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ABSTRACT

SELF POWERED SENSING BY COMBINING NOVEL SENSOR ARCHITECTURES WITH

ENERGY HARVESTING

Vishwas Narayan Bedekar, PhD

The University of Texas at Arlington, 2009

Supervising Professor: Shashank Priya

Recent advancements in the field of wireless sensor networks have resulted in increasing
demand for self-powering techniques that reduces the dependence on batteries. In order to
address this problem, there has been significant effort on generating small electrical power locally
by harvesting energy from freely available environmental sources such as mechanical vibrations,
wind, and stray magnetic field. Further, there is need for inventing new sensing techniques to
reduce the overall power consumption. The road for reaching the destination of self-powered
sensor networks requires cooperative progress in reduction in sensor power consumption by
developing new sensing mechanisms and local generation of power by developing high efficiency
energy harvesters.

The sensing techniques investigated in this thesis utilize piezoelectric materials,
piezoresistive materials, and magnetoelectric composites. Prior studies on structural health
monitoring have demonstrated the use and promise of piezoelectric sensors. In this research,

impedance spectroscopy based sensing technique was investigated with respect to two

Vi



parameters (i) effect of the piezoelectric vibration mode on damage index metric, and (ii) selection
of frequency band through manipulation of the electrode size and shape. These results were then
used to determine sensor geometry and dimensions for detecting surface defects, fatigue and
corrosion. Based upon these results, power requirement for structural health monitoring sensors
was determined. Next, piezoelectric materials were coupled with magnetostrictive material for
novel magnetic field gradient sensing. Novel ME composite materials were synthesized to
achieve passive sensing of magnetic field. ME particulate composites in system
[Pb(Zro5,Tig48)O3] - 0.2[Pb(Zny;3Nby3)03] (PZT) — NiFe,O, (NFO) were synthesized using (i) core-
shell particles followed by high pressure compaction sintering, (ii) organic slurry in a sacrificial
matrix followed by high temperature annealing, and (iii) co-firing. A pressure assisted co-firing
technique was developed to achieve 3D pillar composite structure.

The ceramic — ceramic (CC) gradiometer resembles in functionality a magnetoelectric
transformer. It measures the magnetic field gradient and sensitivity with respect to a reference
value. The CC gradiometer designed in this study was based upon the magnetoelectric (ME)
composites and utilizes the ring-dot piezoelectric transformer structure working near resonance
as the basis. This study investigated the gradiometer design and characterized the performance
of gradiometer based upon Terfenol-D — PZT composites. The generated magnetic field due to
converse ME effect interacts with the external applied magnetic field producing flux gradient
which is detected through the frequency shift and output voltage change of the gradiometer
structure. The performed measurements of voltage dependence on applied magnetic field clearly
illustrate that the proposed design has extremely high level of magnetic field sensitivity and it can
be used for measurement of magnetic field gradient.

Based upon these results, next a metal — ceramic gradiometer consisting of PZT and
nickel was designed and characterized. In this thesis, two different designs of gradiometer with

nickel and PZT laminate composites were fabricated. Nickel was chosen over other materials
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considering its co-firing ability with PZT. It can give a better control over dimensional parameters
of the gradiometer sample and further size reduction is possible with tape casting technique.
Detailed theoretical analysis was conducted in order to understand the experimental results. The
fabricated metal — ceramic gradiometer showed high sensitivity for a wide range of frequency
(247 — 251 kHz for gradiometer design A and 234 — 239 kHz for gradiometer design B) and can
be utilized for broadband magnetic field gradient sensing. Power analysis was conducted for the
magnetic field gradient sensors based on the performance curves.

In order to significantly reduce the power consumption of health monitoring and magnetic
field sensors, bottom — up design of structural health monitoring and magnetic field sensors was
investigated. A MWCNT/SICN nanotube template was developed that exhibits piezoresistive
effect. Next, a novel nanotube morphology “nanoNecklace” was synthesized that consists of
BaTiO3; (BTO) nanopatrticles decorated along the surface of SICN. Monolayer coating of SICN on
MWCNT serves two purposes: (i) modifies the surface wetting characteristics, and (ii) enhances
the piezoresistive effect. Investigation of the mechanisms that provide periodic arrangement of
BTO on nanotube surface was conducted using HRTEM and contact angle measurements. Next,
we tried to modify the surface wetting characteristics of MWCNTSs in order to get a full coating of
BTO nanoparticles. We synthesized acid treated functionalized MWCNTs and coated them with
BTO. Acid concentration, coating temperature and coating time were optimized in order to obtain
fully coated MWCNTs with BTO. Microstructural characterization was performed using various
techniques such as Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), and Energy Dispersive Spectrum (EDS). Coating thickness of 5-15 nm was confirmed
with High Resolution — TEM imaging. X-ray Photoelectron Spectroscopy was performed to
confirm perovskite phase of BTO. The average BTO nanoparticle size was found to be 4-8 nm.
Contact angle measurements were carried out and were correlated with the percentage of

coating on the surfaces of nanotubes. The SICN/MWCNT approach was further extended to
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fabricate magnetoelectric nanowire based sensors designs. In this approach a SiCN-NT template
was coated with BTO and CoFe,0O, (CFO) nanopatrticles. Microstructural studies indicated the
presence of piezoelectric (BTO) as well as magnetic (CFO) material on the nanotube surface.

In order to power the sensors from mechanical vibrations, we investigated two different
techniques, (i) piezoelectric and (ii) inductive. For piezoelectric energy harvesting, high energy
density piezoelectric compositions corresponding to 0.9Pb(Zry56Tio.44)O3 -
0.1Pb[(ZnggsNio2s)Nby3]Os  + 2 mol% MnO, (PZTZNN) and  0.8[Pb(Zros,Tio.s)Osl—
0.2[Pb(Zn15Nb,3)O3] (PZTPZN) were synthesized by conventional ceramic processing technique
using different sintering profiles. Plates of the sintered samples were used to fabricate the
piezoelectric bimorphs with optimized dimensions to exhibit resonance in the loaded condition in
the range of ~200 Hz. An analytical model for energy harvesting from bimorph transducer was
developed which was confirmed by experimental measurements. The results show that power
density of bimorph transducer can be enhanced by increasing the magnitude of product (d.g),
where d is the piezoelectric strain constant and g is the piezoelectric voltage constant.

Under inductive energy harvesting, we designed and fabricated a small scale harvester
that was integrated inside a pen commonly carried by humans to harvest vibration energy.
Inductive energy harvesting was selected in order to achieve high power at lower frequencies.
The prototype cylindrical harvester was found to generate 3mW at 5 Hz and 1mW at 3.5 Hz
operating under displacement amplitude of 16mm (corresponding to an acceleration of
approximately 1.14 g,n.s at 5Hz and 0.56 g..s at 3.5 Hz, respectively). A comprehensive
mathematical modeling and simulations were performed in order to optimize the performance of
the vibration energy harvester. The integrated cylindrical harvester prototype was found to
generate continuous power of 0.46-0.66mW under normal human actions such as jogging and

jumping which is enough for a small scale sensor.
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CHAPTER 1
INTRODUCTION

1.1 Background of Pressure Sensors

Pressure sensors typically measure force using functional materials and are widely
deployed in process control and feedback systems. Pressure sensors convert the pressure or
force into current or voltage signals. There are several ways to detect the pressure (i)
deformation of the diaphragm (capacitance change, optical detection, change of current in
tunneling tip), (i) strain measurement (piezoresistance), (iii) charge generation, and (iv)
resonance shift. Capacitive sensors detect pressure as a capacitance associated with the
distance between two (or more) diaphragms, which changes in response to a change in
pressure. In resistive sensors, pressure changes the resistance by mechanically deforming the
sensor, enabling the resistors in a bridge circuit to detect pressure as a proportional voltage
across the bridge. Conventional resistive pressure measurement devices include films resistors,

strain gauges, metal alloys, and polycrystalline semiconductors.

1.1.1 Piezoelectric sensors

Piezoelectric sensors use direct or converse “piezoelectric effect”. A direct piezoelectric
effect can be defined as induction of charge due to application of mechanical stress whereas a
converse piezoelectric effect can be defined as generation of stress due to applied electric field.

Figure 1.1 shows the schematic of direct piezoelectric effect.
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Figure 1.1 Direct Piezoelectric Effect

Piezoelectric sensors have become of particular interest due to their versatility, low

power consumption and higher bandwidth.

Piezoelectric transducers provide the interface between the mechanical and electrical
systems with an efficiency of around 50% (the conversion from mechanical stress to electric field
is proportional to square of the electromechanical coupling factor, k* and the magnitude of ks for
commonly used piezoelectric ceramics is of the order of 0.7). It has been shown that thin-film
unimorph type PZT based transducer can supply 20 nW/mm? (3 nW with 150 mm? area) when
external mechanical vibrations are imposed upon the PZT. Recently, there has been success in
synthesizing high performance single crystals with better k and energy density. However,
implementation of the single crystal piezoelectrics is challenging on the micro/nano platform.
Textured thin films of these compositions can be grown but the coefficients are compromised
and the device fabrication requires multiple steps. At this juncture, the best power density
reported for the piezoelectric energy harvesting devices is in the range of 0.3 — 0.5 pW/mm®.

Further improvements in this magnitude requires discovery of materials and mechanisms. Thus



in this thesis, we focused our attention on synthesis and characterization of the multifunctional
magnetoelectric material that complements the piezoelectric scheme and offers multimodality.
High aspect ratio magnetoelectric nano-wires synthesized in this program will provide ability to
capture the vibration energy more effectively. This energy can be supplemented by capturing the
stray magnetic field which is always present in the buildings and other industrial environment.
Further, the nanotube-based building blocks developed in this program can be used to develop

large scale energy harvesting systems.

1.1.2 Structural Health Monitoring

Structural health monitoring (SHM) in aerospace, civil and mechanical
engineering infrastructure implies continuous monitoring of defect progression using periodically
sampled dynamic response measurements from an array of sensors, understanding and
extracting damage sensitive parameters and analyzing these parameters in order to predict the
structural health. There are various types of non-destructive examination techniques used for
structural health monitoring such as liquid penetrant test (LPT), radiographic inspection,
ultrasonic testing (UT), eddy currents testing, magnetic particles and magnaflux, lamb wave
detection etc. Most of these techniques involve acquisition of the electrical signature from the
material and conduct online analysis to facilitate life-cycle management decisions. [1]
Piezoelectric sensors are commonly deployed for structural health monitoring of elastic materials

using variety of techniques such as impedance spectroscopy, rayleigh waves and lamb waves

[1].

1.1.3 Types of Damages
Various types of damages can be exemplified as cracks, delaminations, fatigue,

corrosion etc. Figure 1.2 shows most common damages observed in structures. Damage



prognosis and diagnosis becomes very critical in structures like pipeline joints, aircraft wings,

marine vehicles, engines running in adverse environments.

Figure 1.2 Types of damages (i) Cracks, (ii) Ship Joints (iii) Corrosion (iv) Aircraft wings

The three stages of condition-based maintenance (CBM) are diagnostics, prognostics,
and maintenance scheduling. The diagnostics involve real time fault monitoring and diagnosis,
background studies, and fault analysis. Figure 1.3 shows the systems approach to the design of
the CBM that includes failure identification and its criticality, failure analysis and decision making,
failure classification, prediction of failure evolution, scheduling of required maintenance, and

collaboration with the logistics. [2-4]
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Figure 1.3 Real time condition-based maintenance system with integrated management. As an
example, Navy ship platform is shown in this figure that illustrates the system architecture.

1.1.4 Damage detection using Impedance Spectroscopy

Inman et. al. have applied the impedance spectroscopy method on variety of structures
to detect minute changes in the integrity [5]. Several advantages have been listed for this
method which includes: (i) applicable on complex structures to monitor damages in non-
accessible locations, (ii) involves self-sensing actuators which have excellent reliability, wide
frequency range and fatigue characteristics, and (iii) low power requirement.

Theoretical modeling of impedance based health monitoring sensors has been
extensively discussed in literature [6-21]. Liang et al. [6] have shown that electrical admittance

Y(w) of the system consisting of a piezoelectric actuator bonded to structure is combined



function of the mechanical impedance of the PZT actuator Z,(w) and that of the host structure Z,

given as:
Y(w)= iwa(ggg(l— i5)—ZZAd %, E] @)

where a is the geometry constant of PZT, ds, is the piezoelectric constant in arbitrary x direction

at zero stress, Y, is the complex Young’s modulus of PZT at zero electric field, and €53 is the

dielectric constant of PZT at zero stress. Hence, the mechanical impedance of structure is
related to the impedance of PZT actuator. Thus, by monitoring the change in electrical
impedance of PZT useful information about the structure can be obtained. If the structure is
damaged then parameters such as mass, stiffness or damping would be changed and the
mechanical impedance of the structure would be modified. Assuming all other PZT properties
remain constant, it is the external structure’s impedance that uniquely determines the overall

electrical impedances [14] Figure 1.4 shows a schematic of impedance based SHM technique.

Structural defect Piezo sensor

Figure 1.4 Impedance based Structural Health Monitoring.

Impedance spectroscopy based health monitoring technique have been previously
demonstrated on several systems including aging aircraft panels, pipeline joints, and civil
structures such as concrete, bridges, beams and plates to detect various kinds of defects. [7, 14,
17, 21] In this thesis, we have implemented this technique for monitoring the health of rocket
motors. Several defense related applications utilize solid rocket motors composed of a metallic

casing and solid rocket composite chemical fuel along with detonating charge. It is of significant
6



interest to the manufacturers to monitor the changes in the rocket motor occurring during
transportation, handling, storage, and loading conditions. One of the effective ways to achieve
this is by attaching an external sensor that provides information about delamination between
casing and fuel, microcracks occurring in the composite fuel, and deformation of the casing.
External sensors are preferred over the embedded sensors as they do not interfere with the
operating mechanism of the motor. Further, the sensor in this application should have high
reliability for long shelf life, consume low power for long operation, and should not interfere with
the electronics or signals of the rocket motor. Impedance based health monitoring sensors
satisfy most of these criterions and hence are preferred choice for rocket motors.

1.2 Background of Nanotechnology

Recent developments in the field of nanoscience and nanotechnology have brought us to the
point where it's now possible to realize practical nanodevices. Examples include — molecular
switches that work at room temperature, scanning probe microscopy, microfluidic systems, and
molecular tags. It is known that the physical properties of materials with reduced characteristic
dimensions (<100nm) can be radically different from their bulk counterparts and, as such,
present an excellent opportunity to develop a broad class of new materials. Traditional
manufacturing techniques have been successfully applied in the past in a top-down approach to
fabricate components and devices down to the micron scale region. However, such
manufacturing practices are merely impossible to apply to the nanoscale regime, since entirely
different phenomena dominate the behavior of the materials in that domain. Thus, at present,
novel manufacturing approaches are needed in order to take advantage of the enormous
potential of nanoscale structures.

Research thrusts in today’s environment are on discovering multifunctional material
(MFM) systems, ones that have at least two desired functions for a given set of conditions. The
multiple functions in the material can be invoked individually or collectively by modulating

7



external controllable parameters such as load, temperature, current, electric field, magnetic field,
and etc. To exemplify, research is in progress on load bearing energy generating materials
which not only protect against impact but also generate electric charge under stress. Discovery
of novel MFMs is critical to the advancement of electromechanical systems which heavily rely on
material properties. Nanoscience, combined with the appropriate synthesis technique, could

open the possibility of realizing a new generation of MFMs.

1.2.1 Introduction to carbon nanotubes
Since the discovery [22], Carbon nanotubes have been utilized in many fields such as
electronics, chemical sensing biological sensing, reinforced composite materials, etc. [23-26]

Figure shows single walled carbon nanotube (SWCNT) and multi walled carbon nanotube.

Figure 1.5 Schematic of single walled carbon nanotube (Ref: 27
http://en.wikipedia.org/wiki/Carbon nanotube#Single-walled)
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Figure 1.6 Schematic of Multi walled carbon nanotube (Ref: 28
http://www.crystalsoftcorp.com/Gallery/mwcnt3.jpg.html)

Commonly used CNT synthesis methods are arc plasma discharge, CVD and laser
ablation. Owing to their unique geometry and bonding structure, CNTs have interesting thermal,
mechanical, and electrical properties. Chemical bonding in nanotubes is composed of sp2 bonds
like graphite and both SWNT and MWNT's are found resilient to chemical or thermal
decomposition. Manipulation of single CNT is difficult and hence their use as conducting paths
for large scale chip manufacturing has not yet been realized. In the present study, CNT’s were
used as a template to deposit the coating of SICN and form an surface that can be used to coat

both piezoelectric and magnetic materials.

1.2.2 Literature review of carbon nanotube based nano-structures

In order to utilize carbon nanotubes in sensing applications, several studies have been
conducted to modify the nanotube surface and utilize it as an template. Optimization of surface
characteristics of nanotubes would lead to more advanced template materials with superior
characteristics. There have been several studies showing attachment of foreign materials on the

9



nanotube surfaces in order to modify and improve its structural and functional characteristics.
For example, attachment of polymers, inorganic and organic compounds have been already
published in literatures. [29-34]

1.3 Piezoresistive sensors

The discovery of piezoresistivity in silicon and germanium in 1954 launched the production
of semiconductor based sensors. [35] Four years later in 1958, silicon strain-gauge, metal-
diaphragm sensors were introduced in commercial market. [36] Micromachined pressure
sensors became available in year 1963, [37] bulk-micromachined sensors in 1980’s, and surface
micromachined pressure sensors in 1990’s. [38-40] The resistance change in a monocrystalline
semiconductor (a piezoelectric effect) is substantially higher than that in standard strain gauges,
whose resistance changes with geometrical changes in the structure. Figure 1.7 shows the data
on the current state-of-the-art micro pressure sensor (CNM, www.cnm.es). Pressure ranges are
from 0-35 mbar up to 0-1.5 bar and the corresponding sensitivities range from 325 mV/V/bar to 6

mV/V/bar. MAXIM’s (www.maxim-ic.com/an871) low profile pressure sensor offers the sensitivity

of 0.50 mV/mbar in the pressure of 0 — 100 mbar. The chip size is of the order of 3 x 3 x 1 mm®
having the piezoresistive diaphragm of the size 2 x 2 mm? More recently, carbon nanotubes

have generated a lot of interest because of their unique mechanical and electrical properties.

10
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Figure 1.7 Picture of the commercial micro pressure sensor from (CNM, www.cnm.es) and its
characteristics elaborating the limit of the present generation pressure sensors. The pressures at
the lower end scale are offset by the limit of the sensitivity of poly-Si diaphragm.

Mathematically, piezoresistivity can be described as the linear coupling between

mechanical stress and electrical resistivity. The piezoresistivity coefficient (1q) is a fourth rank

tensor, and is defined by the relation between stress (oy) and the electrical resistivity (p;) as:

(Mj = 0k Ok 1)
o

Where stress and resistivity are second rank tensors, Ap; is the change in resistivity, and p, is
the resistivity in unstressed state. The index in the piezoresistivity tensor defined by the above
equation, T cannot be interchanged implying, T T In triclinic crystals there are 36 non-zero
coefficients for the piezoresitivity tensor but the number of components can be greatly reduced

for the other point groups. Rewriting the above equation in Voigt or the matrix notation: [41,42]
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The factors of 2 appear in the conversion whenever i = 1-6 and j = 4-6, such as ;=113
TM15=T1120, TI1=2TT1112, TT44=2TTp353 €1C.
The coefficients commonly of interest are longitudinal 1y, transversal 1, and hydrostatic .

For a cubic material, these coefficients can be determined using relations:

0] Uniaxial stress, current, and voltage measured in the same direction:
11 = My — (S11-2S12) 3)
(i) Uniaxial stress measured perpendicular to the direction of current and voltage:
Tz = My +S11 (4)
(iii) Hydrostatic pressure, p corresponds to the case when 0, = 0, = 03 = -p ando, = 05 =
05 =0:
T, = My = (S11.+ 2S17) (5)

where, s; are the elastic compliances and 1 = AR/R, corresponds to measured change in
resistance.

The hydrostatic tensor coefficient 1, is related to 1, and 1y, as:

Th = -(TTy + 2TT50) (6)
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A more common and widely used term in sensor terminology is the gauge factor or strain

coefficient of piezoresistivity. It is denoted by ‘m’ and is described as:

|

po o po

1.4 Magnetic field sensors

Miké&k

(7)

Magnetoelectric composite sensors work on the following principle: An external AC magnetic

field creates strain in the magnetostrictive layer which is elastically transferred to the

piezoelectric layer which produces electric charge. The sensitivity of such sensor is proportional

to the permeability and permittivity of the composite material. A large permeability material such

as Metglas and a large permittivity material such as PZN — PT single crystal provide high

magnitude of ME coefficient.

Table 1.1 List of current magnetic field sensing technologies

Magnetic sensor | Detection Sensitivity | Frequency | Power | Size | T (TC)
Type principle (G) limits
Search coil Faraday's law | 10°-10"° | 1Hz-1MHz | 1- 2"-5"
10mw
Flux gate | magnetic 10°-10° Max 10 | 5- 1" or
magnetometer induction and KHz 50mW | less
ferromagnetic
hysteresis
Optically pumped | Zeeman effect | 10°-1 ~10W | 12-
Magnetometer 20"
Nuclear Gyro magnetic | 107-1 05w | 12-
precession resonance 20"
magnetometer
SQUID 10™°-10" ~ -273to
Magnetometer 200
Hall effect sensor Lorentz force | 10-10° 1MHz 0.2wW -273 1o
200
Magneto resistive | Magneto- 10°-50 1GHz 0.1- -55 to 200
magnetometer resistive effect 0.5mwW
Magneto diode 10"-10* 0.25” | -100 to
100
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Table 1.1 continued.

