K, Ms= 313 K, A=328 K, A =343 K
Permittivity of free space [F/m] 8.85 x1H
2 APC International Ltd, http://www.americanpiezarwmaterials/apc_properties.html

One-Dimensional serial model is used to predi@sstrgenerated during thermal
cycling process of the composite. By neglecting ttiermal expansion term in
Eq.(3.17) the stress equation reduces to;

fef" ()

Ao = (3.59)
fo 1-f
o]
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As martensite volume fracti@gn- 0, the stiffness of the SMA phase approaches

the Austenite stiffnessg, (&) — Ef*. With volume fraction f = 0.1 and pre-strain,

as shown in Fig.3.5,6/7(f)= 0025, the stress change is calculated as

approximately 130 MPa. The material dimensionsSBYA are given as; diameter

4.4 mm, the peak force exerted on PZT can be ckadlas;
F =Ag [A=(130)¢7 d? /4)= 2 kN (3.60)

Now that the force is predicted by using one dinmra model the response of
PZT for the same loading condition with differeréduencies are experimentally

measured in order to find the power available ¢zteical load.

The voltage can be calculated by inverse pieza#tdygt Eq.(3.51), and it is found
to be ~200 Volt with the given material propertise Table 3.1 and the predicted
load from, Eq.(3.60). Assuming at low frequencles PZT behaves like a parallel
plate capacitor, power available from PZT can b&utated for the known

excitation frequency, f.

Here the concept of impedance matching is alsoe@ent to discuss; in electrical
engineering, the maximum power transfer theorenestidat to obtain maximum
external power from a source with a finite intermapedance, the impedance of
the load must be made as same as that of the sdimersfore the power equation

for the electrical loadP_ connected to PZT source can be derived by usieg th

simple circuit shown in Fig.3.19.
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The currentl , can be written as;

\%
| = 3.61
Z+7Z, ( )
and the voltagey, , over the electrical load, ;
Z
V, =Vt 3.62
bz +2 (362)

————————————————————

| z
E 1
v = *
E I izfl_ ViL
i %\ » 2

Figure 3.19.Schematic representation of PZT that is conneciedectrical loading.

The maximum power transfer theorem states at Z, then power at electrical

load can be calculated from =1V,

p=l—Y  |gv_2
Z+z2, || z, +Z

Open circuit powerp, for piezoelectric material is predicted with Bj54) or

= H— (3.63a)

z=z,

Eq.(3.55),
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P = {—}— = [—}—cvz i (3.63Db)

Equations (3.63) relates the power at electricadl o power available from PZT
material, and it shows that only ¥4 of the poweavailable for electrical loading.
This information is very important before goingtmfurther steps in experimental
study where the impedance of the piezoelectric natevill be determined at
different frequencies with different electrical thag conditions; in order to find
impedance of the piezoelectric system and the maxinpower available to

electrical load.

3.5. Piezoelectric Material (PZT) Characterization
In order to determine the power available to eleatdioad from the PZT material
in the piezo-SMA thermal energy harvester some getxperiments are carried

out with different frequencies.

For each case, at a fixed frequency, different loegistances are connected to
PZT material. Cyclic mechanical loading is applted?ZT in order to determine
the impedance for the PZT that is used in thermalgy harvesting design. The
schematic representation of the electrical cirasgd in these set of experiments
are shown in Fig.3.19. Here it is modeled that P&haves as a voltage generator

with an internal impedance & and the electrical load, is connected to output

of the PZT material. The voltage over electricadas monitored with DAQ. And

the current over the electrical load is simply aldted by Ohm’s Law.
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Figures 3.20 and 3.21 summarize the experimentsrpggd by loading condition,
2kN at 0.01Hz. In this experiment piezoelectric enal is subjected to cyclic
loading with mechanical testing device, loadingasnpressive all time which is
varying from 0 to 2kN. Load resistance is increaaed the experiment performed
with the same condition till the voltage across lihed resistance is saturated the
voltage and current is plotted versus load rest&t@s can be seen in Fig.3.20, and

the power available to electrical load is showkig. 3.21.
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Figure 3.20.Voltage and Current response for 0.01 Hz, 2kNilogd

As it can be seen from Fig.3.20, the maximum awepgver at the electrical load

can be found at electrical load of ~18@Mvhere the voltage is measured to be
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~7.4 Volts, and the current over the resistandeutated by Ohm’s Law, is 0.042

tA. The average power is measured as
P™=v™"O"=0.31pW. (3.64)

where superscriptti’ represents the values are measured.

