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Abstract

The recent progress in technology has resulted in the maintenance of structures being carried out
through Structural Health Monitoring (SHM). The primary aim of SHM is early detection and
location of damage in structures. Despite the different techniques available in SHM, engineers opt
for piezoelectric sensors in a bid to achieve their goals. In this research, a theoretical model that
shows the feasibility of using a damage detection sensor capable of multipoint strain sensing is
developed. The multi-point strain sensing coating applied to the top-surface layer of a delaminated
cantilever beam detected the presence and location of delamination in the beam. The theoretical
model serves as the basis to produce a piezoelectric nanocomposite paint with possible applications
as dynamic strain sensors and/or piezoelectric transducers. The coating is in form of a low-cost
paint, which is flexible and bonds strongly on a metallic surface via the solvent-casting method.
The nanocomposite is produced by an ultrasonic mixture of varying percentages of Zinc oxide
nanopowder water dispersion, Poly Vinyl Acetate glue (PVA) and Carbon nanotubes (CNTS).
Transmission Electron Microscopy (TEM) images confirmed the linkages of zinc oxide (ZnO)
nanoparticles in the composite by CNTs. The optimum mixing ratio with the highest
piezoelectricity is 78.1% ZnO, 19.5% PVA glue and 2.4% multi-wall carbon nanotubes
(MWCNTS). Results of the characterization of the nanocomposite paint indicate that the
mechanical and piezoelectric properties of the nano-composite paint reached a threshold point in

the increment of CNTSs to the paint before showing signs of decline.
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Chapter 1 Introduction

1.1 Background

In recent times, there has been a significant increase in technologies used for effective monitoring
and maintenance of structures. During the usage of a structure, its members undergo gradual
deterioration which is usually because of the dynamic loadings, static loadings and a host of other
environmental factors. Damage can happen as alterations introduced into a system and produce
unwanted effects in the present and future performances of the system. These changes in the system
include material property changes, changes in boundary conditions, and changes in system
connectivity [1], which can cause the failure of the whole engineering systems and even disasters

if left without attention.

Structural health monitoring (SHM) caters for the health of structures; it is a form of technology
that makes use of a set of proven techniques and methods for early detection and location of
damage in structures. Different structure types are susceptible to distinct forms of damage but
SHM comes up with innovative ways to detect damage, manage the health status of these structures
and hence avoid sudden failures. It is certain that damage will occur in structures due to the
excitation they undergo during usage but the monitoring techniques ascertain that the impact

damage is detected early.

Furthermore, there are several damage detection methods which include frequency changes [2][3],
mode shape changes, dynamically measured flexibility, optical fiber methods [4][5], ultrasonic
waves methods [6], neural network-based methods [7], acoustic emission methods, matrix update

methods, piezoelectric transducers [8], non-linear methods and many more.
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In the class of non-destructive techniques for damage detection, Rahman et al. [2] investigated the
effects of open cracks in rotor shaft using changes in frequency response function (FRF) phase.
The acceleration frequency responses at different points on rotor shafts were measured, it was
concluded that the vibration behavior of the rotor shaft is extremely sensitive to crack depth, crack
location and mode number. Duggan and Ochoa [3] characterized the effect of material system,
geometry and stacking sequence on the vibration responses of damaged fiber reinforced composite
plates. The study focused on the alteration of the natural frequencies of damaged composite
materials and its implications on damage detection in structures. Al-Said and Al-Qaisia [9]
investigated the effect of locations of attached masses and crack depth on the alteration of the
natural frequency of a system. This was done via the free vibration of a clamped-clamped cracked

beam with different attached point loads along the length of the beam.

However, in the modern-day SHM solutions, engineers make attempts to produce sensors that can
work perfectly for structures that need flexibility due to their geometrical constraints. The focus
of this research work is to expand the frontiers of possible applications of a flexible piezoelectric

sensor in SHM.

Lots of the sensors with SHM applications are made of smart materials with a strong predilection
for piezoelectric materials. There are several materials that exhibit piezoelectricity and they
include Lead Zirconate Titanate (PZT), Poly Vinylidene Fluoride (PVDF), barium titanate
(BaTiO3) and zinc oxide (ZnO). Each of these materials has its own limitations and strengths in
SHM applications. The most widely used piezoelectric material is PZT ceramics — it has the highest

piezoelectric potential but its brittleness limits its usage on structures where flexibility is needed.
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1.2 Motivation

In search of a better alternative to replace the brittleness of PZT ceramics, most researchers opt for
other natural occurring piezoelectric materials, such as zinc oxide (ZnQ), barium titanate (BaTiOz),
and poly vinylidene fluoride (PVDF), using them either singly or combining them with other
flexible materials that can enhance their piezoelectric and mechanical performance. In the research
conducted by Meyers et al.[10], ZnO nanoparticles were used for the enhancement of the
piezoelectricity of a flexible piezoelectric polymer, Poly (vinylidene fluoride-trifluoroethylene)
(PVDF-TrFe) via interdigitated transducers. Another study [11] reported the fabrication of a
piezoelectric thin film made via the dispersion of zinc oxide nanoparticles in polymers - poly
(sodium 4-styrenesulfonate) (PSS) and poly (vinyl alcohol) (PVA) using high-energy probe

sonication.

There are a plethora of published work [10], [12]-[17] that have reported the fabrication of flexible
piezoelectric nano-composite sensors. Most of the composites incorporate a flexible matrix that
avoids the breakage and rupture of the embedded piezoelectric material when mechanically
deformed. Gullapalli et al. [12] fabricated a flexible strain sensor by embedding crystalline
piezoelectric material in a matrix made of cellulose fibers (paper). The nanocomposite strain

sensor yielded excellent strain sensitivity when tested under static and dynamic loadings.

In addition, for the fabrication of nanocomposites, the most widely used techniques include:
solvent casting [18][19], melt mixing [20], spin coating [14][21], in-situ polymerization [22][23],
twin screw pulverization [24], latex fabrication[25][26], coagulation spinning [27], electrophoretic
deposition[28], compression molding [29] and injection molding [20]. All these methods have
their merits and demerits but the goal is to achieve homogeneity in the constituents of the

composites which is dependent on a host of factors.
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However, despite the outstanding contributions of these flexible composite sensors, they have
demerits — complex and expensive fabrication procedures, low piezoelectric output, low
mechanical strength and limited application for sensing because they are usually thin films
attached on smooth surfaces of structures. With the advent of nanotechnology and its remarkable
success stories, researchers have resorted to the use of nanomaterials like carbon nanotubes for
enhancing the piezoelectric and mechanical performance of naturally-occurring piezoelectric
materials, hence leading to the creation of piezoelectric nano-composites. Ramaratnam and Jalili
[30] developed thin carbon nanotube-based piezoelectric PVDF-TrFe films to investigate the
influence of Multi-Walled Carbon Nanotubes (MWCNT) and Single-Walled Carbon Nanotubes
(SWCNT) on the sensitivity of piezoelectric polymers. For strain sensing applications, other
studies [31][32] also reflect the possibility of using carbon nanotubes as one of the key materials

in making the nanocomposite sensors [33].

Due to the great attention paid to developing technologies along the path of Structural Health
Monitoring, numerous researchers have proposed the fabrication of several piezoelectric
nanocomposites that possess excellent functionalities as sensors. However, one of the current
limitations of these sensors is that they are merely films attached to discrete locations on the
structure and cannot be applied to a large surface area on the host structure especially ones with a
rough surface condition. There is a need to fabricate sensors capable of multipoint strain sensing;

cover a large surface area and exhibit excellent flexibility.

1.3 Research Objectives
This research aims to develop a theoretical model that shows the feasibility of using a damage
detection sensor capable of multipoint strain sensing. The theoretical model informs the second

objective of producing a flexible and strong piezoelectric nanocomposite paint that has the capacity

Page | 4



to provide multipoint strain sensing, bonds to metallic surfaces and can be used potentially as strain

sensors in the field of Structural Health Monitoring.

1.4 Research Scope

The scope of this research work is limited to the use of zinc oxide nanoparticles and how its
effectiveness can be optimized through the addition of CNTs. Zinc oxide is chosen because it
exhibits the strongest piezoelectric coefficient in the category of other piezoelectric materials
asides PZT ceramics[34], [35]. Only metallic surfaces (Stainless Steel) are considered during the
application of the nanocomposite paint. The painted metallic beams are excited via static loadings

during the piezoelectric calibration.

1.5 Methodology

To achieve the design, production, and analysis of the piezoelectric nanocomposite paint, the
numerical modeling of a delaminated cantilever beam covered with a piezoelectric coating on its
top surface is proposed. The numerical modeling and simulation are done via MATLAB with
explicit calculations based on Euler-Bernoulli’s theory of beams. The delamination introduced in
the midsection of the beam altered its boundary condition; the changes in boundary condition
paved way for the generation of the equations used for calculating the deflection, mode shapes and

curvature distribution of the beam when subjected to harmonic loading.

The production of the piezoelectric nanocomposite paint is carried out through the ultrasonic
mixing of zinc oxide nanoparticles dispersed in water, carbon nanotubes dispersed in water and
polyvinyl acetate (PVA) glue, the resulting nanocomposite solution is applied on metallic surfaces
via the solvent casting method. The stainless steel is used as the substrate and eight layers of the

paint are applied on its surface to produce a coating of appreciable thickness in the range of 130-
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150 um. However, five different samples of the nanocomposite solution are prepared with respect

to the increment in the weight percentages of carbon nanotubes.

Subsequently, the experimental procedures included the characterization of the mechanical and
piezoelectric properties of the nanocomposite paint coupled with its microstructural study. The
evaluation of the mechanical properties (Young’s modulus and hardness) of the different paint
samples is done via nano-indentation using the Oliver-Pharr method. The determination of its
piezoelectric coefficients is conducted via the LMS Data Acquisition system which gives an
accurate measurement of the static force applied and the voltage generated by the coating when
mechanically deformed. The microstructural analysis of the nanocomposite paint is carried out
using both the Transmission Emission Microscope (TEM) and the Nano-Scanning Electron

Microscope (Nano-SEM).

1.6 Major Findings

The results of theoretical modeling of the delaminated cantilever beam when under harmonic
excitation validate the feasibility of having a damage detection coating capable of multipoint
sensing. These results informed the production of the piezoelectric nano-composite paint which is

expected to act as a substitute for the piezoelectric coating used in the modeling.

Subsequently, the research work validates the possibility of producing a low-cost piezoelectric
nanocomposite paint from the ultrasonic mixing of zinc oxide nanoparticles dispersion, Poly Vinyl
Acetate (PVA) glue and carbon nanotubes, and applied on metallic surfaces via the solvent-casting
method. It further reinforces the standing notion that the piezoelectric performance of composites

made of zinc oxide nanoparticles can be enhanced by the addition of carbon nanotubes.
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The piezoelectric calibration of the paint shows that there is a threshold amount of CNTSs that can
be added to the paint for an optimum piezoelectric performance. The nanoindentation of the
coating formed from the paint reveals that there is a switch in the mechanical properties (Young’s
Modulus and Hardness) of the material at a certain proportion. The threshold amount of CNTSs that

can be added to the nanocomposite paint for optimized performance stands at 2.4%.

Furthermore, the microstructural investigation confirms the joining of zinc oxide nanoparticles by
strings of carbon nanotubes and hence increase the number of possible conduction paths. The
microstructure of the paint also gives information about the presence of voids in the paint when
excess CNTs are added, thereby causing the decrease in its mechanical and piezoelectric

properties.

1.7 Thesis Structure

The organization of thesis is as follows: Chapter 1 gives an overview of the introduction which
consists of the background information, the motivation for the work, research objectives, research
scope, methodology and the thesis structure. Chapter 2 provides a robust literature review on the
principles of Structural Health Monitoring coupled with the growth of damage in structures,
applications using piezoelectric composite materials with a focus on the use of zinc oxides and
carbon nanotube-enhanced films. The different methods used in the fabrication of nanocomposites

are also discussed.

