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ABSTRACT

Despite the many attractive features of carbon fiber reinforced polymers (FRPS)
composites, they are prone to failure due to delamination. The ability to tailor the fiber/matrix
interface FRPs is crucial to the development of composite materials with enhanced structural
performance. In this dissertation, ZnO nanowires (NWSs) were grown on the surface of carbon
fibers utilizing low temperature hydrothermal synthesis technique prior to the hybrid composite
fabrication. The scanning electron microscopy revealed that the ZnO nanowires were grown
uniformly on the surface of the carbon fabric. The surface grown ZnO NWs functionally-graded
the composite material properties and ensured effective load transfer across the interface. To
assess the influence of the ZnO NWs growth, reference samples were also prepared by exposing
the carbon fabric to the hydrothermal conditions. The damping properties of the hybrid ZnO
NWs-CFRP composite were examined using the dynamic mechanical analysis (DMA)
technique. The results showed enhanced energy dissipation within the hybrid composite. Quasi-
static tensile testing revealed that the in-plane and out-of-plane strengths and moduli of the

hybrid FRP composite were also boosted.

The interlaminar shear strength (ILSS) measurements suggested the improvement in the
mechanical properties of the composite to the enhanced adhesion between the ZnO nanowires
and the other constituents (carbon fiber and epoxy). It was necessary thus, to utilize the

molecular dynamics simulations (MD) to investigate the adhesion within the CFRP structure



upon growing the ZnO nanowires on the surface of the carbon fibers. Molecular models of the
carbon fibers, the epoxy matrix and the ZnO nanowires were built. The resulting molecular
structures were minimized and placed within a simulation box with periodic boundary
conditions. The MD simulations were performed using the force field COMPASS to account for
the empirical energy interactions between the different toms in the simulation box. Proper
statistical thermodynamics were employed to relate the dynamics of the molecular model to the
macroscale thermodynamic states (pressure, temperature and volume). Per the computed
potential energies of the different components of the composite, it was found that the polar
surfaces in the ZnO structures facilitates good adhesion properties in the graphite-epoxy

composite.

Besides the attractive mechanical properties of the ZnO nanowires, their piezoelectric and
semiconductor properties were sought to design an energy harvesting device. To ensure
sufficient charges collection from the mechanically stressed individual ZnO nanowires, a copper
layer was sputtered on top of the ZnO nanowires which introduced also a Schottky effect. The
mechanical excitation was provided by exposing the device to different vibration environment.
The output voltage and currents were measured at the conditions (in terms of frequency and
resistive load). It was demonstrated that the electrical output could be enhanced by stacking up

similar devices in series or in parallel.

Finally, in an attempt to exploit the reversibility of the electromechanical coupling of the
energy harvesting device, the constitutive properties of the hybrid ZnO nanowires-CFRP
composite were estimated using the Mori-Tanaka approach. This approach was validated by a
finite element model (FEM). The FEM simulations were performed on a representative volume

element (RVE) to reduce the computational time.



The results demonstrated that the mechanical properties of the hybrid ZnO NWs-CFRP
composite were better than those for the baseline CFRP composite with identical carbon fiber
volume fraction (but with no ZnO NWSs) which confirmed the experimental findings.
Furthermore, the electro-elastic properties of the hybrid composite were determined by applying

proper boundary conditions to the FE RVE.

The work outlined in this dissertation will enable significant advancement in the next
generation of hybrid composites with improved structural and energy harvesting multifunctional-

ties.
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Chapter 1. Introduction & Literature Review

1.1 Dissertation Objectives and Outline

The increased demand for multifunctional materials has been the focus of a great deal of
research efforts in the last decade. In this context, this dissertation aims to fabricate and
characterize a hybrid multifunctional composite material through growing ZnO nanowires
(NWs) on the surface of PAN based-carbon fabric using a simple and cost-effective technique:
low-temperature solution-based hydrothermal synthesis. Considering the high aspect ratio of
ZnO NWs and the excellent mechanical properties of ZnO NWs, the mechanical performance of
the composite is expected to be improved. Although enhancing the structural properties of the
composite is the main objective of the dissertation, the piezoelectric and semiconductor
properties of the ZnO NWs were also exploited to convert the mechanical deformation of the

composite structure into electric power.

1.1.1 Dissertation objectives

The overarching goal of this dissertation is to fabricate and characterize a hybrid FRP composite
based on carbon fibers with surface grown ZnO nanowires as the reinforcements and structural
epoxy as the matrix. The surface grown ZnO piezoelectric nanowires (NWSs), on the surface of
carbon fibers, could act as an interfacial strengthening mechanism to mitigate delamination and
to suppress (damp) vibrations. It also could act as an energy harvester by transforming the

mechanical strain energy into electrical energy via the electromechanical coupling due to the



piezoelectric nature of the ZnO. Furthermore, the hybrid ZnO/carbon fiber reinforcement is
envisioned to enhance the quasi static (tensile strength and modulus, interlaminar shear strength)
and dynamic (damping parameter and loss modulus) mechanical properties of FRPs by
strengthening the interface between the fiber and the epoxy matrix due to the increased
interfacial area provided by ZnO NWS. In comparison with other piezoelectric transducers (e.g.
PZT), ZnO nanowires carries the advantages of structural flexibility, lower cost, compactness

and light weight.

Furthermore, since the ZnO nanowires can be grown globally (over much larger area than can be
covered by PZT patches) over the carbon fibers and thus they can add another functionalities
beyond the aforementioned structural properties; converting the mechanical energy into traceable
amount of electrical energy. While the harvested energy is not envisioned to be significant it
still can be utilized for powering low power-consuming devices and sensors such as micro/nano

electro mechanical (MEMS/NEMS) systems.

1.1.2 Dissertation outline

Chapter 1 provides a technical review of the state of the art in piezoelectric composites and
devices. In chapter 2, an experimental investigation is carried out to probe the effect of growing
ZnO NWs on the surface of PAN carbon fibers, on both the static and dynamic mechanical
performance of a carbon fiber reinforced polymer (CFRP) composite. The effect of ZnO NWs
growth was elucidated on both the in-plane and out-of-plane tensile properties using standard
tensile testing. The ability of the surface grown ZnO NWs to dissipate vibration energy was
investigated using dynamic mechanical testing (DMA). The inter and intra laminar shear stresses

were investigated using the off axis tensile test and three point bending tests, respectively.
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To gain a better understanding of the connection between the nanostructure topology and the
corresponding macroscopic constitutive behavior of the hybrid carbon/ ZnO/ Epoxy composite,
in chapter 3, molecular dynamics (MD) simulations were employed. MD utilizes the classical
mechanics (Newton’s equations) to model the interactions in between a system of particles over
a short period of time. While considering the atoms as individual particles in space, the
interatomic interactions, both bonded and non-bonded, are described using an empirical force

field parameterized on the basis of experimental work and ab initio calculations.

The MD simulations with proper thermodynamic ensembles were employed to achieve
equilibrated structures of the composites. The force field COMPASS (condensed-phase
optimized molecular potentials for atomistic simulation studies) was adopted for all the MD

simulations. The adhesion energy between ZnO, graphite and epoxy molecules was evaluated.

In chapter 4, the energy harvesting capabilities of the hybrid composite is demonstrated. An
energy harvesting device was built to exploit the piezoelectric and semiconductor properties of
the hybrid composite. The device was exposed to different vibration environments such as
ultrasonic bath and electromagnetic shaker and the output voltage and power under different

frequencies were measured.