Magneto Hall and Suhl | 10*10"
transistor effect
Fiber optic | Magnetostriction | 107-10 Below 4" ~
magnetometer and optical 60 Hz

interference
Magneto optical | Faraday 10-10° ~ ~
sensor polarization

effect
Magnetoelectric Magnetoelectric | 10°-10° 10°Hz- 107 ~ -75to 70
detector effect ’Hz

As seen from the table above, SQUID has highest sensitivity but they need coolant to

keep the super conducting material operating in its superconducting phase hence are quite

expensive. ME sensors are relatively new entry in the magnetic sensing materials and have

moderate to high sensitivity. Figure 1.8 summarizes the detection range of various magnetic field

sensors (taken from http://www.misl-usa.com/articles.html)

Magnetic Sensor
Technolog\f

12

Detectable Field Range (Tesla)

10 3 -6

10° 10 10 10

10°

SQUID

Fibre-Optic

Optically Pumped

Nuclear Precession

Induction-Coil |

Earth’s Field (for comparison)

Anisotropic Magneto-Resistive

Flux Gate

Magneto Transistor

Magneto Diode

Magneto-Optical

Giant Magnefo-Resistive

Hall-Effect

Figure 1.8 Detection range of various magnetic field sensors (taken from http://www.misl-
usa.com/articles.html)
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1.5 Energy Harvesting technologies

1.5.1 What is high energy density material?

The primary factor for the selection of a piezoelectric material for an energy harvesting
device and for sensor applications is the transduction rate. The magnitude of the transduction is
governed by the effective piezoelectric stress constant, d, and the effective piezoelectric voltage
constant, g. Using linear constitutive piezoelectric equations, a relation between the energy
density of the piezoelectric material and the transduction coefficient (d.g) under an applied stress
X can be derived. Under an applied force (F = X-A, where A is the area), the open circuit output

voltage (V) of the ceramic is given as:

V=E-t=—g-x-t=—g'T'f't (1)

where t is the thickness of the ceramic, E is the electric field, and g is the piezoelectric voltage
coefficient. At low frequencies (far from resonance), a piezoelectric plate can be assumed to

behave like a parallel plate capacitor (C). Hence, electric energy available under an alternating

2
stress excitation is given as: U :%CV2 or energy per unit volume, U :%(dg)(gj

)
Equations (1) and (2) show that under given experimental conditions, a material with high (d.g)
product and high g constant will generate high voltage and power when the piezoceramic is
directly employed for energy harvesting and sensing.

We have developed a complete analytical model relating the microstructural features to
the magnitude of piezoelectric constant. The criterion for maximization of the product (d.g) with
respect to the microstructure variable x (such as grain size) can be determined as following: [43,

44]
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d =¢" ©)
where ¢ is dielectric constant and n is constant. Using Eq.(3) the maximum magnitude of the
product (d.g) is given as:

Max(d.g)=¢*"* @)

Our results indicate that all the materials follow the Eq.(3) and scale with the magnitude
of n. Figure 1.9 shows the results on the PZT — PZN system illustrating the fact that as the
magnitude of n decreases to unity the magnitude of g increases sharply (min(n) = 0.5). [45-46]
We have conducted preliminary research on fabrication of the polycrystalline ceramic
composition with desired microstructure (such as grain size and shape) for the PZT-based
compositions. Using modified sintering process, we were able to obtain a ceramic composition
exhibiting the magnitude of gz3 and ds; as 55.56 x 10°® m%C and 291 x 10™ C/N respectively,
yielding the magnitude product dss.gss as ~16168 x 10™ m?/N which is significantly higher than
the reported values in literature. In this program we propose to investigate the synthesis process
and fundamental studies on microstructure design that can yield high energy density along with

high fracture toughness.
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Figure 1.9 Variation of material constant, n, as a function of piezoelectric voltage coefficient, gas3

for the composition 0.9PZT (52: 48) — 0.1 PZN + y wt% MnCOs. Two step sintering refers to the

process where the ceramic is held at high temperature for few minutes and then quenched to a
lower temperature and held for long time period. One step refers to conventional sintering.

There are two extreme cases to the high energy density material, PVDF piezoelectric
polymer (dsz = 33 pC/N, €33/, = 13, g3z = 286.7 x10° mZ/C) and relaxor piezoelectric single
crystals such as PZN — 7%PT (dsz = 2500 pC/N, &33/e, = 6700, ga3 = 42.1 x10° mZIC). It can be
seen from this data that piezoelectric polymer has the highest piezoelectric voltage constant, gas,
of 286.7 x10”° m%C and relaxor-based single crystals have the highest product (dss.gss) of the

order of 105250 x 10 m?/N.

1.5.2 What other material parameters are important?
Recently, a quantitative model was reported describing the efficiency (n) of the

mechanical to electric conversion process as: [47]

T 2)1-k2/ Q. 21—k

where k is the coupling factor and Q, is the mechanical quality factor of the material.

Consequently, designing a high energy density material for harvesting involves the realization of
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“hard” and “soft” properties at the same time. In order to develop such a ceramic the most critical
component in addition to proper composition is microstructure. Based on a simple damped
spring-mass model it can be shown that the maximum generated power from the energy
harvester is given as:

p_MYa

max (6)
4g

where o,” = k/m is the system resonant frequency, c= d/Z\/ mK is the damping ratio, m is the

seismic mass (electrical analog inductance, L), d is the damping constant (electrical analog
resistance, R), k is the spring constant (electrical analog inverse capacitance, 1/C), and Y, is the
maximum amplitude of the vibration. A high magnitude of the spring constant requires high
elastic modulus in the material.

In this thesis, we propose to implement piezoelectric energy harvesters using high
energy density materials. Piezoelectric generator consists of three energy transformation steps
and three kinds of losses. In the first step, the ambient energy is transformed in to the
mechanical vibration energy of the piezoelectric transducer using simple mechanical structure
which could be directly incorporated in the transducer assembly. In this step, there is mechanical
loss related to the mechanical impedance such as damping factor and reflection ratio. In the
second step, the mechanical vibration energy is transformed into electrical energy through direct
piezoelectric effect. Energy transduction rate depends on electromechanical coupling factor and
piezoelectric constant of the material. In the third step, the generated electrical energy is
transferred to the sensor. Generally, electrical impedance matching methods are required to
enhance the efficiency of transfer process. Piezoelectric harvester can be easily modified to

interact with any stray magnetic field in the surrounding and capture magnetic energy. [48]
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Figure 1.10 Pictures of the commercially available low-profile commercial flexible piezoelectric
transducers. Most commonly, MacroFiber composites (MFCs) operating in d3; mode are utilized.
MFCs have been extensively modeled and characterized for performance. Life-time testing on
MFC’s shows no changes in output power up to 1.4 million cycles.

The maximum power from the piezoelectric transducers is obtained by operating at the
resonance frequency which is dependent upon the configuration, size, and loading conditions.
MFCs can be easily tailored to match the resonance conditions. MFCs are available from the

company Smart Materials Inc., Florida. There are several structural modifications that can be

done to MFCs to couple with the strain effectively.
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CHAPTER 2
MOTIVATION AND RESEARCH OBJECTIVES

2.1 Motivation of Research

Recent advancements in sensor networks have resulted in increased power demands
for continuous functioning of the sensor networks. These sensors include pressure sensors,
chemical sensors, optical sensors, temperature sensors, magnetic field sensors etc. all these
sensors are provided with power using various techniques, primarily through batteries. Batteries
need recharging, periodic replacement and it is a hazardous waste. The sensors used in data
acquisition systems in remote networks require a centralized energy source for continuous
operation and thus need continuous maintenance which is expensive and may delay the
operation. In addition to power source, there are several issues regarding the performance of the
sensors that needs to be addressed including sensitivity of the sensor, reduction of power
consumption, and multifunctionality which can reduce the number of sensors. There is a strong
need to develop self powered sensor networks which utilize available energy sources for
harvesting and supplying continuous power to the sensors.

2.2 Objectives of Research

Motivated by the problems mentioned in the previous section, this thesis tries to address
these limitations by reducing the power consumption of these sensors and development of
mechanisms to generate electrical power on demand.

The primary goals of this thesis are:

1. Design new architectures for sensing pressure and magnetic field and analyze the

fundamental mechanism using theory and experiments.

20



2. Synthesize advanced nanomaterials to implement the novel sensing techniques.
3. Develop understanding of mechanical energy harvesting to derive the function for power
density and efficiency. Apply this understanding to design, fabricate and characterize energy

harvesters.
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CHAPTER 3

EXPERIMENTAL APPROACH AND TECHNIQUES

3.1 Powder Synthesis

Conventional mixed oxide ceramic processing route was followed to synthesize all the

bulk ceramic compositions used in this thesis. Figure 3.1 shows a schematic of process flow for

ceramic powder synthesis.
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Drying —>  Crush, sieve — Check XRD
Sintert Cold isostatic 5 ¥ et
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tering press P
A
Electroding > Poling » Characterization

Figure 3.1 Conventional ceramic processing route.

Synthesis of hard piezoelectric composition is described below. Reagent-grade powders

22

of PbO, ZrO,, ZnO, NiO, Nb,Os, MnO,, and TiO, were obtained from Alfa Aesar Co. (Ward Hill,
MA). Stoichiometric ratios of powders corresponding to the composition 0.9Pb(Zrgs6Tig.44)03 —
0.1Pb[(Zng g/3Nig.2/3)Nb,3]O3 + 2 mol% MnO, (PZTZNN) were ball milled with ethyl alcohol and

YSZ grinding media (5 mm diameter, Tosoh Co. Tokyo, Japan) in a polyethylene jar for 24 h.




After drying, the PZTZNN powder was calcined at 800 for 3 h. Calcined powder was crushed,
sieved and then ball milled separately with alcohol and grinding media for 30 ~ 48 h. After ball
milling, the powders were dried at 80C and sieved. Sieved powders were pressed in to discs of
dimension 12.7 mm x 1 mm using a hardened steel die and hydraulic press under a pressure of
1.5 ksi. The green body was next pressed in cold isostatic press (CIP) operating at 20 ksi for 10
min in order to improve the density of the green body. After CIP, the samples were sintered in air
atmosphere using a Sentrotech furnace at 1050C for 2 h. The sintered samples were then
polished and electroded using Ag-Pd electrode with firing temperature of 650°C. The samples
were poled at 3-4 kV/mm using a high voltage supply in an oil bath maintained at 120C.

3.2 Structural Characterization: Phase and Crystal Structure

X-ray Diffraction (XRD) was used in order to confirm the phase of the synthesized
powder. (Siemens Krystalloflex 810 D500 and Xpert — PRO X-ray Diffractometer from
PANalytical, Inc.) Fine powder of PZT composition after calcination was pressed in a sample
holder of the X-ray diffractometer using a glass slide. A typical XRD pattern of as synthesized
powder of PZTZNN is shown in following figure where a single phase perovskite structure can be

seen.
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Figure 3.2 XRD pattern of PZTZNN calcined powder.
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3.3 Microstructural Characterization

3.3.1 Optical Microscopy
Optical microscopy was used to observe the surface of the samples after sintering and
any other heat treatment. Optical microscopy was also used to confirm the soldering and

bonding joints on the bimorph transducers.

3.3.2 Scanning Electron Microscopy

Scanning electron microscopy was performed using LEO (Carl Zeiss SMT, Inc.) 1550
high-performance Schottky field-emission SEM. Before SEM, ceramic samples were annealed at
a temperature 100 T below the sintering temperatur e and held for 30 mt and then cooled down
to room temperature at the rate of 3°C/min. Nanowires distribution and aspect ratio was
determined by SEM under high magnification. Cross-sectional SEM was performed to confirm

the grain morphology and packing.

3.3.3 X-ray Energy Dispersive spectrum (EDS)

Elemental analysis was performed using Oxford INCA Energy E2H X-ray Energy
Dispersive Spectrometer (EDS) system with silicon drifted detector to identify the concentration
and distribution of elements. Spot EDS and area EDS are most commonly used for
determination of elements based on the X-ray energy dispersive spectrum. Elemental mapping
option available in the EDS was used to study the interface characteristics in composite and

layered materials.

3.3.4 Transmission Electron Microscopy (TEM)
Philips 420 TEM was used in order to observe microstructure of PZT samples as well as
nanoparticles and nanotubes. High resolution Transmission Electron Microscopy was performed

using FEI Titan 300, with acceleration voltage of 200 KeV in order to study interfacial
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characteristics of nanotube samples. The stoichiometric composition and chemical information of
the sintered ceramics and nanotubes was studied using a high performance multi-technique
surface analysis. Cross-sectional and plan-view TEM sample preparation was performed in our
laboratory using a well-established method. Selected-area electron diffraction, bright-field and
dark field imaging was used to examine the quality and crystallographic structure of the
composites, morphology and distribution of nanotubes boundaries, and misfit dislocations at the
inter phase interface as well as other microstructural features. In conjunction with the TEM,
nano-beam electron diffraction and X-ray energy-dispersive spectroscopy (EDAX) with a probe
size down to a few nanometers, was employed to investigate the crystallographic structure and
stoichiometric composition across the interface boundaries. Combined, all these experimental

results were used to establish the structure — property relationship for composites.

3.3.4.1 Bulk Ceramic TEM Sample Preparation

TEM sample preparation consisted of cutting the ceramic bulk sample in to small pieces
of less than 2x2 mm? area. The sample was then polished on both sides until surface became
optically clean. This mirror-like polished sample was then glued on a Copper TEM grit by using a
M-BOND epoxy on opposite side of the sample. This grit was then mounted on a transparent
stub and further polished up to the sample thickness of 50 ~ 75 pm. Next, sample was mounted
on a dimple grinder to further grind and polish it with copper with constant rotation of the stage
until sample turns slightly transparent in the middle. Next,high energy ions were bombarded at

the center of the sample using a ion milling machine.

3.3.4.2 Nanotubes and nanoparticles sample preparation
Nanotubes were first dispersed in propanol or isopropyl alcohol and then ultrasonicated

for 5 — 10 minutes for homogeneous mixing. Next, a dropper was used to disperse a small drop
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of this solution on a Lacie carbon Copper TEM grit. Samples were then dried overnight at room
temperature and sealed in a box for TEM characterization.

3.4 Surface Characterization

3.4.1 X-ray Photoelectron Spectroscopy

The PHI Quantera SXM Scanning Photoelectron Spectrometer Microprobe (XPS) was
used for quantitative analysis of the chemical elements and chemical states within the top few
nanometers of a surface. The XPS consists of a focused, monochromatic X-ray source for small-
spot analysis, and it was automated for high sample throughput. Depth profiling was
accomplished with automated ion milling. A general spectrum of SICN MWNTSs is shown in the

following figure consisting of peak intensity for different binding energy (BE) of the elements.
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Figure 3.3 A typical XPS survey spectrum
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3.4.2 Contact angle measurement

A thin layer of MWCNTs was deposited on the Si/SiO2/Ti/Pt wafers using spin coating
with a recipe of 1000 rpm for 10 seconds. The samples were dried in air atmosphere. Contact
angle measurements were performed using FTA 200 Dynamic Contact Angle Analyzer (First
Ten Angstroms, Inc.). The system consisted of a moving stage and a Sanyo Navitar high
resolution camera with zoom microscope. The live image was captured with the help of
computer software for further analysis. A water drop was pushed out of a computer controlled
syringe pump on the surface under investigation which then settled down on the surface. The
drop was then focused on the screen with the help of microscope and contact angle was
measured by drawing the sharp edges of the baseline and the drop. Measurements were
repeated 3 — 4 times and then averaged to arrive at final angle.

3.5 Electrical Characterization

3.5.1 Dielectric and Piezoelectric measurements

Electromechanical properties and resonance characteristics were determined by HP
4194A impedance analyzer (Hewlett Packard Co. USA). The capacitance (Cp) and dielectric loss
(tand) were measured using a HP 4274 LCR meter. The piezoelectric charge constant of the
samples was measured by Berlincourt APC YE 2730A ds; meter. The coupling coefficient (kp)
mechanical quality factor (Q,,), piezoelectric voltage constant (gss) and elastic stiffness were

determined from these measured properties by following IEEE standard: [49]

For a radial mode disk, S can be calculated as following:

2
p_ Th
N A (o)) ©

where 7, is the frequency constant, oPis the planar Poison’s ratio, f; is the resonance

frequency, a is the radius and p is the density. The coefficients 77, and o " can be found by
27



measuring ratio of 1* overtone to fundamental resonance frequency (258 kHz). For example, for

the ratio of 2.602 77, and o " values can be found to be 2.074 and 0.341 respectively from IEEE

standards. Using these values Sfl can be calculated. The transverse mode coupling constant ka;

can be calculated by using the following expression [49]:

1-o,)
G, =k = @

If ks; and SiElare known than d,; can be calculated as following:

2 df?l
k2 =81 (5)
* (SlElg?Ts

The magnitude of SlE2 can be found by using the following expression [49]:

k2 2d321

O S (6)
P [(SlEl + SlEz)53Ts]

3.5.2 Siglab Analyzer (Ref: www.mathworks.com)

Siglab analyzer (Mathworks, Inc.) integrated with Matlab for digital signal processing
was used to characterize the energy harvesters. The system had 4 input channels and 2 output
channels. SigLab performs various measurements including transfer function magnitude, phase,
and coherence using broad band FFT techniques or swept sine, auto and cross correlation, and
impulse response for non-stationary spectrum analysis. These measurements were all
performed directly in the MATLAB environment, making them available for custom post-
processing using MATLAB and Simulink, or comparison with theoretical performance. Samples
were mounted on a Ling Dynamic shaker using a home built clamp. Acceleration measurements
were taken on the base of the structure and tip mass by using a shear accelerometer

(Piezotronics, Inc.), PDV 100 Laser vibrometer (Polytech, Inc.) and a spectral analyzer (Siglab
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Model 20-42). The output from the accelerometer was sent through a sensor signal conditioner
(Piezotronics Inc. Series 481). The output from laser vibrometer was recorded using Siglab. A
small breadboard was used to vary the load resistors across the output of bimorph electrical
terminals. The Siglab analyzer was used for collecting the time traces, power spectrums of
acceleration and output voltage, and the transfer function from base acceleration to tip mass
acceleration.

3.6 Mechanical Testing

Mechanical testing was performed using a 810 Materials Testing Machine (MTS corp.)
for load controlled fatigue testing. For a load controlled fatigue test, the load limits were kept
within 300 — 130 Ibs and number of cycles were fixed at 20000 with a frequency of 20 Hz (i.e. 20

cycles/sec).

3.7 Magnetic Characterization

3.7.1 Vibrating Sample Magnetometer (VSM)

Typical setup of VSM involves mounting the sample at the end of a rigid rod attached to
a mechanical resonator which oscillates the sample, usually in a vertical direction, at a fixed
frequency (w). Surrounding nearby the sample is a set of pick-up coils. As the sample moves, its
magnetic field which is proportional to its magnetic moment, M, alters the magnetic flux through
the coils, dM/dt. This induces a current directly proportional to dM/dt, which can be amplified and
detected using lock-in amplifiers. The external magnetizing field is provided by a horizontal
electromagnet. The magnetic moment can be converted into Magnetization (Ms) dividing by

sample weight. A typical VSM measurement can be shown by Figure 3.4.
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Figure 3.4 Vibrating Sample Magnetometer setup

3.8 Magnetoelectric Characterization

The magnetoelectric (ME) measurement consists of a DC bias field along with an AC
magnetic field. The AC magnetic field was generated by a Helmholtz coil with calculated number
of turns and geometry and powered by function generator. The output voltage generated from
the composite was measured using a SR850 DSP lock-in amplifier (Stanford Research Systems.
Inc.). Magnetoelectric coefficient (dE/dH) was measured by applying an A.C. magnetic field at 1
kHz and 10e amplitude (H) under varying DC magnetic bias. The ME coefficient (mV/cm.Oe)
can be calculated by dividing the output voltage by the thickness of the sample and applied AC

magnetic field. A typical ME measurement system is shown in the Figure 3.5.
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CHAPTER 4

STRUCTURAL HEALTH MONITORING AND POWER ANALYSIS

4.1 Fatigue damage detection using Impedance Spectroscopy

4.1.1 Introduction
From chapter one the admittance signature of PZT sensor bonded to a structure can be

written as:

1)
Here, the Za is the actuator impedance and Zs is the structural impedance. As discussed in
chapter 1, any change in the structure will cause the change in the impedance response from

the sensor attached to the structure.

In this chapter, we address the design issues of impedance based health monitoring
sensors and investigate the response on a prototype rocket motor whose external casing was
made of aluminum. [50] We further investigate corrosion detection using the optimized sensor
design. Different sensor designs were fabricated for understanding the effect of excitation modes
which are explained further in the experimental. From equation (1) it is clear that the imaginary
part of the impedance/admittance is dependent on dielectric constant €33'. Since €33 is sensitive
to temperature it affects the imaginary part of the impedance to a greater extent. Real part (R) of
impedance is used for our analysis, therefore, it may be assumed to have no effects from
temperature variations. To detect incipient damage with high sensitivity, electrical impedance is

measured at high frequencies in the range of 50 kHz — 150 kHz. For this frequency range,
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wavelength of excitation is small and can easily detect defects like cracks and delaminations.
[14, 51] The detection frequency band for the sensor is preferred to be far away from the PZT
resonance frequency since the amplitude of the impedance peak corresponding to piezoelectric
resonance response is much higher than the peaks corresponding to coupling between the
structure and PZT. Several advantages of impedance spectroscopy technique can be
summarized as follows: [52]
1. The technigue can be easily applied to any complex structures since it is not based
on any model.
2. The Piezoelectric material based sensors exhibit fast response, high conversion
efficiency, light weight, higher range of linearity and long term stability.
3. High frequency range can detect very small local defects due to the very short
wavelengths on the order of the micro-crack lengths.
4. Easy interpretation of the data using conventional techniques.