Chapter 3 introduces the theoretical modeling and simulation of a delaminated beam with its top
surface covered with a piezoelectric paint which depicts the possibility of producing a piezoelectric
paint sensor capable of multipoint strain sensing. The simulation sheds clarity on the feasibility of
the future applications of the nanocomposite paint fabricated as a major component of a damage

detection technique. In chapter 4, five samples of piezoelectric nanocomposite paints are then
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produced using a low-cost method of solvent casting, and their mechanical properties and
piezoelectric coefficient are experimentally tested to evaluate its feasibility as a surface paint. The
main components of the nano-composite paint are zinc oxide nanoparticles dispersion, Carbon
nanotubes (CNTs) and Polyvinyl acetate glue (PVA). The thesis ends with the statement and

discussion of results in Chapter 5 alongside the major conclusions and future work in Chapter 6.
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Chapter 2 Literature Review

In this section, an elaborate literature review of previous research work done by others regarding
the use of piezoelectric materials in SHM is presented. The discussion entails a close review of
recent work published in the applications of piezoelectric materials in damage detection as well as

the current fabrication and calibration methods of different nano-composites.

2.1 Structural Health Monitoring Techniques

In the monitoring of health status of structures, it is challenging to know the type of alterations to
look out for and the methods of identifying them [36]. The peculiarity of damage alterations that
usually occurs in a structure will determine the type of sensor that can be employed in its damage

detection.

2.1.1 Damage

During the lifecycle of a structure, it continually undergoes dynamic and static loadings which
lead to wear and tear until they finally fail. This is usually in form of vibrations and oscillations
due to the impact of an external loading. When a structure or a material experiences a breach in its
optimum performance and deviates from its original characteristics, it is known as damage.
However, damage develops gradually in structures and causes fatigue before the final failure or

collapse.

Damage is commonly observed as cracks, notches, delamination, creep, and buckling. Damage in
structures can either be inflicted internally or externally; the barely visible impact damage in the
internal layer of a structure is very dangerous. Damage generally initiate alterations in the dynamic
characteristics of the structures. These alterations include changes in natural frequencies, changes

in mode-shapes and changes in damping ratios.
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For mechanical and civil engineers, it is a compulsory task to consciously monitor the growth of
damage in a structure over the period of its usage in a bid to avoid sudden failure which could be

fatal or even has huge economic implications.

2.1.2 Causes of Damage

When structures are used, degradation sets in gradually over the course of the lifespan of the
structure in form of varying degrees of impact damage. The degree of damage in a structure
depends on the properties of the structure and the frequency of the impact load. For structures that
are brittle, a sudden impact can lead to fracture due to the fast propagation of cracks in a short
time. Malleable and ductile structures can withstand impact loads due to their elasticity. However,
some structures could have enhanced mechanical properties during the process of production
necessitated by the peculiarity of their usage. When a structure is used over time, the longer it is
used, the more susceptible to damage it becomes. Fatigue also sets in due to cycling loading,

Ruotsalainen et al. [37] did a study to effectively minimize fatigue damage in aircraft structures.

Some mechanical structures are used in harsh environments, especially environments that
stimulate microbial activity for the initiation of corrosion. Corrosion is one of the major causes of
damage in structures. It is purely the oxidation of metals — taking them back to their oxide states
in the presence of oxygen and water. Corrosion causes the production of notches which eventually
leads to initiation of cracks. Engineers, however, employ several methods in a bid to prevent or
manage corrosion. It could be by producing an alloy with one of its constituents having a corrosion
resistance ability like a Stainless Steel that contains varying amounts of Nickel (Ni), Iron (Fe) and

Carbon(C). Other methods include painting, electroplating, and galvanizing.

Structures with mechanical and physical defects are susceptible to damages. These defects may be

acquired during the process of production or during its early stage of use. The location of defects
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in structures is usually the point of initiation of damages that eventually lead to fracture or failure.
Asides the points of defects, weld joints are stress raisers and usually serve as locations for damage
initiation in structures. Vijayanand et al. [38] carried out a robust investigation to evaluate the
damage initiation caused by the creep cavitation behavior in austenitic stainless steel fusion zone

via thorough microstructural and finite element analysis.

Engineers draw information from the changes in the structures caused by the presence of damage;
the information is used for proper evaluation of its state of health. The analysis of information
given by these changes can be used to identify the existence, location, and magnitude of any type

of damage in a structure.

Structural Health Monitoring (SHM) is an emerging discipline in engineering that secures the
health of structures and ensures that they are safe for use during their lifespan. There are peculiar
damages to different structures but SHM comes up with innovative ways to manage the health of

these structures and hence avoid sudden failures.

2.1.3 Structural Health Monitoring

Monitoring the health status of a structure is synonymous to the job of a medical doctor that
observes the medical condition of a patient. Structural Health Monitoring (SHM) is a technology
that makes use of a set of proven techniques and methods for early detection and location of
damages in structures. It is certain that damages will occur in structures due to the excitation they
undergo during usage but the monitoring techniques ascertain that the impact damage is detected

early. Hence, the need for structural health monitoring.

Structural Health Monitoring (SHM) signifies a system with the capacity to detect, recognize and

interpret adverse alterations in a structure in order to improve reliability and reduce life-cycle
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costs[36]. The merits of using SHM system over the traditional inspection methods include
reduced downtime, eradication of component tear-down and the potential prevention of failure
during operations. The primary goal of SHM system is to act as a perfect substitute for current
inspection cycles with an active and highly sensitive monitoring system[36]. This will increase the

likelihood of detecting damage before total failure.

Due to repeated loading and unloading, the damage will eventually occur in a structure after
prolonged usage. When the failure of a structure happens, the loss can be colossal and life-
threatening — in cases of the collapse of a bridge or a high-rise building. These losses are avoidable
if structural health monitoring is taken seriously and implemented in observing the behavior of
these structures during usage. This is the essence of maintenance schemes with proven SHM

techniques that can predict the location of a potential failure of a structure.

For the strategic application of SHM, Doebling and Farrar [1] highlighted Rytter’s proposed

system of classification for damage identification methods described in four levels:

= Level 1: Determination that damage is present in the structure.
= Level 2: Determination of the geometric location of the damage.
= Level 3: Quantification of the severity of the damage

= Level 4: Prediction of the remaining service life of the structure

In the field of SHM, there are several methods used by engineers in achieving the goals of the four
levels of damage identification as proposed by Rytter. These methods include frequency changes
[2][3], mode shape changes, dynamically measured flexibility, optical fiber methods [4][5],

ultrasonic waves methods [6], neural network-based methods [7], acoustic emission methods,
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matrix update methods, piezoelectric transducers [8], nonlinear methods and many more. The use

of piezoelectric sensors and actuators is very pivotal to the success of these SHM techniques.

There are different SHM techniques used for investigation and evaluation of the severity of damage
in structures. Barazanchy et al. [4] investigated the potential of using a hybrid structural health
monitoring (SHM) system for detection and localization of damage in aerospace structures. The
proposed hybrid system, a combination of a piezoelectric transducer and fiber-optic sensors (FOS)
for generating and monitoring Lamb waves was effective in the detection and localization of a
newly introduced damage. A different approach for damage detection in thin plates and aerospace
structures via the use of electromechanical impedance was introduced by Giurgiutiu and Zagrai

[39].

Kumar et al. [8] performed an in-situ Nondestructive evaluation (NDE) to monitor the health of
fiber reinforced polymer (FRP) composite plate like structures. The research work employed Lamb
wave transmission and reception with embedded piezoelectric wafer active sensors (PWAS). The

SHM method was validated via experiments carried out on both isotropic and anisotropic plates.

A distinct transmissibility-based damage detection approach was proposed by Zhou et al. [40],
making use of data acquired from Mahalanobis distance measurements when a beam was subjected
to dynamic vibration. Kuang [5] introduced the monitoring of propagation of cracks and the
detection of their locations in tubular steel specimens through the use of graded-index
perfluorinated plastic optical fiber (GIPOF) coupled with a photon-counting optical time-domain
reflector (OTDR). The optical fiber sensors have potential applications in monitoring the health of

offshore steel structures.
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Another common SHM method is the use of active guided ultrasonic waves in plate-like structures
for damage detection[6]. Ultrasonic Guided Wave (UGW) method is in the category of
nondestructive testing (NDT) techniques for damage detection especially in elongated structures
such as pipelines and cylindrical bars. Zhang et al. [41] demonstrated the feasibility of detecting
minor damage in pipe structures using guided wave signals and nonlinear oscillator. The proposed
approach was verified using both theoretical modeling and experimental analysis, the results
further emphasized the efficiency of the method even in the presence of significant noise effect

and weak guided wave signals.

2.1.4 Samples of Theoretical Modelling and Simulation in Structural Health Monitoring

Technology is driven by the application of theories, laws, and principles. Theoretical modeling
and simulation are usually used to verify the feasibility of experimental studies or complement the
authenticity of results generated via experimental procedures. Researchers in SHM have resorted
to the development of several theoretical models to validate the practical applications of their

proposed techniques.

In a work done by Park et al. [42], an impedance-based real-time SHM technique with the
capability of detecting multiple cracks in structures using PZT patches applied to concrete was
presented. The researchers investigated the feasibility of its practical applications with a standard
comparison of the analytical and experimental results. The analytical model used was based on a

finite element model developed in ANSYS 6.0.

Huang and Kim [43] presented a numerical modeling of a smart composite laminate with single
delamination at ply interface with an objective of probing its frequency response. The modal
supposition method was used in calculating the frequency responses of the tip displacement and

sensor outputs. The numerical modeling was based on an electromechanical coupled improved
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layerwise theory. The results confirmed a significant alteration on the dynamic characteristics of

the composite when a delamination is introduced.

Delamination is a common damage form in structures and it is usually very difficult to handle
because it inflicts internal injuries that can be barely seen via visual inspection. In a research work
carried out by Lestari and Hanagud [44], the dynamic response of beams with multiple
delaminations and its implication in the study of SHM in structures was thoroughly investigated.
The numerical modeling was done using the Euler-Bernoulli beam theory and the results showed

reasonable congruency with the experimental results.

In this research work, a theoretical model was developed using Euler Bernoulli beam theory to
investigate the feasibility of detecting damage in a delaminated cantilever beam using a multipoint

sensing coating.

2.2 Applications using piezoelectric composite materials
Sensors and actuators are used predominantly in the field of structural health monitoring. Most of
these sensors are made of smart materials that possess piezoelectricity. Piezoelectricity is an

intrinsic property of a material and its usefulness cannot be overemphasized.

2.2.1 Smart materials

In this present age of technological advancement, some substances fall into a special group with a
common name called smart materials. Smart materials can be regarded as materials that receive,
transmit, or process a stimulus and respond by producing a useful effect that may include a signal
that the materials are acting upon. Smartness denotes self-adaptability, self-sensing, memory and
multiple functionalities of the materials or structures [45]. The materials have a wide range of

application in aerospace, manufacturing, biomechanics, and civil engineering.
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In recent years, the world has experienced an increased leap in technology and it will be safe to
call it the arrival of smart technology. It is a paradigm shift that comes with a focus on the
possibilities of achieving faster and easier results to specified tasks through smart materials. Smart
or intelligent materials are materials that have the intrinsic and extrinsic capabilities, first, to
respond to stimuli and environmental changes and respond, to activate their functions according
to these changes [46]. The best word which describes these materials that have increased sensitivity
to external stimuli is “smart.” Smart materials respond to external stimuli with quantifiable output

signals.

The different types of Smart materials include Piezoelectric materials, Thermo-responsive
materials, Magneto-restrictive materials, pH-sensitive materials, Chromogenic materials, and
Polymer gels [45]. In terms of stimulus and response; piezoelectric materials receive stimulus in
form of mechanical stress and give a response in units of electric charge, they have an inverse-
piezoelectric effect that makes them undergo a mechanical strain when under the influence of an
electric field. Electro-rheological fluids receive stimulus in the electric field and respond with a
change in viscosity (internal damping). Magneto-restrictive material under the influence of a
magnetic field experiences a mechanical strain. Shape memory alloys when heated change to their
original memorized shapes. For optical fibers, changes in temperature, pressure and mechanical

strain lead to changes in optoelectronic signals.

Smart materials are classified into two categories: active or passive [45]. Active smart materials
are defined as materials which possess the capacity to modify their geometric or material properties
under the application of electric, thermal or magnetic fields, thereby acquiring an inherent capacity
to transduce energy. They include piezoelectric materials, shape memory alloys and magneto-

restrictive materials. These active smart materials can be used as force transducers and actuators.
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Passive smart materials lack the inherent capability to transduce energy. An example is fiber optic

material. They can only be used as sensors and not actuators or transducers [45].