In chapter 5, a numerical model to predict the effective electro-elastic properties of the
composite is outlined. The finite element method (FEM) was utilized to homogenize the
composite structure through proper choice of the boundary conditions. The strain field and the

energy will be calculated toward estimating the effective properties.



Finally, chapter 6 summarizes the major findings of this dissertation for the ZnO/FRP hybrid
composites with suggested future work to further optimize the hybrid composite mechanical

performance and energy harvesting capability.

1.2 Literature Review
1.2.1 Mechanical properties of hybrid CFRP composite structures

Despite the many attractive mechanical and transport properties of fiber reinforced polymer
composites (FRPs), they are still prone to interlaminar failure which is often quite complex
especially for multilayered laminates [1]. This contrasts the crucial role of the fiber/matrix
interface in composites design. Several remedies were suggested to enhance the fiber/matrix
interface. The chemical treatment approach utilizes acidic reagents (e.g. chlorosulfonic acid,
nitric acid, etc...) to attach functional groups such as carboxyl, ether or hydroxyl to the fiber to
improve the load transfer and adhesion between the fiber and the matrix. It was demonstrated
that the chemical treatment improves the wettability and the surface roughness of the fibers
which, in return, increase the tensile strength and the interlaminar shear strength of the
composite. Some reports even suggested a change in the failure mode from fiber/matrix interface
failure to fibrillation due to strengthening the interface bonding [2]. However, the chemical
treatments might cause excessive erosion to the fiber leading to a reduced strength.
Consequently, the in-plane mechanical properties of the composite could be compromised to

improve the interface strength.

The non-oxidative treatment involves the deposition of another reinforcement (whiskers) at
the interface between the fiber and the matrix. The standard practice to enhance the interfacial

properties of CFRPs is to introduce an intermediate phase with superior structural performance



in between the carbon fibers and the polymer matrix such as SiC whiskers [3], carbon nanotubes
(CNTSs) [4] and ZnO nanowires (NWs) [5]. The placement of high aspect ratio nanotubes on the
fiber surface induces less stress concentration in the fiber since they enhance the gradual stiffness

decrease from the fiber to the matrix [6].

Carbon nanotubes were grown on carbon yarns and carbon fabrics surface using the catalytic
chemical vapor deposition (CCVD) technique with different catalysts such as nickel, cobalt and
iron at high temperatures (600°C to 1000°C). Zhang et al [7] have grown high density multiwall
carbon nanotubes (MWCNTS) using the CVD process at elevated temperatures ( 700-800°C) on
the surface of sized and de-sized carbon fibers. The results showed 40% decrease in the tensile
strength of the sized carbon fibers when exposed to 700°C growth environment. Identical results
were observed for the de-sized fibers but at temperatures higher than 800°C which contrasts the

important role played by the fibers sizing.

Recently, Tehrani et al [4] utilized graphitic structure by design (GSD) synthesis at
relatively lower temperature (~500°C) to grow MWCNTSs over the surface of PAN-based carbon
fibers. Compared to the carbon fiber/epoxy composite, results showed a slight decrease in the
composite tensile strength (3.4%) and an improvement of the Young’s modulus (8.17%).

However, more pronounced enhancements were reported for the DMA loss modulus (120%).

Like CNTs, zinc oxide (ZnO) nanowires (NWs) can be grown on carbon fibers’ surface to
enhance the interface between the fibers and the matrix. Zinc oxide species (tubes, belts,

particles, films, wires, etc.) possess semiconductor and piezoelectric properties which makes



them well-suited for a variety of applications from solar cells, sensors, structural applications, to
energy harvesting devices [8, 9]. Different synthesis protocols were developed to grow ZnO
nanostructures such as vapor-phase transport, metallorganic chemical vapor deposition
(MOCVD), sputtering, molecular beam epitaxy (MBE), thermal evaporation and vapor-liquid-
solid (VLS) [10]. These techniques are time-consuming and/or require elevated synthesis

temperatures which limit their potential use for industrial applications.

Unlike CNTs, despite their extraordinary physical properties, there are fewer reports on the
effect of ZnO as interfacial reinforcement for FRPs. Lin et al [11] tested the shear strength of a
single carbon fiber wrapped with ZnO NWs and reported 113% increase in the interfacial shear
strength. Ehlert et al [12] utilized identical ZnO growth process on aramid fiber and suggested
that the carboxylic acid group is responsible for the good interfacial shear strength between the
ZnO NWs and the carbon fiber. More recently, Skandani et al [5] reported 50% enhancement in
the CFRPs loss modulus upon growing ZnO NWs on the interface. This improvement was
attributed to the increased interfacial area between the NWs and the epoxy matrix. However,

such enhancement was accompanied with a slight decrease in the storage modulus (~7.0%).

While these results highlight the compatibility of ZnO NWs as reinforcing whiskers in
composite structures, they are limited to a single isolated fiber surrounded with an epoxy matrix.
To date, the impact of surface grown ZnO NWs on carbon fibers bundles and bidirectional
fabrics has not been investigated yet. Studying ZnO nanostructures growth on carbon fabrics is
deemed more practical considering the complex architecture of the carbon fabric. In this

dissertation ZnO NWs will be grown using hydrothermal synthesis technique. It is anticipated



that the high aspect ratio of ZnO together with their good mechanical properties could

substantiate ZnO NWs as potential candidates for fiber/matrix interfacial enhancement.

1.2.2 Molecular dynamics (MD) simulations

The macroscopic mechanical testing can reveal the effect of the enhanced interface on the
composite properties. However, these experimental results do not provide insightful
understanding of the connection between the nanostructure topology and their corresponding
macroscopic constitutive behavior. In this regard, molecular dynamics (MD) simulations
constitute an efficient tool to shed some light on the microstructure-property correlation within
CFRP structures. Molecular dynamics utilizes the classical mechanics (Newton’s equations) to
model the interactions in between a system of particles over a short period of time. While
considering the atoms as individual particles in space, the interatomic interactions, both bonded
and non-bonded, are described using an empirical force field parameterized on the basis of
experimental work and ab initio calculations. Although the MD accuracy and robustness have
been established, it incurs high computational cost which inhibits its use for large scale materials

systems.

Molecular dynamics techniques have been utilized to simulate the different ingredients of
CFRP system of interest in this dissertation. Several structural epoxies have been the focus of
many MD studies [13-15]. Fan et al [16] utilized MD to investigate a periodic amorphous
structure composed of Epon-862 cross-linked resin with TETA curing agent. The simulation
results provided estimates of the glass transition temperature, linear thermal expansion

coefficients and Young’s modulus. Nouri et al [17] carried out MD simulations to determine the



resin-to-curing agent mass ratio needed to optimize the epoxy elastic properties. In another
study, Varshney et al [18] utilized MD to investigate highly cross-linked thermosetting polymer.

The predicted properties showed good agreement with the experimental results.

Besides the polymeric matrices, the use of MD was extended to simulate the effect of the
reinforcements as well. Molecular dynamics simulations were utilized to study the interactions
between single wall carbon nanotube (SWCNTs) and Epon 862 resin cross-linked with
diethyltoluenediamine (DETDA)-based curing agent [5]. The simulations revealed that the good
adhesion between the SWCNTs and the epoxy molecules amplifies the load transfer between
them which, in return, improves the nanocomposite mechanical performance. Al-Haik et al [19]
investigated the influence of SWCNTSs chirality on the adhesion energy in a carbon nanotube-
polyethylene composite. They concluded that utilizing low chiral indices or small chiral angles
CNTs (i.e. smaller diameter and higher aspect ratio) would enhance the nanotubes adhesion to

the polyethylene molecules based on the high aspect ratio.