5. Implementation in non-accessible areas and provision of online damage detection.

4.1.2 Experimental procedure

Hard PZT composition 0.9Pb(ZryseTip44)03 — 0.1Pb[(ZNnggzNig23)Nb2s]O3 + 2 mol%
MnO, (PZTZNN) was synthesized using a typical mixed oxide ceramic processing route. Two
different sensor geometries were fabricated such as round and square. The dimensions of
fabricated round shaped sensor were ©10.4 x 0.5 mm3 whereas the final dimensions of the
fabricated square sensor were 10.4 x 10.4 x 0.5 mm3. A square notch was created in order to
initiate crack adjacent to the sensor location. Fabricated round and square sensors are shown in

fig. 4.1.
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Figure 4.1 Fabricated PZTZNN round and square sensor designs

The impedance responses of round and squares sensors in the Free State can be

summarized in Figure 4.32:
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Figure 4.2 Free impedance responses of the round and square sensors fabricated with PZTZNN
composition

The sensors were then bonded on the aluminum plate of dimensions 12 x 1 x 1/8

inches® as shown in Figure 4.1. Sensors were validated for structural bonding after every set of
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data. This can be done by simply monitoring the complex impedance and phase response of the
sensor. It has been shown by Park et al. that during self diagnostics of piezoelectric active
sensors the impedance signature approaches free state impedance signature if the sensor was
debonded from the structure. Both the samples were subjected to load controlled fatigue test.
Load was varied from 300 to 1300 Ibs at a frequency of 20 cycles per sec. Impedance response
was recorded after every 20000 cycles up to 100000 cycles which indicates crack initiation. The
physical and mechanical properties of the aluminum used in this test are listed in Table 4.1

(www.matweb.com). [53]

Table 4.1 Mechanical properties of Al used for fatigue test (www.matweb.com)

Tensile Strength 310 MPa

Yield strength 275 MPa

Modulus of elasticity 69GPa

Density 2.7 gm/cc
Poisson'’s ratio 0.33
Fatigue Strength 95 MPa

Fracture Toughness | 29 MPa-m"”

Shear Modulus 26 GPa

4.1.3 Comparison of square and round sensor geometry

R-X responses for the entire fatigue tests for round and square samples can be shown

in following figures.
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37



For quantification of damage a scalar metric was obtained using a root mean square

deviation (RMSD) formula. Thus, the damage index metric can be represented by Eq. (2):

(R1_ )2
Damage index = Z Roé R§ (2)

where R corresponds to real part of impedance. The subscripts “1” and “0” correspond to the test

id under consideration and baseline state respectively. The aluminum sample of same
dimension and machined from same piece was used for all the fatigue tests. The impedance

response after making the square notch was considered as a baseline measurement.
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Figure 4.5 Damage index as a function of no. of cycles for round sensor (freq range: 50 kHz —
150 kHz)
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Figure 4.6 Damage index as a function of no. of cycles for square sensor (freq range: 50 kHz —
150 kHz)

The damage index metric for round sensor first increases up to 60K cycles and then
decreases with increasing number of cycles, thus indicating reduction of the sensitivity after 60K
cycles. The change in the magnitude of damage index was found to be small. This can be
addressed by the effect of loading conditions used in the fatigue test. The load cycles of 300 —
1300 Ibs is considerably smaller range for an aluminum beam of given dimensions. The
guantified damage is small compared to a specimen with an induced visible crack. The square
sensor showed consistently increasing trend of damage index metric for the entire fatigue test.
Thus, square sensor was found to be more sensitive than the round sensor for the given
conditions of the fatigue test. Based upon the analysis of damage index for the entire range we
selected square sensor design as the sensor for damage detection of rocket motor and

corrosion.
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4.1.4 Selection of frequency band and sensitivity of the sensor

In order to investigate the effect of frequency band on the sensitivity of the sensor, three
sensor designs were fabricated as follows. A soft PZT composition of 0.8[Pb(Zrys,Tig48)Os]—
0.2[Pb(Zny3Nby3)0Os] (PZTPZN) having square geometry (10 x 10 sq. mm) with three different
electrode areas (4, 6 and 9.6 sg.mm) were fabricated. Thus, the selected electrode areas of the
sensors were 4 mm? 6 mm? and 9.6 mm®. The sensors were subjected to identical fatigue
testing conditions as explained earlier for the round and square shaped sensors and impedance
response was recorded after every 20K cycles for the entire fatigue test. Broad frequency range
was chosen in order to investigate the effect of frequency range on the damage detection for a
particular electrode area of the sensor. The impedance response after making a notch was

considered as baseline measurement.

lii

CNGE

Figure 4.7 Fabricated sensors with different electrode area
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The impedance responses of all the samples in the free state can be summarized in
Figure 4.8. R-X responses for the entire fatigue tests are shown in Figure 4.9 - 4.11. While the
impedance responses for the entire test gives qualitative approach to the damage, we propose a
new strategy based on the number of peaks and magnitude of the real part of impedance
monitored over the entire fatigue test in order to quantify the damage occurring to the aluminum
specimen. The number of peaks above certain threshold (100Q) are plotted for different

frequency ranges to identify the optimum frequency range to be analyzed based on electrode

area design.
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Figure 4.8 Free impedance responses of the 3 samples fabricated with PZTPZN material
R-X responses for the entire fatigue tests can be shown in following figures.
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Figure 4.9 R-X response of Sensor with 4 mm? electrode area for the entire fatigue test (freq: 50
kHz — 150 kHz)
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Figure 4.10 R-X response of Sensor with 6 mm? electrode area for the entire fatigue test (freq:
50 kHz — 150 kHz)
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Based on the results of Figure 4.12, we find that the range 100 kHz — 130 kHz shows
high number of peaks consistently for the 4 and 6 mm? electrode areas. For 9.6 mm? electrode
area, the frequency range of 50 kHz — 70 kHz was selected. Next, we focus on analyzing these
frequency ranges further. The cutoff magnitude of real part of impedance was set at 1000 Q and
number of peaks for different frequency ranges namely, 100 kHz — 110 kHz, 110 kHz — 120 kHz
and 120 kHz — 130 kHz were plotted and counted for baseline case, 20k cycles, 40k cycles, 60k
cycles, 80kcycles and 100k cycles. Similar analysis was performed for sensor with area 9.6 mm?
for frequency band of 50 kHz — 70 kHz and the results are summarized in Table 4.2 - 4.4.

Table 4.2 can be graphically represented by Figure 4.13. From Figure 4.13, one can
observe that at certain frequencies the magnitude of impedance decreases with number of
cycles, however, not all frequency peaks show this trend. Table 4.3 is graphically represented by
plot shown in Figure 4.14. From Figure 4.14, it can be seen that peak intensity at the chosen
frequencies show a decreasing trend over the entire fatigue test. Compared to the similar results
for sensor with 4 mm? electrode area, the number of frequencies at which the impedance value
decreases is higher. Thus, this sensor shows higher sensitivity compared to the sensor with
electrode area of 4 mm?®. Further, it can be noticed that some frequencies shift towards lower
values as the damage is induced in the specimen.

Table 4.2 Identification of peaks for sensor area 4 sq.mm

FregPeaks Baseline4 N204 N404 N604 N804 N1004

106040 2396.47 2002.96 1883.42 1971.46 1950.13 1794.87

108520 1582.12 1514.14 1516.8 1644.04 1527.78 1615.1

113440 2513.42 1852.77 1901.58 1782.72 1766.12 1745.7

115960 2605.26 1888.38 1764.51 1645.87 1599.4 1477.69

121340 1970.24 1630.31 1431.37 1363.62 1327.02 1279.29
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Figure 4.13 Identified peak intensity as a function of no. of cycles for 4 sq.mm area

Table 4.3 Identification of peaks for sensor area 6 sq.mm

FregPeaks | Baseline6 N206 N406 N606 N806 N1006
105400 1801.11 1511.65 1481.51 1324.77 1249.81 1329.76
112720 1348.96 1495.9 1469.83 1274.48 1239.34 1246.34
115920 1178.48 1204.79 1263.83 1282.81 1270.12 950.949
116080 1178.48 1204.79 1263.83 822.825 886.94 931.066
119220 922.249 899.317 845.278 827.075 832.377 922.633
121120 1116.47 1077.7 1075.59 1013.12 989.383 1102.21
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Figure 4.14 Identified peak intensity as a function of no. of cycles for 6 sq.mm area

Table 4.4 Identification of peaks for sensor area 9.6 sgq.mm

FregPeaks | Baseline9p6 N209p6 N409p6 N609p6 N809p6 N1009p6
50600 4311.61 | 3222.87 | 294291 | 2417.48 1933.47 1778.71
64660 3386.55 | 2538.03 | 2538.88 | 2055.84 | 1375.52 1453
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Figure 4.15 Identified peak intensity as a function of no. of cycles for 9.6 sq.mm area

Table 4.5 can be graphically represented by Figure 4.15. Figure 4.15 indicates a clear
decrease in the intensity of the chosen peaks over the entire fatigue test. Peak broadening was
also observed during the change in intensity and frequency shift calculations. Thus for 9.6 mm?
electrode area, the peak intensity of the real part of impedance decreases almost linearly which

enables one to quantify the fatigue damage occurring in the specimen. Also, change in the peak

intensities are higher compared to that for the 6 mm?® electrode area. Thus based upon the

changes in the peak intensity and frequency shift we can summarize following observations:

1. The sensor with 9.6 mm? electrode area shows highest sensitivity for the fatigue

damage induced in the aluminum specimen.

2. Higher frequency band (100 — 130 kHz) gives better sensitivity for smaller electrode

areas.

3. Linear change was observed in the peak intensity over the entire test.

4. Higher coupling coefficient of sensor with 9.6 mm? electrode area provides high

sensitivity in relatively lower frequency band (50 — 70 kHz).
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4.2 Damage detection of rocket motor

The prototype rocket motor was purchased from DiscountRocketry.com and is
manufactured by Rouse Tech Monster Motors. The model for the motor was Rouse-Tech 38/120
Reloadable Rocket Motor System (Dia. 38 mm and 97.282 mm long without aft closure). This
reloadable rocket motor system consists of motor casing, forward and aft closures (the top and
bottom grip). All these components were assembled together along with motor reloads to make
the rocket motor system. The separation gap between top grip and o-ring in contact with the fuel
chamber was used as an induced defect in rocket motor. Figure 5(a) shows the rocket motor
with square piezo sensor attached to it. Damage was induced by loosening the upper grip which
creates separation between fuel and top section. This damage can be considered as
delamination type. Figure 5(b) shows the variation of damage metric as delamination was
increased. X-ray radiographs are also provided in the same figure for different response ids
which clearly show the increasing separation between fuel and mounting section (HP-cabinet X-
ray system-Faxitron series, Tube Voltage = 30 KVp, Time of exposure = 7 mins). The separation
for different response id’s as determined from radiographs was 1, 2, 3 and 5mm (response id 1,
2, 3 and 4). The damage index flattens after response id 3 because it reaches the limit of
expansion of inner component of rocket motor and any further loosening of grip does not

increase the damage.
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Figure 4.16 (a) Picture of the rocket motor with attached square piezo sensor
(b) Damage index metric along with X-ray radiographs for various response ids
indicating the change with degree of delamination.
The results of Figure 4.16 clearly demonstrate the ability of square sensor in capturing

the internal defects of rocket motor. Further, from results of Figure 4.4, it can be interpreted that

the square sensor can detect deformation occurring in the casing of the rocket motor due to
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handling or any other accidental failure. Thus, an externally mounted sensor is able to provide
information about both external and internal defects.

4.3 Corrosion Detection Using Impedance Spectroscopy

Corrosion is a significant type of structural damage that threatens the structural integrity
and is major cause of failure in metals. Macroscopic manifestations of corrosion are the
advanced stages of a complex and dynamic processes that begin at the microscopic level. The
need to quantify the initial stages of corrosion has spurred the development of a multitude of
analytical techniques.[54] Corrosion is often not expressed in terms of a design property
magnitude like other properties but rather in more qualitative terms such as material is immune,
resistant, susceptible or very susceptible to corrosion.[55] In this study we investigate the
applicability of impedance spectroscopy technique for monitoring the cumulative corrosion

damage in Al specimen and evaluate the sensor sensitivity.

It is known that corrosion resistance of aluminum is dependent upon the formation of the
protective oxide film. [56] Oxide films formed in air at room temperature are 2-3 nm thick on pure
aluminum. [57] This film is stable in aqueous media when the pH is between about 4.0 and 8.5,
and is naturally self-renewing. Any accidental abrasion or mechanical damage of the surface film
is rapidly repaired. The conditions that promote corrosion of aluminum and its alloys are directly
correlated to the degradation of the oxide film. Prolonged occurrence of corrosion will require

local degradation of the protective oxide film and minimize the availability of oxygen to rebuild it.

4.3.1 Experimental Procedure

An Al specimen of dimension 76.2 x 19.05 x 2.54 mm3 was diced out of Al-6061 grade
block (contains Si, Cu, Mg, Cr, and few others). Aluminum 6061 is a high to medium strength
alloy which offers a range of good mechanical properties, machinability, excellent joining

characteristics, and good corrosion resistance. For this reason it is suitable for applications such
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as impact stock for low pressure ammunitions, aerospace connectors, aircraft fittings, brake
pistons, and valves. The alloy is also suitable for the hardware used in marine environments.
Thus, we select this grade for the evaluation of the corrosion behavior and attempt to design a

sensor that can detect the earliest change in characteristics.
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Figure 4.17 (a) Experimental setup of corrosion detection, and (b) Sensor design and impedance
response in the un-bonded state.

The setup for the induction of corrosion consists of an acid/base bath with Al plates
submerged at specific depths. No counter electrode was used in this setup. A non-corrosive

coating was applied on the specimen so as to isolate a 1cm? area in the submerged section of Al
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which is exposed to the bath as shown in Figure 4.17(a). A piezoelectric sensor was synthesized
from hard PZT composition and was bonded to the Al piece by using non-conductive epoxy.
Figure 1(b) shows the dimension of the piezoelectric sensor and planar mode impedance
response. The longitudinal piezoelectric constant (d33) for the poled sample was found to be as
190 pC/N. Electrodes were attached to the PZT and connected to an HP 4194A impedance

analyzer.

An off resonance frequency range of 75 kHz — 90 kHz was chosen to study the R-X
signature response of the piezoelectric sensor.[9, 58] The work distance (the distance between
sensor and area under corrosion) was reduced in steps. For all the experiments, four different
sets of data collections done corresponding to measurement of impedance response every 30 s,
5 mts, 15 mts, and 30 mts. All this data was combined together and the damage index metric
was plotted as a function of time on the same graph so as to get a correlation between the

damage index and the actual damage occurring in the specimen.
4.3.2 Results and Discussion

4.3.2.1 Damage Index Monitoring
The impedance signature immediately after the gripping was used as the baseline
analysis. The analysis of the R-X results for the sensor was based on the damage index metric

which is given as follows: [16, 59]

Damage index = Z ( R L RO%: Rg 1)

where R corresponds to real part of impedance. The subscripts “1” and “0” correspond to the test

id under consideration and initial state respectively.
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The Al samples were polished totally to mirror like finish and then exposed to corrosion in acid
and base media. Both acid (HNO3) and base (NaOH) are used for inducing corrosion on Al
specimen. The rate of corrosion in Al is dependent upon the pH of the environment. It is known
that oxide films formed on the surface is not stable in acidic (pH<4) and alkaline (pH>9)
environments. [56] Aluminum shows stable corrosion behavior in the HNO3 environment but
abrades in the alkaline media. Thus, the prediction of the damage in the alkaline media was
pursued in this study. One molar solution of NaOH was prepared using standard procedure. The

pH of this solution was always maintained above 12 for the entire test.
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Figure 4.18 Damage index metric as a function of time and location for the entire test.

The damage index metric as a function of time for the entire test is shown in Fig. 2. The
distance between the sensor and the area under corrosion was varied from 25 mm to 15 mm.

The magnitude of damage index increases as we decrease the distance between the sensor and
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the area where damage is occurring. The sensitivity of the sensor was found to be maximum at
15mm from the corrosion area. Another point that can be noted from Figure 4.18 is that the
damage index reaches its maximum magnitude at about 20 mts of the test after which it

saturates or becomes insensitive to further corrosion.

4.3.2.2 Microstructural Characterization

I

10um

Figure 4.19 (a) Polished Al sample, (b) Etched Al-sample, (c) Corroded Al sample, time of
exposure = 1 min (d) Corroded Al sample, time of exposure = 15 min
Figure 4.19 (a) and (b) shows polished Al piece under optical microscope. Figure 4.19
(c) and (d) shows the Al sample exposed to corrosion in NaOH for 1 and 15 mts. It can be seen
from this figure that the surface oxide starts to form as the specimen is corroding. Further,
degradation can be found to occur on the surface which is very common phenomenon in Al

corrosion and can be associated to the microgalvanic process between the intermetallic phases
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and the matrix alloy. [60] The phases often act as the local cathodes because of their Fe
content, and surrounding matrix undergoes localized attack. No particular grain structure was
seen which matches with the reported micrographs (Atlas Microstructure for Al 6061 grade) [61].
As the time increases, more degradation occurs by formation of the corrosion product.

In order to understand the nature of the corrosion products further analysis was

conducted using SEM.

- .' s

EWT = 300 Mag= 100K X Sigrals = SEZ  FIEASN
WO= fmm  Wem=iidien Shoesls 807 Cete 212 Jul 2007

B

¥ i
“

EHT = 300 k¥
WD= 10 mm

Figure 4.20 SEM micrographs of the corroded sample as a function of time of exposure in NaOH
(a) 1 minute (b) 15 minutes, (c) 60 minutes, and (d) corrosion products under high magnification.

For SEM, corroded samples after 1, 15 and 60 mts were chosen to map the increase
and saturation in impedance response. Figure 4.20 (a)-(c) shows the surface structure of Al after
1, 15, and 60 mt of exposure to NaOH. Figure 4.20 (d) shows corrosion product under high

magnification which is large quantity of oxides as confirmed by high percentage of oxygen in the
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EDX analysis. These images indicate that the number of micro-cracks are increasing with time
while an oxide layer is being formed on the freshly exposed surface. Thus, the damage occurs
by finding the new surface and is dependent upon its availability. The thickness of this oxide
layer increases with time and for the sample held for 60 mts in the bath, a thick layer of oxide
along with large cracks along the depth were found to be formed. After 15 mts of exposure time,
the cracks are still being formed but at the same time the availability of fresh alloy area is being
reduced. After the 60 mts the oxide layer formed is getting abraded however, the intensity of
corrosion is decreasing as there is further less availability of fresh area. This analysis was
supported by the EDAX ZAF standard less quantification method in SEM as shown in Figure

4.21 which indicates the increasing oxygen percentage on the surface.
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Figure 4.21 EDX analysis of the oxygen content at the surface as a function of time.
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Figure 4.22 Damage index metric as a function of time for the sensor located at 15 mm from the
area under corrosion. (a) 0 — 5 mts, (b) 5 - 50 mts, and (c) 50 — 150 mts.

Figure 4.21 (a), (b), and (c) shows the data for the sensor at 15 mm distance from the
corrosion area as a function of time interval. It can be seen from Figure 4.21 (a) that there is
sharp rise in the index within 5 mts of the test after which it starts to saturate. For the time
interval of 5 — 15mts there is still increase in the index after which it starts to saturate. These
results are consistent with the SEM observation. For the time interval of 15 — 150 mts the
corrosion is basically driven by the availability of the fresh surface. Combining the results from
Figure 4.19Figure 4.20, Figure 4.21 it can be summarized that impedance spectroscopy is able
to predict the dynamic nature of the Al-alloy corrosion in the early periods (< 15 mts) which is
related to formation of the microcracks and surface oxide. Once a thicker layer of oxide has been
formed the sensitivity of the sensor saturates.

4.4 Power analysis
The voltage applied from the impedance analyzer was fixed at 0.5V. Real part of the impedance
was used as the magnitude of the resistance in the power calculations. At the resistance
magnitude of 1 kQ, the power requirement of the sensor are given by:

P =V’R =1% (1e3) = 0.5 mW
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4.5 Chapter Summary

Structural health monitoring sensors have been utilized for detection of damage types
such as delamination and corrosion. Effect of electrode area on the selection of frequency band
for fatigue damage detection were studied. Corrosion damage can be effectively quantified and
detected in its early stages for Al-6061 alloy which was the desired goal of this study. The
damage caused in the basic environment was studied by the impedance spectroscopy based
piezoelectric wafer sensor. There is an optimum distance for detection of corrosion (15 mm

between sensor and area under investigation in this study).
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CHAPTER 5
CERAMIC — CERAMIC MAGENTOELECTRIC COMPOSITE GRADIOMETER
5.1 Introduction
Magnetoelectric composite materials consisting of piezoelectric and magnetostrictive
phases respond to both electric and magnetic field. The composites exploit product property and
various synthesis techniques can be adopted to combine two different phases depending upon
the crystal symmetry, lattice parameters and physical state. The presence of piezoelectric and
magnetostrictive phases in the same material provides the opportunity to develop a voltage gain
device operating on the following principle. An applied AC magnetic field induces strain in the
magnetostrictive phase which is transferred onto the piezoelectric phase in an elastically coupled
system. The piezoelectric phase produces the electric charge in proportion to the applied strain.
Previously, Ryu et al., Srinivasan et al., and Dong et al. have reported such a device utilizing the
trilayer and multilayer composite structures as Terfenol-D/PZT/Terfenol-D and obtained high

voltage gain [62-66]. These devices have shown significantly large magnitude of ME coefficients

as compared to that of particulate sintered composites.

Recently, we have reported a magnetic field sensor based on piezoelectric transformer
with ring-dot electrode pattern [67, 68]. A piezoelectric transformer is a two port device, where on
one port the applied input voltage is converted into stress through converse piezoelectric effect,
and on the other port this generated stress is converted back into voltage through direct
piezoelectric effect [69]. In this prior design, a voltage was applied to the ring section at
resonance frequency which induces a magnetic field in the dot section. If an external magnetic

object is then brought in the vicinity of the dot section, the change in magnetic field will induce a
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change in the voltage gain of the transformer via the magnetoelectric (ME) effect. Here, we have
combined our prior magnetic field sensor design with a new laminate geometry to achieve ME
gradiometer. Our findings demonstrate enhanced sensitivity to small changes in magnetic field
using the multilayer PZT ring and Terfenol-D disk. In addition, we propose a theoretical model
describing the low frequency response of sensor and resonance response of the proposed ME
gradiometer. A very good agreement was obtained between the experiment and theory.

5.2 Experimental Procedure

(a) Sample A (b) Sample B

) ! .

THE UNIVERSITY
THE UNIVERSITY =
OF TEXAS
OF TEXAS
AT ARLINGTON
AT ARLINGTON

Multilayerd PZT Piezoelectric Transformer
Terfenol-D Terfenol-D

Figure 5.1 Picture of the fabricated magnetoelectric gradiometer. (a) Sample A: Sensor design,
multilayered PZT ring (diameter = 29 mm) bonded with co-centric Terfenol-D (diameter = 13
mm). The co-fired PZT element had 10-layer of 100 um thickness with dimensions of 29 mm

diameter and 1mm thickness; and (b) Sample B: Ring-dot structure of the magnetoelectric
gradiometer fabricated by bonding PZT (APC 841) disc and Terfenol-D (13 mm) bonded in the
center. The ring and dot are separated by a thin insulation gap. The ground electrode is at the
bottom side of the PZT.
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Front View
Terfenol-D (Dia: 13 mm, Thickness: 1mm)

Qutput Electrode [Dia: 15 mm)
PZT ((Dia: 29 mm, Thickness: 0.9 mm])
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Gap between input and
output section: 2mm

Top View

Figure 5.2 (a) Schematic diagram of the sensor illustrating the dimensions and layout of various
elements, (b) Schematic diagram of the ring-dot structure illustrating the dimensions and layout

of various elements.

Multilayer PZT disks were synthesized by tape casting technique using Ag-Pt electrodes

(Dongil Tech., Korea, composition D210). The co-fired PZT element had 10-layer of 100 um

thickness with dimensions of 29 mm diameter and 1 mm thickness. Sample A was fabricated by
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bonding the multilayer PZT disc with co-centric Terfenol-D (diameter = 13 mm) using a Loctite E
— 30CL Hysol epoxy adhesive as shown in Figure 5.1 (a).

Curing was done in temperature range of 60 — 75 °C for one hr. Sample B (gradiometer)
had ring dot electrode pattern printed on top surface of PZT (APC 841), where ring acts as the
input while dot acts as the output. The output section had a diameter of 15 mm and the input
section had a width of 5 mm. There was an insulation gap between input and output section of 2
mm. The ground electrode was at the bottom of PZT. Terfenol — D disc with diameter of 13 mm
was bonded on the output section as shown in Figure 5.1(b) and Figure 5.2(a) and Figure 5.2(b).
Table 5.1 shows the relevant piezoelectric properties of ceramics.