The uniqueness of piezoelectric materials has singled it out as a key player in this research work.
These materials give an output of an electric charge when a mechanical force is applied, it also
works in a reverse direction — undergoes a mechanical deformation when under the influence of
an electric field. It offers an electromechanical effect. A piezoelectric material has mechanical
properties - it obeys Hooke’s law and has Young’s Modulus. Simply put, mechanical stress on the
piezoelectric material will initiate an electric charge that can be measured by an electrical device.
When excited by an electric charge, it experiences a mechanical strain which could either be a

compression or tension.

However, from the understanding of the piezoelectric constitutive form equation, some salient
truths came to the fore. It must be noted that when a mechanical stress is applied on a piezoelectric
material, it is expected to also show changes in its mechanical properties alongside the output of
the electric charge. The same goes for the influence of the electric field, there is an electrical
response alongside the evident mechanical deformation. There are different types of piezoelectric

materials that have been used by various researchers for SHM applications.

The system to be employed for the effective sensitivity and acuity of piezoelectric material is
explained as follows. A signal (mechanical in nature) must be sensed, processed and give an active
feedback understandable by the monitors (humans). A sensor is required which collects the data,
feeds the brain of the system (command and control unit) for processing and alerts the monitors
through an actuator. It is important to recall that piezoelectric materials are active smart materials

which mean they can be used as both sensors and actuators.
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In the pool of published work on SHM applications, researchers used piezoelectric materials for
data acquisition which was subsequently analyzed via different algorithms like neural networks
and wavelet analysis. Islam and Craig [7] reported damage detection in composite structures with
the use of piezoelectric materials trained with a neural network for response and data acquisition
analysis. Yan and Yam [47] developed an online detection of damage in structures based on

wavelet analysis using data generated from embedded piezoelectric materials.

Dib et al. [48] did a study which focused on the PZT ceramics as an in-situ structural health
monitoring devices. Guided wave technique was used in measuring the health of the structure
while impedance methods were used in monitoring the health of the PZT ceramic. It was concluded
that the PZT will get good measurements and be in good conditions when they are 80 mm away

from the point of impact which is a source of a potential damage.

Dziendzikowski et al. [49] carried out a comparative study on the use of embedded and surface
mounted PZT transducers for barely visible impact damage detection and localization in composite
structures. They found out that the electrical properties of PZT transducers are altered when
embedded in composite structures but the sensitivity of the embedded transducers to damage can
be greatly enhanced even after embedding. They, however, concluded that the capability of surface
mounted PZT transducers in detection and location of barely visible impact damage surpassed that

of their embedded counterparts.

Free naturally-occurring and manufactured piezoelectric materials include: quartz, tourmaline,
lithium sulfate, Rochelle salt, Lead Zirconate Titanate (PZT), Poly Vinylidene Fluoride (PVDF),
barium titanate (BaTiOz) and zinc oxide (ZnO). In SHM applications, each of these materials
exhibits different limitations. The choice of piezoelectric material is PZT ceramics because of its

outstanding piezoelectric coefficient but is usually discarded in applications that require flexibility.
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2.2.2 Applications using Zinc Oxide films and Poly Vinylidene Fluoride films

For SHM applications, the channels of instrumentation usually include systems that can measure
physical quantities such as strain, displacement, and acceleration. These parameters can give
detailed information about the health of the structures if properly analyzed via different methods.
Strain sensors have been widely used in SHM applications. Piezoelectric materials can function as

strain sensing devices.

Piezoelectric materials can be used as strain sensors either by bonding them to the surface or
embedding them inside the host structure. Zinc Oxide is a wide gap semiconducting material that
is electrically conductive with viable piezoelectric tendencies [50]. The ongoing in-depth research
into the potential of zinc oxide reveals its wide range of applications in the industry and research
advancements: gas sensors, solar cells, ceramics, biosensors, nano-generators, piezoelectric films,

catalysts, nanostructures, and photodetectors [50]-[67].

The piezoelectric potential of zinc oxide was verified in a research conducted by Hu et al. [16].
The study introduced a flexible piezoelectric generator made of carbon nanotubes coated with zinc
oxide delivered an average open-circuit voltage of 1.6V and short-circuit current of 75uA/cm.
The coating of the carbon nanotubes with zinc oxide was done using the atomic layer deposition

(ALD).

Extensive studies involving SHM applications with piezoelectric materials have devised several
means to bypass limitations encountered while using PZT ceramics by focusing on using zinc
oxide. Taking a look at strides along applications using zinc oxide, Gullapalli et al. [12] fabricated
a flexible strain sensor by embedding crystalline piezoelectric material (ZnO) in a flexible
cellulose-based secondary matrix (paper). The nanocomposite material was made via a low-

temperature solvothermal method which involved repeated soaking of the paper in a solution of
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zinc oxide crystals. Plasma sputtering was used for depositing two thin layers of gold coatings on
the surface of the paper to serve as electrodes. The nanocomposite strain sensor yielded excellent

strain sensitivity when tested under static and dynamic loadings.

A work done by Meyers et al. [10] was based on the findings of some researchers which validates
that zinc oxide nanoparticles enhanced the remnant polarization and piezoelectricity of normal
Poly (vinylidene fluoride-trifluoroethylene) (PVDF-TrFe) polymers. PVDF-TrFe is a piezoelectric
polymer which is flexible and has recently gained recognition in SHM applications. The research
work [10] characterized and validated Zinc Oxide/PVDF-TrFe Interdigitated Transducers (IDT)
sensing and actuation performance. Firstly, a photolithography process was used for depositing an
IDT electrode pattern on a Kapton substrate. Secondly, zinc oxide nanoparticles were suspended
in a PVDF-TrFe solution using bath ultrasonication and then spin-coated on the IDT-Kapton
substrate. The method of Lamb waves sensing and actuation validation testing was used to evaluate

the damage detection capability of the substrate.

Studies that reveal the piezoelectric potential of zinc oxide for dynamic strain sensing include a
research done by Loh and Chang [11]. The researchers succeeded in fabricating a piezoelectric
thin film characterized with high piezoelectricity (excellent dynamic strain sensitivity) and
favorable mechanical properties (stiff and flexible film conformable to different structural
surfaces). The thin film was made via the dispersion of zinc oxide nanoparticles in polymers - poly
(sodium 4-styrenesulfonate) (PSS) and poly (vinyl alcohol) (PVA) using high-energy probe
sonication. The solvent for dispersing these particles was dried using solution evaporation. The
experiment confirmed that optimum dynamic strain sensitivity and piezoelectricity was obtained

at 50% and 60% ZnO-based films.
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However, due to the low piezoelectric performance of zinc oxide films, some studies have shown

that its piezoelectricity can be enhanced either via poling or by the addition of carbon nanotubes.

2.2.3 Applications involving the use of Carbon Nanotubes enhanced films
The alternative options of using zinc oxide, PVDF polymers and barium titanate for piezoelectric
applications instead of PZT will yield tremendous success if their piezoelectric response can be

enhanced or stimulated.

Carbon nanotubes have recently gained significant attention because of its extremely attractive
properties such as high Young’s modulus of elasticity, high aspect ratio, excellent stiffness,
exceptional electrical conductivity and they are chemically stable [22],[23]. From theoretical
calculations, Young’s modulus of single walled carbon nanotubes (SWCNTSs) ranges from 2.8 —
3.6 TPa and 1.7 — 2.4 TPa for multi-walled carbon nanotubes (MWCNTSs) [70]. However, based
on experimental evaluations, Young’s modulus of SWCNTs and MWCNTSs were described to be
1470 GPa and 950 GPa respectively [25],[26]. The electrical conductivity of individual MWCNTSs

was estimated to be between 20 and 2 x 10" S/m [73].

Since the outstanding discovery of carbon nanotubes in 1991 as reported by lijima [74], there have
been several applications that leverage its significant electrical and mechanical properties.
Researchers have found amazing applications for CNTs [75] such as usage of composite materials,
for enhancement of stiffness in coatings and films, for optimization of electrical performance in
microelectronics, for increasing the capacity of lithium ion batteries and, used as components of

biosensors.

A couple of researchers have investigated the possibility of using carbon nanotubes for the

enhancement of the electromechanical response of piezoelectric materials. The carbon nanotubes
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were blended with the piezoelectric material and dispersed in polymers to fabricate piezoelectric
films. Other films were developed as potential strain sensing devices by mixing carbon nanotubes

with polymers.

Ramaratnam and Jalili [30] studied the influence of carbon nanotubes in the sensitivity of
piezoelectric polymers using PVDF-TrFe polymer and two types of carbon nanotubes; Single
Walled Carbon Nanotubes (SWCNT) and Multi-Walled Carbon Nanotubes (MWCNT).
Experiments were conducted to evaluate the changes in the electromechanical responses of the
three separate piezoelectric films fabricated; the plain PVDF-TrFe film, SWCNT-based film and
MWCNT-based film. The carbon nanotube-based films yielded better piezoelectricity when
compared to the plain PVDF-TrFe film while the SWCNT-based film produced responses greater
than the MWCNT-based film. It was reported that the major improvement observed in the sensing
capability of the piezoelectric polymers resulted from an increase in Young’s modulus of elasticity

of the nanotube-based polymer.

In other studies, carbon nanotubes were used in fabricating strain sensors usually by addition to a
polymer to form a composite. Lee et al. [31] designed, fabricated and characterized spray-coated
single-wall carbon nanotube film strain gauges. The prototype which was made by spray-coating
SWCNT on a polyimide film with chromium plated electrodes was reported to show strain
sensitivity approximately eight times greater than the commercial gauges. Multi-functional layer-
by-layer carbon nanotube-polyelectrolyte thin films were proposed for strain and corrosion sensing
by Loh et al. [32]. The polyelectrolyte-based thin films were produced from solutions of carbon
nanotubes dispersed in poly (sodium 4-styrene-sulfonate) (PSS) and poly (vinyl alcohol) (PVA).

The dispersion was facilitated via bath and probe sonication.
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Kang et al. [76] developed a carbon nanotube strain sensor suitable for SHM applications by
dispersing SWCNTs in poly methyl methacrylate (PMMA). The usage of poly (methyl
methacrylate) (PMMA) was further explored by Pham et al. [77] in the fabrication of a conductive
polymeric composite film. The composite was made via either melt-processing or solution casting
of the polymer matrices containing low concentrations of multi-walled carbon nanotubes
(MWCNTS). The developed thermoplastic/carbon nanotube films were proposed for strain sensing

applications.

Anand and Mahapatra [33] developed thin films by dispersing carbon black nanoparticles and
carbon nanotubes in an epoxy polymer. Several concentrations of MWCNTSs in the carbon black
and epoxy matrix were considered, such as 0.142%, 0.285%, 0.57%, 0.855% and 1.14% by weight.
The best concentration of MWCNTS in the epoxy matrix with high sensitivity while under static
mechanical loading was recorded at 0.57%. The thin film has potential applications to be used as

strain sensors and accelerometers which are heavily used by experts in SHM.

Furthermore, in a study to investigate the impact of both multi-walled carbon nanotubes and
graphene platelets (GnPs) in a three-phase nanocomposite containing PZT and epoxy, the
fabricated nanocomposites were subjected to electrical and mechanical tests. Saber et al. [78]
revealed that GnPs increased the poling behavior and dynamic response of the composites (PZT
and epoxy) which yielded better results when compared to ones with MWCNTS. This research
opened the path for the use of GnPs as prospective materials for enhancing the piezoelectric

response of nanocomposites targeted for SHM applications.

2.3 Methods of Fabrication of Nanocomposites
In the fabrication of nanocomposites, two or more materials with varying weight percentages are

mixed together using different techniques which are usually dependent on the polymer type used.
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Materials that make up the nanocomposites are usually carbon nanotubes, polymers, and
piezoelectric materials. The homogeneity of composites depends largely on the methods of mixing

and other fabrication procedures.

The piezoelectric performance of nanocomposites is affected by three key factors[20]: the
interfacial bonding between the polymer and the main constituent materials, the alignment of the
piezoelectric particles in the polymeric matrix and the homogeneity in the dispersion of the
piezoelectric particles in the composite. All these factors are needed for a seamless load transfer

and charge generation in the nanocomposites.