Beyond carbon nanotubes, Mohan et al [20] analyzed the mechanical properties of hybrid
polymer composites encompassing functionalized alumina nanoparticles. The simulations
predicted that embedding functionalized alumina nanoparticles in the polymer matrix enhances

the interlaminar mode-I fracture toughness.

Although MD was employed extensively to characterize particulate polymer composites, its
usage to fibrous composite is rather scarce. Few attempts have utilized MD to study traditional

CFRPs. Most of the available research efforts have focused on measuring the surface energy of



carbon fibers [8, 11, 21] or calculating the adhesion between the carbon fiber and the epoxy
matrix [2, 19]. Chunyu Li at al [19] carried out atomistic simulations to probe the effect of the
matrix curing process on the mechanical response of CFRP. The carbon fibers were modeled as
multilayer graphite (MLG) stacked parallel or perpendicular to the epoxy surface. The results
indicated that modifying the orientation of the MLG influences the interfacial energy which,
consequently, leads to different failure mechanisms in the composite structure. Molecular
dynamics simulations were also embedded within a multi-scale modeling frame coupled with
continuum scale approaches. Hundley et al [22] studied the metal-composite interface in
titanium-graphite fiber metal laminate using the force field COMPASS (condensed-phase
optimized molecular potentials for atomistic simulation studies) which accounts for different
interactions between metal oxide/epoxy. The simulations yielded the transverse elastic
properties, ultimate normal and shear interfacial strengths in addition to the fracture energies.
More recently, COMPASS was also utilized by Alkhateb et al [23] to characterize graphite
nanoplatelets-vinyl ester nanocomposite. They found that the interfacial shear strength between

the graphite and the vinyl ester was considerably enhanced through brominating the vinyl ester.

The exploitation of MD for three-phase composites is still in its infancy. Despite the plethora
of literature discussing the piezoelectric contribution of ZnO nanowires to classical laminated
composites, no investigation attempted computationally, to probe the effect of the nanowires on

the interfacial adhesion or the overall stiffness of the hybrid composites.

1.2.3 Energy harvesting using composite structures



The quest for alternative, portable and reliable sources of energy has sparked significant
efforts to develop new devices able to convert the available forms of energy into electricity [24,
25]. Besides the most extensively studied solar, thermal, nuclear and wind energy, ambient
mechanical energy is one of the abundant and accessible sources of energy in the surroundings.
With the miniaturization of a many technologies, it was highly desirable for the several
nanodevices to be self-powered and, thus eliminated the need for the external batteries. Many
technologies were developed to take advantage of the mechanical energy available in the
surrounding of nanodevices. Scavenging a small fraction of this energy may be sufficient to

power nanorobots, wireless sensors implantable medical devices, to name just a few applications.

Recently, numerous investigations have focused on employing piezoelectric materials for
capturing the ambient mechanical vibration [26]. Considering their high stiffness and
electromechanical coupling properties, piezoceramic materials such as PZT have been used
extensively for scavenging energy out of mechanical vibration [27]. Several PZT devices were
implemented successfully for energy harvesting purposes and they exhibited good performance
to convert the affordable mechanical energy into electricity and vice versa. However, the brittle
nature of the PZT materials rendered their handle very delicate and complicated their
manufacturing processes. To address these inadequacies, PZT layers were deposited on various
substrates to improve the mechanical toughness of the active devices. Detailed review of the

recent progress that has been made in this field will be given in the next part.

In the recent years other materials that exhibited piezoelectric features were also used for

energy harvesting purposes such as Polyvinylidene fluoride (PVDF), BaTiO3 and ZnO [28].
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Among these materials, zinc oxide (ZnO) is unique in its semiconductor, mechanical and
piezoelectric properties. ZnO possesses a wurtzite structure, in which Zn cations and O anions
formed a tetrahedral crystal. The interaction between the Zn?* terminated (0001) and O*
terminated (0001) polar surfaces allowed the growth of various forms of ZnO nanostructures
such as nanobelts, nanorods, nanospring, nanohelices and nanowires [29]. The piezoelectric
effect was induced by the lack of central symmetry which resulted in a relative displacement of
anions and cations inside the ZnO crystal structure. Zhao et al [30] used Piezoresponse force
microscopy (PFM) to measure the piezoelectric properties of a ZnO nanostrucrture. It has been
found that the effective piezoelectric coefficient (ds3) was frequency-dependent and varied
between 14.3 pmV! and 26.7 pmV* within the frequency range of 20-200 Hz, 1.4-2.7 times
higher compared to bulk ZnO (ds3 = 9.93 pmV1). This result highlighted the possibility for using
the ZnO nanostructures (nanowires, nanorods, nanobelts...) as a substitute for the bulk ZnO. In
this regard, one of the most challenging tasks in the last decade was the design of reliable energy
scavenging devices that are capable to work over a wide frequency range to take advantage of

the ZnO nanostructures properties.

The pioneering work of Z.L. Wang [29, 31-38] paved the way for the development of a new
generation of nanogenerators (NGs) based on vertically aligned ZnO NWs arrays. The ZnO NWs
were first grown using a vapor-liquid-solid (VLS) process on a conductive GaN/sapphire
substrate. The electrical signal generation was performed with an atomic force microscopy
(AFM) silicon (Si) tip coated with Platinum (Pt) film. The metal Pt film was necessary to
establish a Schottky contact with the semiconductor ZnO nanowire while an Ohmic contact was

established between the ZnO nanowire and the substrate. The electrical contact between the
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nanowire and the electrode had a key role in the functioning of the energy harvester as will be
discussed later in this chapter. To understand the role of the Schottky contact in the power
generation, the authors replaced the Pt coated tip with an Al-In alloy thin film deposited on the Si
substrate. As no piezoelectric current was received, it was concluded that the Schottky contact
between the ZnO nanowire and the metallic electrode was necessary for the current generation.
By tuning the height of the Schottky barrier, Liu et al [31] were able to control the electrical
output of the nanogenerator (NG). Using a normal force of 5 nN applied by the AFM tip, the
ZnO nanowire was bent then released while the electrical current and voltage were recorded
simultaneously. It was observed that no output signal was received when the AFM tip got first in
touch with the NW. The electrical signal was observed only when the AFM tip touched the
compressed side of the NW. This observation was explained by Gao et al [29] in light of the role
played by the Schottky contact in the current generation process. When the ZnO nanowire was
bent, a piezoelectric potential was created between the stretched and compressed surfaces of the
nanowire. As a result, a positive potential V* appeared on the stretched surface while a negative
potential V- appeared on the compressed surface. When the AFM tip touched the stretched side
of the NW, a negatively biased voltage was created at the tip-NW interface (AV = Vi - V* < 0)
because the metal tip voltage was zero. Since the tip-NW was a reversed-biased type Schottky
contact, the current flow was blocked and no signal was received. The produced electrical
charges were accumulating inside the ZnO NW. When the AFM tip touched the compressed side
of the nanowire, a positively biased voltage (AV = Vm - V- > 0) was created. The Schottky
junction allowed the current flow in this direction, the accumulated electrical charges were

released and the generated electrical current was received in the output circuit.
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The use of an AFM tip to trigger the piezoelectric response of the nanowire was essential to
understand the functioning principle of the ZnO NWs. However, it was necessary to develop a
novel nanogenerator design that can take advantage of the aforementioned working principle.
Three challenges needed to be considered to devise a new nanogenerator. First, it was essential
to replace the AFM tip with a reliable and cost-effective mechanical excitation source. Second, it
was highly desirable to engage several nanowires in the piezoelectric power generation process
and, thus devise an approach for the charges collection from the single nanowires. Finally, there
was a need to have a mechanical excitation in the form of mechanical vibration since the

nanogenerator was assumed to be autonomous and able to capture the ambient vibration energy.