Table 5.1 Piezoelectric properties of the D210 composition used for fabricating the multilayer

disks.
High g (D210) Hard (APC 841)
£ 681 1350
kp (%) 0.58 0.60
ds1 (1077 C/N) 120 109
a1 (10° Vm/N) 20 10.5
Qm 89.7 1400
Te (°C) 340 320
ds1-9a1 2.4E-12 0.99E-12

The piezoelectric constant of synthesized composite was measured by APC YE 2730A
dss meter. Resonance characteristics were determined by HP 4194A impedance analyzer
(Hewlett Packard Co. USA). For sample A, the voltage output was measured by applying an AC
magnetic field at low frequency (5 — 10 Hz) with 20e amplitude (H) under varying DC magnetic

bias. The AC magnetic field was generated by a Helmholtz coil powered by Agilent 3320 function
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generator and NF high speed bipolar power amplifier (HAS 4052). DC magnetic bias was
generated by using solenoid coil set powered by Kepco DC power supply. The output voltage
generated from the composite was measured by using SRS DSP lock-in amplifier (model SR

830).

AC Magnetic Field Schematic of the DC Magnetic Field

Direction sample Direction

IP%

Figure 5.3 AC and DC magnetic field directions used in the measurements, where P is the
polarization of PZT.

For the gradiometer design, Sample B, a input voltage of 1 V., was applied on the ring
section and output voltage was measured from dot section using a Tektronix TDS 420A four
channel digital oscilloscope with varying DC magnetic bias field. Figure 5.3 shows the direction
of applied AC and DC magnetic field during the measurement. The frequency range was chosen
near resonance frequency (90.6 kHz) of the transformer as determined from the impedance
curves shown in Figure 5.4. The magnetic field generated in the dot-section was measured by
using the magnetic field sensor (AC/DC magnetometer from Alphalab Inc.). All the

measurements were repeated to check the consistency of results.
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Figure 5.4 Impedance spectrum of the input and output section. The output was under open
circuit condition when measuring the input spectrum and vice-versa.
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5.3 Results and Discussion

A piezoelectric transformer operating near resonance point can be represented by the
equivalent circuit shown in Table 5.2.

Table 5.2 Equivalent circuit parameter of the input and output sections at resonance —
antiresonance frequency range.

Gy

Input Section Output Section
(88 — 98 kHz) (84 — 97 kHz)
R (Q) 24.79 33.64
L (mH) 8.12 8.94
Ca (pF) 373.92 374.01
Cy (nF) 4.20 1.84

In this circuit R, L, C, are the motional resistance, inductance and capacitance, and C, is
the damped capacitance. Figure 5.4 shows the impedance spectrum of input and output section
(Sample B shown in Figure 5.1(b)). Using this spectrum the magnitude of equivalent circuit
parameters was calculated for both input and output. Unipoled transformers were fabricated by

designing the input and output electrodes on the same side of disk, as shown in Figure 5.1(b)
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and Figure 5.2 (a). The bottom electrode of the disk was common ground to both input and
output sections. Applying the electrical excitation to the external ring (input), radial extensional
vibration is generated in the ring which then propagates to the center dot (output). At the center
electrode, mechanical vibrations are again converted into electrical voltage. The connecting
wires should be soldered at the nodal points of the input and output sections. For input section,
the nodal point lies at one-fourth distance from the edge of transformer while for the output

section, nodal point lies at the center. Simplistically, the gain of transformer is given by:

Gain = f—ca(input) (1)
Ca(output)

and efficiency of transformer is given by:

1

Efficiency = o )
1+4'7Tfr,inca,inRin(C'—)
a,out

where in and out stand for the input and output respectively. The transformer is always operated

between the frequency limits given by:

1
Wgc = Jic (3)
and
1
U.)OC B (4)
JL(C_1+Cd2_1)_1

where o refers to the angular frequency and subscripts “SC” and “OC” refer to short circuit and
open circuit conditions. The symbols L and C are the motional inductance and capacitance of
transformer while Cgy, is the damped capacitance of the output section. These frequencies can

be easily determined from the impedance curves.
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5.3.1 Theory of low frequency magnetoelectric magnetic field sensor (Sample A)

Working principle of ME sensor shown in Figure 5.1(a) is based on measuring the
variation in ME voltage coefficient due to changes in applied magnetic field. The response of
sample to the external magnetic field is related to the magnitude of ME voltage coefficient. For a
given orientation of the fields as shown in Figure 5.3, the ME voltage coefficient can be

expressed as [66]:

Hokv(1-v) Pds1q3,
{2 pd231(1—”)+ p€33[( p511+ p512)(17—1)—V(m511+m512)]}

Qg = (5)

[(Ps11+ Ps12)(v=—1)—kv(™s11+™s15)]

{[uo(1—v)="p33v][kv(™s12 +m511)—( Psyq+ p512)(v—1)]+2mq231k172]} ’

where v = Pv/(Pv + V), k is the coupling factor, and Pv and ™v denote the volume of piezoelectric
and magnetostrictive phase, respectively. For this case, nonzero components of s, dy, ™s;,
"q« are provided by Table 5.3.

Table 5.3 Nonzero coefficients of piezoelectric and magnetostrictive phases and homogeneous
material for longitudinal field orientation.

Piezoelectric phase

Piezoelectric coefficients Compliance coefficients
Zdls = zd24 p311 = p322
ds; = "d3 S12= p321 o o
ds3 S13= "S23 = "S31= "S32
Ps
P % P
S44= "Sss

Pses =2("s11 + Ps15)
Magnetostrictive phase

Piezomagnetic coefficients Compliance coefficients
m —m m —m —m
les = m(3124 m511 = mszz = ?133 o o
031 = 032 S12= S21= S13 = Sp3 = Sz =
m m
Os3 S32

m _m _m
S4a= Ss5= See
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Voltage output is given as: Uout = ag-0H-t, where t is the piezoelectric phase thickness.
Figure 5.5 shows the theoretical and measured values of output voltage as a function of DC
magnetic field, indicating very good correspondence between the model and experiment.
Variation of output voltage as a function of DC magnetic field was obtained by computing the
magnetic field dependence of piezomagnetic coefficient g. It can be noted from Figure 5.5 that
output voltage varies almost linearly with DC magnetic field at low frequencies and small AC
magnetic field of 20e. This linear change allows us to use this design for DC magnetic field

sensing with high precision.

=

Terfenol-D and PZT

AC Magnetic Field
=ff== 10Hz with 2 Oe

== 5Hz with 20e

Output Voltage [mVrms]
& = 2 Wk SN 1 B

0 500 1000 1500 2000 2500 3000
DC Magnetic field [Oe]

Figure 5.5 Solid line is theoretical dependence of output voltage from the first design
(multilayered PZT bonded with Terfenol-D disc, Sample A) shown in Figure 5.1(a) at low
frequency. Dot is output voltage at low frequency. The applied AC magnetic field was fixed at 2
Oe. A large output voltage can be noted at low frequencies.
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5.3.2 Theory of magnetoelectric gradiometer (Sample B)
ME effect near electromechanical resonance (EMR) frequency for gradiometer shown in

Figure 5.1(b) can be expressed as [70]:

+ 333 ®)

g = _i[ 2d31031 ((1+V)]1(k) . 1) -

g Leszsi1(1-v) Ay

where g; and d; are piezomagnetic and piezoelectric coefficients, &; is the permittivity matrix,
(33/es3 is the value of low frequency ME coefficient. Further,

A, = kdo(K) — (1-v)Ju(K),

A, =1 - Ko+ K2 (1+v) J1(KR)/A, +iG, and

sz = 2d%, /€33 £33(1-v) is the coefficient of electromechanical coupling for radial mode, and
G is the loss factor. It can be noted that the magnitude of ME effect is dependent upon the
material parameter da;- Q;.

The shift in EMR frequency range can be estimated as a function of magnetic field, H

[71]. This shift is due to change in Young's modulus (E) caused by the applied magnetic field:
namely the AE effect. The shift 6fr in the EMR frequency range can be estimated as a function of

bias magnetic field as follows:

S5f. = AEfy  (3+v)Z%J§(2)=87) (2)]1 (2) +[(1+V)Z* +4(1-V)]J1(2)
r

= 2E(iv)z D @DHE@)]—2lo @)1 @) (7)

where

E _ iE/\t% [cosh(h) — cosh (g)] [cosh(h) — 9 cosh (%)]
B 27 [cosh(h) + 3 cosh (%)]2

)

where h = 3xoH/Ms is a dimensionless parameter, x, is the permeability at H=0, A = 3x/Ms?, and

t, = —B, Zi Ms is the saturation magnetization, B, is the magnetoelastic constant, and c; is

Cas

the stiffness coefficient, z = kR, v = —s;,/s1; is Poisson’s ratio, k = w,/ps;;(1 —v?), p is the
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density, w is the angular frequency, and Jo(k) and J,(k) are Bessel functions of the first kind.
Figure 5.6 (a) and (b) show the calculated and measured results for the gradiometer design
illustrated in Figure 5.1(b).

These results show the variation of output voltage from the dot-section with respect to
applied DC magnetic field. The measured frequency was varied in the range of EMR of the
gradiometer. It can be seen from Figure 5.6 (a) that there is change in slope on either side of the
EMR. At the frequency of 91 and 91.2 kHz, the variation in output voltage becomes linear with
increasing applied magnetic field. Figure 5.6 (b) shows the change in amplitude of output voltage
with frequency for constant applied DC magnetic field. From Figure 5.6 (b), two regions can be
clearly separated and the device can provide differential voltage as the magnetic field changes

with respect to reference state as shown in Figure 5.7.

70



14 -

= -
1= ¥
.

Output Voltage [Vrms]
=]

—— 90.6kHz A 91.2kHz

0 500 1000 1500 2000 2500 3000
DC Bias field [Oe]

[
N e

Output Voltage [Vrms]|
=

0 +———————— ey
90,0 90,5 91,0 91,5 92,0
Frequency [kHz]

Figure 5.6 Ring-dot gradiometer. (a) Solid line is theoretical dependence of output voltage as a
function of DC magnetic field at varying frequencies while symbols represent the experimental
data, (b) Solid line is theoretical dependence of output voltage as a function of frequency at
varying DC magnetic field while symbols represent the experimental data. The input voltage of
gradiometer was fixed at 1V"".
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Figure 5.7 Change in output voltage with respect to change in DC magnetic field. A linear
change was observed near the resonance frequency.

The mechanism for large differential change can be understood by measuring the

generated magnetic field in the dot section as shown in Figure 5.8.
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Figure 5.8 Magnetic field generated in the dot_ section with applied input voltage to the ring
section.

Based on the results of Figure 5.8, the sensing mechanism can be proposed as
following: A voltage is applied to the ring section at the resonance frequency which induces
magnetic field in the dot section. If an external magnetic object is brought in the vicinity of the dot
section than the resulting differential magnetic field will induce change in the voltage gain due to
magnetoelectric effect. Figure 5.8 shows the plot of the generated AC magnetic field in the dot
section as a function of frequency at constant input voltages. These measurements were in the
vicinity of the EMR which is indicated by peak. It can be further seen in this figure that there is a
significant change in magnitude of the generated AC magnetic field with applied input voltage to
the ring section, which increases as the frequency approaches the resonance point. This
generated AC magnetic field couples with the applied external magnetic field to provide
differential change in the output voltage of dot section. The variation in the EMR frequency with
increasing input voltage can be explained on the basis of reverse ME effect. Figure 5.9

summarizes the results on a 3D plot.
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Voltage Output [VRMS)

Figure 5.9 Voltage output from the ring-dot gradiometer [shown in Figure 5.1(b) and 5.2] in the
vicinity of the resonance frequency with varying DC ma%netic bias. The input voltage of the
gradiometer was 1 v

Using the data in Figure 5.8, we can compute the converse magnetoelectric effect (CME)
of composite which is defined as change in magnetization (or in our case magnetic field) with
respect to applied electric field. The CME effect is given as, oz = (dB/dV). At the resonance
frequency, ag can be calculated to be of the order of 3.4 G/V — 4.4 G/V. The range in the CME

occurs due to the nonlinear response of the piezoelectric at higher applied voltages near

resonance frequency.

5.4 Chapter Summary

In summary, large output voltage can be obtained from Sample A at low frequencies

far from EMR, thereby allowing this design to be used as a magnetic field sensor. For Sample B,
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there was a significant change in resonance frequency and amplitude of output voltage with
applied magnetic field. The results show that magnetoelectric gradiometer or Sample B can

detect changes in DC magnetic field by measuring the differential output voltage change.
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CHAPTER 6
METAL CERAMIC MAGNETOELECTRIC COMPOSITE GRADIOMETER AND POWER
ANALYSIS
6.1 Introduction

Magnetoelectric (ME) composites use product property of magnetoelectric effect which
involves induction of strain in the magnetostrictive material on application of magnetic field which
is then transferred to piezoelectric material generating charge or voltage. The figure of merit of
magnetoelectric effect can be given by magnetoelectric susceptibility a; which is a function of
product of dielectric permittivity (¢) and magnetic permeability (4). Hence, a ME composite
consisting of a piezoelectric material with high dielectric constant and a magnetic material with
high permeability will have high interaction between the two phases resulting from the high
degree of stress transfer [72-74]. Magnetoelectric gradiometer detects gradient in magnetic field
as a function of frequency near EMR. Previously, we have proposed a gradiometer design based
upon 0.8Pb(Zrgs,Tip4g)03-0.2Pb(Zn4sNby3)Os (PZT) — Terfenol-D laminate composite structure
with unipoled transformer architecture [75]. The fabricated gradiometer exhibited high sensitivity
for detecting differential magnetic field near EMR. In this study, we fabricated two different
designs of gradiometer with metal (nickel) and ceramic (PZT) as the material layers in the
laminate composite. The dielectric permittivity (¢,) of the PZT was calculated to be 1290. Nickel
was selected over other materials considering its co-firing ability with PZT which will allow
fabrication of multilayer structures using well established tape-casting technique. Nickel is widely
used as conductive paste in multilayer chip capacitors owing to its high conductivity and low

cost. It has been found that when nickel is fabricated into nano-sized powder, it forms chain-like
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structures due to its magnetic properties. The chain-form nickel powder based conductive paste
has eight times higher conductivity than that fabricated from conventional powders [76]. Thus, it
is possible to utilize both the characteristics of nickel at the same time, namely magnetostriction
and electrical conductivity. Nickel and cobalt exhibit excellent magneto-strictive properties. The
values of saturation magnetostriction, As, for Ni and Co are lower than CoFe,O,4 but are
comparable to some common ferrites such as NiFe,O, and MnFe,O,. The magnitude of the
magnetostriction in rare-earth iron alloys is significantly higher, but they suffer from the drawback
of poor electrical properties and complex synthesis. Ni exhibits anisotropic magnetostriction (A;11
=-25 x 10° and L1090 = -46 x 10°°) with an easy direction along <111>. The electrical resistivity of
Ni (~6x 10°Q*cm™) is comparable with that of Co (~5.5x10°Q ™ cm™), which allows both of them
to be suitable for conductors [77]. Thus, the PZT — Ni magnetoelectric composite architecture
provides a high ME figure of merit. It is possible to modify the magnetocrystalline properties of
metal particles by processing conditions leading to changes in microstructure, morphology,
surface chemistry and particle shape. Nickel is a magnetically soft material and has a saturation
DC magnetic field on the order of few hundreds of Oe. Hence, in order to investigate the shift in
resonance frequency of the gradiometer two different magnetic DC bias ranges were selected.
The first magnetic DC bias range of 0 — 100 Oe was chosen to understand the effect of
coercivity on the gradiometer characteristics and the second magnetic DC bias range of 0 —
1600 Oe was selected to evaluate the performance in the full range.
6.2 Experimental

The magnetoelectric gradiometer sample A (design 1) had the ring dot electrode pattern
printed on top and the bottom surface of the PZT where ring acts as the input while dot acts as
the output. The output section had a diameter of 4 mm and the input section has a width of 2.2
mm. There is an insulation gap between input and output section of 1.2 mm. Two nickel discs

with diameter of 6.3 mm and thickness of 2 mm were bonded on the output section as shown in
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Figure 6.1(a) Thus, the gradiometer has separated ground electrode. Inset shows picture of
fabricated gradiometer. The gradiometer sample B (design 2) had the ring dot electrode pattern
printed on the top surface of the PZT, where ring acts as the input while dot acts as the output.
The output section has a diameter of 6.3 mm and the input section has a width of 2.2 mm. There
is an insulation gap between input and output section of 1.2 mm. The ground electrode is at the
bottom of the PZT. Inset shows picture of fabricated gradiometer. Nickel disc with diameter of
6.3 mm was bonded on the output section as shown in Figure 6.1(b). Thus, in this case the

gradiometer has common ground electrode.
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Figure 6.1 (a) Gradiometer design 1 (sample A): Fabrication of ring — dot electrodes with
stripped electrode pattern and attachment of nickel disc on the output electrodes, Inset: picture
of fabricated gradiometer (b) Gradiometer design 2 (sample B): Ring — dot electrode pattern with
common ground electrode and attachment of nickel disc on the output electrode, Inset: picture of
fabricated gradiometer
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In both constructions ultra corrosion-resistant nickel (alloy 200/201) was used with the
elemental composition shown in Table 6.1.

Table 6.1 Elemental composition of the nickel alloy used in the fabrication of the gradiometer.

Nickel 200 / 201 Chemical Composition, %

Ni Fe Cu C Mn S Si
Nickel 200 | 99.0 min | 0.40 max | 0.25 max | 0.15 max | 0.35 max | 0.01 max | 0.35 max
Nickel 201 | 99.0 min | 0.40 max | 0.25 max | 0.02 max | 0.35 max | 0.01 max | 0.35 max

The piezoelectric constant of the synthesized composite were measured by APC YE 2730A dz3
meter. Resonance characteristics were determined by HP 4194A impedance analyzer (Hewlett
Packard Co. USA). For the gradiometer samples A and B, the input voltage of 10 V,, was
applied on the ring section and the output voltage was measured from dot section using a
Tektronix TDS 420A four channel digital oscilloscope with varying DC magnetic bias field. The
frequency range was chosen near resonance frequency of the transformer [78-80], i.e. 249 kHz
for sample A and 235 kHz for sample B. The magnetic field generated in the dot-section was
measured by using the magnetic field sensor (microprocessor controlled precision gauss meter
from Walker LDJ scientific, Inc). All the measurements were repeated to check the consistency
of results.

6.3 Results and discussion

For a piezoelectric transformer operating near resonance point, the equivalent circuit

can be represented as shown in Table 6.2.
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Table 6.2 Equivalent circuit parameter of the input and output sections at resonance —
antiresonance frequency range.

Ch

-

Sample Allnput sectionOutput section[Sample Bllinput sectionOutput section
R(kQ) [.71 1.67 R(Q)  [337.94 669.56

L(mH) [23.085 48.97 L(mH) [7.31 14.37

Ca(pF) |16.785 8.392 Ca(pF) [62.75 32.485

Cb(pF) #467.235 315.06 Cb(pF) [719.39 307.49

In this circuit R, L, C, are the motional resistance, inductance and capacitance, and C, is
the damped capacitance. Figure 6.2 (a) - (d) show the open circuit (OC) and short circuit (SC)

impedance responses of samples A and sample B respectively.
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Figure 6.2 (a) Open circuit (OC) and (b) short circuit (SC) impedance response of sample A. (c)
Open circuit (OC) and (d) short circuit (SC) impedance response of sample B.

Using these spectrums the magnitude of the equivalent circuit parameters was calculated for

both input and output. Matching impedance of a piezoelectric transformer is given by

1

21
Zmatch = frcb{ﬂutput} (input short circuited)
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where fr is the resonance frequency. Using the values listed in Table 6.2, the matching
impedance was calculated to be 2028.75 Q for Sample A and 2202.53 Q for Sample B.

Simplistically, the gain of the transformer is given by:

| Cglinput)

. —_— B

Gain = ar— 0

N “aloutpu 2)

Here, the transformer gains are 1.414 for sample A and 1.39 for sample B, and efficiency of the
transformer is given by:

1

Efficiency = e
1447 fr inCain Rin (m
-f. 0 R = Y Rl i .\.I:'I.'-I\_I:li-l.f

3
where in and out stand for the input and output, respectively. The expected efficiency of the
transformer for Sample A was calculated to be 99.8% while that for Sample B was calculated to

be 99.84%. The transformer is always operated between the frequency limits given by:

1
{0 = —
sC WL (4)
and
_ 1
Woe =

|. o — —d—
JLET Cg T

®)

where o refers to the angular frequency and subscripts “SC” and “OC” refer to short circuit and
open circuit conditions. The symbols L and C are the motional inductance and capacitance of the
transformer while Cy; is the damped capacitance of the output section. The operating frequency
range for sample A was calculated based on equations 4 and 5 as 248.27 kHz — 251.55 kHz and
that for sample B was 232.94 kHz — 244.94 kHz.

The transformer characteristics for a unipoled transformer structure are directly related to the
ratio of input/output area. Higher ratio means higher capacitance ratio of input and output section

and vice versa. The transformer gain varies directly with area ratio. For high area ratio, large
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gain can be obtained. The working principle of gradiometer can be explained as follows:
Gradiometer resembles in functionality a magnetic field sensor, where it measures the magnetic
field gradient and sensitivity is determined the ability to quantify change with respect to a
reference value. In order to increase the sensitivity of the gradiometer, higher voltage gain is
essential which can be obtained with higher input — output area ratio of the transformer
architecture. Higher gain will generate higher output voltage in the output section thereby
increasing the ability of the magnetoelectric gradiometer to quantify magnetic field gradient near

EMR range.

6.3.1 Theory of magnetoelectric gradiometer
Theoretical estimates of Ni-PZT gradiometer were similar to previously described taking
into account the material parameters of nickel [75, 81-83]. Description of ME effect for ME

gradiometer at the EMR frequency range is given by:

+ 333 6)

g = _i[ 2d31031 ((1+V)]1(k) . 1) -

Aj Lesss 1 (1-v) Ay

where g; and d; are piezomagnetic and piezoelectric coefficients, &; is the permittivity matrix,
a33/€33 is the value of low frequency ME coefficient,

A, = kdo(K) — (1-v)Ju(K),

A, =1 - Ko+ K2y(1+v) J1(KR)/A, + G,

sz = 2d231/533 £33(1-v) is the coefficient of electromechanical coupling for radial mode, and
G is the loss factor. It can be noted that the value of the ME effect is mainly determined by the
product dz;- Qa;.

The shift in the EMR frequency range can be estimated as a function of H [75]. This shift

is due to a change in Young's modulus (E) caused by the magnetic field: namely, the AE effect.
The shift 6fr in the EMR frequency range can be estimated as a function of bias magnetic field

based as follows:
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Sf. = AEfy  (3+)Z%J§(2)=87) (2)]1 (@) +[(1+V)Z* +4(1-W)]] (2)
r .