2.3.1 Solvent Casting

Solvent casting is the most common method used in the fabrication of nanocomposites though it
is dependent on the solubility of the constituent materials. Solvent casting is highly desirable
because it stimulates nanotube dispersion and homogeneity of the composite via energetic
agitation. This agitation is usually achieved by magnetic stirring, reflux, shear mixing, or
commonly via sonication. Sonication is carried out either through a mild sonication in a bath or a

high-power sonication using a tip or horn.

This method starts with a dispersion of carbon nanotubes, a piezoelectric material, a polymer in a
solvent, all added together and mixed vigorously for a specific period. The solvents commonly
used in the fabrication process are water, ethanol, and Dimethyl Formamide (DMF). After the
mixture of the constituents to form a homogenous solution, the solution is applied on layers in a
way that films can be manufactured after the evaporation of the solvent. The solidification of the

nanocomposite films can be aided via any means that quickens the evaporation of the solvent.
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A sizeable number of research work showing the production of CNT/polymer nanocomposites
through the solvent casting method has been published [18][19]. Benoit et al. [18] dispersed
PMMA and SWCNTs in toluene. The resulting solution after sonication was used for making
electrically conductive composite films by drop casting the solution on a glass substrate. Mathur
et al. [19] reported the analysis of MWCNTSs-reinforced composites with enhanced electrical and
mechanical properties. Two separate solutions were made from sonication of
MWCNTs/polystyrene (PS)/toluene and MWCNTSs/polymethyl methacrylate (PMMA)/toluene.
The conductive thermoplastics were fabricated using the solvent casting technique with potential
applications for Electromagnetic Interference (EMI) shielding. In a related research, Shaffer and
Windle [79] fabricated a MWCNT-based composite film by dispersing MWCNTSs in water and

mixed the solution with a solution of Poly Vinyl Alcohol (PVA) in water.

2.3.2 Melt Mixing

Another commonly used method in mixing materials for the fabrication of nanocomposites is
called melt mixing. This is generally used for composites involving thermoplastics because these
polymers undergo a reduction in hardness when heated. This technique uses high temperatures to
initiate a decrease in viscosity of substrates and high shear forces to upset the nanotubes bundle.
Nanocomposites of different sizes are fabricated using methods such as compression molding,
injection molding or extrusion. [20] Andrews et al. [80] investigated the fabrication of
nanocomposite fibers and thin films made of MWCNTs and industrial polymers such as
polystyrene, polypropylene, and acrylonitrile-butadiene-styrene (ABS) via melt processing. The
dispersion of carbon nanotubes in these polymers was done under the impact of high shear forces

and elevated temperatures. Compression molding was used to form thin composite films. Other
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researchers also studied the processing of nanocomposites using shear mixing and compression

molding.[29]

Asides solvent casting and melt mixing, other methods employed in the production of
nanocomposites include in-situ polymerization [22][23], twin screw pulverization [24], latex

fabrication [25][26], coagulation spinning [27] and electrophoretic deposition [28].

Other researchers fabricated nanocomposites of carbon nanotubes by combining two or more of
the techniques discussed above. In a research carried out by Singh et al. [81] to investigate the use
of nanocomposites for the suppression of electromagnetic radiation, MWCNT reinforced Low-
density polyethylene (LDPE) were fabricated via solvent casting which was followed by
compression molding. In the synthesis and characterization of MWCNT-polymethyl methacrylate
composites (MWCNT-PMMA), Pande et al. [81] used in-situ polymerization combined with

compression molding.

From the literature review, researchers have proposed the fabrication of piezoelectric sensors with
SHM applications but there are certain limitations in their usage. The nanocomposites fabricated
were made in form of films but can only be attached to a single point on the surface of the structure
with the smooth surface condition. The limitations also include complex and expensive fabrication

techniques.

In this research work, special attention is given to the fabrication of a piezoelectric nanocomposite
paint that can be used for damage detection and strain sensing in structures. The aim is to
investigate the possibility of realizing multi-point sensing and fabricate piezoelectric sensors that
can cover a large surface area without using highly complicated methods. The objective of this

research is to produce a piezoelectric nanocomposite paint that can be optimized for strain sensing

Page | 26



applications in structures. The paint is expected to bond strongly to the various surface conditions

of the engineering structure and exhibit excellent mechanical properties.
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Chapter 3 Theoretical Model and Methodology

In this chapter, the theoretical models and simulations for exploring the feasibility of damage
detection techniques with the use of a piezoelectric paint are discussed. The simulation is carried

out using MATLAB code and the results of the theoretical modeling are also discussed in detail.

The essence of the theoretical model is to simulate a damage detection technique that can possibly
be realized with the application of the nanocomposite paint that is produced in chapter 4 of this
research work. Instead of the nanocomposite paint, a PZT coating applied to the surface of a

delaminated cantilever beam was used in the simulation.

The damage detection technique used in the delaminated cantilever beam is through a piezoelectric
coating attached to the surface of the beam. When the beam is subjected to harmonic loading, the
alteration in the voltage generated by the piezoelectric patch across the whole length of the beam

is observed at different time points.

The theoretical model developed will be used for the calculation of the natural frequencies, and
mode shapes of the delaminated cantilever beam. The voltage generated by the piezoelectric

coating will also be calculated when a harmonic load is applied on its tip at the free end.
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Figure 3-1: A schematic diagram of a delaminated cantilever beam with the piezoelectric

coating subjected to a point load

3.1 Calculation of the natural frequencies, mode shapes, and deflection

The delaminated cantilever beam with the piezoelectric coating attached to the upper surface is
shown in Figure 3.1. The geometric dimensions of the beam are given as; length, L, width, b and
height or thickness, H. The piezoelectric coating has the same length, L, and width, b as with the
beam but with thickness, hi and it covers the whole surface. The areas labeled 2 and 3 are the areas
of delamination, they are both of length, a, with each of them having a height, H/2, and the same

width, b. The distances from the fixed end of the beam to the right and left ends of the delaminated

Page | 29



section are L1 and Lo, respectively. The harmonic load applied at the tip of the beam to calculate
deflection is given as; F = F, sin w,t, where w,, is the angular frequency of the applied force with

Fo as its amplitude.

The theoretical model is based on the governing equations from Euler-Bernoulli Theory of beams;
dZ
M(x) = EI(x) % (3-1)

Where M(x) is known as the bending moment, E is Young’s modulus and I is the moment of inertia
of the body involved. The assumption for the Euler Bernoulli beam theory states that after bending
there is a new position; there is no relative deformation between two close points in the same cross-
section on the beam. However, Euler’s assumption is only valid for very small deflections in

beams.

For full forced vibration analysis, the governing equation based on the Euler-Bernoulli theory is

given as:

d*w(x,t ’w(x,t
EI(0) 52 + paT=C8 = f(x,1) (3-2)

The beam is separated into four different sections where W1, W2, W3, and W3 are the amplitudes

of the modal functions of the first, second, third and fourth sections of the beam respectively.

The free vibration solutions of the delaminated beam can be given as:

W, = Cycos kyx + Cysink;x + C5 coshk;x + C, sinh k;x (0<x<Li) (3-3)

W, = C5 cos k,x + Cg sink,x + C; cosh k,x + Cg sinh kyx (Li<x<Ly) (3-4)
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W3 - Cg COoS k3x + C10 Sin k3x + Cll COSh k3x + ClZ Sinh k4_x (L]_ S X S LZ) (3 - 5)

W, = Ci3coskyx + Cy4sink;x + Cy5coshkyx + Cigsinhkyx (Lo<x<L) (3-6)

where C;1 to C16 are unknown constants and ki to ks are given as

k4 = pAw?
1 El
k4 — pAsz
2 El,
Az w?
ki = pAsw” (3-7)
Elz

3.2 Boundary Conditions

Whenever a damage or delamination occurs in a system or structure, there is a change in the
continuity of the structural response, which can be observed as changes in the natural frequencies
and mode shapes. Because of the delamination in the cantilever beam under study, there is a
difference in the dynamic characteristics of each of the sections which are visible from the
alteration of their physical properties. The delamination, in this case, has resulted in the generation

of 16 boundary conditions at x = 0, L1, L2 and L describing the structural continuity.
The boundary conditions are given below:

At x = 0 (at the fixed end)
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dwy(x) _
dx

0 (3-8)
At x = L1 (at the beginning of the delamination length)
Wi (x) = Wa(x)

Wi (x) = W5(x)

aw;(x)  dW,(x)
dx dx

AW, (x) _ dWs(x)

dx dx
ElL —dzg/;z(x) = El, —dzlj;zz(x) + El —dzz/;z(x)
EL D o pp, £ 4 g, $WE (3-9)
At x = L (at the end of the delamination length)
W, (x) = W, (x)
W3 (x) = Wy(x)
AW, (x) _ dW,(x)
dx dx
dWs(x) _ dW,(x)
dx dx
- d2W,(x) . d*W3(x) _ 1 d2W, (x)
dx? dx? dx?
EL 0D 4 g S0 py 0 (3-10)
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At x = L (at the free end)

d3W,(x) -
dx3

Shear force (Q) = El; 0

d2W,(x) _

Bending Moment (M) = EI, —=

0 3-11)

Putting equations (3-3), (3-4), (3-5), and (3-6) into the boundary conditions of the delaminated

cantilever beam, equations (3-8), (3-9), (3-10) and (3-11) leads to 16 linear equations.

[Cl
Cie

The 16 linear equations are listed as follows:

0
[K; — mw?] = [] (3-12)
0

€, =0 (3-13q)

—k,C; sinkyx + k;C, cos kyx + k{C3 sinhk;x + k;C, coshk;x =0 (3-13Db)

C, coskyL; + C;sink,L; + C3coshk,L; + C4sinhk;L; — C5— C,+---=0 (3-13c)

Cycosk,L; + C;sinkyL; + C3coshkyL; + C,sinhkL; — Co— C;1 + =0 (3-13d)

—k,C; sink Ly + k;C, cosk;L; + k,C5sinhk{L; + k;Cy coshk,L; — k,Co — ky,Cg+ - =0
(3-13e)

_k1C1 Sin lel + k1C2 COS k1L1 + k1C3 Sinh k1L1 + k1C4 COSh lel - k3C10 - k3612 = 0

(3-13f)

_Ellkfcl COS lel - Ellk%CZ Sln lel + Ellklz_Cg COSh lel + Ellk%C4_ Slnh lel +
Elzk% CS_ Elzk%C7+EI3k§C9_ Elgkgcll =0 (3_139)
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E11k13C1 Sin lel - E11k1362 cos k1L1 + Ellk]?fC3 Sinh lel + EIlk::lSCLL COSh lel + Elzk% C6 -

E12k§C8 + E13k§C10 - EI3k§C12 = O (3— 13h)
Cs cosky,a + Cgsink,a + C; coshky,a + Cg sinhky,a — Ci3— Ci5 =0 (3-13i)
Cy cosksa + Cygsinkza + Cy; coshkza + Cy, sinhksa — Ci3— Ci5=0 (3—-13))

—k,Cssink,a - k,Cg cos k,a + k,C, sinhkya + k,Cg coshky,a — kiCiy — k1Cig =0
(3—13K)

—k;Cysinksa - k3Cyg cos kza + k3Cy4 sinh ksa + k3Cy5 coshkza — kCiy — k1Cig =0
(3—13I)

—ELk3Cs cosk,a — ELk3Cgsink,a + ELk5C, coshk,a + EILk2Cg sinhk,a —
El;k%Cqcosksa — EI3k3Cyo sinkya + El3k3Cyq cosh kza + EI3k%C,, sinh ksa +

ELk3Cssinkya — EILk3Cg cosk,a + ELk3C, sinhk,a + ELk3Cg coshk,a +
ElLk3Cqsinkza — EI3k3Co coskza + EIk3Cyq sinhkza + Elk3Cy, cosh kga +

Ellk]?_) C14_ - Ellk]?_)C16 = O (3 — 13n)

ELk3Cy3sink L — EILk3Cy, cosk,L + EILk3C,s sinhk,L + EI,k3C,¢ coshk,L = 0 (3—130)