To meet these requirements, a novel “inverted V-shaped” (i-V) silicon electrode was
examined. The i-V electrode replaced the AFM tip as it deflected the nanowire while being in
touch with the stretched and compressed sides of the NW simultaneously. As a result, the voltage
response delay observed when using the AFM tip was eliminated. The Si electrode was coated
with platinum to ensure a Schottky contact with the NW and to enhance the electrical
conductivity of the electrode. As the power generation needed to engage maximum number of
nanowires, the i-V electrode was extrapolated into a zigzag shaped electrode that was able to
reproduce the charges creation process with a large number of nanowires simultaneously.
Finally, the nanogenerator was immersed in an ultrasonic bath of frequency 41 kHz that provided
continuous vibrational energy to the zigzag electrode. The power generation capabilities
exhibited by this nanogenerator were encouraging and a short circuit current of 8.3 pA/cm? was

measured. Owing to the small size and high flexibility of the NWs, the fabricated devices were
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sensitive to small level of mechanical disturbances which make them adequate for powering

small wireless sensors and MEMS/NEMS devices.

The generated piezoelectric power came, however, at the expense of the poor mechanical
performance of the nanogenerator. The ceramic and semiconductor substrates employed for the
growth of the ZnO NWs were brittle and they could not be used for foldable and flexible energy
sources such as heartbeat, ambient noise, footsteps and air flow. It was necessary to grow the
ZnO nanowires on foldable and mechanically robust substrates that functioned also on low

frequency range such as polymers, flexible papers and structural fibers.

Qin et al [34] developed a nanogenerator design through growing ZnO NWs radially on top
of a glass fiber using a hydrothermal process. The zigzag electrode was replaced with an array of
metal coated ZnO nanowires grown similarly on top of another glass fiber. The two fibers were
entangled then brushed against each other to convert the supplied friction energy into electricity.
To ensure the high flexibility of the device, two layers of tetraethoxysilane (TEOS) were used to
bind the ZnO seeding layer to the core fiber, and the ZnO seeding layer to the nanowires. The
output power density generated by this design was much lower compared to the previous design

(2-8 nW/cm?), however the scavenged power could be enhanced by building larger devices.

ZnO nanowires were also grown on a cellulose-based paper substrate [9]. The resulting
paper was utilized as a strain sensor and demonstrated good strain sensitivity for both static and
dynamic loading with very low power input. Later, a similar paper with surface grown ZnO

nanowires was used to design a self-powered energy harvesting device through embedding the
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piezoelectric paper in an epoxy matrix [39]. The resulting piezoelectric composite device was
flexible and capable of producing an output voltage and power up to 80 mV and 50 nW/cm?.

Furthermore, the output electrical power could be enhanced by stacking similar devices.

These studies showed the promising capabilities of ZnO array based piezoelectric composite
as the basis for an energy harvesting device. However, the use of a flexible cellulose-based paper
as a growth substrate limits the applicability of these devices to many structural applications.
Although the glass fiber based nanogenerator seemed attractive, entangling the fibers was not
advantageous for larger scale applications since it complicated the manufacturing process.
Therefore there is a need to develop simple, inexpensive, scalable and mechanically robust NWs

based nanogenerators that can be easily scaled up to be suitable for structural applications.

To fulfill this requirement, we propose to embed the ZnO nanowires in a woven Carbon
Fiber Reinforced Polymer (CFRP) composite structure. CFRP composite structures were widely
used for a variety of engineering applications such as aircrafts, cars, boats and sport goods. The
increasing demand for CFRPs is attributed mainly to their lightweight, strength, corrosive
resistance, thermal stability and excellent mechanical properties which made them attractive for

many other civilian and military applications.

As mentioned earlier, it has been established that the ZnO NWs reinforcement enhanced the
mechanical performance of CFRP structures. Recently, Lin et al [40] grew vertically aligned
ZnO nanowires on the surface of carbon fibers. The nanowires were shown to provide more than

113% increase in the interfacial shear strength of the fiber due to the enhanced NWs/fiber
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bonding and the increased surface area of the NWs. Skandani et al [5] demonstrated that the
CFRP exhibited 50% improvement in the damping capabilities following the NWs growth on a
carbon fabric due to the increased interfacial friction between the NWs and the polymeric matrix

impregnating them.

Besides the mechanical advantages of ZnO NWs reinforcement, their piezoelectric properties
were exploited to design novel multifunctional devices. These mechanically robust and flexible
devices could be fabricated over large areas, owing to the simple synthesis technique, which
made them appealing for structural engineering applications. In a first step, it was proposed to
investigate the piezoelectric nature of the generated electrical signals. The protocol suggested by
Wang [29] was implemented to demonstrate the ability of the fabricated device to convert
mechanical energy into electricity. The device was immersed in a fluid bath to comply to the
approach devised by Wang [36]. The reverse process was also investigated by applying an
impulse voltage to the device and observing the resulting mechanical response. In order to
substantiate the harvesting capabilities of the device, the harvester was excited with a permanent
magnet shaker and the electrical outputs were measured with an appropriate measurement
system. The fabricated device was able to produce an open circuit voltage and a short circuit
current up to 3.5 mV and 24 nA. In the final stage, the optimal performance conditions of the
harvester were determined (resonance frequency and optimal resistance) and the optimal output

power was compared to similar energy harvesting devices.

1.2.4. Piezoelectric structures
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The past few decades have seen tremendous growth in the development and application of
active materials for a wide variety of engineering applications due to their superior
sensing/actuation capabilities. The need for the smart materials was driven mainly by their ability
to convert the affordable mechanical and vibrational energy into usable electrical energy, and
vice versa. Among all the smart materials, the piezoceramic materials attracted most of the
researchers’ attention considering their high electromechanical coupling, their high stiffness and
their ability to withstand high temperature. The application field of piezoceramic materials spans
over aerospace structures, civil structures, transducers, telecommunication devices and
implantable medical devices, to name just a few [41].

Nevertheless, earlier studies contrasted several limitations of the piezoceramic based
technologies. Bent and Hagood [27] classified these limitations into 3 categories: performance,
robustness and manufacturability. The performance limitations can be related to the need for
highly directional actuation and a moderate bandwidth (1 Hz — 10 kHz) which corresponded to
the functioning bandwidth for most of the engineering applications. The poor robustness to
damage issue was provoked by the high brittleness of the ceramic materials, thus the need for
less brittle materials with higher tensile strength. Finally, the need to conform the piezoceramic
into curved shapes like tubes and shells was a requirement for the manufacturing of the
piezoceramic actuators. These obstacles were reported to be prohibitive for the deployment of

the piezoceramic materials on larger scale engineering applications.