~ 2E1+v)z 22 @412 (2)]~2)0 (@)1 () )

where

E _ iE/\t% [cosh(h) — cosh (g)] [cosh(h) — 9 cosh (%)]
B 27 [cosh(h) + 3 cosh (%)]2

)

where h = 3x,H/Ms is a dimensionless parameter, x, is the permeability at H=0, A = 3x/Ms?, and

t, = —B, Zi Ms is the saturation magnetization, B, is the magnetoelastic constant, and c; is

Cas
the stiffness coefficient, z = kR, v = —sy,/sy; is Poisson’s ratio, k = w,/ps;;(1 — v2), p is the
density, w is the angular frequency, and Jo(k) and J;(k) are Bessel functions of the first kind.
Material parameters for nickel taken in the calculation are as following: p = 8900 kg/ms; Young's
modulus = 20-10™° N/m?; pss/po = 20; and g = -3.1-10° C/N. Material parameters for PZT were
taken to be p = 7300 kg/m> Young's modulus = 0.7-10™ N/m?; ez3/eo = 4100; and d = 289-10™°

C/N.
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Figure 6.3 Theoretical dependence (solid line) and experimental results (dots) of ring-dot
gradiometer design 1 (sample A) (a) Output voltage as a function of DC magnetic field (0 — 1600
Oe) at varying frequencies, and (b) Output voltage as a function of frequency at varying DC
magnetic field (0 — 1600 Oe). (c) Output voltage as a function of DC magnetic field (0 — 100 Oe)
at varying frequencies, and (d) Output voltage as a function of frequency at varying DC magnetic
field (0 — 100 Oe). The input voltage of the gradiometer was fixed at 10V,

Figure 6.3 (a) shows the dependence of voltage output in the dot section of sample A on
DC bias field for various frequencies near EMR. Figure 6.3 (b) shows dependence of voltage
output on frequency for different applied DC magnetic fields. Figure 6.3 (¢) and (d) shows
dependence of output voltage generated in the dot section on DC bias field and frequency within

the range of 0 — 100 Oe DC bias field. InFigure 6.3, the solid line represents the theoretical
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values while the experimental data is shown by dots. The input voltage on the ring section was
maintained at 10 V... It can be seen in Figure 6.3 (a) that there is change in slope on either side
of the EMR. At the frequency of 250 and 250.5 kHz, the variation in output voltage is linear at
higher applied magnetic field. In Figure 6.3 (b), two regions can be clearly separated and the
device can provide differential voltage as the magnetic field changes with respect to reference

state as shown in Figure 6.3 (b).
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Figure 6.4 Ring-dot gradiometer design 1 (sample B) (a) Output voltage as a function of DC
magnetic field (0 — 1600 Oe) at varying frequencies and (b) Output voltage as a function of
frequency at varying DC magnetic field (0 — 1600 Oe). (c) Output voltage as a function of DC
magnetic field (0 — 100 Oe) at varying frequencies, and (d) Output voltage as a function of
frequency at varying DC magnetic field (0 — 100 Oe). The input voltage of the gradiometer was
fixed at 10Vp.p.

Figure 6.4 (a) shows the voltage output in the dot section of sample B as a function of
DC bias field for various frequencies near EMR whereas; Figure 6.4 (b) shows voltage output as
a function of frequency for different applied DC magnetic fields. Similarly, Figure 6.4 (c) and (d)
shows the output voltage generated in the dot section of sample B as a function of DC bias field

and frequency for the DC bias range of 0 — 100 Oe. The input voltage on the ring section was

maintained at 10 V..
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Figure 6.5 Change in output voltage with respect to change in the DC magnetic field, Input; 10
V., (sample A). Change in the output voltage doubled with increase in the input voltage; (a) DC
Bias Range from 0 to 1600 Oe. (b) DC Bias Range from 0 to 100 Oe. Change in output voltage

with respect to change in the DC magnetic field, Input: 10 V,, (sample B); (c) DC Bias Range

from 0 to 1600 Oe, (d) DC Bias Range from 0 to 100 Oe.
Figure 6.5 (a) - (d) shows differential voltage change as a function frequency at constant
DC magnetic fields with respect to reference state. It can be noted in Figure 6.5 (a), that the

change in the output voltage increases as DC bias field increases. Although for lower DC bias

field the change is smaller and the change of slope is becomes significant at higher values of DC

bias field.
6.4 Power analysis

Input voltage on the ring section of the Ni-PZT gradiometer = 10 V., = 3.54 Vs
Resistance of the gradiometer near EMR can be given as:
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R>=500Q
Hence, required power for the gradiometer:
Power = V?/R = (3.54)? / 500 = 25.06 x 10° W = 25.03 mW.

6.5 Chapter Summary

It can be noted that sample B generates higher output voltage in the dot section;
however, sample A shows higher sensitivity for detecting gradient magnetic field. This can be
explained by a simple fact that sample A has 2 input and 2 output sections, transferring stress on
both sides of the PZT; thus, increasing the overall change in the differential magnetic field.
Although, the differential output voltage of the gradiometers is smaller for 0 — 100 Oe DC Bias
range, it shows significant change in the magnitude of output voltage for higher range of DC Bias
field (0 — 1600 Oe). There is a clear change of slope on either side of the resonance frequency in
the detection range of 0 — 1600 Oe DC bias and a linear change is observed near EMR. Also,
the output voltage measured in the dot section of the gradiometer increases linearly with
increasing input voltage to the ring section. It can also be noted that the Ni - PZT gradiometers
work at higher frequency ranges (247 — 251 kHz for sample A and 234 — 239 kHz for sample B)
maintaining the sensitivity of the gradiometer over a wide range of near EMR frequency range.
Thus, this unipoled transformer structured Ni-PZT gradiometer can be a good candidate for
detecting gradient magnetic field in a wide frequency range near EMR. Comparison of Terfenol-
D/PZT structure with Ni-PZT one shows that Ni-PZT gradiometer requires the low bias fields for

sensing magnetic field gradient and more technological and cheaper.
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CHAPTER 7
BOTTOM — UP SENSOR DESIGNS FOR STRUCTURAL HEALTH MONITORING AND
MAGNETIC FIELD GRADIENT SENSING

7.1 Synthesis and microstructural characterization of barium-titanate decorated SICN-MWCNT
nanotubes — “nanoNecklace”

7.1.1 Introduction

Barium titanate (BTO) is currently the material of choice in multilayer ceramic capacitors
(MLCCs) that are finding application in a wide range of electronic devices such as cell phones,
display devices, and computers. Polymer derived ceramic, SiCN, is a unique material, which
depending upon the processing conditions, can posses electrical properties ranging from those
of a complete insulator to a near electrical conductor. [84-85] This material has also been
demonstrated as a heat dissipating material which could be an attractive property for capacitors
driven at high electric fields.[86] Flexibility of SICN-MWCNTSs structure allows easy manipulation
and positioning on a given substrate. In addition, SICN layer modifies the surface wetting

characteristics of MWCNTSs thereby promoting the adhesion of BTO nanoparticles.

Size effect is an important consideration in ferroelectrics. Studies on BTO have shown
that the minimum grain dimensions that maintain ferroelectricity are 50nm for pure ceramics and
110 nm for the doped case. [87] Theoretical models also predict the critical size for pure BTO
[88] to be 44nm. Further it has been found that pure BTO has slightly smaller tetragonality in the
powder form (as compared to single crystal) and the doped ceramics have much smaller
tetragonality than of the pure ceramics. The reasons for these effects have been attributed to
presence of intrinsic lattice stress.[89] SEM analysis combined with the surface tension

measurements indicate that the surface bond contraction due to small size induces a
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compressive stress on the inner part of a grain. This effect plays an important role in
ferroelectric materials in the nanometer size range. The induced stress causes decrease of
Curie temperature and spontaneous polarization: with decreasing grain size, both of these
effects get magnified. Another size- driven effect is the dielectric anomaly that arises due to the
surface bond contraction. The domain wall contribution has an opposite effect compared to that
with the surface bond contraction induced effect. When the grain size decreases to a value
comparable to the width of domain walls, pinning points develop inside the grains and the
domain wall motion is inhibited. The reduced wall mobility causes a decrease in the relative
permittivity. The net effect depends on the relative play of the increase of relative permittivity by
the surface bond contraction effect and its decrease by the domain wall pinning effect. These
considerations are important for designing the nanostructures since if the grain size is smaller
than the critical size, then the residual internal stress in the ceramic may lead to decrement in
the permittivity. The decrement in permittivity is rapid beyond the critical size. Thus, our goal was
to achieve BTO patrticle dimensions in range of 20 — 50 nm which is challenging as smaller sizes

are preferable for coating.

7.1.2 Experimental Procedure

BTO- decorated SIiCN nanotubes were synthesized by pyrolysis of polyurea
(methylvinyl) silazane (Ceraset™ Kion Specialty Polymers, Charlotte, NC) and barium titanium
ethylhexano-isopropoxide metal-organic precursor on the surfaces of MWCNTs. Commercially
available liquid Ceraset and barium titanium ethylhexano-isopropoxide (Alfa Aesar ™) were used
as precursors for SICN and barium titanate respectively. MWCNTs were used as a template
material for SICN monolayer coating. [90] The first step in synthesis was wetting of nanotubes
with Ceraset by addition of 50 vol% of CNTs in a 5 vol% solution consisting of Ceraset and
ethanol. This solution was ultra-sonicated for 30 min resulting in uniform coating of nanotubes

with Ceraset. The second step consisted of adding 10vol% of BTO precursor to Ceraset-CNT
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solution followed by ultrasonication for 1 hr. The solution was then dried in air at ~80C under
magnetic stirring to allow evaporation of ethanol. Dried powder was then cross-linked and
pyrolyzed in an alumina tube furnace using two-step annealing profile under high purity nitrogen
atmosphere. The annealing process consisted of heating the powder to 400C and holding for 2
hrs (for cross-linking of the Ceraset polymer), followed by heating at 900<C for 4 hrs (to convert

polymer into ceramic).

7.1.3 Results and Discussion
Figure 7.1 (a) and (b) show the microstructure of BTO coated on SiCN-MWCNTSs. The
nanotubes were found to have the diameter of 20 to 100 nm while BTO nanoparticles were

found to be in the range of 10 ~ 40 nm in size.
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Figure 7.1 (a) FE-SEM image showing BTO nanopatrticles covering the nanotube surface. Inset
shows high magnification image of the area corresponding to nanotube surface; (b) EDS-
elemental map corresponding to Ba element, showing the presence of barium in the
nanoparticles and (c) EDS- spectra corresponding to Figure 7.1(b).

It was found that the nanotubes with larger diameter were fully coated with BTO
nanoparticles while those with diameter in the range of 20 ~ 40 nm were only partially coated.
This indicates that there is a specific size ratio (rywwent/fsro) beyond which adhesion between the

two phases (BTO and SiCN) becomes stronger due to increased surface area. We also expect

that the wetting characteristics play an important role in achieving the adhesion between SiCN

94



and BTO. Nanotubes with larger diameters contain higher number of surface defects providing
smaller liquid contact angles as compared to thinner nanotubes. Barber et al. have
experimentally shown that wetting properties are dependent upon the diameter (or curvature) of
MWCNTs and the wetting properties are different for internal and external surfaces. [91] A
monolayer coating of SICN on the surface of MWCNTSs increases the surface roughness and
promotes wetting. SEM elemental mapping analysis (BrukerTM EDX with a Silicon Drifted
Detector) revealed presence of barium and titanium on the surface of the sample as shown in
Figure 7.1(b). Corresponding elemental spectra are shown in Figure 7.1(c).

HRTEM analysis was conducted to confirm the presence of BTO nanoparticles (200
keV, FEI Company Titan 300). Figure 7.1(a) and (b) show the TEM images of synthesized

nanoNecklace.

95



Counts

T

Ti
Ba

Ba P
L ‘:‘“‘Ba B B

" "
30 <0 al 61
Eney hev)

Figure 7.2 Scanning TEM images of NTs covered with BTO particles (a) Bright Field (BF) image
(b) High Angle Annular Dark Field (HAADF) image (c) HAADF image of a single NT. Heavy
elements such as Ba appear bright in HAADF mode, (d) X-EDS spectrum from red circle in

Figure 7.1(c).

The bright field image shows the presence of BTO nanoparticles with a clear contrast in

high angle annular dark field (HAADF) image indicating coating of BTO on larger diameter

nanotubes. Figure 7.2 (c) and (d) show the HAADF high magnification micrographs of individual
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nanoNecklace with contrast in distribution of BTO phase and underlying SiCN phase. HAADF —
EDS analysis confirmed the presence of Ba, Ti, Si, O and C elements as shown in the spectrum.
X-ray photoelectron spectroscopy (XPS, PHI Quantera SXM with CasaXPS software)
measurements were conducted in order to confirm the presence of Ba, Ti and O elements on the
surface and investigate the nature of bonding.
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Figure 7.3 XPS spectra of (a) O-1s and (b) Ti-2p peaks, corresponding to BaTiO3z and TiO,
bonding type respectively (Dotted line is Gaussian-Lorentzian (30%) fitted XPS spectra).
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The peaks at binding energy of 530.0 eV and 532.0 eV indicate the presence of TiO,
and SiO, bonds respectively. High resolution (slow scan) XPS confirmed the presence of BTO
bonding arrangement corresponding to binding energy of 458.52 eV as shown in Figure 7.3 (b)
by Gaussian (70%)-Lorentzian (30%) fit (using the CasaXPS software). Combining the results of
TEM and XPS analysis it can be summarized that nanoNecklace comprises of BTO
nanoparticles arranged along the length of large diameter SICN-MWCNT nanotubes. The
morphology of nanoNecklace can be further improved by tailoring the wetting characteristics
through surface functionalization and coatings. A change in wetting characteristics will allow
more uniform coverage of BTO over the MWCNT template resulting in higher dielectric surface
area and hence capacitance.

In order to get a full layer coating on the surfaces of the MWCNTs we propose
functionalization treatment of the MWCNTS. in this approach, the MWCNTSs are treated with acid
which introduces carboxyl OH functional groups on the CNT surfaces. These groups become the
defect sites for the BTO nanoparticles to get attached and form a full layer of coating.

7.2 Synthesis of fully coated barium titanate nanotubes: Nano-sensor

7.2.1 Experimental

60 mg of MWCNTs were immersed in 30 vol% nitric acid and kept at 120C for 12 hrs
under constant stirring. Thus functionalized nanotubes were then rinsed with de-ionized water
until the pH of the system became neutral and then dried in an oven at 80C. In another
experiment, the acid concentration was increased to 40 vol% and the procedure was repeated
for functionalization of MWCNTs. Fourier Transform Infrared (FTIR) spectroscopy was
performed in order to monitor the functionalization of the MWCNTSs. For this purpose, 30 mg of
functionalized MWCNTs were immersed in a mixture of 3 mL of barium titanium ethylhexano-
isopropoxide (Alfa Aesar ™) and 5 mL of Isopropanol. The mixture was then stirred at various

holding temperatures and times as summarized in Table 7.1. The powder was dried and then
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annealed in a tube furnace at 700 C for 2 hrs under high purity nitrogen atmosphere. The
annealed powder was labeled and sealed in bottles for further characterization.

Table 7.1 Functionalization and coating parameters

HNO; conc. 30 vol % 40 vol %
BTO precursor concentration 3mL 3mL
Coating temperature 40, 60,80 C 40, 60,80 C
Coating time 1, 2, 3,4 hours 1,2, 3, 4 hours

7.2.2 Results and discussion:

7.2.2.1 Fourier Transform Infrared (FTIR) Spectroscopy
The surface of the MWCNTs can be chemically modified in order to induce certain
properties. In this study, the MWCNTSs were functionalized with 30% and 40% nitric acid in order

to investigate effect of functionalization on the wetting characteristics of the carbon nanotubes.

(b) OH- functional group
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Figure 7.4 FTIR spectroscopy of functionalized MWCNTSs (a) general transmittance spectrum (b)
peaks showing presence of OH" functional groups.
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Figure 7.4 (a) shows the FTIR spectrum of MWCNTSs functionalized with various acid
concentrations and times. Functionalization of MWCNT can be defined as attachment of
functional (OH-) groups. These functional groups act as defect sites for various compounds to
get attracted. Contact angle of the surface of functionalized MWCNTSs plays a very important role
in determining the degree of coating on the surface. This has been explained in detail in section
7.2.2.3. From Figure 7.4 (b), the peak for OH" functional group can be observed from the
transmittance spectrum at a wavenumber of 3396 cm™. This peak is due to the vibrational
modes of the OH- groups. Thus, the intensity of the peak is higher for functionalization time of 12
hrs with 30 vol% acid concentration. Also, the peak is broad indicating a large number of
carboxyl groups are present on the surfaces of these MWCNTSs. A peak observed at 1711 cm™

corresponds to C=0 stretching further indicating the introduction of carboxyl groups. [92-94]

7.2.2.2 Microstructural Characterization

Figure 7.5 shows the microstructure of BTO nanoparticles decorated functionalized
MWCNT. The nanotubes were found to have diameters of 20 — 200 nm whereas the BTO
nanoparicles size was found to be in the range of 5-25 nm. The coating thickness and coating
yield depends on nanotube diameter and curvature of the surface. The coating temperature was
varied from 40T to 80T and the coating time was v aried from 1 hr to 4 hr while maintaining the
BTO precursor concentration at 3 mL. From Figure 7.5 it can be clearly seen that the coating
yield and coating thickness of BTO nanoparticles increases with increasing coating time.
MWCNTs functionalized for 12 hrs in 30 vol% HNO; were found to be fully coated with BTO
nanoparticles at coating temperature of 40C and an d coating time of 3 hrs respectively. Figure
7.6 shows high magnification SEM image of fully coated carbon nanotubes with BTO
nanoparticles. A thick layer can be revealed at places where the BTO layer is peeled off from the

surface of the MWCNT.
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Figure 7.5 SEM micrographs of MWCNTSs coated with BTO at coating temperature of 40C and
coating time in the range of 1 — 4 hr.

Using high magnification SEM analysis, the coating thickness was observed to be 5 — 15
nm. Surface mapping revealed full coating of BTO nanoparticles on the nanotube surfaces. X-
ray Energy Dispersive Spectrum (EDS) analysis was performed to confirm the presence of Ba,
Ti and O on the surface of functionalized MWCNTs. TEM analysis shown in Figure 7.7 further
confirms the presence of BTO nanolayer on the surface of the functionalized CNTs. The bright
field (BF) and high angle annular dark field (HAADF) images revealed clear contrast between the

CNTs and BTO nanoparticles as shown in Figure 7.8.
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Figure 7.6 Microstructure of fully coated functionalized nanotubes.

Figure 7.7 TEM images of partially coated MWCNTSs with BTO nanopatrticles.
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Figure 7.8 High magnification TEM images of fully coated nanotubes: (a) Bright Field (b) High
angle annular dark field, and (c) EDS pattern of spots 1 and 2.

All the results from microscopy analysis showed that CNTs were fully coated with a thin
layer of BTO. Depending upon the coating temperature and time, the thickness of BTO coating

was found to vary. A line EDS scan was performed in order to quantify the coating thickness of
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BTO on the CNT surface as shown in Figure 7.9 (a). EDS scans were performed across the
entire diameter of the nanotube of diameter ~40nm, thus making each scan segment equal to 4
nm. At the beginning of the scan, intensity for C was highest indicating that the spot was just
outside the CNT _BTO surface. The intensity for C reduced as a function of distance across
EDS line scan up to 12 nm length and at the same time intensities for Ba and Ti increasd for
scans at 8 and 12 nm respectively indicating the coating thickness of BTO. The C intensity
increased in the middle range of the scans from 16 to 24nm indicating the middle portion of the
CNT. At scan number 9 and 10 (i.e. distance 32 and 36nm on the EDS line scan) Ba and Ti

concentration was higher.
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Figure 7.9 (a) Location of line EDS scan on a fully coated nanotubes (b) Intensity variation of
various elements as a function of distance across the scan.

Figure 7.9(b) shows the variation of intensity in various elements across the EDS scan
line. HR-TEM revealed the particle size of BTO to be in the range of 4-5 nm as shown in Figure
7.10(a). This supports our argument that there might be 2 to 3 layers of coating of BTO
nanoparticles on the functionalized nanotube surface. Figure 7.10(b) shows the FFT from a

selected area of the HRTEM image. Spot pattern in the FFT confirms crystalline state of BTO.

104



IR
s #"
- 4 4 .‘-
s PN
-

4 BTO nanoparticles

Fully coated CNT

Figure 7.10 (a) HRTEM image of fully coated nanotube (b) FFT pattern from selected area of a
HRTEM image.

X-ray photoelectron spectroscopy was performed in order to confirm the bonding states
of BaTiO3. The survey spectrum revealed peaks for Ba3d and Ti2p along with Ol1s peak. High
resolution spectrum confirmed the binding energy of 458.52 eV which corresponds to BaTiO;
type of bonding. A Gaussian (70%) — Lorentzian (30%) with Shirley background fit showed nice

agreement with the expected nature of bonding.

7.2.2.3 Contact angle measurements

Thin layer of MWCNT samples was deposited on the Si/SiO2/Ti/Pt wafers using spin
coating with an optimized recipe of 1000 rpm for 10 sec. The samples were than dried in inert
atmosphere. Contact angle measurements were performed using FTA 200 Dynamic Contact
Angle Analyzer (First Ten Angstroms, Inc). The system consisted of a moving stage and a
Sanyo Navitar high resolution camera with zoom. Real-time images were captured with the help

of computer software for further analysis. A water drop was pushed out of a computer controlled
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syringe pump on the surface under investigation which then settled on the nanotube surface.
The drop was then focused on the screen with the help of microscope and contact angle was
measured by drawing the sharp edges of the baseline and the drop. Measurements were

repeated 3 — 4 times and then averaged.
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Figure 7.11 (a) Contact angle measurement setup (b) Contact angle vs. coating time for various
recipes.

Table 7.2 Contact angle measurements

Wetting

Conditions Contact angle (9 tension
(mN/m)

Coating Temp Coating time
Acid %
) Hrs

30 40 1 68.24 26.97

2 51.63 44.95

3 52.30 43.56

4 55.72 40.93
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Table 7.2 — continued.

60 1 60.00 35.63
2 43.82 52.03

3 43.35 52.82

4 48.94 48.00

80 1 56.35 40.21
2 43.82 52.53

3 49.61 49.50

4 45.00 51.29

40 40 1 49.04 47.71
2 55.50 41.22

3 52.59 44.23

4 53.77 43.04

60 1 74.73 19.15
2 65.73 29.89

3 57.17 39.47

4 45.49 50.75

80 1 53.09 43.71
2 46.06 50.52

3 52.15 44.57

4 46.42 51.08

Figure 7.11(a) shows a typical contact angle measurement setup. Table 7.2 summarizes
contact angles for MWCNTs functionalized and coated at various acid concentrations,

temperatures and times. It is well known that lower contact angle corresponds to higher wetting
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effect and hence higher degree of coating. Figure 7.11(b) shows a plot of contact angle as a
function of coating time. From Figure 7.11(b), it is clear that contact angle decreases with

increasing coating time.