The 16 linear equations are solved using MATLAB to determine the angular natural frequencies
in the first three modes of free vibration, the unknown constants, C1 to Cye are calculated in a bid
to get the nth solutions of the normal modal expression of the beam. The code for the solution is

provided in Appendix A.
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Table 3-1. Material properties of the stainless-steel beam and the piezoelectric coating

Parameters Host beam Piezoelectric coating (PZT4)
(Steel)

L(m) 1.0

L1(m) 0.3

a(m) 0.4

L2(m) 0.7

b(m) 0.05 0.013

H(m) 0.001

hi(m) 0.0003

Young’s modulus, E (Nm?2) 200 x 10°

Mass density, p (kgm) 8 x 10° 7.5x10°
e31 (Cm2) -2.8
Cv (nF) 0.75 for the piezoelectric

coating with the geometry of

0.01, 0.06, 0.008m

3.3 Results

The mode shapes of the free vibration of the delaminated cantilever beam bonded with a
piezoelectric coating are shown in Figure 3.2 to Figure 3.4. These mode shapes show clearly that
there is a difference in the dynamic responses of a healthy and an unhealthy cantilever beam due

to the introduction of delamination.
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Using the principle of mode superposition. The deflection of the beam is assumed as:

w(x, t) = Ypzg Wa(x). qn(t) (3-14)

Where W,,(x) = sum of nth mode shapes and for steady state vibration from a forcing function

4n(D) =~ [} Qu(D) sinw, (¢ — Ddr (3-15)
b = [, W2(x)dx (3 - 16)
Qu(®) = J; f(x, ) Wp(x)dx (3-17)

Putting equations (3-15), (3-16) and (3-17) in equation (3-14) lead to the solution which yielded
the deflection of the beam from n =1 0 4. The deflection of the delaminated cantilever beam with
the bonded piezoelectric coating was calculated after a force, F = F, sin w,t was applied at its tip;
where F, = 10N and w, = 30rad/s. The deflection curves of the beam at different time points

due to the dynamic harmonic loading are shown in Figure 3.5.
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Figure 3-5: The dynamic deflection of the delaminated cantilever beam bonded with a

piezoelectric coating after a harmonic load was applied at the tip of the free end.
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Figure 3-6: The Voltage distribution across the whole length of the beam showing a

discontinuity in the section of delamination (from L1 = 0.3m to L, = 0.7m).
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3.4 Voltage generation from the piezoelectric coating

From the deflection of the beam, the curvature of the beam was calculated at different time points.

wix, t) = z Wiy (2). g ()

Where W,,(x) = sum of nth mode shapes

d?w(x,t)
dx?

Curvature = (3-18)

The electrical charge generated on the surface of the piezoelectric coating at different position x
with small section length of Al is given as,

H+hy

Q) = —es [ b ()22 gy (0<x,<L) (3-19)

—e3, IS the piezoelectric constant, b is the width of the beam, H is the thickness of the beam, hy is

the thickness of the piezoelectric coating and w is the deflection of the host beam.

The voltage generated, V from the piezoelectric coating is given as:

dw(x,t)
dx

Q
V(x) = o, - &

(H+hq) (dw(x,t)
C

2Cy dx

|t X s = |at X, ) (3 - 20)

The sharp discontinuity in the voltage distribution along the length of the beam as observed in
Figure 3.6 validates the damage detection and location via the piezoelectric coating attached to the
top surface of the beam. In the theoretical modeling, delamination in the form of damage
introduced in the cantilever beam altered the boundary conditions, the dynamic characteristics of
the beam. At the beginning of the delamination, a discontinuity in the curvature distribution of the
beam which is a function of the voltage generated by the piezoelectric coating. This simulation

shows the feasibility of having a piezoelectric coating capable of multipoint strain sensing. It is
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possible to use the nanocomposite smart paint produced in Chapter 4 as a form of damage detection

Sensor.
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Chapter 4 Production and Characterization of Nanocomposite Smart Paint

This chapter describes the steps involved the production of the nanocomposite smart paint with
vivid explanations of the major processes employed. It also summarizes the procedures used in
the characterization of the electrical, mechanical and microstructural properties of the paint. All
the practical methods for the fabrication and characterization of the nanocomposite paint are

discussed.

4.1 Experimental Details
For the fabrication of the piezoelectric nanocomposite paint, several methods are explored using

the key materials.

4.1.1 Materials

The materials used for the production of the piezoelectric nanocomposite paint include zinc oxide
(ZnO) nanopowder dispersion in water, Multi-Walled Carbon Nanotubes dispersion in water
(MWCNTS), Poly Vinyl Acetate (PVA) glue and Steel beam. The specific physical and chemical

properties of the key chemicals used alongside their sources are shown in Table 4.1.
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Table 4-1: The specific physical and chemical properties of some chemicals used in the

fabrication of the nano-composite paint.

Name Properties Source

Poly Vinyl Acetate (PVA | Soluble in water Books by Hand ®

glue)

Multi-Walled Carbon | 3wt%, >95+%, OD: 5-15 nm, | US Research Nanomaterials.
Nanotubes (MWCNTSs) in | ID: 3-5 nm, length: 50 pm Inc., Houston, Texas, United
water dispersion States of America.

Zinc Oxide nanoparticles | <100 nm particle size (DLS), | Sigma Aldrich®, St. Louis,
dispersion in water (ZnO) <35 nm avg. part size (APS), | Missouri, United States of

50 wt.% in water) America.

4.2 Production of Piezoelectric Nanocomposite Paint

Carbon Nanotubes (CNTs), PVA glue and zinc oxide nanoparticles dispersion make up the
formation of the nanocomposite paint solution. Mixing these materials to form a homogeneous
composite is affected by numerous factors. In the fabrication of nanocomposites, two or more
materials in varying percentages are mixed together using different techniques which are usually
dependent on the polymer type used and the dispersal medium. In this research work, the mixing

methods employed are magnetic stirring, manual mixing, and sonication.
4.2.1 Preparation of homogeneous nanocomposite paint

To achieve better homogeneity in the nano-composite paint, the mixing method and method of
deposition of the solution on the metal surface were altered. Asides sonication, magnetic stirring,
and manual mixing methods are explored for the formation of a homogeneous solution.
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Unexpectedly, these two methods produced paints replete with numerous cracks and pores as
shown in Figure 4.1 and it also yielded insignificant amount of piezoelectricity when tested during
calibration. The pores and cracks in the coating shown in Figure 4.1 are because of the numerous
bubbles that are formed in the nanocomposite solution during these mixing methods. The bubbles

form the cracks in the dried-out coating.

Spin coating method was used for applying the mixed solution on a metal substrate since spin
coating aids uniform deposition. Unfortunately, the samples made from spin coating did not yield
tangible amount of piezoelectricity because of the very thin layers that were formed. The spin
coating was carried out on the samples with a speed of 2000 rpm, a ramp speed of 600 rpm, all for

10 seconds.

8ml of zinc Oxide nanoparticles dispersion (< 100 nm particle size, <35 nm avg. part size with a
concentration of 50 wt.% in water) and varying amounts of CNTs solution (3 wt.%, >95+%, OD:
5-15 nm, ID: 3-5 nm, length 50 um) are added to 2 ml of PVA glue, all in a centrifuge tube. The
three liquids are mixed via sonication by using the high-energy probe ultrasonic mixer for two
hours. Lu et al. [82] reported the possibility of rupture of CNTs and alterations in its aspect ratio
as the adverse effects of prolonged sonication of CNTs during their dispersion in liquids. Study of
other similar research work that involved the ultrasonic mixing of CNTs agreed on two hours as
the optimum time for sonication. The sonication approach produces a relatively homogeneous
solution after failed attempts to get a uniform solution via magnetic stirring and manual mixing.

The solvent casting method is used to produce different nanocomposite paints.
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Figure 4-1: The paint with many cracks and voids was made from nanocomposite solution

produced via magnetic stirrer.

Step 1: Five samples of solutions are produced based on varying compositions (% by weight) of
the three main constituents: zinc oxide nanoparticles dispersion, PVA glue, Multi-walled Carbon
nanotubes. Compositions of different materials in different samples are given in Figure 4.2. These
different samples were produced to investigate the effect of the addition of CNTs on the material

properties of the nanocomposite coating.
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77.3 19.3

SAMPLE 5
SAMPLE 4
SAMPLE 3
SAMPLE 2
SAMPLE 1 79.6 19.9 0i5
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
B Amount of Zinc Oxide (%) 79.6 78.8 78.1 77.7 77.3
B Amount of PVA glue (%) 19.9 19.7 19.5 19.4 19.3
Amount of CNTs (%) 0.5 1.5 2.4 2.9 3.4

Figure 4-2: The varying composition (weight percentage in solution) of the main constituents

of each paint.

Step 2: The resulting solution is applied to the metal surface (stainless steel) with the help of a
syringe and a brush to reduce bubbles, which accentuates the formation of cracks. The solution on

the surface of the metal plate dried out overnight in open air.

The paints bonded perfectly well to the surface and yielded tangible piezoelectric response. This
method yields a paint that bonded to the metal surface. For the surface preparation, it was polished
using an abrasive paper and washed but allowed to dry before the application of the paint. This
method produced stronger and tougher paints after the usage of zinc oxide dispersion alone failed

woefully. Figure 4.3 shows the painted steel surface. The sample 3 which contains 2.4 wt.% CNTs
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was used in Figure 4.3. In this work, a smooth stainless steel surface was used for the application
of the paint. The painted steel surface was soaked in water for 24 hours and it remained intact but
a pull-out test can be conducted to evaluate the experimental data for the bonding strength of the

coating on a stainless-steel surface.

Figure 4-3: The nanocomposite solution containing 2.4wt.% CNTSs yielded a smooth and

strong paint when applied on a steel plate.
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The Fabrication Process of the Nanocomposite Coating ‘

o

MWENTs + PYAElue + Sonicated Solution

Zn0 nanoparticles
dispersion in water

Sonication
(120 minutes)

© — O

—— —_—
Manocomposite Molding as paint on
coating on a a metal surface via
metallic surface solvent casting
after 8 hours

Figure 4-4: A schematic diagram showing the fabrication process of the nanocomposite paint.

Step 3: Addition of new layers to the metal surface as desired by repeating step 2. This is done

and dried out before characterization because it leaves a thick layer (~130-150 um) on the metal
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surface. For the paints used in this research, eight layers are made by repeating the process

described in Figure 4.4.

4.3 Piezoelectricity Calibration

The LMS data acquisition system was used for the calibration of the piezoelectric coefficients of
five paints made from the samples. The LMS system provides channels for measuring force via a
force transducer input and other time-dependent quantities. The data acquisition system gives an
accurate reading of these quantities at intervals of microseconds. The setup of the acquisition
system is shown in Figure 4.5. The figure shows the LMS data acquisition system and the signal
capture done during the test before the calculation of the piezoelectric coefficient along the poling

direction of the nanocomposite paint.

An electrode is prepared and connected to one of the channels of the LMS system to monitor the
voltage generated because of a static loading applied on the paint. The area of contact of the
electrode with the surface of the paint is 0.6 cm X 0.7 cm. When a compressive force is applied to
the paint via the electrode, the LMS system records both the force applied and the voltage
generated by the piezoelectric composite paint. Each cycle of compressive loading is applied in a

duration of 8 seconds.

For accurate readings, for each of the paints, the piezoelectric calibration is done at five different
points and the average values of force applied and generated voltage are used for the piezoelectric
calibration. The five different points are shown in Figure 4.6: at the four edges of the paint and the

middle, all labeled 1 to 5.

Page | 51



Figure 4-5: (a) The setup of the piezoelectric calibration showing the electrode, the force

transducer, and the paints. (b) The back end of the LMS data acquisition system showing the
two channels used for the readings of force applied and the voltage generated. (c) The front
end showing the signal response of the readings from the electrode and force transducer

during excitation of the paints.
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The capacitances of the paints with the applied electrodes are obtained by a capacitance meter
(High-Resolution Capacitance meter with PIC 16F628 by Roman Black®); it was specially
designed to measure small capacitance even in the range of picofarads. The readings of the applied
force and voltage output from one testing are plotted and shown in Figure 4.7 and Figure 4.8
respectively. From these graphs, the peak values of the voltage and corresponding maximum force

applied on the paint are easy to find and used for calculating the piezoelectric coefficients.