The desire to overcome these impediments has led to the invention of the Piezoelectric Fiber
Composites (PFC) by embedding piezoceramic fibers into a polymeric matrix [42, 43]. The first

PFC was constructed by Bent and Hagood, named Active Fiber Composite (AFC), was
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fabricated via an extrusion process and later by injection molding of the piezoceramic fibers (see
Fig 1.1). Interdigitated electrodes (IDEs) were used to take advantage of the high dsz actuation
properties of the piezoelectric fibers. The soft polymer’s mechanical properties conferred to the
composite structure the required ultimate tensile strength, ductility and conformability whereas
the inherent active properties of the piezoceramic fibers offered the sensing/actuation capabilities
to the composite. The combination of soft polymer with piezoelectric fibers allowed for the load
transfer at the interface which enhanced the damage tolerance and the tensile strength. The active
piezoceramic fibers maintained also the overall composite stiffness and the functional bandwidth
when compared to the monolithic piezoceramic. Finally, the polymeric composite fabrication
process allowed to tailor the composite structure to the required curved shapes, and thus control

the actuation direction.
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Figure 1.1. Conventional Piezoelectric Fiber Composites (PFC) geometry [27].

This novel composite has drawn a substantial research interest in the last decades. Smart
Materials Corp [44] manufactured a widely used piezoelectric fiber composite, commonly
referred to as 1-3 composite (see Fig 1.2) which comprises piezoelectric fibers aligned
throughout the thickness of the smart device. The device fabrication, patented by the German
Research Facility (Fraunhofer Research Facility), consisted of a soft-mold technology process

where a soft mold having the desire form was filled with piezoceramic material then firing the
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element. The 1-3 composite soft molding process holds the advantage of rapid production

compared to the PFC’s counterparts.

Figure 1.2. 1-3 composite fabricated by Smart Materials Corp. (a) rectangular fibers (b) circular
fibers.
(Source: http://www.smart-material.com/13CompOverview.html)
Another type of device that employed the piezoelectric active fibers composite was the
Hollow Fiber Composite (HFC) invented by Cannon and Brei (Fig 1.3) [45]. A novel fabrication
technique was devised called the Microfabrication by Coextrusion (MCFX) to handle the micro

scale fibers. This technique consisted of three main steps: feed rod formation, extrusion and

burnout/sintering.

R
D

N\
\ Y 7
00,00,

Figure 1.3. Hollow Fiber Composite (HFC) [45].

More recently, NASA Langley Research Center (LaRC) developed a new smart device

through incorporating active fibers into epoxy matrix called Macro Fiber Composite (MFC).
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Interdigitated electrodes (IDEs) pattern were employed to deliver the resulting electric field to
the outer circuit (Fig 1.4). The strong bonding between the fibers and the epoxy matrix ensured
proper transfer of the actuation load. Although similar to the PFC, the MFC fabrication process
consisted of dicing a piezoelectric wafer with a computer controlled diamond saw to the desired

rectangular cross-section.
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Figure 1.4. Macro Fiber Composite (MFC), NASA Langley Research Center. (Source:

http://www.smart-material.com/MFC-product-main.html)

Many applications were opened up to take advantage of the novel piezoceramic devices.
Smart structures were implemented to reduce the structure-borne acoustic noise radiations in
many applications [46]. An active wing has been constructed for aero-elastic control using the
strain actuation technology [47, 48]. The fabrication of these active aero-elastic wings improved
the performance of aircrafts through the vibration suppression [44]. Later, PFCs were also
implemented for medical applications such as ultrasound, annular array transducer and acoustic
image [49]. Sodano et al [50] investigated the potential application of piezoceramic fiber
composite for dynamic testing and control of ultra-lightweight inflatable structures.
Nevertheless, the employment of PFCs for structural applications was hindered by their

relatively low stiffness (4-5 times lower than traditional CFRP composites) in addition to the
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delicate interconnection between the electrodes and the fibers. Consequently, PFCs were used as

surface-bonded patches that were able to carry out the sensing/actuation function.

To avoid these inadequacies, piezoelectric fibers were fabricated with a metal core used as an
electrode to take advantage of the metal robustness. Sebald et al [51] used a Platinum core fiber
that was wrapped with Pb(Nb,Ni)Os—Pb(Zr,Ti)Os/polymer (PNN-PZT). The active fiber yielded
a ds1 electromechanical coupling coefficient as high as -112 pC/N instead of -246 pC/N for the
bulk material. It was reported that the poling in the presence of a metal core and the optimized
fiber density were responsible for improving the performance of the active fiber. Kuscer et al
[52] synthesized PZT-PGO thick film through deposition of PZT on Gold-Alumina substrate
using the electrophoretic deposition (EPD) technique. The process consisted of a mixture of
optimal PZT and PGO suspensions in an appropriate molar ratio at 850°C while the thickness of
the deposited layer was controlled via the deposition time and the applied EPD current. The
resulting active composite possessed a ds3 electromechanical coupling coefficient as high as 95
pC/N. Takagi et al [53] developed a smart board for vibration suppression through embedding
PZT-coated Platinum fibers into the CFRP structure. The piezoelectric fibers performed the
sensing/actuation function within the CFRP board. Later, Sato [54] grew a 20 pm thick PZT
layer on the surface of Nickel Titanium wires using a low temperature hydrothermal process.
Similarly, the piezoelectric fibers were placed on a laminate composite then pressed for 2 hours
at 135°C in a hot press. The resulting laminate composite exhibited enhanced capabilities for
active vibration suppression. Although the metal core piezoelectric fibers were advantageous for
the connection of the piezoelectric fibers into the host structure, the mismatch in the ductility and

the thermal expansion properties between the metal core and the piezoceramic coating induced
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residual stress which rendered the ceramic coating prone to cracking under thermo-mechanical
conditions. To address these issues, it was proposed to replace the metal core with conductive
fibers able to perform adequately in structural applications such as carbon and silicon carbide

fibers.

Kim and Heinrich [55] investigated the coating of silicon carbide (SiC) fibers with a
piezoceramic PZT layer. To prevent the reaction between SiC fibers and PZT at high sintering
temperature, the SiC fibers were coated with a 50 nm layer of Platinum (Pt). The resulting SiC/Pt
fibers were later coated with coprecipitated PZT through the electrophoretic deposition (EPD)
process at 1170°C for 20 min. The deposited PZT layer was 50 um thick, significantly higher
than the layers deposited via CVD or PVD. Dogan et al [56] utilized EPD process to deposit
BaTiO3 particles onto an Alumina with platinum substrate. Upon the completion of the EPD
process, the deposited surface coating was dried in the air and sintered at various temperatures.
More recently, Lin et al [57, 58] developed a multifunctional fiber, termed active structural fiber
(ASF), consisting of a carbon fiber wrapped with a piezoceramic PZT shell (Fig 1.5). The novel
active fiber exhibited the ability to control the number and the function of every single fiber.
Additionally, the ASF configuration eliminates the need for the interdigitated electrodes which
promoted their applications for structures over the traditional PFCs. In chapter 4, another concept
of ASF will be introduced via ZnO NWs growth on the surface of a carbon cloth using a low
temperature hydrothermal process. Although the electromechanical coupling of the ZnO
NWSs/CF composite was significantly reduced compared to the PZT/CF, this reduction could be

compromised by the ability to fabricate the ZnO NWs/CF on a much larger scale.
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Figure 1.5. Active structural fiber (ASF) [57].