7.2.2.41 -V and C -V characteristics
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Figure 7.12 Sequential extraction of fully coated single nanotube using focused ion beam
microscope.
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Extraction of single BTO coated MWCNT from the forest:

MWCNTSs fully coated with BTO were mixed with small amount of isopropanol and then
ultrasonicated for 5 — 10 mins. Using a dropper, the nanotubes were dispersed on a
Si/SIO2/Ti/Pt substrate forming a monolayer. A tungsten tip manipulator inside the focused ion
beam microscope was brought in contact with the fully coated nanotube and welded to the probe
tip by using electron beam induced deposition (EBID) with platinum at the joint. The attached
nanotube was then carefully pulled out from the substrate by retracting the probe to its original
position. The manipulator movement was controlled by a high precision 12 bhit microprocessor
controller. The MEMS chip with gold electrode lines was then brought to a known position. The
extracted single nanotubes was placed between the chosen lines on the MEMS chip and welded
to the gold electrode lines using platinum deposition. The probe was then retracted back to its

position. The process of extracting single nanotubes is shown in Figure 7.12. [95]
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Figure 7.13 (a) | — V characteristics of single fully coated extracted nanotubes (b) C -V
characteristics of single fully coated extracted nanotubes.

The | — V and C - V characteristics were measured using Semiconductor

Characterization System (Model 4200-SCS) from Keithley Instruments, Inc. Figure 7.13 (@)
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shows the | — V characteristics of a single BTO coated MWCNT. From this figure, the resistance
of the MWCNT-BTO nanotube was calculated to 2786.57 Q. The applied voltage range was kept
in the range of -100 mV to 100 mV. Figure 7.13(b) shows the C — V characteristics of a single
BTO coated MWCNT. The capacitance value remained constant on the order of 3.889 nF for the
entire applied voltage range of 0 — 100 mV. In order to address the difficulties in electrical
characterization of the synthesized nanotubes due to the conductivity of the MWCNTs, we
propose following two schemes. In Figure 7.14, the MWCNTs are first fully coated with a
monolayer of an insulator material such as silicon carbon nitride (SiCN), silicon dioxide (SiO,) or
aluminum oxide (Al,O3). After formation of insulation layer, barium titanate (BTO) is coated on
the nanotubes. Electrodes can be made at the ends of the tube by depositing platinum for

electrical measurements.

MWCNT SICN/SIO,/AlO; BTO
core monolayer coating

T

L

Electrical

Pt connection
electrode

Figure 7.14 Proposed design for electrical characterization of BTO coated MWCNTSs

In Figure 7.15, a fully coated MWCNT is assembled on a MEMS chip. In this design, the
CNT core acts as ground electrode and platinum can be deposited on top of the BTO coating

acting as the positive electrode.
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Figure 7.15 Proposed design 2 for electrical characterization of BTO coated MWCNTS.

7.3 Magnetoelectric nanowires

Magnetoelectric nanowires were synthesized by pyrolysis of polyurea (methylvinyl)
silazane (Ceraset’™ Kion Specialty Polymers, Charlotte, NC), barium titanium ethylhexano-
isopropoxide, Iron(lll) ethylhexano-isopropoxide, 10%w/v in isopropanol metal organic
precursors and Cobalt(ll) 2-ethylhexanoate solution 65 wt% in mineral spirits on the surfaces of
MWCNTs. Commercially available liquid ceraset, barium titanium ethylhexano-isopropoxide (Alfa
Aesar ™), Iron(lll) ethylhexano-isopropoxide, 10%w/v in isopropanol (Alfa Aesar ') and
Cobalt(ll) 2-ethylhexanoate solution 65 wt% in mineral spirits (Sigma Aldreich) were used as
precursors for SiCN, barium titanate (BTO) and cobalt ferrite (CFO) respectively. The first step
consists of wetting of carbon nanotubes with ceraset: 50 vol % of CNTs in 5 vol % solution of
ceraset and propanol. The solution was ultrasonicated for 15 min in order to obtain uniform
coating of ceraset on nanotubes. The next step involved addition of 10 vol% BTO precursor to
the ceraset-CNT solution and it was ultrasonicated for 30 min. The third step involved addition of
5 vol% each of cobalt and iron precursor to the solution followed by ultrasonication for 30 min.
The solution was then dried in air at ~80<C to allo w evaporation of propanol. Dried powder was

then cross-linked and pyrolyzed in an alumina tube furnace using two-step annealing profile

under high purity nitrogen atmosphere. The annealing process consisted of heating the powder
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to 400 and holding for 2 hrs for cross linking of ceraset followed by heating at 900C for 4 hrs
for converting polymer into ceramic and ferrite.

Figure 7.16 (a) and (b) shows the microstructure of BTO-CFO decorated nanowires. The
nanowires with diameters in the range of 100 ~ 200 nm were found to be fully coated with
nanoparticles whereas nanowires with relatively smaller diameters (20 ~ 50 nm) were partially

coated with nanoparticles. The nanoparticles were found to be in the range of 10 ~ 30 nm in

diameter.
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Figure 7.16 Microstructure of magnetoelectric nanowires.

112



cps/eV.

BE-RA Fe-RACo-RA
100— l (b)
80—
- Ba
60— Q@Ti Co Ti
- Fe Ba Fe Co
40—
20—
Il Ll A — L [ L
[¢] LIS I L
1 2 3 4 5 6 7 8 9 10

keVv

Figure 7.17 (a) shows the selected area for SEM elemental mapping analysis (Bruker'™ EDX
with a silicon drifted detector). The corresponding elemental spectra and elemental mapping are
shown in (b) and (c) respectively.

Elemental mapping reveals presence of Ba, Ti, Co and Fe on the surface of the sample.
In order to further confirm the presence of nanoparticles on CNTs, HRTEM (FEI Titan 300)
analysis was conducted. Figure 7.18 (a) and (b) shows the BF and HAADF image of the

nanowires. Figure 7.18 (c) shows the HRTEM image of nanotube and single nanoparticles. The

113



contrast clearly reveals presence of nanoparticles attached to the nanotube. Spot EDS analysis

(Figure 7.18 (d)) in HAADF image shows presence of Ba,Ti, Co, Fe and O elements
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Figure 7.18 TEM (a) Bright field and (b) Dark field image of ME nanowires; (¢) HRTEM image of
nanoparticle on ME nanowire (d) EDS spectrum from spot 2.

X-ray Photoelectron Spectroscopy (XPS, PHI Quantera SXM with CasaXPS software)

was conducted in order to confirm the presence of elements and nature of bonding. High

resolution XPS spectrum (longer exposure time) indicated a binding energy of 457.4 eV and

531.5 eV. This indicated presence of TiO, and BaTiO; types of bonding arrangement. Binding
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energy of 778.2 eV corresponds to Coz0,4 kind of bonding. The yield of magnetoelectric
nanowires could be improved by tailoring the surface characteristics and size of nanopatrticles.
There is an optimum size ratio above which the nanowires would be fully coated with
nanoparticles. The size of nanoparticles can be controlled by controlling the precursor
concentration and initial treatments. It can be summarized from HRTEM, SEM and XPS analysis
that the nanowires are coated with BTO and CFO. We were able to measure magnetic

properties of synthesized nanotubes using VSM measurements as shown in Figure 7.19.
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Figure 7.19 M-H curve of ME (SiCN-NT_BTO_CFO) nanotubes

7.4 Improved magnetoelectric properties of piezoelectric— magnetostrictive nanocomposites
synthesized using high-pressure compaction technique

7.4.1 Introduction
Magnetoelectric (ME) effect results in polarization of material with applied magnetic field
and magnetic field induction with an applied electric field. ME composites with particulate

structure show lower magnitude of ME coefficient as compared to that of laminate composites
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[96-105]. However, the advantages of particulate composites are simpler and cheaper synthesis
technique, availability of wide range of compositions, scalability, and presence of both direct and
converse ME effect. Thus, there has been continuous emphasis on enhancing the magnitude of
particulate composites [106, 107]. In this section, we report the properties of particulate
composites synthesized using: (1) high-pressure compaction sintering technique and (2)
conventional technique. The results clearly show that highpressure sintering technique results in
improved ME coefficient. We also study the effect of ratio of piezoelectric and magnetostrictive
phase in the core-shell nanoparticles which are used to synthesize high-pressure sintered
composites. The advantage of using core-shell particles in comparison to individual piezoelectric
and magnetostrictive particles for synthesizing composite is that it results in controlled
distribution of one phase with respect to other. This preserves the individual electrical and

magnetic properties of each phase.

7.4.2 Experimental procedure

The synthesis of nickel ferrite (NFO) nanoparticles was performed by standard airless
chemical synthesis technique in a nitrogen atmosphere. The reagents were obtained from
commercial sources (Sigma-Aldrich, Inc.) and used without further purification. In a typical
synthesis of 18-nm NFO nanoparticles, a mixture of 1 mmol of Ni-1l (acetyl acetonate) and 2
mmol of 1,2-hexadecanediol (HDD) was added to a 125-mL European flask containing a
magnetic stir bar. Benzyl ether (BE, 20 mL) was then transferred to the flask and the contents
were stirred while purging with N2 for 20 min at room temperature. The flask was heated to 120
T for 20 min and 1.5 mmol of iron pentacarbonyl [F e(CO)s] was injected into the flask while
continuing the N, purge. After 3 min, 5 mmol each of oleic acid and oleylamine were injected and
the mixture was maintained under N, blanket and heated to 160 T at a rate of 5 T/min for 10
min. Next, the flask was heated to the refluxing temperature of 295 T for 30 min before cooling

down to room temperature under the N, blanket. Size of the NiFe,O, (NFO) nanoparticles was
116



controlled well by varying the solvents, amount of surfactants, and heating rates. For example,
when BE was replaced by phenyl ether while keeping other reaction parameters unchanged,
particles size was reduced from 18 to 6 nm. If BE was used as solvent and amount of both the
surfactants were increased from 5 to 10 mmol, the size of the particles was increased from 18 to
22 nm. TEM images and X-ray diffraction patterns of the as-synthesized particles are shown in

Figure 7.20 (a—d).
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Figure 7.20 (a), (b) and (c) TEM image of the NFO patrticles with varying particle size, (d) X-ray
diffraction pattern of the nanoparticles, and (e) magnetic properties of PZT/NFO nano-particles.

Piezoelectric  particles  were  synthesized  corresponding to  formulation
0.8[Pb(Zrg55Tio.48)03]-0.2[Pb(Zn15Nb,3)Os] (PZT) using conventional mixed oxide route. Coating
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of NFO nanoparticles on PZT was performed by chemical synthesis method following the
procedure described above with addition of PZT particles, as seeds, that were coated after the
procedure. Keeping the PZT concentration constant at 6.1 mmol, NFO concentration was
increased twice and thrice to obtain Schemes 2 and 3, respectively. Hence, molar ratios of PZT
to NFO precursors are 2.44:1, 1.22:1, and 0.81:1 for Schemes 1, 2, and 3, respectively. Table

7.3 shows the three different schemes of NFO/PZT solution used to synthesize the composite

particles.
Table 7.3 Variation of PZT to NFO coating in the composite nanoparticles
Ni (1) 1,2 Benzyl Iron
Oleic | Oleyl
PZT (acetyl Hexadecanediol | ether | pentacarbonyl
acid | amine
acetonate) (HDD) (BE) Fe(CO)s
Scheme | 6.1 5 5
1 mmol 1 mmol 20 ml 1.5 mmol
1 mmol mmol | mmol
Scheme | 6.1 10 10
2 mmol 2 mmol 50 mi 3 mmol
2 mmol mmol | mmol
Scheme | 6.1 15 15
3 mmol 3 mmol 60 ml 4.5 mmol
3 mmol mmol | mmol

The particle size of NFO was 22 nm for all the schemes. Magnetic properties of as-
synthesized particles with Schemes 1, 2, and 3 are shown in Figure 7.20 (e). As the amount of
magnetic phase increases, the magnetic moment and magnetization increases from 3.50

memu/mg for Scheme 1 to 17.40 memu/mg for Scheme 2 and 23.13 memu/mg for Scheme 3.
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7.4.3 Results and discussion

To investigate the effect of NFO-PZT ratio, the coated particles were used to synthesize
the particulate composite structure. Pellets of three different schemes were pressed in a 0.25-in.
die under hydraulic pressure of 2 kpsi followed by cold isostatic pressure of 30 kpsi. Thin layers
of PZT were pressed on top of the pellets to increase the resistivity. The samples were then
sintered at 1040 € for 3 h under a 150 g weight. A ll the recovered samples were bi-layered, with
one layer each of PZT and PZT-NFO with thickness 0.4 mm. The grain size was found to
reduce with increasing NFO concentration in the composite. Figure 7.21 (a—c) shows
microstructure of sintered samples with schemes 1, 2 and 3 respectively. The composite with
Scheme 1 was found to exhibit uniform and dense microstructure while composites with
Schemes 2 and 3 had presence of porosity. Thus, composite hanoparticles of Scheme 1 were

used for high-pressure sintering experiments.
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Figure 7.21 Microstructure of sintered magnetoelectric composite samples using different
schemes (a) Scheme 1 (b) Scheme 2 (c) Scheme 3; (d) Cross — section image of bilayer sample
consisting of PZT and PZT-NFO phases.

The composite with Scheme 1 was found to exhibit uniform and dense microstructure
while composites with Schemes 2 and 3 had presence of porosity. Figure 7.22 shows the
variation of ME coefficient as a function of DC bias field for three different schemes. Sample with
Scheme 1 shows the highest ME coefficient of the order of 105 mV/cm Oe at 500 Oe DC bias

field. Thus, composite nanoparticles of Scheme 1 were used for high-pressure sintering

experiments.
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Figure 7.22 Magnetoelectric coefficient of the composites with three different schemes as shown
in Table 7.3. The ratio of PZT to NFO decreases from Scheme 1 to 3.

High-pressure sintering was conducted to achieve homogenous microstructure with
ordered distribution of NFO phase. PZT-NFO composite particles were pressed using a 0.25-in.
disc-shaped die at 2 kpsi and sintered at 1 GPa and 600 for 30 min using Rockland SV-TC
high compaction machine. After sintering, the bi-layer sample was removed from the metal die
using a coarse file. The thickness of PZT-NFO layer in this bi-layer composite was 0.2 mm. The
sample was then annealed at 1040<C for 3 h, electro ded, and, subsequently, poled at 2.5 kV/mm
in silicon oil bath at 120C for 30 min. This sample was measured to have a longitudinal

piezoelectric coefficient of 164 pC/N, dielectric constant of 880, and dielectric loss factor of 1.4%.
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Figure 7.23 (a and b) shows the TEM bright-field (BF) and darkfield (DF) image of PZT—
NFO-sintered composite. The contrast clearly shows the presence of NFO phase (dark spots at
BF) on the bigger PZT grains. SAED pattern indicates the presence of NFO (111) phase with
some arc formation in the ring diffraction pattern. The arcs suggest minor texturing effect of NFO
phase for some of the grains in the area under investigation. These NFO fragments are fully
crystallized after the sintering and annealing process. Based upon the TEM analysis, the

microstructure of the composite is schematically depicted in Figure 7.23 (c).
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Figure 7.23 TEM analysis of the high pressure compacted nanocomposite (a) bright-field image,
(b) dark-field image, and (c) schematic illustration of the microstructure under high pressure
compaction.

The microstructure reveals well-grown PZT grains with NFO clusters dispersed along the
initial grain boundary formed during high-pressure compaction. These NFO clusters migrate from

the initial location resulting in mixed orientation of NFO phase at the initial grain boundaries of

PZT grains as well as randomly dispersed NFO islands on PZT grains.
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Figure 7.24 Magnetoelectric coefficient as a function of DC bias field for the high-pressure
compaction-sintered sample

Figure 7.24 shows the variation of ME coefficient as a function of DC bias field for the
composite sample synthesized by high-pressure compaction sintering technique. The peak ME
coefficient of 187 mV/cm Oe was found at 285 Oe DC bhias field. The result clearly shows that
highpressure compaction results in enhanced ME coefficient compared to the conventionally
sintered samples. This enhancement may be correlated to partially ordered distribution of NFO
particles with specific orientation along the PZT grains as shown in Figure 7.23 (c). Piezoelectric
grains in this microstructure are expected to be under finite compressive strain due to difference
in volume of unit cell between spinel and perovskite phase. The lattice parameter of PZT in
particulate-sintered composite sample of Mn modified NFO (NFM) and PZT was measured to be

@’z = 3.87 A °and ¢ °,» = 4.07 A °with c/a = 1.052 while NFM as a yew = 8.42 A ¢ resulting in a ~
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8% lattice mismatch between the two structures [108]. However, by synthesizing those in
composite form such that the phase separation occurs at grain boundaries may accommodate
this strain through the creation of misfit dislocations which will provide improved bonding.
Dislocations’ lifting the incoherency relieves the total internal strain through partially ordered
distribution of the NFO phase along the boundary whose width will be determined by the change
in free energy of the system with and without ordering of NFO and its shape factor. In
conventional particulate-sintered composites consisting of magnetostrictive and piezoelectric
grains, the interfacial defects are distributed throughout the microstructure resulting in porosity
and heterogeneity. This drawback can be overcome by synthesizing the microstructure shown in
Figure 7.23. In addition, the ordered distribution of NFO phase will preserve the physical
properties of piezoelectric and magnetostrictive phase. In particulate-sintered composites
consisting of random distribution of magnetostrictive particles, there is excessive cross-diffusion
of ions across the interface. Recently, it was shown in Cu-modified nickel zinc ferrite (NCZF)—
PZNT composites that Cu ions diffuse into PZNT while Pb ions diffuse into NCZF [109]. This
cross-diffusion lowers the magnitude of magnetostrictive constant and piezoelectric voltage
constant. Another drawback of particulate-sintered composites is connectivity of the ferrite
particles which lowers the overall resistivity and reduces the poling voltage. However, by
confining the distribution of NFO along the grain boundaries and controlling the fraction of such
boundaries, higher poling voltage can be applied. Recent results by Gro'ssinger et al. on
composite consisting of 50% cobalt ferrite—50% barium titanate in “coreshell” structure shows 20
times larger Magnetoelectric coefficient as compared to randomly dispersed composites [110].
The results were analyzed in terms of coupling coefficient k, given as Kpar = ApadApa/dH, where
Aoar represents the longitudinal magnetostriction, H is the applied magnetic field, and d is the
effective sample thickness. It was shown that magnitude of ME coefficient increases with k which

is higher for core-shell structure. These results are consistent with our own data which shows
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that core-shell Pb(Zr,Ti)O; (PZT)-NiFe,O, (NF) particulate nanocomposites provide higher
magnitude of ME coefficient [111]. In this case, core-shell composite resulted in good interface
bonding and effective strain transfer across the interface. These prior results further indicate that
the microstructure in Figure 7.23, which has a resemblance to core-shell structure, can provide
effective elastic coupling between the magnetostrictive and piezoelectric phases. The magnitude
of magnetostriction coefficient, A,s, and k will be higher for the NFO-ordered phase distribution
along the grain boundaries due to texturing and phase separation.

7.5 Chapter summary

In summary, we have successfully demonstrated the synthesis of BTO nanoparticles-
decorated SiCN-multiwalled carbon nanotubes — “nanoNecklace”. Structural characterization
performed using SEM and TEM revealed the presence of BTO nanopatrticles in the size range of
10-40 nm while XPS analysis confirmed the perovskite phase. Next, functionalized MWCNTs
fully coated with barium titanate were synthesized and characterized using techniques such as
FTIR, SEM, HR-TEM, EDS. The wetting characteristics were studied to optimize coating
parameters. SICN-NT coated with BTO nanoparticles were further coated with magnetic material
CFO. Partially and fully coated SICN-NTs covered with BTO and CFO nanoparticles were
observed under SEM and TEM. EDS and XPS characterization confirmed the bonding states of
the respective compounds.

In order to study and understand magnetoelectric phenomenon we synthesized core-
shell nanoparticles based macro-scale ME composites. Synthesis process involved the high-
compaction sintering of PZT-NFO nano core-shell structure to form a dense ME particulate
composite. The results show that high-compaction sintering technique can provide large
magnetoelectric coupling. In addition, it was shown that composites corresponding to formulation

1:1 (Scheme 1) have the highest magnetoelectric coefficient which could be related to higher
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resistivity and dense microstructure for equivalent fraction of piezoelectric and magnetostrictive
particles.

In order to study and understand magnetoelectric phenomenon we synthesized core-
shell nanoparticles based macro-scale ME composites. Synthesis process involved the high-
compaction sintering of PZT-NFO nano core-shell structure to form a dense ME particulate
composite. The results show that high-compaction sintering technique can provide large
magnetoelectric coupling. In addition, it was shown that composites corresponding to formulation
1:1 (Scheme 1) have the highest magnetoelectric coefficient which could be related to higher
resistivity and dense microstructure for equivalent fraction of piezoelectric and magnetostrictive

particles.
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CHAPTER 8
PIEZOELECTRIC ENERGY HARVESTING
8.1 Introduction

Recent advancements in power electronics have created the opportunity for developing
energy harvesting devices that can meet the needs of wireless sensor nodes in a distributed
network. Vibration energy harvesting is one of the important mechanisms which is being
explored for this purpose. There are four different methods for harvesting the vibration energy,
namely piezoelectric, electromagnetic, electrets, and electrostatic. Depending upon the scenario,
all these methods have certain advantages and disadvantages. Our research focus in on
improving the power density of piezoelectric energy harvesters which mostly utilizes bimorph
transducers mounted as fixed — free cantilever. There are three important parameters that
should be addressed for improving the efficiency of bimorph transducers: (i) piezoelectric
coefficient of material (i) analytical model for optimizing dimensions of bimorph to tune the
working frequency, and (iii) fabrication process for simple manufacturing.

The primary criterion for selection of piezoelectric material for high energy density
depends on the piezoelectric charge constant (d) and piezoelectric voltage constant (g) [112].
Islam et al. have showed that material parameter “n” is correlated with “g”, and the magnitude of
g increases as the magnitude of n decreases [113]. At the same time, several studies have
proposed models for predicting the static behavior of piezoelectric bimorphs [114-116]. Recently,
Wu et. al. have proposed a method for calculating the tip deflection at resonance incorporating
the damping ratio of the structure [116]. Roundy (2004) [117], and Erturk and Inman (2009) [118]

have modeled and experimentally validated the electrical output power of a piezoelectric
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bimorph energy harvester using two different electromechanical approaches, single degree of
freedom and distributed parameter model. In this study, we utilize these prior results to develop
piezoelectric bimorph with optimum material and structural performance.