0.35

0.30 /Ai

0.25 /
0.20 /
0.15

Average Power into Load [uW]]

0.00 T T T T
0.0E+00 5.0E+07 1.0E+08 1.5E+08 2.0E+08

Load Resistance [Ohms]

Figure 3.21.Average power at the electrical load for differelgctrical loading 0.01 Hz,
2kN loading

Recall Equation (3.63) which relates the power lagctecal load to power

available from PZT material with known excitatioeduency, which is 0.01 Hz;

2
p = HV_ :BECVZ [ = 0.95uW (3.65)
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By comparing the results in (3.64) and (3.65) itcanvenient to say that the
analytical approach by predicting the stress amdpibwer available at electrical
loading is not predicting the power available &c#ical load accurately. This is
because of the internal loss due to low frequenkgitation which is not

considered in the analytical model.

In the 0.01 Hz 2 kN experiments the impedance efRET from maximum load
transfer theorem is found to be 18@Iviwhich is relatively high in order to build
an electrical circuit to store the available poweym the energy harvesting

composite.

The frequency is a key variable in the power caltah as discussed previous
sections, in order to see the effect of frequencthe average power available at
the electrical load, PZT experiment is carried outh different frequency
conditions; the second set of the experiments padgd with 0.05 Hz, 2kN
loading condition. The results are summarized igsBB.22 and 3.23. With an
increase of 5 times in the frequency the maximurwegyoavailable at electrical

load is measured to be ~219/.
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Figure 3.22.Voltage and Current response for 0.05 Hz, 2kNilogd

At low values of resistance no voltage is produgsrt circuit) and no power is
generated. At high resistances (open circuit) noeot flows and no power is
generated. As the input frequency increases, thanmian efficiency occurs at
smaller load resistance values. This is the behasxpected for an essentially
capacitive device; as the excitation frequency dases, the source impedance

Z =1/ jaC will decreases. Therefore by assuming the capamtés not changing

during the process the expected internal impendan@e5 Hz is expected to be 5
times smaller than the internal impedance detemifer 0.01 Hz case. By
checking the maximum power transfer theorem fob ®@, the internal resistance

is found to be 40 I®, which is 4.5 times smaller than the load valusmfbin 0.01
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Hz experiment with maximum power theorem. Analjticaodel shows a

reasonable agreement with experimental resultsismtanner.

o f T~
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1.00 /
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0.00 [ T T 1

0.0E+00 5.0E+07 1.0E+08 1.5E+08

Average Power into Load [uW]]
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Figure 3.23.Average power at the electrical load for differelgctrical loading 0.05 Hz,
2kN loading

As it can be seen from Fig.3.23, the maximum awepmver at the electrical load
can be found at electrical load of ~4Q@Mvhere the voltage is measured to be
~10.2 Volts, and the current over the resistanakeutated by Ohm’s Law, is 0.26

tA. The average power is measured as
P =v™"OM"=2.6 uW. (3.66)

where superscriptti’ represents the values are measured.
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Recall Equation (3.63) which relates the power lgictacal load to power

available from PZT material with known excitatioeduency, which is 0.05 Hz;

2
4| Z 42

Again the analytical prediction for power availablkeelectrical load over predicts

the value for 0.05 Hz case.
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Figure 3.24.Voltage and Current response for 0.1 Hz, 2kN logdi

The third set of the experiments performed with B2, 2kN loading condition.
The results are summarized in Figs.3.24 and 3.28th ¥ increase of 2 times in
the frequency the maximum power available at dtmdttoad is measured to be

~6.4uW.
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As it can be seen from Fig.3.25, the maximum ae@mver at the electrical load
can be found at electrical load of ~22ZXMvhere the voltage is measured to be ~13
Volts, and the current over the resistance, caledlbdy Ohm’s Law, is 0.5gA.

The average power is measured as
P =v"O" =6.4uW. (3.68)

where superscriptti’ represents the values are measured.
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Figure 3.25.Average power at the electrical load for differelgctrical loading 0.1 Hz,
2kN loading

Recall Equation (3.63) which relates the power lgictacal load to power

available from PZT material with known excitatioeduency, which is 0.1 Hz;
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2
P = HV— :H%cvz 7= 9.5.W (3.69)

Again the analytical prediction for power availablkeelectrical load over predicts
the value for 0.1 Hz case. It can be noted thairtbease in frequency leads the
prediction in better agreement; this is mainly heseainternal loss is relatively

getting smaller.