1.2.5 Finite element modeling of piezoelectric materials and structures

While the aforementioned recent advances in the multifunctional piezoelectric composite
fabrication broadened their field of applications, the adequate constitutive models able to
accurately describe their behavior was complicated. The graded interface of the active
composites in addition to the electrical and mechanical coupling required the determination of
the overall electromechanical properties (homogenization) before modeling the laminate

composite structure.

The homogenization of the composite materials was undertaken through the use of the theory
of connectivity developed by Newnham in 1978 [59, 60], later extended by Banno for the case of
discontinuous reinforcement [61]. In this approach, recourse was made to the simplifying
assumption of either uniform stress or strain which led finally to the use of Reuss or Voigt
estimations. Later, most of the attention has been directed toward the development and
application of the micromechanics models. These approaches were based on the hypothesis of
statistical uniformity (Ergodic assumption) which postulated that the local details taking place in
any single specimen should occur in any neighborhood in an ensemble of specimens with the
same frequency.
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Many micromechanics approaches were developed like the dilute, self-consistent, Mori-
Tanaka and differential schemes. These methods were successfully implemented for a large
number of uncoupled electrical, thermal and mechanical problems [62]. In all the above methods,
recourse was made to the stress or strain concentration tensor developed by Eshelby [63] for a
single particle embedded in an infinite medium. The pioneering work of Dunn and Taya [64, 65]
extended the micromechanics models to consider the coupled electromechanical properties of
piezoelectric composite with different geometries. The generalized the self-consistent, dilute and
Mori-Tanaka methods were later applied for further coupled problems such as thermoelectric and
thermoelastic. Later, Tungyang [66] and Aboudi [67] generalized these methods to fully coupled
multiphysics problems. Another significant progress was made toward the application of the
micromechanics models to multiphase and multi-inclusions composite. The generalization was
formulated by Hori and Nemat-Nasser [68, 69] to predict the bulk properties of a three-phase

composite by applying the generalized form of Eshelby solution to average field quantities.

Although a great deal of progress has been made toward developing the micromechanics
models, they are still reduced to specific case studies. The finite element method (FEM) seems to
be a well-suited approach to describe the behavior of multifunctional composite especially for
complex geometries like the model we will use in chapter 5. By applying adequate set of
boundary conditions, the electromechanical properties of composite structures could be
determined with a sufficient precision [70-72]. The FEM method was applied in chapter 5 to
validate the electromechanical properties of the composite predicted by the micromechanics

models.
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Chapter 2. Static and dynamic mechanical characterization of a

hybrid carbon fiber-ZnO NWs-epoxy composite

2.1 Abstract

The ability to engineer the fiber/matrix interface in carbon fiber reinforced polymers is crucial
to the development of composite materials with optimal structural performance. One approach to
improve the interface performance is to introduce another phase between the fiber and the
matrix, which could functionally-grade the material properties and enhance the load transfer.
Many nanomaterials were employed to enhance the interface such as carbon nanotubes and
nanofibers. In lieu of carbon nanomaterials, we suggest growing zinc oxide (ZnO) nanowires on
the interface of woven carbon fibers prior to forming the composite. Results revealed that, when
grown on the surface of carbon fibers, radially aligned arrays of ZnO nanowires have enhanced
the in-plane and out-of-plane strength and stiffness by more than 20% and 7%, respectively. The
experimental results showed also that the interlaminar shear strength increased by 88% and the
damping capabilities by 51%. Furthermore, this novel interface could also afford embedded

energy harvesting functionality through the piezoelectric properties of ZnO.

2.2 Materials and Experimental Methods

High strength polyacrylonitrile (PAN) based plain-woven carbon fabric (AS2C-Hexcel Inc.)

with 3k bundles was utilized as the substrate to grow ZnO NWs. The fibers’ bundle strength,
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modulus and elongation to failure were reported by the manufacturer to be 4.5 GPa, 231 GPa and
1.8%, respectively. A thin layer of ZnO (80 nm) was sputtered on both sides of the fabric using
high vacuum magnetron sputtering system (ATC Orion high vacuum sputtering system, AJA

International, Inc.). The deposited ZnO layer plays a vital role in the ZnO NWs growth initiation.

Second, a mixture of zinc acetate hexahydrate Zn(O.CCHs)2(H20). and Hexamethy-
lenetetramine (HMTA) (CH2)sNa4 were dissolved in deionized (DI) water with a concentration of
40 mmol for each. Both the zinc acetate and the HMT were supplied by Sigma-Aldrich, Inc.,
with chemical purity of 99%. The solution was left in a convection oven at 85°C, then the pre-

sputtered fabric was immersed in the solution for 4 hours.

Another pre-sputtered fabric and bare carbon fabric (no ZnO sputtering) were immersed in
hot DI water bath for 4 hours at 85°C to mimic the hydrothermal conditions of ZnO growth.
Once the growth process was terminated, some solid ZnO particles might have precipitated on
the surface of the fibers. Thus, the obtained fibers were cleaned cautiously with DI water to
preserve the growth quality. The samples were left to dry overnight to eliminate any moisture

residues.

Exposing these fabrics to the growth environment allows studying the effect of nanowires on
the carbon cloth by neutralizing the hot water and temperature effect. Finally, two other
configurations consisting of raw and sputtered (with 80 nm ZnO film) fibers not exposed to the
hydrothermal growth conditions were utilized as reference samples to delineate the effects of the

hydrothermal synthesis environment (DI water and the temperature) on the PAN carbon fibers.
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Upon preparing all the five different fibers’ configurations, each configuration was utilized to
manufacture a 4-layers laminate composite via vacuum-assisted hand lay-up process according
to the ASTM D5687 standard. The five configurations were based on the following fibers
treatments: raw non-soaked, raw soaked, sputtered non-soaked, sputtered soaked and ZnO NWs
growth. To fair the comparison between the different samples, it is essential to achieve identical
fiber volume fraction for each configuration. For all composites, fibers volume fractions of 60%

were measured by weighing the samples pre and post composites fabrication.

The matrix of the composite comprised two components: a thermosetting polymer: Epon
815C (resin) and Epikure 3282 (curing agent) supplied by Miller-Stephenson Chemical
Company, Inc. The weight mixing ratio, as recommended by the manufacturer, was 100:27. The
relatively moderate viscosity of the epoxy polymer (500-700 cps at room temperature) allows
enough time for the impregnation within the carbon fabric during the fabrication process. The

tensile strength and the tensile elongation of this epoxy are 75 MPa and 6.5%, respectively.

All the fabricated laminate sheets were cured at 60°C for 4 hours and post cured in the oven
for 2 hours at 100°C. Abraded G-10 tabs were adhered to the end of the laminate using adhesive
epoxy. The adhesive epoxy was left overnight to cure before cutting the samples to the specified
size using a saw. The laminates were cut into strips with size of 0.5”x5.0” according to the
ASTM standard D3039/D3039M-08. Scanning electron microscopy (LEO Zeiss, 1550 field

emission SEM) was utilized to study the size (length, diameter, aspect ratio) and morphology
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(shape, distribution) of the grown ZnO nanowires in addition to the possible effects of growth

conditions on the sizing of the carbon fibers.