Figure 4-6: The simplified diagram showing the five different points of contact with the

electrode and force transducer during the piezoelectric calibration.
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Figure 4-7: The plot of the voltage generated against time during the piezoelectric calibration

of the paint.
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Figure 4-8: The plot of the force applied against time during the piezoelectric calibration of

the paint.
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Then, following simple calculations can be conducted to obtain a proper evaluation of the

piezoelectric coefficient of the paints.
Q=C*V, (4-1)

where Q is the total charge generated on the paint surface covered by the electrode, C is the
capacitance of the paint at a specified point, and V is the voltage generated during excitation at a

specified point.

D = Q/A1 (4-2)
where D is the charging density and A1 is area of the electrode.

ds3 = D/S, (4-3)
where das3 is the piezoelectric coefficient and S is, the stress applied on the paint.

S =F/Az, 4-4)
where F is, the force applied on the paint and Az is an area of the tip of the force transducer.

After the calculation of each of these values for five different points on the paint, an average value
is found to give an estimated value of the voltage generated and the average piezoelectric

coefficient of each paint.

4.4 Microstructural Analysis

The Transmission Electron Microscope (TEM) was used because it produces images that are
formed by interactions between the electrons and the sample. The sample can be analyzed for
information concerning morphology, crystallography, and composition, with a possible spatial

resolution of 0.1nm. The geometric dimensions of the major components of the nanocomposite

Page | 56



paint; zinc oxide nanoparticles dispersion and carbon nanotubes are in the range of nanometers

(nm).

In this research work, the dip coating approach in the nanocomposite solution was used while
preparing samples to be viewed under TEM for the microstructural characterization of the solution
that was used for the paint. The FEI Talos® Field Emission Scanning Transmission Electron
Microscope operating at 200KV equipped with High-Angle Annular Dark-Field (HAADF)
detector and Super-X EDS detector for compositional analysis was used for the microstructural

study.

However, for the microstructural investigation of the dried-out nanocomposite paints for the
presence of voids, the Scanning Electron Microscopy (SEM) was employed. The SEM images
were taken using the FEI Nova Nano 450 SEM which is a Field Emission nano SEM equipped
with Energy-Dispersive Spectroscopy (EDS), Wavelength-Dispersive Spectroscopy (WDS) and

Electron Backscatter Diffraction (EBSD) detectors.

4.5 Nano-indentation Test

To test the mechanical properties of the nano piezoelectric paints, the most efficient technique is
to use nano-indentation. For the nano-indentation tests, samples are prepared by mounting steel
strips on Bakelite using the mounting press. The solvent casting method is used for applying
several layers of paints on a metal surface. It takes about eight hours for each layer to dry out and
give a solid paint, this is repeated eight times to get a paint (~130-150 um in thickness), which is
thick enough for nano-indentation without reaching to the sub-metal surface during the testing.

This was done for the five different types of paints with varying proportions of CNTSs.
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After drying out, grinding is done for 30 minutes on each of the samples using the Silicon Carbide
(SiC) abrasive paper with 1200 grit size under a water cooling system. Making the surface of the
paint flat and smooth for nano-indentation. The polishing takes place with a fine cloth and 1-
micrometer alumina solution for five minutes after washing the surface with clean warm water.
The sample was dropped inside a beaker filled with ethanol and placed in an ultrasonic bath for
another five minutes. The comprehensive cleansing is necessary to make the surface of the paints

void of any unwanted particles.

Hysitron triboindentor T1-950 with standard Berkovich tip is used for the nano-indentation tests.
The maximum load is kept at 150 uN. Before performing the test, the machine is calibrated and
the area function is calculated using known fused Quartz sample. The load function is the standard
trapezoid, which consists of loading rate of 30 uN/s and holding for 2 s and unloading with same

loading rate.

For each indentation process, there are three key steps as shown in Figure 4.9: loading from point
A to point B, holding at maximum load (150 puN) for 2 s from B to C and unloading occurs from

point C to point D. Finally, the samples are fully unloaded.
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Figure 4-9: The Nano-indentation basic procedure showing the loading, holding and

unloading processes as reflected on the Load-displacement curves.
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The acquired data from the nano-indentation tests are in the form of load-displacement curves and
the standard Oliver-Pharr method [83] is used for extracting the values of Nano-indentation
hardness (Hit) and Young’s modulus. The Nano-indentation hardness (Hit) is calculated by dividing
the maximum force by the projected surface area and then converted to MPa as shown in equation

4-5,

Hit:E! (4'5)

where Ap is the projected surface area under the maximum load (P). The calculations were

automatically generated by the nano-indentation machine based on these equations.

The reduced modulus E* was evaluated using one of the equations from the Oliver-Pharr method

as shown in equation 4-6,

=12 (4 - 6)

(4-7)

where the modulus of elasticity and the Poisson ratio of the indenter are Ej and vi respectively.

The nano-indentation is carried out with 12 different indentations on each paint giving 12 readings

and the mean values are used in calculating the Young’s Modulus and Hardness of each paint.
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Chapter 5 Results and Discussion

In this section, the results of the microstructural analysis, the piezoelectric calibration and

mechanical characterization of the fabricated paint are presented and discussed.

5.1 Microstructural Analysis

The zinc oxide nanoparticles in the composite contribute mainly to the piezoelectric property of
the paint. When the nanocomposite solution with 2.4 wt.% of CNTs was examined by the
Transmission Emission Microscope (TEM) as shown in Figure 5.1; it shows zinc oxide
nanoparticles dispersed within the matrix. The images reveal the connection between the ZnO
particles and CNTSs; the CNTSs increase the proximity between the ZnO particles and serve as
electrical bridges which consequently increases the number of possible paths of electrical

conduction between ZnO particles in the paint.

The enhanced electrical connectivity of the ZnO particles in the composite because of the addition
of CNTs will help to connect and accumulate the electric field generated by ZnO particles which
positively affects the piezoelectric response of the paints. Figure 5.2 shows the Energy Dispersive
Spectrometry (EDS) graph which confirmed the chemical composition of the micrograph in Figure
5.1. EDS is an analytical technique which was used for the chemical characterization of the
nanocomposite solution, and from Figure 5.2 it can be deduced that the solution contains carbon,
oxygen, zinc, and copper. The copper is not part of the solution but from the copper grid mesh

used for the TEM sample preparation.
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Figure 5-1: The TEM images of the nanocomposite solution (2.4wt.%) showing the CNTs
connecting the zinc oxide nanoparticles and the rectangle shows the spot used for the Energy

Dispersive Spectrometry (EDS).
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Figure 5-2: The Energy Dispersive Spectrometry (EDS) graph with TEM showing the major

components of the nanocomposite solution (2.4 wt.% CNTS).
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5.2 Piezoelectric Calibration

From the LMS data acquisition system used for the piezoelectric calibration of the paints, data
acquired are used for the determination of the piezoelectric coefficients of the paints. The
piezoelectric coefficients are calculated based on equations (4-1) — (4-4). The mean and maximum

values of the piezoelectric coefficients of the paints are presented in Table 5.1.

Table 5-1: The maximum and average piezoelectric coefficients of the different nano-

composite paints after the piezoelectric calibration.

Types of Paint Maximum Piezoelectric | Mean Piezoelectric
Coefficient (pC/N) Coefficient (pC/N)

With 0.5% CNTs 0.094 0.068+0.02

With 1.5% CNTs 0.278 0.184+0.08

With 2.4% CNTs 0.812 0.405+0.27

With 2.9% CNTs 0.535 0.238+0.18

With 3.4% CNTs 0.039 0.024+0.01
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In the calibration of the nanocomposite paint, the lack of homogeneity in the paint posed a serious
challenge to the proper evaluation of the piezoelectric coefficients. In a bid to reduce the effect of
the non-homogeneity, five different points are chosen on each paint for the piezoelectric

calibration as shown in Figure 4.6.

Figure 5.3 shows the effect of increment in the weight percentage of CNTSs in the nanocomposite
paint on their piezoelectric responses with respect to their maximum piezoelectric coefficients.
Figure 5.3 shows that an increase in the amount of CNTs improves the piezoelectric coefficients
of the paints until there is a sharp decline at a threshold value. In Figure 5.3, the highest
piezoelectric coefficient of 0.812 pC/N is recorded when the weight percentage of CNTs in the
paint is at 2.4%. The maximum values of the piezoelectric coefficients drop gradually with
increments in the weight percentage of the CNTs in the paint. The piezoelectric coefficient dropped
from the threshold value (0.812pC/N) by over 1000% to 0.039 pC/N when the weight percentage
of the CNTs in the paint is at 3.4%. This behavior shows that excess CNTSs in the paint has

detrimental effects on the effectiveness of the paint piezoelectricity.

In Figure 5.4, the mean values of the piezoelectric coefficient of the paint are plotted against the
varying weight percentages of CNTSs in the paint. The graph shows a consistent behavior with
Figure 5.3 which implies that evaluation of the average value of the piezoelectric coefficients from
five different points on each paint compensated for any form of inhomogeneity that may be
inherent in the paint. The threshold value of the mean piezoelectric coefficients is 0.405 pC/N

which occurred at 2.4 wt.% of CNTSs in the paint.
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Figure 5-3: The effect of an increment in CNTs on the maximum piezoelectric coefficients of

the nanocomposite paint.
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Figure 5-4: The effect of an increment in CNTs on the mean piezoelectric coefficient of the

nanocomposite paint.
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As seen in Figures 5.3 and 5.4, the results of the piezoelectric calibration indicate a switch in the
piezoelectric response of the paints with respect to increase in the amount of CNTs added. While
focusing on the positive side of the results, the increment in the addition of the CNTs to the paints
improved its piezoelectricity and this can be attributed to the enhanced electrical connectivity and

bridging of different ZnO nanoparticles as observed in the TEM micrograph.

In addition, a similar behaviour is observed in energy storage-related work [84], [85][86],
researchers have proposed CNTs as conductive additives to the positive electrodes of lithium-ion
batteries because it yields stronger electrical connectivity in the active materials of the battery cells
thereby increasing the lifecycle of the battery. It was concluded that the increased electrical
connectivity in the batteries stems from the uniformly distributed CNTs which increases the

number of possible paths of electrical conduction[85] to bridge nano particles.

However, more CNTSs dispersion (>2.4% weight percent) in the paint will lead to excess voids in
the paint and gaps after its drying out which affects electrical connection between ZnO particles.
In this case, electrical potential generated by many isolated ZnO particles subjected to external
loading cannot be connected leading to the lower final voltage output from the composite paint
and smaller piezoelectric coefficient. The sharp decline in the piezoelectric coefficients of the

paints at a specific threshold can hence be dignified with the discussions above.

5.3 Nano-indentation Test

The results of the nano-indentation of the piezoelectric nano-composite paint with different weight
percentages of CNTSs are presented in Table 5.2 alongside the plotted graphs in Figures 5.5 and
5.6. Table 5.2 shows the mean values of the Hardness and Young’s modulus of the different
samples tested with their error bars. The Young’s modulus (in Figure 5.5) and the hardness of the

nanocomposite paints (in Figure 5.6) increase to 1080MPa and 17MPa with the addition of more
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CNTs until it reaches 2.4% of weight percentage but begins to decrease with more CNTs with

2.9% and 3.4% of weight percentage.

Table 5-2 — The mean values of Young’s modulus and hardness of the different nano-

composite paints with error bars.

Types of Paint Mean Young’s modulus | Mean Hardness (MPa)
(MPa)

With 0.5% CNTs 352.53+91.14 7.32+2.46

With 1.5% CNTs 500.78 + 146.35 10.36 + 3.34

With 2.4% CNTs 1032.70 £ 207.60 16.90 + 4.15

With 2.9% CNTs 920.33 £ 272.77 15.11 + 6.49

With 3.4% CNTs 525.34 £170.04 13.59 £ 3.83
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Figure 5-5: The effect of increment in CNTs on the Young’s Modulus of the nanocomposite

paint.
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Figure 5-6: The effect of increment in CNTs on the hardness of the nanocomposite paint.
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The results of the nano-indentation tests for the various types of paints show that there is an
improvement in the mechanical properties of the paints with an increase in the addition of CNTSs.
Asides serving as electrical bridges to join various zinc oxide nanoparticles in the dispersion, it
reinforces the Young’s Modulus of the nano-composite paint and its hardness. The increment may
be related to the exceptional mechanical properties of CNTs since they are known to have high

Young’s modulus and hardness [72] [73].