The fourth set of the experiments performed with 18z, 2kN loading condition.
The results are summarized in Figs.3.26 and 3.2t ® increase of 5 times in
the frequency with respect to third experiment theximum power available at

electrical load is measured to be ~A4.
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Figure 3.26.Voltage and Current response for 0.5 Hz, 2kN logdi
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As it can be seen from Fig.3.27, the maximum awepgver at the electrical load
can be found at electrical load of ~ 4Mvhere the voltage is measured to be ~13
Volts, and the current over the resistance, caledldy Ohm’s Law, is 3.3A.

The average power is measured as
P™=v"O" =45uW. (3.70)

where superscriptti’ represents the values are measured.
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Figure 3.27.Average power at the electrical load for differelgctrical loading 0.5 Hz,
2kN loading

Recall Equation (3.63) which relates the power lgictacal load to power

available from PZT material with known excitatioeduency, which is 0.5 Hz;
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2
P = HV— :H%cvz 7 = 47.5,W (3.72)

Analytical prediction for power available at eléci load well predicts the value

for 0.5 Hz case.
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Figure 3.28.Average power at the electrical load for all freqay conditions in
logarithmic scale, with respect to load resistance

All four experimental conditions which are at difat excitation frequencies are
summarized in Fig.3.28. Logarithmic scale is usedhow all data in the same
plot. As it can be seen higher the frequency thegoavailable at the electrical
load is higher. The impedance at the higher fregesnis also lower than the

impedance values for lower frequencies. This stwith piezoelectric material
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gives an idea about the internal impedance of teeoplectric material, in other
words parameter identification of piezoelectric enatl is done by doing cyclic
loading experiments with different frequencies difterent load resistance. It can
be noted again here that maximum power availablelexdtric load when the
impedance of the piezoelectric material matchesh vithe connected load

resistance.

Figure 3.29 shows the smaller frequencies; 0.01(4% Hz and 0.1 for cyclic
loading condition. This figure is not in logarithemscale to give the reader better
understanding of the relation between maximum pawaeilable at electrical load

with respect to load resistance.
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Figure 3.29.Average power at the electrical load for smalgjfrency conditions with
respect to load resistance
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3.6. Experimental Procedure

Now that the modeling and parameter identificaion materials that is used in
the experimental study is discussed, we shall exartiie experimental procedure
that is done in order to simulate temperature ngclFigure 3.30 shows the setup
of the piezo-SMA module, two piece of PZT is usedthe setup in order to
prevent short circuit event in the electrical schemositive poled are attached
together, and the negative poles are connectedsingle electrode. With this
simplification the use of a separate insulationemat is no more necessary. Ni-
51.2% Ti is used for SMA material, the transforrmattemperatures are given in

Fig.3.14.

M5 Screws

/ Steel blocks

X2

Piezo-SMA composite

Figure 3.30.Schematic representation of the Piezo-SMA comeasidule in thermal
energy harvesting experiment

In Fig.3.31 the setup for temperature cycle is shoWwwo different temperature

environments are prepared according to the SMAdasfiormation temperature.



131

Hot environment is controlled by simply on-off tyfleermostat; the temperature is
set to be higher then the Austenite finish tempeeatCold bath is prepared with
accordingly Martensite finish temperature. The spea prepares as shown in
Fig.3.30 is subjected to hot and cold environmestsface temperature of the
SMA specimen is monitored with a thermocouple &ttacon the surface. Output
voltage of the PZT is monitored by Data AcquisitiBgstem (DAQ). Electrical
connection is prepared with respect to Fig.3.19%eHg is a known electrical
resistance element. The resistance value of efattlbad is determined with
respect to experimental study that is performedh \piezoelectric material. The
value of electrical load at which the maximum powgereach at the load is used
for the experimental study performed in Thermalliogcsimulations. Two PZT
discs are used in the composite which are seriedlgnected with positive
electrodes are touching each other, and the negaliéctrodes are in contact with
SMA and the fixture. This creates electrical intiolafor the experimental set-up,

can also be called self-insulation.
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Figure 3.31.Temperature cycle simulation for piezo-SMA thermaérgy harvester