8.2 Experimental procedure

Piezoelectric ceramic composition was synthesized using conventional mixed oxide
ceramic processing route. Reagent-grade powders of PbO, ZrO,, ZnO, NiO, Nb,Os, MnO,, and
TiO, were obtained from Alfa Aesar Co. (Ward Hill, MA). Stoichiometric ratios of powders
corresponding to the composition 0.9Pb(ZrgsgTig44)O3 — 0.1Pb[(ZNg g/3Nig 23)Nb23]O3 + 2 mol%
MnO, (PZTZNN) and 0.8[Pb(Zrgs5Tio.48)03]—0.2[Pb(ZNn15Nb,3)03] (PZTPZN) were ball milled
with ethyl alcohol and YSZ grinding media (5 mm diameter, Tosoh Co. Tokyo, Japan) in a
polyethylene jar for 24 h. After drying, the powders were calcined at 800C for 3 h. Calcined
powder was crushed, sieved and then ball milled separately with alcohol and grinding media for
30 ~ 48 h. After ball milling, the powders were dried at 80C and sieved. Sieved powders were
pressed in to discs of dimension 12.7 mm x 1 mm using a hardened steel die and hydraulic
press under a pressure of 1.5 ksi. The green body was next treated in cold isostatic press (CIP)
operating at 20 ksi for 10 min for schemes 1 and 2 whereas for 30 min for scheme 3 and 4 in
order to improve the density. Schemes 1, 2 and 3 were used to synthesize PZTZNN composition
and scheme 4 was used to synthesize PZTPZN composition. Different sintering profiles were
used corresponding to: single step sintering profile (scheme 1 for PZTZNN and scheme 4 for
PZTPZN) and two step sintering profile (scheme 2 and scheme 3 for PZTZNN). The samples
were sintered in air atmosphere using a Sentrotech furnace at 1050C — 2h in scheme 1 and
1100C — 3 h in scheme 4. In scheme 2, samples were held at 1100<C for 5 min and then rapidly
cooled to 1000C and held for 4 h. In scheme 3, sam ples were heated to 1050C and held for 5
min followed by rapid cooling to 950C and holding for 4 h. It has been shown that two step

sintering profile results in smaller grain size and higher density.
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The sintered samples were then polished and electroded using Ag-Pd electrode with
firing temperature of 650C. The samples were poled at 3-4 kV/mm using a high voltage supply
in an oil bath maintained at 120C. The piezoelectric charge constant of poled samples was
measured by APC YE 2730A di; meter. Resonance characteristics were determined by HP
4194A impedance analyzer (Hewlett Packard, USA). Table 8.1 summarizes the piezoelectric
properties of materials synthesized using schemes 1, 2, 3 and 4. In order to fabricate the
bimorphs, rectangular plates were pressed and sintered and then polished along the thickness to
0.4 mm. The final dimensions of the fabricated bimorphs were 25 x 7 x 0.5 mm?® for scheme 1
and 25 x 5.5 x 0.4 mm?® for schemes 2, 3 and 4. Two polished plates were electroded, poled and

attached to brass foil in sandwich configuration as shown in Figure 8.1(a).
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Figure 8.1 (a) Schematic diagram of the bimorph transducer, and (b) Picture of the experimental
setup for characterizing output voltage and power.

Fabricated bimorph was mounted on a Ling dynamic shaker as shown in Figure 8.1(b)

using a custom clamp. A tip mass of 2.36 grams was attached at the free end of bimorph for

dynamic force excitation at the mechanical resonance as shown in Figure 8.1(b). Acceleration

measurements were taken on the base of the structure and tip mass by using a shear
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accelerometer (Piezotronics, Inc.), PDV 100 Laser vibrometer (Polytech, Inc.) and a spectral
analyzer (Siglab Model 20-42). The output from the accelerometer was sent through a sensor
signal conditioner (Piezotronics Inc. Series 481). The output from laser vibrometer was recorded
using Siglab. A small breadboard was used to vary the load resistors across the output of
bimorph electrical terminals. The Siglab analyzer was used for collecting the time traces, power
spectrums of acceleration and output voltage, and the transfer function from base acceleration to
tip mass acceleration.

8.3 Results and discussion

8.3.1 Microstructure and material properties

Piezoelectric plates fabricated using two step sintering profile were found to show higher
densities. The density for PZTPZNN was found to increase from 7.41 g/cm3 in single step
sintered sample to 7.89 gm/cm?® for two step sintering using scheme 2 and to 7.95 gm/cm? for
scheme 3. The density for PZTPZN was found to be 7.88 gm/cm?® synthesized using scheme 4.
Figure 8.2 (a) — (c) shows the microstructure of PZTZNN plates observed using LEO (Carl Zeiss
SMT, Inc.) 1550 high-performance Schottky field-emission SEM. Figure 8.2 (d) shows the
microstructure of PZTPZN plates. Chen et al. have shown that rapid grain growth occurs during
the final stage of single step sintering resulting in larger grain sizes. On the other hand, two step
sintering process results in smaller grain size and higher density. The grain size was found to
decrease for PZTZNN plates from 3.3 um for scheme 1 to 2.29 um for scheme 2 t01.43 um for
scheme 3 and for PZTPZN plates sintered with one step sintering profile the grain size was
found to be 1.306 um [119]. All the grain sizes were determined from the SEM micrographs by
using linear intercept method. It is known that Zn doping enhances the density of ceramics by
promoting solid state sintering where Zn occupies the Zr and Ti sites resulting in oxygen

vacancies [120].
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Figure 8.2 Microstructure of sintered PZTZNN plates (a) scheme 1, (b) scheme 2, (c) scheme 3
and (d) Microstructure of sintered PZTPZN plates (scheme 4).

Figure 8.3 (a) — (c) shows the cross — sectional SEM images of sintered PZTZNN plates
for schemes 1 — 3 respectively whereas Figure 8.3 (d) shows the cross — sectional SEM images
of sintered PZTPZN plates. It can be noted from Figure 8.3 that dense microstructure was
obtained with two step sintering. EDX analysis was performed using Oxford INCA Energy E2H
X-ray Energy Dispersive Spectrometer (EDS) system with silicon drifted detector. Figure 8.4 (a)
— (c) shows the SEM — EDX analysis of various elements for PZTZNN plates sintered in

schemes 1 — 3. The concentration of Zn as detected in EDX was found to increase from scheme

133



1 to scheme 3. This may be due to the segregation effect along the grain boundaries during
nucleation and grain growth [121]. Although, schemes 1, 2 and 3 have same composition (i. e.
PZTZNN), the variation in the sintering procedure results in different defect concentration and
distribution, homogeneity, grain size and apparent density resulting in the difference in
piezoelectric and dielectric properties [122, 123]. For example, Priya et al. have shown the effect
of Mn doping on the piezoelectric and dielectric properties of PZNT single crystals demonstrating

the systematic changes in properties with dopant concentration [124].
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Figure 8.3 Cross-sectional SEM images of the sintered PZTZNN plates (a) scheme 1, (b)
scheme 2, (c) scheme 3, and (d) Cross — sectional SEM of sintered PZTPZN plates (scheme 4)
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(a)

Element Weight% Atomic%
oK 14.87 58.55
Ti K 6.54 8.60
Mn K 0.75 0.86
Mi K 0.21 022
ZnK 0.49 0.47
ZrL 15.70 10.84
Nb L 472 320
Pb M 56.73 17.25

Total: 100

(b)

Element Weight% Atomic%
OK 15.57 60.69
TiK 5.70 7.42
Mn K 0.42 0.48
Mi K 0.19 0.21
ZnK 0.66 0.63
ZrL 14.53 9.93
MhL 4.60 3.09
Pb M 58.33 17.56

Total: 00

(c)
oK 12.96 54.92
Ti K 6.24 B8.83
Mn K 0.67 0.83
Mi K 0.16 018
Zn K 0.70 0.73
Zrb 1425 10.59
MNb L 6.22 4.72
Phb M 58.67 19.20

Total: 100

Figure 8.4 SEM EDX analysis for elements Ni and Zn in the PZTZNN sintered plates (a) scheme
1, (b) scheme 2, and (c) scheme 3.
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The piezoelectric and dielectric properties were found to improve in two step sintering.
Table 8.1 and 8.2 list the relevant dielectric and piezoelectric constants for samples synthesized
using four different schemes. The dielectric constant of PZTZNN plates reduced from 538 for
scheme 1 to 375 for scheme 3 whereas the dielectric constant of PZTPZN plates (scheme 4)
was found to be as high as 1588. The coupling coefficient of PZTZNN plates improved from 0.25
for scheme 1 and 2 to 0.27 for scheme 3 and was found to be 0.57 for PZTPZN plates (scheme
4). The product (d.g) was found to increase with decreasing grain size. Figure 5 shows the
variation of product (d.g) as a function of grain size for schemes 1 — 3 (PZTZNN plates) and
scheme 4 (PZTPZN plates).

Table 8.1 Dielectric and electromechanical properties of synthesized compositions.

Scheme / £33I/£0 kp Qm d33 033 d33.933 (:I.O-lb n
Composition (PCIN) m?/N)
(10°
V.(m.N)™

1/PZTZNN 538 | 0.44 | 704 153 32 4922 1.179
2/ PZTZNN 475 | 0.45 | 673 167 39 6646 1.167
3/ PZTZNN 375 | 047 | 780 165 44 8205 1.155
4 | PZTPZN 1588 | 0.59 | 78.7 400 28 11406 1.197
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Table 8.2 3-1mode piezoelectric properties.

Scheme/Composition Ka1 ds; (PC/N) 031 (10° mV/N)
1/PZTZNN 0.25 56 11
2/ PZTZNN 0.25 53 12
3/ PZTZNN 0.27 50 15
4 /PZTPZN 0.32 153.73 11

12000 - T - T - T T
—_ m PZTPZN (Scheme 4)
Z
~~
NE 10000 1
o)
-
O gooolk mPZTZNN (Scheme 3) ]
i
b4 ]
—’ m PZTZNN (Scheme 2)
&
o 6000 |- 4
& PZTZNN (Scheme 1) =
©
4000 L 1 L 1 L 1 L 1 L
1.0 15 2.0 2.5 3.0 3.5

Grain size ( pm)

Figure 8.5 Product (d.g) as a function of grain size for PZTZNN plates (schemes 1, 2 and 3) and
PZTPZN (scheme 4).

8.3.2 Theoretical analysis of output power from bimorph transducer
The bimorph transducer consists of one metal plate (substructure) sandwiched between
the two PZTZNN or PZTPZN plates as shown in Figure 8.1 (a). The effective moment of inertia

(M.1.) of the composite beam can be defined as [116]:
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Iy =21+ = |l )

bh, (h, /2-y)’

| = 2

D 12 (2)
bh?

| = 3

T ()

where Is is the moment of inertia of substructure plate, I, is the moment of inertia of piezoelectric
plate, b is the width of bimorph, Es are E, are Young’'s modulus of metal (substructure) and PZT
respectively, and hs, and h, are thickness of metal substructure and PZT respectively. The

centroid position of beam is given by Eq. (4) as:

[

Y= [aa

(4)

where, y is the distance of centroid from the base reference plane, and A is the cross sectional
area of the plate. Figure 8.6 schematically shows the neutral axis position. Due to the symmetric
geometry of bimorph, centroid is located at the center of total thickness of beam and neutral

plane passes through the centroid. Therefore y = 0 for this study.

Figure 8.6 Depiction of neutral axis position.

Wang and Cross [125] have proposed the analytical solution for resonance frequency of

bimorph as following:
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. _ 352 \/ E, J1+ 3(1+3B)2 + 4AB° ©
r 2 2
Pi¥is 3pp 41+ B)°(BC +1)
For bimorphs fabricated with scheme 2 and 3; A = E,/E, = 1.667, B = hg/2h, = 0.0625, C = &
Py

=1.114,t=hg + 2h, = 8.5 x 10" mand L = 25 x 10° m. The analytical resonance frequency for
PZTZNN bimorph fabricated by scheme 1 was calculated to be 780 Hz. The analytical natural
frequency for bimorph was calculated to be 631 Hz. For a clamped-free beam with a tip mass of

M,, and length L, the fundamental natural frequency is given as [126]:

A 3El
Y2z XM, + 024M,)

(6)

where M, is the mass of the beam. The mass of beam can be calculated as follows: density of

PZT = 7900 kg /m®, volume of PZT = 2Lwt | x107° m?, density of brass = 8800 kg /m?, volume

of brass = Lwt,, x10™° m®, and hence; M, = p, V, + P Vi = 0.935 gm. Thus, using Eq. (6) the

analytical resonance frequency of clamped — free bimorphs for PZTZNN plates synthesized
using scheme 1 was calculated to be 282 Hz and for PZTZNN plates synthesized using scheme
2 and 3 and PZTPZN plates synthesized using scheme 4 was calculated to be 187 Hz.

Various piezoelectric vibration energy harvesters utilize cantilever beam architecture due
to the simplicity in tuning the resonance frequency to a desired range. Alteration of the beam
resonant frequency is performed by changing the dimensions of the beam or by
increasing/decreasing the seismic mass. Distributed parameter correction factors to the SDOF
model provides accurate results around the resonant frequency. Distributed parameter
correction factors are especially useful when the electrode sees a spatially varying

velocity/displacement field. A distributed parameter model of a piezoelectric bimorph cantilever
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beam has been developed by Erturk and Inman [118]. This model was further modified by Oliver

and Priya and for a single vibration mode was formulated into a block diagram form [127]. Based

on the Euler-Bernoulli beam model, the coupled equations of motion (in modal coordinates) and

electrical circuit equation for a piezoelectric bimorph bender are given for the ™ mode as [118]:

M, d*y(@) |

d*n; (1) 120, pepsy s 55
T T e ) 200 = e @ (0o
d”y(t)
_Mt(I)r(L) dt2
C s
Cpdut) au i =x dys(t)
a dt 2R, dt

where the following is a list and description of parameters:

X- distance along beam

@, (X) - modeshape of the cantilever beam as a function of distance along beam
7, (t) - modal displacement

M , - mass of beam

M, - tip mass of cantilever

¢, - modal damping coefficient

w, - modal natural frequency

L - total length of the cantilever beam

%, - backward modal coupling term piezoelectric system for ™ mode
K, - forward modal coupling term piezoelectric system for ™ mode

hpc - distance from the ceramic centerline to the neutral axis

hp - thickness of piezoceramic
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hS - thickness of substructure

b - width of beam

Cp - capacitance of bimorph layer

d,, - piezoelectric constant

SlE1 - elastic compliance of the piezoelectric layer at constant electric field

a — Constant, for parallel connection of layers = 1, for series connection of layers =2
ip- total current production in system

U - voltage across the load resistance

R, - load resistance
Additional details on derivation of Eq.(7) and (8) can be found in Ref. 118. The capacitance of

bimorph is given as:

C,=— 9)

The backward modal coupling creates the electrical damping on the mechanical structure given

as:

zr = x=L (10)

Cshah, | 4 2 dx

1 d,b( h? h,\* ) d®, (x)
= T3l __(hp-’_ j T rN7

where hg and hp are the thicknesses of the piezoceramic and substructure layers, s is the

modulus of elasticity for the ceramic, d,, is the piezoelectric constant, b is the width of the

beam [145]. The modal coupling term transducing modal velocity to current in the electrical

equation is given by:
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_ d31hpcbj d2cDr (X) dx = d31hpcb d(I)r (X)
E

TSy o O s;  dx 7 (11)
F H, : U
4# 1 > Ja)Kr >
2 2 : _ C
o —0°+2 0, (] a P
2R a
Fe

Ar

Figure 8.7 Block diagram for energy generation from parallel (a=1) and series (a =2) connected
piezoelectric bimorph transducer.

The equations of motion above can be easily rearranged into the block diagram form shown in

Figure 8.7 to show the effect of the mechanical system on the electrical output and the feedback
term with which the electrical system effects the mechanical vibration of the system. H (S) ,
F,(s) and U (S) are the Laplace transforms of the modal forcing, modal displacement, and

output voltage. The output voltage and power for a series (a=2) and parallel (a =1) connected

bimorph operating around the ™ mode can be reduced to the following equations:

ja)xr(lvll_bJ:@r(x)dH M, @, (L)J

u(t) = " (a)zYoe"“’t) (12)
(ot 2)@! -0 + |2, 0,0)+ joK, 2,
2R a
UZ
P )= 13
g (1) R (13)
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Figure 8.8 shows the transfer function between base acceleration and seismic mass
acceleration measured using an accelerometer mounted on the structure and a laser vibrometer
focused on the tip of cantilever beam. For calculation of experimental damping ratio, the half
power bandwidth method was employed [128]. Note that the random noise excitation and the
sine wave excitations do not match, indicating that the response is a function of excitation levels.
For the purposes of the model, the damping ratios were estimated using sine wave excitation at
the levels used in the experiment. The maximum electrical power (Pe max) Can then be calculated

by using Eq. (11) as:

mY2 3
I:)e,max = —a)n (15)

165,

It can be noted in Eqg. (15) that power is inversely proportional to the damping ratio ({m) and

directly proportional to the square of acceleration (a). The damping ratio of system can be
reduced by optimizing the material properties and structural support of the cantilever, in order to

maximize the available energy.
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Figure 8.8 Base to tip-mass transfer function used to calculate the damping ratio
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The system parameters for the PZTZNN and PZTPZN bimorphs have been summarized in

Table 8.3.
Table 8.3 System parameters for Piezoelectric bimorph schemes
Piezoceramic Piezoceramic Piezoceramic Piezoceramic
Bimorph bimorph bimorph bimorph
Parameters Schemel/ Scheme2/ Scheme3/ Scheme4/
PZTZNN PZTZNN PZTZNN PZTPZN
Length, L
25 25 25 22
[mm]
Width, b [mm] 5.3 5.3 5.3 5.5
Thickness, h 0.53 (piezo) 0.4 (piezo) 0.4 (piezo) 0.4 (piezo)
[mm]
0.05(brass) 0.05(brass) 0.05(brass) 0.05(brass)
7800 (piezo) 7800 (piezo) 7879(piezo)

Mass density

7800 (piezo)

8800 (brass)

kg/m®
[kg/m] 8800 (brass) 8800 (brass) 8800 (brass)
Young’s ) . ] ]
66 (piezo), 66 (piezo), 66 (piezo), 66 (piezo),
Modulus
110(brass) 110(brass) 110(brass) 110(brass)
[GPa]
Piezo.
Constant, d z; 56.2 53.3 50.0 153.73
[pPm/V]
Permittivity, €
538.5¢, 475¢, 376¢, 1587.93 ¢
(nF/m)
Mechanical
Damping 0.025 0.025 0.025 0.025
Ratio
Tip Mass [kg] 0.00236 0.00236 0.00236 0.00236
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The analytical model was used in order to predict the power output of fabrication
schemes 2, 3, and 4 producing a reasonable match to the measured results, as shown in Figure
8.9, Figure 8.10 and Figure 8.11. Bimorphs fabricated with PZTPZN plates (scheme 4) was
found to generate the highest power output of the three devices. In this case, the generated
output power was found to be 49.5 pW across a load of 90 kQ at 0.2g,,s base excitation at
frequency of 193.1 Hz with a mechanical damping ratio of 0.025. It should be noted here that
due to the more compliant piezoelectric material, the length of beam was shortened to 22 mm in
order to produce a resonant frequency on the order of 190 Hz. Bimorph fabricated with two step
sintered PZTZNN (Scheme 3) was found to generate a power output of 49.1 uW across a load of
178 kQ at 0.2g,ms base excitation, frequency of 197.25 Hz, and mechanical damping ratio of
0.025. The model provides accuracy in order of magnitude and frequency location, and is
beneficial in seeing the general impact of several parameters on the output power. For single
step sintered PZTZNN bimorph (scheme 1), the generated output power was found to be 7.5 pyW
across a load of 178 kQ with tip mass of 2.36 gm and a base excitation of 0.2g,s. Using the
fabrication techniques of two step sintering PZTZNN bimorph (scheme 2), with a tip mass of 2.36
gm the resonance frequency was found to be 184.4 Hz. At this frequency, the bimorph was

found to generate output power of 42.9 pW across a load of 90 kQ at 0.2g,,s base excitation.
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Figure 8.9 Theoretical and experimental output voltage and power characteristics of PZTZNN
bimorph transducer fabricated by scheme 2. Operating frequency of the transducers was 184.4
Hz with base acceleration of 0.2g,,s and damping ratio of 0.025.
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Figure 8.10 Theoretical and experimental output voltage and power characteristics of PZTZNN
bimorph transducer fabricated by scheme 3. Operating frequency of the transducers was 197.25
Hz with base acceleration of 0.2g,,s and damping ratio of 0.025.
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Figure 8.11 Theoretical and experimental output voltage and power characteristics of PZTPZN
bimorph transducer fabricated by scheme 4. Operating frequency of the transducers was 193.1
Hz with base acceleration of 0.2g,,s and damping ratio of 0.025.

As shown in Figure 8.9, Figure 8.10 and Figure 8.11; the modeled and measured output

voltage and power had a slight mismatch which can be linked to the approximation in the

calculation of coupling factors and estimation of damping factors. Also, bonding layer between
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the piezoelectric plates and brass was not considered in this model which can affect the
prediction of fundamental resonance frequency of structure and coupling factors. Table 8.4
summarizes the predicted and measured power densities for schemes 2, 3 and 4 considering
the total volume of the system and piezoelectric bimorph volume alone. The measured power
density for the structure and bimorph alone improved with the improvement of the product
property (d.g) of the material.

Table 8.4 Comparison of Measured and Predicted Power densities for bimorphs

Power Output, 0.2 g s, Power Density of Power Density of Piezo
190 Hz; (LW) Structure (MW/mm 3) Element (uW/mm 3)
Measured Predicted Predicted | Measured | Predicted | Measured
Scheme?2/
42.9 62.7 0.2071 0.1418 0.5564 0.381
PZTZNN
Scheme3/
49.1 52.8 0.1746 0.1624 0.4692 0.4363
PZTZNN
scheme4/
495 77.4 0.2676 0.1713 0.7806 0.4996
PZTPZN

8.4 Chapter Summary

This chapter reports the theoretical and experimental results on vibration energy harvesting
using the piezoelectric bimorph transducers synthesized using compositions 0.9Pb(ZrgssTig.44)O3
—  0.1Pb[(ZNnog;Nio2s)Nbys]Os + 2 mol% MnO, (PZTZNN) and 0.8Pb(Zros,Tios)Os-
0.2Pb(Zn1sNb,3)05 (PZTPZN). The results show a direct correlation between the output power
and material properties in terms of product (d.g), where d is piezoelectric strain constant and g is

piezoelectric voltage constant. Theoretical modeling was conducted to optimize the dimensions
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of bimorph and predicts its performance. Further improvements in the product (d.g) will lead to

higher power densities.
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CHAPTER 9
INDUCTIVE ENERGY HARVESTING
9.1 Introduction

In recent years, there has been rapid development in the area of micro-sensors for
various applications such as remote structural health monitoring, automotive pressure and gas
sensors and biomedical sensors [129]. In many of these applications, power has been provided
by batteries which have very small shelf life and are non-biodegradable [130-132]. Thus, the
demand for portable on-demand energy harvesting devices has been constantly increasing. The
requirements for energy harvester are low cost, high efficiency and high durability; much similar
to that of batteries.