Although the mechanical characterization of the nanocomposite paints displays an appreciable
influence of CNTs on the mechanical properties of the paints, the CNTs also play the role of
enhancing the piezoelectric and electrical properties of the zinc oxide by creating electrical bridges
among the nanoparticles. To validate the presence of the CNTs and their roles as linkages for the
zinc oxide nanoparticles, the micrographs and EDS scan of the nanocomposite solution (Figures

5.1 and 5.2) as seen via the TEM provide useful information.

However, it should be noted that when CNTs added to the paint reaches a threshold, the mechanical
properties of the paints begin to diminish and characterized by low Young’s Modulus and hardness
values. The downward slide in the quality of mechanical properties of paints can be attributed to
the accumulation of residual moisture in the layered paints with an increase in CNTs dispersion.
The residual moisture creates discontinuities in the microstructure of the nanocomposite paint
which is visible in form of voids as shown in Figure 5.7. Figure 5.7 is the SEM image of a dried-
out coating produced from the nanocomposite paint containing 3.4 wt.% CNTs while Figure 5.8
shows the SEM image of sample 3 which contains 2.4 wt.% CNTSs. The preponderance of voids in
Figure 5.7, when compared to Figure 5.8, confirms the effect of excess CNTs on the hardness and

Young’s modulus of the nanocomposite paints. The increase in the amount of CNTs water
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dispersion added to the nanocomposite solution increases the probability of having residual

moisture in the layers of coatings leading to more voids in the dried-out paint.

9/20/2016 HV de | det | mag EH | pressure | ——— 500 nm ———
4:54:24 PM | 10.00 kv TLD | 80000 x | 2.59 um | 4.0 mm | 7.19e-4 Pa

Figure 5-7: The SEM image of the nanocomposite paint containing 3.4 wt.% CNTs showing

voids in the microstructural level, the red rings depict voids.
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4/4/2017 HV mode t v spot N —— 500 nm ——
11:50:06 AM | 10.00 kV SE ETD | 65000x | 6.1 mm | 3. - MIM Nova SEM

Figure 5-8: The SEM image of the nanocomposite paint containing 2.4 wt.% CNTs showing

voids in the microstructural level, the red ring depicts a void.

Furthermore, Sun et al. [87] investigated the effects of local void defects on the mechanical
properties of silicon and diamond films using the nano-indentation process, they also found out
that Young’s modulus and hardness of the films reduce significantly due to the existence and

proliferation of local void defects.

The solvent used as the dispersal medium of the materials in the composite may remain as residue
in the composites and affect both electrical conductivity and mechanical property of the material.

Bryning et al. [88] reported that residual solvent in SWCNT-based epoxy nanocomposites
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adversely affects the transport and mechanical properties of the cured composites because it is
capable of inhibiting the nucleophile-electrophile interactions between the epoxy and the hardener.
Coupled with these manifestations of intrinsic mechanical deformities, it has a physical appearance

of a paint laden with pores and cracks, when excess CNT solution is added.

The switching behavior seen in the mechanical properties of the composite coatings was observed
in a similar work; Koumoulos et al. [89] performed the evaluation of surface properties of a
polymeric composite: epoxy matrix composite reinforced with nano-diamond (ND) particles. It
was reported that at a concentration threshold of 2 wt.% NDs in the composites, the mechanical
properties exhibited a switching behavior characterized with low Hardness and Young’s Modulus

values.

In summary, the increment in the CNTs added to the nanocomposite paint has a positive effect on
its core mechanical properties (Young’s Modulus and Hardness) and piezoelectric coefficient, but
when it is in excess, the excellent mechanical properties and piezoelectric coefficients are
negatively impacted. The optimized amount of CNTs as observed from experiments stands at 2.4
wt.% CNTs addition to the nano-composite paint for desired enhanced mechanical and

piezoelectric properties.
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Chapter 6 Conclusions and Future Work

In this thesis, robust attention is given to the design, production, and analysis of a piezoelectric
nanocomposite paint that can be used for damage detection in structures. It started with the
provision of a solid background knowledge of how damage in structures is handled via SHM. It
highlighted the major SHM methods deployed by engineers in the early detection and location of
damage in structures. The review of several methods involving the use of sensors made from
piezoelectric materials while taking into consideration the use of CNTs in enhancing the
effectiveness of the sensors followed. Numerical modeling using MATLAB showing a simulation
of a delaminated cantilever beam with its top surface covered with a piezoelectric coating is
proposed as a method of verifying the feasibility of a piezoelectric paint capable of multipoint

strain sensing in SHM applications.

This research work validates the possibility of producing a piezoelectric nanocomposite paint
made of zinc oxide (ZnO), Poly Vinyl Alcohol (PVA) glue and Carbon Nanotubes (CNTSs) using
the solvent casting method. It further reinforces the standing notion that the piezoelectricity effect
of composites made from zinc oxide can be enhanced by the addition of CNTs which serve as
electrical bridges to link the piezoelectric nanoparticles to one another. It also shows that there is
a threshold amount in weight percentages of CNTSs that can be added to a nanocomposite for the
best performance in terms of piezoelectric output and mechanical strength. The concentration
threshold of the addition of CNTs is seen in Sample 3 as shown in Figure 4.2: 78.1% Zn0O, 19.5%

PVA glue and 2.4% CNTs.

Overall, the uniqueness of the research work is the development of a piezoelectric paint that can

be easily applied as a paint/thin coating on metallic surfaces and bonds perfectly well with
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enhanced piezoelectricity and mechanical properties. The newly developed nanocomposite smart

paint material has potential applications in the field of strain sensing and piezoelectric transducers.

However, the research work is in its introductory stage and exhibits significant potential for notable
applications in SHM. Future research work should include a series of experiments to test the
piezoelectric response of the paints under dynamic loadings. Further studies are required to carry
out the on-field testing of the paint as a damage detection sensor. Lastly, other methods of paint
solution preparation and fabrication such as melt-mixing, extrusion, and 3D printing should be

explored to reduce the voids in the paint after drying out.
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Appendix A: MATLAB code for numerical solutions

The MATLAB Code used for the theoretical modeling and simulation of the delaminated
cantilever beam with its top surface covered by a piezoelectric coating in Chapter 3 is shown

below as a reference.

clc; clear;

% Properties of the material

L1=1.0; L1=0.3; a=0.4; L2=Ll+a;

p=8000; b=0.05;

Pi=3.1415926;

E=2*10"11;

I1=b*(0.01)"3/12; I2=b*(0.005)"3/12; I3=b*(0.005)"3/12;
al=(p*b*0.01); a2=(p*b*0.005); a3=(p*b*0.005) ;

T=E*I1; T12=E*I2; T23=E*13;

charge=[];
Voutput=[];

%% check the eigen value of the parametric matrix (find the system
esonant
% frequency with certain voltage gains)

-

o°

o°

for gg=1.3:1.2:2.5
%g=0.001;

o°

o°
9
«Q
«Q

*
@)
<

for w=0:0.01:1000;
x(1)=w;

kl=(al*w”2/T)~0.25; k2=(a2*w”2/(T12))"0.25; k3=(a3*w"2/(T23))"0.25;

v=r1,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0;...
o,%k1,0,k1,0,0,0,0,0,0,0,0,0,0,0,0; ...
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cos(k1*Ll),sin(k1*Ll),cosh(kl1*Ll),sinh(k1*L1),-1,0,-
1,0,0,0,0,0,0,0 O 0;...

cos(kl1*Ll),sin(k1*Ll),cosh(kl1*Ll),sinh(k1*11),0,0,0,0,-1,0,-
1,0,0,0,0,0;

-sin(k1*L1l)*kl,cos (k1*L1l) *kl,sinh (k1*L1l) *kl,cosh(k1*L1l)*k1l,0, -
k2,0,-%2,0,0,0,0,0,0,0,0;
sin(k1*L1l)*kl,cos (k1*L1)*kl,sinh(k1*L1)*kl,cosh(k1*L1l)*k1,0,0,0,0,0,-
k3,0,-k3,0,0,0,0;

~T*cos (k1*L1) *k1"2, -

T*sin (k1*L1) *k1~2, T*cosh (k1*L1) *k1~2, T*sinh (k1*L1) *k1~2,
T12*k2~2,0,-T12*k2~2,0,T23*k3~2,0,T23*k3~2,0,0,0,0,0;
~T*sin (k1*L1) *k173, T*cos (k1*L1) *k1~3, -T*sinh (k1*L1) *k1~3, -

T*cosh (k1*L1) *k1~3,0,-T12*k2~3,0,T12*k2"3,0, -

T23%*k3~3,0,T23*k3%3,0,0,0,0; ...

0,0,0,0,cos(k2*a),sin(k2*a),cosh(k2*a),sinh(k2*a),0,0,0,0,-1,0, -
1,0;...
0,0,0,0,0,0,0,0,cos(k3*a),sin(k3*a),cosh(k3*a),sinh(k3*a),-1,0, -
1,0;...
0,0,0,0,
sin(k2*a) *k2 ,cos(k2*a)*k2,sinh(k2*a)*k2,cosh(k2*a)*k2,0,0,0,0,0,—
k1,0, -k1;
0 0,0,0,0,0,0,0,—
sin(k3*a)*k3, cos (k3*a) *k3,sinh (k3*a) *k3, cosh (k3*a) *k3,0,-k1,0,-k1; ...
0,0,0,0,-T12*cos (k2*a) *k2"2, -
Tl2*sin (k2*a)*k272,Tl2*cosh (k2*a) *k272,T12*sinh (k2*a) *k2"2,
-T23*cos (k3*a) *k3"2, -
T23*sin (k3*a) *k372,T23*cosh (k3*a) *k372,T23*sinh (k3*a) *k3*2,T*k1"2,0, -
T*k1%2,0;

0,0,0,0,Tl2*sin (k2*a) *k2"3, -
Tl2*cos (k2*a) *k273,T12*sinh (k2*a) *k273,Tl2*cosh (k2*a) *k2"3,T23*sin (k3*
a)*k373,-T23*cos (k3*a) *k3"3,

T23*sinh (k3*a) *k373,T23*cosh (k3*a) *k373,0,T*k1"3,0,-T*k1"3;

0,0,0,0,0,0,0,0,0,0,0,0,cos(k1*(L-L2))*k1"2,sin(kl*(L-L2))*k1"2, -
cosh (kl* (L-L2))*k1"2,-sinh (kl1* (L-L2))*k1"2;

0,0,0,0,0,0,0,0,0,0,0,0,-sin(kl1*(L-L2))*k1"3,cos (kl*(L-L2))*k1"3, -
sinh (k1* (L-L2))*kl1l"3, -cosh (k1*(L-L2))*kl1"3];

$M/100;

if ((1i>=2) && ((dm(i-1)*dm(i))<0))
W(j)=(x(i-1)+x(1))/2; % value of natrural angular frequency
f(3)=W(3)/(2*P1); S%nature frequency
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J=Jj+1;
end
i=i+1;

o\°
o°

W %value of nature rotating speed
f %value of frequency

o\°

plot (x,dm) ;
G(tt)=g9g;

frel (tt)=£(1);
ww=Ff (1) *2*Pi;
tt=tt+1;

end

o° o° o o°

o°

for n=1:3

w=W (n) ;
kl=(al*w”2/T)"*0.25; k2=(a2*w"2/(T12))"0.25;
k3=(a3*w™2/(T23))"0.25;

vM=r1,0,1,0,0,0,0,0,0,0,0,0,0,0,0,0;...
o,%k1,0,%k1,0,0,0,0,0,0,0,0,0,0,0,0;...

cos(k1*Ll),sin(kl1*Ll),cosh(kl1*Ll),sinh(k1*L1),-1,0,-
1,0,0,0,0,0,0,0,0,0;...

cos(k1*Ll),sin(k1*L1l),cosh(k1*Ll),sinh(k1*1L1),0,0,0,0,-1,0,-
1,0,0,0,0,0;...

-sin(k1*L1) *kl, cos (k1*L1) *k1l,sinh (k1*L1) *k1l, cosh (k1*L1) *k1,0, -
k2,0,-k2,0,0,0,0,0,0,0,0;...
sin(k1*L1) *k1, cos (k1*L1) *k1, sinh (k1*L1) *k1, cosh (k1*L1)*k1,0,0,0,0,0, -
k3,0,-k3,0,0,0,0;...