Figure 3.32 shows the output results of the themyaling experiment of Piezo-
SMA composite as an energy harvester. PZT modele&rodes are connected to
DAQ system directly, which is not an accurate waynheasure the voltage
generated by the PZT material in general as weusssxd earlier, the load
resistance that is determined from impedance magcéinould have been used in
this experiment. However this method provides a w@aymonitor the charge

generated during heating and cooling periods oftieemal cycling process. As
expected a positive voltage is generated duringtirigga SMA constrained

recovery suppresses compressive stress in tharsyste
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Figure 3.32.0utput voltage and Temperature results for The@yaling process, 0.01
Hz

Compressive stress on the PZT causes a positivegelecumulation. Poling

direction of the PZT is alse,-direction which is the same direction of applied
force due to compressive stress, theretpreeffect takes place in heating process.
Cooling on the other hand causes SMA to have nsittetransformation and the

compressive stress is released in the system. ateeof change in the loading on

PZT is opposite to poling direction and negativéage generated.

Temperature is monitored by a thermocouple attathede surface of the SMA.
Monitoring the surface temperature is one of tHatgms in order to check if the

material is subjected a thermal cycle betweencatitransformation temperatures;
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it this case Martensite finish and Austenite finish Atemperatures which are

predetermined by DSC test as shown in Fig.3.14.
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Figure 3.33.Experimental setup for piezo-SMA composite sulgedo thermal cycling.

Experimental setup can be seen in Fig.3.23, theamafgy harvester, shown in
circle is dipped in to hot and cold baths with thelp of a robotic arm, as
schematically represented in Fig.3.31. The robatm is driven by an open loop
control system, the duration and the position cardétermined accordingly by

just changing the speed of the arm to simulatéhteemal cycling process.

Cold and hot baths are placed next to each otheorder to minimize the

temperature variation during robotic arms travetwaeen the positions. The
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traveling time is minimized in order to have a bettimulation. It is convenient to

say that all the inertial effects limit the optiration of the temperature fluctuation.

Second sets of experiment is carried out with ¢tmstnechanical testing machine
Model 8521S, where the piezo-SMA composite is claghpith the help of the
testing machine’s compression punches and the atoistrswitched to position
control in order to have zero displacement boundawgdition. Heating and
cooling are applied to the composite with hot anltl @ir streams alternatively.
The temperature is measured with a thermocoupléchais attached inside the
SMA material from the contact free side. In order hhave experimental
comparison, piezoelectric material without SMA isocatested with the same
loading boundary conditions. Both experimental getare schematically shown in
Fig.3.34. The piezoelectric material is electriga@lbnnected to a known electrical
load. This resistance is selected based on impedaratching experiments for

piezoelectric material shown back in Fig.3.28.
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Force monitored by Force monitored by

load cell load cell

’ heating

cooling _
cooling
thermocouple

thermocouple

(a) (b)

Figure 3.34.Experimental setup to simulate thermal cyclingwtite use of Instron
machine that creates zero displacement boundaditam (a) Piezo only, (b) Piezo-
SMA Laminate

As expected, a positive voltage is generated dunegting; SMA constrained
recovery suppresses compressive stress in thersySempressive stress on the
PZT causes a positive charge accumulation. Poliregtibn of the PZT is also in
the xs-direction, which is the same direction of appliedce due to compressive
stress; thereforals; effect takes place during the heating processli@pon the
other hand, causes SMA to have martensitic tramg&fbon and the compressive
stress is released in the system. The rate of ehandhe loading on PZT is
opposite to the poling direction and negative \g#tas generated. Figure 3.35
shows the voltage (shown in solid curves) measa@dss the load resistance
during the heating and cooling process for the ®H@5and 0.1 Hz experimental
studies. Temperature (shown in dashed curves) $® ahonitored by a

thermocouple attached to the surface of the SMA.
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Monitoring the surface temperature with a therm@beus one of the solutions to
check if the material is subjected to a thermal leybetween critical
transformation temperatures, martensite finishk Bhd austenite finish A

temperatures, which are determined experimentellgre and listed in Fig.3.28.