There has been significant effort in developing small scale power generators using
electromagnetic, piezoelectric, and thermoelectric conversion principles. With regards to human
body, vibration and temperature gradient become the important sources. Glynne-Jones et. al.
have demonstrated a electromagnetic generator producing 157 yW average power when tested
on an engine block [133]. Goto et. al. reported an automatic power-generating system (AGS)
which generated 13 pJ per heart beat. In a fully recharged state, it could pace a mongrel dog’s
heart at 140 beats per minute for one hour [134]. However, most of the proposed devices in
literature are either bulky or do not generate enough power to meet the requirements of external
sensor attached to human body. It should also be noted here that the energy harvester for
human body should be in conformal shape and size such that it can be integrated with common

utilities.
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Our focus in this study is to develop a power source for pulse rate sensors. We propose
to integrate this power source with pen commonly carried by humans in the pocket close to the
heart. Thus, pen is naturally in close vicinity of the sensor. Table 9.1 lists the power
requirements for various heart beat or pulse rate sensors available commercially. From this table
it can be seen that power required for pulse rate sensors is of the order of 0.3 ~ 0.5 mW. Thus, a
vibration energy harvester should be able to generate at least 0.3 mW of average power from
human action, e.g. jogging at low speed of the order of 2 steps per second. In that case, this
harvester can power a pulse rate sensor while the human body is performing its daily activities.

Table 9.1 Power requirements of commercially available pulse rate sensors.

. Approximate Power
Example Device name di . .
imensions requirement
1 Piezo film sensor [135] 64 mm x 97 mm 0.36~0.45 mW
2 Nonin Onyx 9500 pulse oxymeter 75 mm X 30 mm ~03mwW
[136]
3 BCI Digit 3420 Finger Pulse 22 mm x 30 mm ~0.3mwW

Oximeter [137]

Probasics digit-ox finger pulse
4 43 mm X 57 mm ~0.3 mwW

oximeter (model no. ISG8600) [138]

Integrated electronics could be included to send a text message or alarm signal if any

kind of abnormal heart rate is measured (typically over range of £10%).
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Our harvester design is based on Faraday's law of electromagnetic induction where a
magnet oscillates inside a wound coil [139]. The displacement of the magnet through the coil
results in a change of magnetic flux inducing current through the circuit. Higher magnet velocity
generates higher electromotive force and thus higher output voltage. This design was primarily
selected to meet the shape and size requirement of “Pen” and still generate 0.3mW of power.
Most of the other vibration conversion mechanisms based on piezoelectric and electrostatic will
not be able to generate this large amount of power at such low frequencies. In the case of a
“Pen”, thermoelectric harvesting will not be as effective, as there is no direct contact with a
sizeable temperature gradient.

9.2 Experimental

Figure 9.1 (a) shows the schematic cross section of the pen harvester prototype. The
total length and diameter of the harvester were 70 mm and 12.5 mm respectively. The harvester
consists of a permanent magnet which moves inside a coil wound on the middle section of
harvester. The diameter and length of the coil were 10.5 mm and 20 mm respectively. The
electromagnetic coil consisted of 500 turns of 30AWG wire with an inner diameter of 8.5 mm and
outer diameter of 10.5 mm. The magnetic field on the top surface of the disc magnet was
measured using a DTM — 141D Group 3 Digital Teslameter (GMW Associates Ltd.) and was
found to be of the order of 0.3 T. Two designs have been tested: A design with no springs
allowing maximum exertion of the magnet, and a design with two low stiffness springs attached
to the two ends of the magnet. The springs allow the magnet to be in the coil region for low input
acceleration test conditions. Figure 9.1 (b) shows the picture of fully assembled pen harvester.
The right half of the pen was a harvester with electrical connections while the left end was for
regular writing purposes. This design of harvester is based on a commercially available shake

flashlight power harvester shown in Figure 9.1 (c).
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Figure 9.1 (a)Cross-section and front view of pen harvester, and (b) Picture of the fabricated
electromagnetic (EM) pen harvester prototype (c) Comparison of the size of shake flashlight and
pen harvester prototype, (d) Voltage and power characteristics of shake flashlight at 3.5 Hz used

for bench-marking the response of fabricated pen harvester.

The harvester was characterized at various frequencies and output was recorded using

a BK Precision 5492 5 ¥ Digital Multimeter. A small breadboard from Radio shack, Inc. was
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used to vary the load resistors across the coil terminals. Our pen harvester was 1/6 times
smaller in volume of that of conventional shake flashlight. The shake flashlight we used for
benchmarking our harvester consisted of 500 turns of 30AWG copper coil with 19.5 mm
diameter and 25 mm length. Figure 9.1 (d) shows the voltage and power output measured on the
shake flashlight at 3.5 Hz frequency. The shake flashlight was found to produce a peak power of
9 mW across a load of 166 Q.

9.3 Theoretical analysis

9.3.1 Vibration Harvesting Theory

Several authors in the literature have presented different ways of predicting the power
output of inertial vibration harvesters. It is well agreed upon in the literature that a vibrating
mass-spring-damper system has an available amount of power which depends on the stiffness
of the spring, k, the total amount of mechanical damping, c,, and the seismic mass, m as shown

in the Figure 9.2.
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Figure 9.2 Schematic of vibrating spring-mass-damper system

The displacement of the base is given by y , the displacement of the seismic mass is given
by x and the relative displacement of the mass with respect to the housing is given by z. The

equation of motion for the mass is given by:

i) + o, &) — W]+ K[x(1) - y()] = 0 (1)

Equation (1) can be rearranged in order to find a differential equation (2) for the relative motion,

z(t), as a function of the base acceleration:
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2
M) + ¢, &) + ke(t) = —mi) @
where z(t) is the relative motion of the seismic mass with respect to the housing. In this case,

the total power dissipated in the damper under sinusoidal forcing is given by:

where ¢ is the total damping ratio of the damper given by:

C (4)

CT Ce m
= = e + m = +
o1 2+ mk e 247mk  24/mk

where ¢, and ¢,, are the electrical and mechanical damping ratios respectively of the harvester.
The total power in the system can be split into sum of the mechanical power and electrical power

dissipated across the load as:

mngz[wj ® mg,Y? wj o’
, ,
P (@) = Py (@) + Pu(@) = e S+ T )
1—(QJ } +{2(§m+ge)( H [1—(QJ } +{2(§m+ge)(ﬂ
a)n n a)n n
(5)

where the electrical power generated is equal to P,(w) and the mechanical power dissipated is

given by P,(w). Atresonance, the amount of electrical power generated reduces to Eq. (6):
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mgeY 2a)n3 (6)

P(w,) = Ao rc)

It is well known now that the maximum power generated by the electrical power takeoff system
occurs when the electrical damping on the harvester is equal to the mechanical damping on the

harvester. That is, the condition for maximum power take-off occurs when:

e =Gm (7)

Therefore the maximum electrical power which can be generated is given by Eq. (8) [140, 141]:

P, max (@) = ———— 8)

9.3.2 Generalized Inductive Energy Harvesting Theory

In section A, we derived the maximum magnitude of electrical energy which can be
harvested from a vibrating spring-mass system. Now we will present the theory of inductive
energy harvesting, and generalized expressions for conditions under which the magnetic field is
not constant across the coil at all times.

The theory for transducing the mechanical energy into electrical energy is described in
detail by Poulin [141] and Nakano [142]. Nakano’'s fundamental equations of motion which

couple the movement of seismic mass to a voltage and current in load impedance are given by:

e

where f is the forcing function on the seismic mass given by (F:m.dzy/dtz), U is the voltage

across the load resistance (R.), ® is the transduction coefficient, Z,, is the mechanical
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impedance of the harvester, Z, is the electrical impedance of the coil, and z is the velocity of the
coil with respect to the magnetic field. The mechanical and electrical impedances are given by
Eqgn. (10):

(10)

Z, :mja)+cm+_L
jo

Ze = R}Oil + I—coil Ja)
where Rg, and L., are the resistance and self-inductance of the coil. The transduction
coefficient @ can be determined by investigating the force on a current conducting element

inside a magnetic field [143]:

dF, =id xB (1)
. ®
F. :|§IXB

If the magnetic field B is constant within the gap, and the length of coil | is perpendicular to the
magnetic field, then the electrical force on the conductor will be given as:
(12)
F. = Bli

and the transduction coefficient is given by Eqn. (13):

® =Bl (13

where | is the total length of the coil inside the magnetic field. This is typically the case in
transducers such as voice-coil loudspeakers where the coil sees a constant magnetic field.
However, in the case of pen harvester where the magnet has large relative displacement with
respect to the coil, the coil will see a time varying magnetic field along its length. Therefore, the

sum of the forces (mechanical plus electrical) on the conductor will be given by Eqn. (14):
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F=F,+F.=Z,&ifdx8 s

In addition, the induced EMF on the coil due to the movement of coil within the gap can be
determined from an investigation of the motion of a conductor in a magnetic field as shown in

Eqgn. (15): [142]

P w w
du, = (&B)-dl
pw
u, = §(&B) d
(15)
where U, is the induced voltage due to the motion of the conductor in the magnetic field, and v is
the velocity of the conductor with respect to the magnetic field (= z). If velocity is perpendicular

to the direction of the magnetic field, then the induced voltage is given by:

U, =BI& (16)

Note however that in the case of pen harvester there will be certain regions of the displacement
of the magnet where the velocity and magnetic field will not be perpendicular. Using KVL around

the circuit the potential across the load impedance is equal to:

U = §(&B)-d -2, (7)

The coupled equations (under the linearizing assumption of constant magnetic field) are given by

Eqgn. (18):

: (18)
F =2, &+ Bli

U=Bl&Z,i
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For the case of the pen harvester, the generalized nonlinear equations are summarized in Eqgn.

(19):

R o.p w w
F :Zm&+|§dl xB(X',y")

P @ T _
U= §(&x B(xX,y))-dl —2Z,i (19)

where B(x',y’) is the magnetic field vector in a coordinate system relative to the magnet. Due to
the nature of the integral equations above, the transduction coefficient will vary with the position

of the magnet.

9.3.3 Evaluating Position Dependant Transduction Coefficient
This section presents the evaluation of the position dependant transduction coefficient

and the simulation of the expected voltage and power output.

Evaluating the cross products in Eqn. (19) for our geometry we find that only the
spatially dependant magnetic field in the direction perpendicular to the magnet movement (B,)

contributes to the induced voltage and the electrical force on the magnet.

5 © [ ] k
dF, =i(d xB(x',y))=det 0 o -l
B, (X,y) B,(x,y) 0 (20)
dF,, =B, (x,y)(d)i
i j K
P © © @
dU, = (&< B(x,y))-d =| det 0 &  0ll|d
0

B.(X,y) B,(X,Y)
du, =B, (x,y)(d)&

In order to determine the magnetic field in the x-direction, ANSYS 2D- electromagnetic

modeling has been compared against the measured magnetic field in the x-direction as a
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function of the position along the length of the coil. Figure 9.3 (a) shows the ANSYS 2D
axisymmetric predicion of magnetic flux density B. Figure 9.3 (b) shows the ANSYS magnetic

flux density B along coil location.

—F | Measured i !
x : (b)
—.—Eix,.ﬂ\NSVS Prediction ' '

gnetic Flux Density [T]

B ka
-

0.9 2 -1 0 1 2

Y, Location [cm]

Figure 9.3 (a) ANSYS 2D Axisymmetric prediction of Magnetic flux density B and (b) ANSYS
Magnetic flux density B along coil location.
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Once the magnetic flux density in the x-direction was measured and modeled in ANSYS,
we determined the transduction coefficient as a function of the magnet position (y) in the coil by

evaluating the integral in Eqn. (21):

CD(z)=§de>< Bw(x',y') =fo(X',y')dl (21)

Figure 9.4 (a) represents a visual representation of how B, must be integrated along the length
of the coil. Figure 9.4 (b) represents the transduction coefficient calculated from the measured
flux density as a function of magnet centroid position. It is clear from Figure 9.4 (b) that the

transduction coefficient drops to zero as the magnet passes through the center of the coil.
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(b)

Transduction Coefficient [kg#s

Pos=ition of Magnet .[cm]

Figure 9.4 (a) Visual representation of integration of By along length of the coil and (b)
Transduction coefficient calculated from the measured flux density as a function of magnet
centroid position.

9.3.4 Simulation

This section presents the simulation results performed in Matlab using numerical
integration in order to capture the nonlinear dynamics using the calculated transduction
coefficient. In order to simulate the power output, the coupled equations can be put into state-

space form (where the derivative of the state vector is a nonlinear function):
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& (K1) 2

The equations in state-space form include the spatially varying transduction coefficient, which

produces the nonlinearity:

0 1 0 |[z] [0]
_ K c @ (2) F (23)
=l =m Tw Tw [ Et W
D(2) R.+R .
I 0 - — L= L__I_ 0

9.3.5 Simulation of Inductive Harvester with No Spring

Owing to the softness of spring used in the design, the spring is highly nonlinear in its
response. Therefore, we have only modeled the power generation for the harvester without the
spring and damping. In the absence of the spring, we have chosen to simplify the dynamics by
assuming that the position (z) of the magnet takes the form of a triangle wave. Figure 9.5 (a)
presents the predicted position and voltage output of the harvester as a function of time across a
load of R, = 15Q), frequency f = 3.5Hz and position |z| = 16 mm. The position and velocity wave
forms are varying with a period of T = 0.2857 sec. However, the voltage output is varying with a
period of 0.1429 sec, indicating nonlinearity. Figure 9.5 (b) presents a comparison between the
measured voltage output and the predicted voltage output across a load of R = 15Q, frequency f

= 3.5Hz and position |z| = 16mm.
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Figure 9.5 (a) Position and Voltage output across R, = 15 Q (f = 3.5 Hz, |z| = 1.6 cm), (b)
Comparison of Measured and predicted voltage output across R, =15 Q (f=3.5Hz, |z] = 1.6
cm), (c) Predicted power output as a function of time across R, =15 Q.
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9.4 Experimental results and discussion

It can be noted from Figure 9.5 (b) that the theoretical prediction does not line up with
the measured voltage under the stated test conditions. Several factors / assumptions may be

responsible for the disagreement as following:

1. It is assumed that the movement of magnet inside the coil does not impact the
magnetic flux density, B,. This is typically assumed in loudspeaker design.

2. The position waveform is assumed to be a triangle wave due to the absence of the
spring. This is not an exact assumption, especially when the magnet hits the
boundary and reverses directions.

3. Due to the relatively small size of the colil, it is assumed that the velocity of the
magnet is not affected by the coil.

4. It is assumed that because of the high amplitude excitation, the friction inside the
tube has a negligible impact on the velocity of the magnet.

Figure 9.5 (c) represents the predicted power output as a function of time across R, =

15Q. Hence, the predicted average power output across the load resistance is equal to:

P, =2.32mW

avg

Figure 9.6 (a) and (b) shows the voltage and power characteristics of the pen harvester
at testing frequencies 3.5 and 5Hz respectively with a 16mm displacement amplitude. The
device generated 0.96 mW of power at 3.5 Hz with a load resistance of 15 Q. The output power
increased to ~3 mW at 5 Hz. Figure 9.6 (c) and (d) shows the measurements at 3.5 and 5 Hz
after attaching springs on each side of the oscillating magnet. For the test scenario with springs,
the pen harvester generated 0.37 mW at 3.5 Hz, and 1.17 mW power at 5 Hz across the load of

22 Q.
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Figure 9.6 (a) Voltage and power output at 3.5 Hz frequency and 50 mm displacement, (b)
Voltage and power characteristics at 5 Hz frequency and 50 mm displacement, (c)Voltage and
power characteristics with springs attached to the oscillating magnet limiting the maximum
displacement to 25 mm at 3.5 Hz frequency, and (d) at 5 Hz frequency.

In order to investigate the feasibility of power generation to power a pulse rate sensor,
the pen harvester was tested for various human activities such as walking, jogging and jumping.
Figure 9.7 shows the experimental setup used for recording the response, consisting of a
National Instrument (NI) — C DAQ 9172 (data acquisition) system with a Labview program

interface. The pen harvester was connected across an optimum load of 22 Q, and placed in the

test subject’s pocket.
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Figure 9.7 Data acquisition setup for recording response of human activities.

Figure 9.8 (a) ~ (d) shows the output response as a function of time for various human
activities. Regular walking generated 3.7 yW of power, while jumping generated a power output
of 0.46 mW. Jumping frequency was calculated to be 2 jumps/ second (i.e. 2 Hz). Jogging
generated a peak average power output of 0.66 mW, which is significantly higher than the

corresponding piezoelectric devices demonstrated at this volume.
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Figure 9.8 Waveform for (a) Jumping (b) Jogging fort =0tot =5 sec, and (c) Jogging fort=5to
t =10 sec.

9.5 Chapter Summary

This study reports a prototype of inductive energy harvester generating power on the
order of 3 mW at 5 Hz and 1 mW at 3.5Hz operating under a displacement amplitude of 16mm.
The displacement amplitude corresponds to an acceleration of approximately 1.14 g,ms (5 Hz) nd

0.56 gms (3.5Hz) respectively. The theoretical prediction was found to be higher than the
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experimental measurement which could be explained with the help of several factors and
assumptions. The prototype was found to generate 0.46 ~ 0.66 mW power under normal human

actions such as jumping and jogging which is enough to power a small scale pulse rate sensor.
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CHAPTER 10
CONCLUSIONS

The goals of this study were (i) to develop novel sensor architectures for structural
health monitoring and magnetic field gradient detection with emphasis on enhancing the
functionality while reducing the power consumption, and (ii) to develop vibration and magnetic
field energy harvesting techniques for self-powering the sensors. The summary of the
accomplishments achieved in this thesis are listed below.
1. Technique for structural health monitoring using impedance spectroscopy was
developed with focus on design of piezoelectric sensors. Sensors were fabricated from
piezoelectric composition PZTZNN. Using these sensors, experiments were conducted to detect
fatigue damage, delamination type of defects in rocket motors and corrosion damage. Sensor
location was optimized in order to detect the corrosion with higher sensitivity. Analysis for
selection of frequency band and methodology for automated identification of the damage
developed. Experiments on characterization of sensitivity of the sensors was conducted clearly
delineating the effect of electrode areas.
2. Novel magnetoelectric gradiometers were designed, characterized and analyzed. The
results show that the transformer-based gradiometers can provide large detection capability and
can be easily scaled to provide on-chip measurements. We demonstrated large ME output
voltage from a multilayered PZT — Terfenol D architecture at low frequencies far from EMR,
thereby allowing this design to be used as a magnetic field sensor. For laminated ceramic —

ceramic gradiometer, a significant change in resonance frequency and amplitude of output
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voltage with applied magnetic field was found in the vicinity of EMR. A detailed theoretical model
was developed and was found to match with the experimental results.

3. Metal — ceramic gradiometer consisting of PZT and Ni was fabricated and characterized
to detect gradient in magnetic field. Metal — ceramic gradiometers worked in frequency ranges of
230 - 250 kHz and maintained high sensitivity near EMR frequency. They require lower magnetic
bias field for operation as compared to the ceramic — ceramic gradiometer and are more cost-
effective.

4, Barium titanate nanoparticles decorated onto SICN - MWCNT nanotubes
“nanoNecklace” was successfully synthesized and characterized. Structural characterization was
performed using SEM and TEM to confirm the presence of BTO nanoparticles in the size range
of 10-40 nm and XPS analysis confirmed the formation of perovskite phase. Surface
characteristics were optimized by modifying the chemistry and low temperature deposition
processes to achieve continuous coating of barium titanate on the nanotubes. nanoNecklace
was further modified to realize magnetoelectric (ME) nanotubes using cobalt ferrite as the
magnetic layer decorated on the SICN-MWCNT-BaTiO3 surface.

5. Core — shell ME nanocomposites were synthesized for improving the magnetic field
sensitivity by using high pressure compaction technique and high ME coefficient of 187 mV/cm
Oe was measured at 2850e DC bias field. The result clearly shows that high pressure
compaction results in enhanced ME coefficient compared to the conventionally sintered
samples. Further, 3 — 1 ME composite was designed, synthesized and characterized using
pressure assisted co-firing technique in order to understand the effect of connectivity on the
elasto-electric coupling.

6. Piezoelectric  bimorph  transducers were synthesized using compositions
0.9Pb(Zr0.56Ti0.44)03 — 0.1Pb[(Zn0.8/3Ni0.2/3)Nb2/3]03 + 2 mol% MnO2 (PZTZNN) and

0.8Pb(Zr0.52Ti0.48)03-0.2Ph(Zn1/3Nb2/3)O3 (PZTPZN) for vibration energy harvesting. A
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detailed theoretical model was developed and compared with the experimental results. The
results show a direct correlation between the output power and material properties in terms of
product (d.g), where d is the piezoelectric strain constant and g is the piezoelectric voltage
constant. The predicted and experimentally measured output power density for PZTPZN
bimorph were found to be 0.7806 pW/mm3 and 0.4996 pW/mm3 respectively at 0.2 grms base
excitation and base frequency of 190 Hz.

7. Inductive energy harvester design was fabricated and characterized for vibration energy
harvesting. The prototype harvester generated power on the order of 3mW at 5 Hz and 1 mW at
3.5Hz operating under a displacement amplitude of 16mm. The displacement amplitude
corresponds to an acceleration of approximately 1.14 grms (5 Hz) and 0.56 grms (3.5Hz)
respectively. The theoretical prediction was found to be higher than the experimental
measurement which could be explained with the help of several factors and assumptions. The
prototype was found to generate 0.46 ~ 0.66 mW power under normal human actions such as

jumping and jogging which is enough to power a small scale sensor.
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CHAPTER 11
FUTURE WORK
Based on the study, this thesis recommends following future works.
1. Structural health monitoring sensors can be further optimized to differentiate types of
damages and provide quantitative estimate on location of damage.
2. Magnetic field sensing can be further improved by adopting thin film technology for the
fabricated bulk sensor designs. In this case, one needs to fabricate ceramic films on the metallic
substrate imparting large flexibility.
3. High aspect ratio 3 -1 composites can result in high magnetoelectric response coupled
with low DC bias field which will improve sensing performance and reduce power consumption.
4. Nanotube architectures using piezoresistive effect can be further optimized for obtaining
higher yields. In this technique, anodic aluminum oxide (AAQO) templates can be used to grow
CNTs in a controlled manner to obtain desired dimensions of the nanotube templates. These
templates can be coated with various ceramics in order to enhance the sensitivity of the

nanomaterials.
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