—-T*cos (k1*L1) *k172, -

T*sin (k1*L1) *k1~2, T*cosh (k1*L1)*k172, T*sinh (k1*L1) *k1~2, . ..
T12%k272,0,-T12*k2"2,0,T23*k3~2,0,T23*k3%2,0,0,0,0,0; ...
—-T*sin (k1*L1) *k173, T*cos (k1*L1) *k173, -T*sinh (k1*L1) *k173, -

T*cosh (k1*L1) *k1~3,0,-T12%k2"3,0,T12*¥k2~3,0, -

T23*k3%3,0,T23*k3~3,0,0,0,0; ...

0,0,0,0,cos(k2*a),sin(k2*a),cosh(k2*a),sinh(k2*a),0,0,0,0,-1,0, -

0,0,0,0,0,0,0,0,cos(k3*a),sin(k3*a),cosh(k3*a),sinh(k3*a),-1,0, -
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0,0,0,0,
sin (k2% ) k2 ,cos(k2*a)*k2,sinh(k2*a)*k2,cosh(k2*a)*k2,0,0,0,0,0,—
k1,0,-

0,0,0,0,0,0,0,0,—

sin(k3*a)*k3,cos (k3*a) *k3, sinh (k3*a) *k3, cosh (k3*a) *k3,0,-k1,0,-k1; ...

0,0,0,0,-T12*cos (k2*a) *k2"°2, -
T12*sin (k2*a) *k2°2, T12*cosh (k2*a) *k2°2, T12*sinh (k2*a) *k2"2,

-T23*cos (k3*a) *k3"2, -
T23*sin (k3*a) *k372, T23*cosh (k3*a) *k372, T23*sinh (k3*a) *k372, T*k1"2,0, -
T*k172,0;

0,0,0,0,Tl2*sin (k2*a) *k2"3, -
Tl2*cos (k2*a) *k273,T12*sinh (k2*a) *k273,Tl2*cosh (k2*a) *k2"3,T23*sin (k3*
a)*k373,-T23*cos (k3*a) *k3"3,

T23*sinh (k3*a) *k3"3,T23*cosh (k3*a) *k373,0,T*k1"3,0,-T*k1"3; ...

0,0,0,0,0,0,0,0,0,0,0,0,cos(kl*(L-L2))*k1"2,sin(kl*(L-L2))*kl1"2,~-
cosh (kl* (L-L2))*k1"2,-sinh(kl1* (L-L2))*k1"2;

6,0,0,0,0,0,0,0,0,0,0,0,-8in(k1*(L-L2))*kl1"3,cos(kl1*(L-L2))*kl1"3, -
sinh (k1* (L-L2))*kl1l"3, -cosh (kl1*(L-L2))*kl1"3];

M1=M(2:16,2:16);
M2=-M(2:16,1);

A(l,n)=1;
A(2:16,n)=inv (M1) *M2;

end

for n=1:3
w=W (n) ;
kl=(al*w”2/T)"0.25; k2=(a2*w"2/(T12))"0.25;
k3=(a3*w"2/(T23))"0.25;
i=1;

for x=0:0.001:L1
Lx (1) =x;

WA(i,n)=A(l,n)*cos(kl*x)+A(2,n) *sin(kl*x)+A(3,n)*cosh(kl*x)+A(4,n)*sin
h(kl*x);
i=1i+1;

end
i=i-1;
for x=L1:0.001:L1l+a

Lx (1)=x;

xx=x—-L1;
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WA (i,n)=A(5,n) *cos (k2*xx)+A(6,n) *sin (k2*xx)+A(7,n) *cosh (k2*xx)+A(8,n) *
sinh (k2*xx); % top surface

SWA(1,n)=A(9,n)*cos (k3*xx)+A(10,n) *sin (k3*xx)+A(1l1l,n) *cosh (k3*xx)+A (12
,n) *sinh (k3*xx) ; $bottomsurface

i=i+1;
end

j=1;

for x=L1:0.001:L1l+a
Lxb () =x;
xx=x-L1;

WB(j,n)=A(9,n)*cos (k3*xx)+A (10, n) *sin (k3*xx) +A (11,n) *cosh (k3*xx) +A (12,
n) *sinh (k3*xx) ;

J=3+1;
end

o©

for x=L1:0.001:L1+a
Lx (1) =x;
xx=x-L1;

o° oe

o°

WA (i,n)=A(9,n) *cos (k3*xx)+A(10,n) *sin (k3*xx)+A(11l,n) *cosh (k3*xx)+A (12,
n) *sinh (k3*xx) ;
i=1+1;

o°

o°

end

i=i-1;

for x=L2:0.001:L
Lx (1)=x;
xx=xX-L1L2;

WA (i,n)=A(13,n)*cos(kl*xx)+A(14,n)*sin(kl*xx)+A(15,n) *cosh(kl*xx)+A (16
,n) *sinh (kl*xx) ;

i=i+1;
end
end
figure(1l);
plot (Lx,WA(:,1),"'--"); hold on; plot(Lxb,WB(:,1),'-");

xlabel ('Length of the beam (m), L'");
ylabel (' Deflection, w(x)");
title ('The vibration mode 1'");

figure (2);

plot (Lx,WA(:,2),"'--"); hold on; plot(Lxb,WB(:,2),'-");
xlabel ('Length of the beam (m), L'"');

ylabel ('Deflection, w(x)");
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title ('The vibration mode 2'");

figure (3);

plot (Lx,WA(:,3),'--"); hold on; plot(Lxb,WB(:,3),"'-");

xlabel ('Length of the beam (m)"'):;
ylabel ('Deflection, w(x)");
title('The vibration mode 3');

%Determination of the steady state response

Tinitial = 0; Tfinal = 0.01;
dTime = 0.001;

$L=1.0; L1=0.3; a=0.2; L2=Ll+a;
%p=8000; b=0.05;
$P1=3.1415926;

SE=2*10"11;

$I1=b*(0.01)"3/12; I2=b*(0.005)"3/12; I3=b*(0.005)"3/12;

[o)

o\°

al = b*0.005; %sectional area
$ T=E*I1; T12=E*I2; T23=E*I3;

fo = 10;
omega = 30;
e31=-2.8; Cv=0.75*107-9; hPZT=0.0003; h=0.01;

% finding of the total beam response

t = 1; % counter through time to get 'gntMatrix'

for Time = Tinitial: dTime : Tfinal % iterate through
interval
% Timepoint (tn)=Time;
for n = 1:3; % iterate through mode shapes

w=W(n) ;

(o)

dx = 0.001; % x increment for integration

o)

X1 = L2; % lower bound of integral dx
Xu = L; % upper bound of integral dx

sal=(p*b*0.01); az2=(p*b*0.005); a3=(p*b*0.005);

% integration for bdash-------------—--———-

numRectX = L/dx; % number of integration rectangles in

bdash integral

bdash = 0; % setting back to zero after one loop over n

% WA = @(x) A(13,n)*cos(kl*(x-L2))+A(14,n) *sin(kl* (x-
L2))+A(15,n)*cosh (kl* (x-L2))+A(16,n) *sinh (k1* (x-L2));
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% Wnx = @(x) ((An(l,n))* (cos(betaN(n)*x))) + ((An(2,n)) *
(sin(betaN(n)*x))) + ((An(3,n))* (cosh(betaN(n)*x))) + ((An(4,n))*
(sinh (betaN(n)*x))); % 'n' th mode shape

dxl = X1; % dx lower bound

for i = 1:1:numRectX $ for every rectangular element
$dxu = dx1 + dx; % dx upper bound
$ deltaAreaX (1) = dx * (WA ((dxl + dxu)/2 )"2);
deltaAreaX (i) = dx*WA(i,n)*WA(i,n);

bdash = sum(deltaAreaX);
$dx1l = dxu;
end

[o)

% integration of QnT* sin(omegaN(t-T)--——----""-""—"———=-———~
SWA = @(x) A(13,n)*cos(kl*(x-L2))+A(14,n) *sin (kl1* (x-

L2))+A(15,n) *cosh (kl* (x-L2))+A(16,n) *sinh (kl* (x-L2)) ;

WAL = WA (L)

o

WAL = WA(length(WA(:,1)),n); % Wnx value at the edge of
the beam

OnT(n) = fo * sin(omega*Time) * WAL;

o\

syms T t;

$gntMatrix (t,n) =@ (t) (1/((al*bdash) * W(n))) *
int (OnT*sin (W(n)*(t-T)),T,0,1);

gntMatrix(t,n) = (1/((al*bdash) * (W(n)"2 - omega”2))) *
oOnT (n); %$%%%%% gn(t) Use Duhamel integral?????

% columns corresponding to modes and rows corresponding to
modal response at each time

o°

$WnLVector (n) = WAL; % Wnx values at x = L2
SWLtMatrix(t,:) = WA(:,:)* gntMatrix(t,:);
end
WLtMatrixl (:,t) = WA(:,1)* gntMatrix(t,1);
WLtMatrix2 (:,t) = WA(:,2)* gntMatrix(t,2);
WLtMatrix3(:,t) = WA(:,3)* gntMatrix(t,3);

WLtMatrix (:,t)=WLtMatrixl (:,t)+WLtMatrix2 (:,t)+WLtMatrix3(:,t);

o)

o

WLtMatrix (:,t)=WLtMatrixl (:,t)+WLtMatrix2 (:,t)+WLtMatrix3(:,t):

o\°

o\°

mode superposition--—-—-—-—-—-—-—-""-"-"-"-"—"—"—"—"—"—"—"—"—~—~—~—~—~—~—~—~—~—~—~——— - ————
element wise operation

o\°
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figure (4)
plot (Lx', WLtMatrix(:,t)); hold on;

o\°

xlabel ('Length of the beam (m)');
ylabel ('deflection of the beam [w(x)]"');
title('The deflection of the beam after a dynamic excitation');

o°

plot (Lx',Voltage(t)),; hold on;

Slopdiff (tn)=(WLtMatrix (Point2-2)- WLtMatrix (Point2-1))/0.001-
WLtMatrix (Pointl+2)- WLtMatrix (Pointl+1))/0.001;

o° —~ o°

o\°

Q0=-e31*b* ( (h+hPZT) /2) * (Slopdiff (tn));

o° o°

o

charge=[charge,Q];
Voltage = Q/Cv;

o0 o°

o

Voutput=[Voutput,Voltage];

o©

o

figure (5)

t =t + 1; % counter up

end

for i=3:length (WLtMatrix(:,t-1))

diffl= (WLtMatrix(i,t-1)- WLtMatrix(i-1,t-1))/0.001;
diff2 = (WLtMatrix(i-1,t-1)- WLtMatrix(i-2,t-1))/0.001;
Slop(i-2)=(WLtMatrix (i, t-1)- WLtMatrix (i-1,t-1))/0.001;
Curvature (i-2)=(diffl-diff2)/0.001;

% Curvature (1-2)=( (WLtMatrix(i)- WLtMatrix(i-1))/0.001- (WLtMatrix (i-
1)- WLtMatrix(i-2))/0.001)/0.001;

Q(i-2)=-e31* ( (h+hPZT) /2) *Curvature (1-2) *b*0.001;
i=i+1;

end

o

figure (1)
plot (Lx,WA) ;

o

o\

figure (2);

Voltage = Q/Cv;

plot (Lx(1l: (length(Lx)-2)),Voltage); % for the curvature
distribution at the last time point during the vibration.

o\°

o\°
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o°

o°

xlabel ('Length of the beam (m)"');
ylabel ('Voltage (V) '");
title('Voltage generated by the piezoelectric patch');

o°

o°

figure (5);
Voltage = Q/Cv;
plot (Lx(1l: (length(Lx)-2)),Voltage); % for the curvature
distribution at the last time point during the vibration.

xlabel ('Length of the beam (m)"');
ylabel ('Voltage (V)'");
title('Voltage generated by the piezoelectric coating');

SWLt = sum(WLtMatrix,2); % w(Ll,t) vector having responses of the
beam, summing of column wvalues

o

figure (5)
time = Tinitial: dTime : Tfinal;
plotCurve = plot (time, WLtMatrix (length (WLtMatrix),:)):;

o©

o\
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