Generally, the mechanical behavior of a woven fiber composite differs from the fiber
direction (on-axis) behavior to the 45° oriented fibers (off-axis). The ZnO NWs growth could
have different impacts on the on-axis and the off-axis behaviors. While the on-axis test was
carried out to study the effect of growing zinc oxide nanowires on the tensile strength of the
FRP, the goal of off-axis test was to study the in-plane off axis behavior of the FRP after ZnO
NWs growth. The tensile tests were performed via an Instron 4400R frame. The strain was
measured using an extensometer from MTS, Inc. The strain rate during the tensile test was set to

0.5 mm/min.

To assess the influence of the ZnO nanowires on the interlaminar properties of the
composite, the three points bending test was adopted. This test, also known as the short beam test
(SBS), has become widely acceptable to characterize the ’apparent’ interlaminar shear strength
(ILSS) of FRPs. The test is manifested by a rectangular cross-section short beam specimen
loaded in three-point bending to initiate an interlaminar failure. The specimen is simply
supported by two cylindrical rollers (called reaction noses) while the load is applied through a
central roller (called loading nose) at the specimen mid-span. The support and loading rollers are
6 mm in diameter. The flexural fixture and the adjustable span facilities are specially designed
and fabricated in-house. The fixture was then attached to the Instron testing frame to control the
applied load. The tests were conducted at the displacement rate of 1 mm/min in accordance with

the ASTM-D2344 specifications. Small span-to-thickness (S/h=2) was adopted to induce high

28



interlaminar shear in the test specimen. The SBS specimen consisted of eight alternating layers
(on-axis and off-axis) of carbon fibers polymer composites. Five different samples were tested

for each of the five aforementioned fiber surface treatments.

To assess the vibrational damping performance of the FRPs, the dynamic mechanical
analysis (DMA) tests were performed at ambient temperature over the 1-25 Hz frequency range
at 0.1% strain with dual cantilever clamp following the ASTM standard D5418-07. The
specimens (composed of four on-axis layers of carbon fibers) were cut into rectangular coupons

of 12.0x60.0x0.4 mm and tested using the instrument DMA Q800 (TA Instruments, Inc.).

2.3 Results and Discussion

Figure 2.1 shows the morphology (shape, length, thickness and direction) and the quality
(dispersion, uniformity and coverage) of the ZnO nanowires (NWs) grown on the surface of the
carbon fabric. The nanowires grew radially on the fibers surface with almost identical
morphology; lengths and diameters. The areal density of the NWs differs from one region to
another; the fibers on the upper face exhibited more growth density than the fibers inside the
tow. Such discrepancy is related to the sputtering process since the ZnO film deposition took
place only on the surface fibers on the cloth and did not modify the fibers hidden inside the tow.
The difference in growth density could occur within the same bundle since not all the fiber

surface was exposed to sputtering.
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Figure 2.1. SEM micrographs of the ZnO nanowires growth on the carbon fibers' surface.

It was reported in the literature that the NWs morphology and quality highly depend on the
growth environment: HMTA and Zinc Acetate concentration, temperature, soaking time and the
thickness of the ZnO deposited film. Xu et al [73] optimized the experimental parameters of ZnO
NWs growth (precursor concentration, reaction time, temperature and capping agent) to get the
highest aspect ratio of NWs using statistical analysis. To control the morphology of the grown
ZnO, we carried out a parametric study by changing both the HMTA and Zinc acetate molar
concentrations together with the synthesis time. Based on this study, achieving 1.0 um long NWs
was feasible with 40 mmol concentration of both reactants, and synthesis time of 4 hours at

85°C. Figure 2.2 shows the effect of the solution concentration on the length of the ZnO NWs.
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Figure 2.2. The effect of the solution concentration on the length of the ZnO NWSs. Growth was

conducted for 4 hours at 85 °C.

Optimizing the synthesis time is crucial in this context since the fibers quality could be
compromised by the hydrothermal environment of the hot DI water bath. The SEM micrographs
(Fig 2.1(c)) show how the seizing of the fibers was partly peeled off because of the hydrothermal
growth environment. The DMA test provides the viscoelastic properties of materials when
subjected to cyclic loading, namely the storage modulus (dynamic stiffness E’), loss modulus
(energy dissipation E”) and the tangent of phase angle (E’/E”). Depicted in Figs 2.3 and 2.4 are
the storage modulus and the tan & of the five different configurations, respectively, within

frequency range of 1-25 Hz and strain of 0.1% at ambient temperature.
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Figure 2.3. Storage modulus of FRPs based on five different surface treatments of carbon fibers
measured at 1-25 Hz frequency range.
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Figure 2.4. Damping parameter (tand) of FRPs based on five different surface treatments of carbon
fibers measured at 1-25 Hz frequency range.

Evident by Fig 2.4, growing ZnO nanowires increased tan 6 of the composite structure by an
average of 51.0% over the 1-25 Hz frequency range. This increase demonstrates the capability of
the ZnO nanowires, as fiber/matrix reinforcement, to promote the energy dissipation within the
material. The energy dissipation in the composite is influenced by the epoxy matrix more than
the fibers due to the inherent viscoelastic nature of the polymeric matrix. Besides the matrix
contribution, vibrational energy can be dissipated through slippage and frictional interactions
between the nano-reinforcement and the matrix [74, 75]. The small size nanowires yield large
reinforcement-matrix interface, thereby enhancing the energy dissipation due to interfacial

friction during vibration.

On the contrary, the storage modulus (Fig 2.3), which is an indicative of the viscoelastic
stiffness, of the composite incorporating nanowires was slightly reduced compared to the

composite with ZnO coated fibers over the same frequency range. This drop can be attributed to
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the relative mobility of the nanowires inside the matrix which, despite enhancing the interfacial
interaction, reduces the overall composite stiffness. It is worth noting that unlike tan o, the
storage modulus shows little variation over the frequency range. The same frequency-dependent
pattern was observed for all the different composite configurations. It can be also discerned from
Figs 2.3 and 2.4 that sputtering a ZnO layer in-between the fibers and the matrix, with no
hydrothermal treatment, improved both the composite stiffness and damping which can be

explained by the increased interfacial surfaces between the fibers and the ZnO layer.

Finally, it is worth pointing out that the energy dissipation capability of the composite based
on PAN carbon fibers with surface grown ZnO nanowires outperforms that of the surface grown
carbon nanotubes that showed damping improvement of ~25.0% [4]. This difference can be
explained in light of the different growth patterns exhibited by both the ZnO NWs and the CNTs
on the carbon fabrics surface. The spacing in-between the uniform radially grown ZnO NWs,
compared to the relatively dense and compact surface grown CNTs, facilitates the epoxy’s ability

to flow within and impregnate the nanowires.

Considering the high carbon fiber volume fraction (~60.0%), the strength of the on-axis
laminate was dominated by the core PAN fibers rather than the matrix. The SEM micrographs
(Fig 2.5(a)) suggest that failure along the on-axis direction occurred due to fiber breakages
perpendicular to the loading direction and thus, a flat fracture surface normal to the fiber
direction (i.e. loading direction) was observed. Fiber breakage is more likely to occur at stress

risers such as voids and cracks.
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Figure 2.5. SEM micrographs of the fracture surface of (a) the on-axis and (b) the of the off-axis
composite samples based on carbon fibers with surface grown ZnO nanowires

The on-axis tensile strengths and Young’s moduli for the different composites configurations
are shown in Fig 2.6. The on-axis strength of the composite has decreased upon exposing the
PAN fibers to the hydrothermal conditions by 1.3% as expected. This drop can be ascribed
essentially to the degradation of the fiber/matrix interface. The SEM micrograph in Fig 2.1(c)
shows that the removal of the sizing that coats the PAN-based carbon fibers is the main culprit

for this degradation.