The result can be compared with two previously erachcases; analytical model
to estimate the power available and results fromarpater identification
experiments performed with the same frequency. &vstudy is summarized in
the Table 3.2. Where the predicted power is baseHq{3.63) and the measured
values are recorded from piezoelectric materialarameter identification
experiments and thermal fluctuation experiment ggeneéd with cold and hot
bath/stream. Experimental results for both piezly-@md piezo-SMA cases are
shown in the same table for 0.05 Hz and 0.1 Hz. €kperimental study
performed for 0.01 Hz is not tabulated since trez@SMA composite was not
electrically connected to a known load resistafite 0.5 Hz experimental study

was not performed due to a limitation in experiraésetup.
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Figure 3.35.Temperature and Voltage response for 0.05 Hz @h#éi® experimental
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Table 3.2. Prediction and Experimental resultsgower available at electrical

load
Power Power Power
Frequency |Predicted Powe#vI e?‘S“red withMeasured with Measured by
Piezo only Thermal .
[Hz] [uW] : . pyroelectric
Experiments| fluctuation Effect [uW]
[uW] [uW]
0.01 0.95 0.31 * -
0.05 4.75 2.6 3.6 0.12
0.1 9.5 6.4 8.6 0.19
0.5 47.5 44 - -

* The power is not measured since no electricall Isaused in thermal cycling
experiment

Finally, the experimental data for sample tempeeatind the corrected value for
stress from the load cell are plotted, as showRign3.36. An analytical model
considering thermal expansion is also shown irstirae plot. It is noted here that
the analytical prediction of the cyclic loop in Bg36 has sharp kink points as
compared with the experimental curves; this is tlmehe phenomenological
constitutive equations used, i.e., Eqs.(3.15) é&d6), as the predicted curves

shown in Figs. 3.16 and 3.17 exhibit similar shianks.
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Figure 3.36.Experimental and analytical results for stresswgtemperature (Namli and
Taya, 2011)
Piezo-SMA, as a thermal energy harvester, is mddeiéh the 1-D serial model
and the 3-D model with the Eshelby theory. Powexilabsle for electrical load is
predicted. Experimental study for material chanazédion is performed.
Temperature fluctuation is simulated in the labamatpiezo-SMA is subjected to
temperature fluctuation in different frequenciesl axperimental and predicted
results are compared. Compressive stress inducegycaustenitic transformation
due to heating in SMA phase together with the zeisplacement boundary
condition and then reduces while SMA transformarartensitic phase during

cooling. The change in the compressive stressnsearted into electrical energy
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by inverse piezoelectricity. The model predicts #wailable power according to
material properties and thermal fluctuation. Thepéwhlance of the system is
examined with different thermal fluctuating frequess. Higher frequencies,
which result in lower impedance, give higher avagapower to electrical loading.
The experimental and predicted results are in ageeé for higher frequencies
while for lower frequencies of thermal fluctuaticdhge prediction is not accurate
due to internal loss. Although we did not perforhe texperiment for higher
frequencies beyond 0.5 Hz due to the limitatiorthef experimental set up, the
power generation from the composite subjected totdlating temperature is

expected to be increasing with higher frequencies.
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Chapter 4. Conclusions

The goal of this research is to analyze to use iekqgelectricity and SMA

properties in a composite material. A new concdppiezo-SMA composite is

proposed as a high performance actuator materiddrubias stress and applied
electric field. The best piezo-SMA composite dedmnachieving highest strain is
use of 1-D parallel composite design of Fig.2.3. iz end, a new analytical
model based on Eshelby theory is developed, whathaccount for anisotropic
matrix and linear SMA superelastic behavior. Theesinental study is also
performed in order to manufacture such a compeditere the bonding is required
between two phases; piezoelectric material and SBpark Plasma Sintering
(SPS) machine is used to create such a bondingebattwo materials. In SPS
process, pressure and temperature are controlleacheve the best sintering
condition. In addition to several SPS conditiomgéhdifferent design conditions
are also carried out as discussed in Experimerdgorse Fig.2.7. The overall

results for SPS are tabulated. In all cases, thedibg is examined by

nondestructive tests.

Piezo-SMA composite as a thermal energy harvestaiso examined in chapter 3
of the dissertation. Piezo-SMA composite subjediedluctuating temperature
uses synergistic effect of piezoelectrics and SMAiclv are connected in series.
Temperature fluctuation induces large strainingtfin the SMA phase then
immediately stressing to the piezoelectric phdses,tinducing charge by direct

piezoelectric effect. In order to make this problerare analytically tractable, two
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models were developed, simple laminated 1-Dimemdiomodel and 3-D model
with Eshelby’s theory. The material properties MAare examined. In order to
determine the power available to electrical loaohfrthe PZT material in the
piezo-SMA thermal energy harvester some sets oéraxggnts are carried out
with different frequencies. The method of energpvarsion is suited to convert
heat to electricity in situations where the heataismilable at a fluctuating

temperature.
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