On the contrary, depositing a thin ZnO layer has increased the strength by 18.8% irrespective
of the hydrothermal conditions. It is worth noting that the increase in strength for composites
based on sputtered-soaked fibers is larger than that observed for composites based on dry neat
PAN fibers but slightly less than that for the ZnO sputtered configuration. This suggests that the
sized carbon fibers/ZnO adhesion was much stronger than the soaked (i.e. un-sized) carbon

fibers/ZnO adhesion.
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Figure 2.6. The on-axis Young’s modulus and tensile strength of FRPs based on five different surface
treatments of the PAN carbon fibers.

Growing ZnO NWs on the carbon fibers surface yielded a 20.5% increase in the on-axis
tensile strength compared to the reference composite based on dry PAN fibers. This indicates
that the composite based on the surface grown ZnO NWs counterbalanced the undesired effects
of the hydrothermal growth conditions. The morphology of the grown NWs and their high aspect
ratio enable them to be impregnated with the epoxy and thus improve the load transfer between
the fiber and the matrix through mechanical interlocking. The relatively moderate viscosity of
the Epon polymer (500-700 cps at room temperature) facilitated efficient penetration through the
surface grown ZnO nanowires. Furthermore, coating the carbon fibers with ZnO NWs ensured
gradual load transfer between the stiff carbon fibers and the epoxy matrix which avoids stress

concentration at the interface.
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Figure 2.6 revealed that soaking the PAN fibers in hot water bath did not alter their stiffness.
On the contrary, depositing 80 nm amorphous ZnO layer enhanced the stiffness of the
corresponding composite by 16.6% irrespective of the hydrothermal exposure. Yang et al [22]
used nano-indentation technique to measure the ZnO sputtered layer properties and estimated its
stiffness to be 150 GPa. Depositing such layer on the fibers stiffened the composite structure and
hence improved its Young’s modulus. While grafting ZnO NWs on the carbon fibers surface
improved the composite strength by 7.8% compared to the reference composite based on dry
PAN fibers, a decrease of 7.4% can be noticed in the stiffness compared to the composite based
on ZnO sputtered fibers. This drop can be attributed to the morphology of the NWs that allows

them to bend slightly during the loading.

The off-axis tensile test characterizes the in-plane shear properties and the interfacial
adhesion between the yarns and the matrix. As shown by the SEM micrographs in Fig 2.5(b), the
fracture due to the off-axis loading occurs as a result of severe damage of the epoxy matrix and
debonding at the fiber/matrix interface while the carbon fibers were intact after failure. The
surface grown ZnO NWs are detached from the carbon fiber surface, Fig 2.5(b) inset, which
suggests that, unlike the on-axis tensile strength, the NWs exhibit higher influence on the in-

plane shear strength in the laminated composite.

The off-axis tensile test results, Fig 2.7, showed that immersing the fibers in hot water bath
reduced the off-axis tensile strength of the composite by 8.8%. Since the fiber strength does not
dominate the in-plane shear, such reduction is related to the interfacial fiber/matrix surface. The
sizing peel-off, Fig 2.1(c), weakened the fiber/matrix interfacial adhesion, as expected, and

induced debonding at lower stress level.
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Sputtering ZnO film enhanced the off-axis strength by 2.3% while the sputtered-soaked
configuration yielded only 3.1% increase in off-axis strength. The sample with surface grown
nanowires exhibited the most improvement on the off-axis strength; 14.1% over the samples
based on neat PAN fibers. This indicates that the surface grown ZnO nanowires on the PAN
fibers improved the matrix/fiber interface since the ZnO NWs hinders the propagation of micro

cracks, stiffen the interface region, and thus enhances the strength.

The off-axis Young’s moduli of the two composites based on raw and ZnO sputtered fibers
have dropped by 3.5% and 5.8% ,respectively for each upon soaking in hot DI water bath which
again signifies the degradation of the PAN fibers surface by the hydrothermal treatment and
which in return makes the interface a possible place for crack initiation. However, the growth of
ZnO NWs improved the matrix/fiber interface which otherwise was damaged by the
hydrothermal treatment. In other words, the ZnO NWs stiffen the interface region, and thus
compensate for the stiffness loss due to the hydrothermal treatment. The stiffness for the
composite based on fibers with surface grown ZnO NWs increased by 9.0% and 2.6%,
respectively, compared to ZnO coated and raw fibers exposed to identical hydrothermal

conditions.
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Figure 2.7. The off-axis Young’s modulus and tensile strength of FRPs based on five different surface
treatments of the PAN carbon fibers.

The results suggest that the presence of ZnO nanowires has enhanced the load transfer
between the fibers and the matrix through the graded stiffness across the interface. The adhesion
mechanism between the carbon fibers and the epoxy matrix can be attributed to Van der Waals
interaction, hydrogen bonding or covalent bonding. The absence of epoxy on the surface of the
fibers following the debonding suggests that the adhesion is dominated by the Van der Waals
interactions rather than chemical bonding. Ehlert et al [12] demonstrated that the carboxylic acid
sites created on the surface of aramid fibers enhanced their bonding with ZnO NWs. This group
could be responsible for the strong bonding between the NWs and the carbon fibers since it could
be found in the composition of the surface of PAN carbon fibers [12]. However, it is worth
noting that the ZnO-carbon fiber bonding, although strong, is still weaker than the ZnO-epoxy
bonding. This can be observed from the SEM micrographs in Fig 2.5 (b) as most of the surface

grown NWs were detached from the fibers during the off-axis tensile test.
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The interlaminar shear strength (ILSS) is one of the most important properties in determining
the ability of a laminate composite structure to resist the delamination damage. Based on the
classical Euler-Bernoulli beam theory, the apparent shear strength of a rectangular cross-section

specimen is determined based on the formula:

ILSS = (2.1)

Bl w
Sk

Where P is the load at failure, b and h are the specimen width and thickness, respectively. Extra
care was taken to ensure the failure occurs at the midplane of the laminate following the
guidance of the ASTM standard. During the specimen bending, the load increases
proportionately to the deformation until a peak load is reached. According to the ASTM D2344
specifications, if the load drops by 30% or more after the peak load is reached, the specimen
failure mode is assumed to be due to interlaminar shear and the peak load is used to obtain the

apparent ILSS.

It has been well established that the main failure mode for typical CFRP structures during the
short-beam-shear test is a delamination along the mid-plane [15, 76-78]. The damage initiates
then propagates in the epoxy-rich zone between the plies due to the high shear stress. The matrix
debonding from the carbon fiber plies contrasts the fact that the fiber/matrix interface is the

weakest region in the CFRP structures as depicted by the fracture surface in Fig 2.8(a).
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Figure 2.8. (2) SEM micrograph of the fracture surface of the composite samples based on neat PAN
carbon fibers, and (b) based on PAN carbon fibers with surface grown ZnO nanowires. Samples were
tested under 3-points bending.

In comparison, the fracture surface of the carbon fibers with surface grown ZnO NWs is
distinguished by a thin layer of epoxy enriched with ZnO NWs developed between the fibers as
shown in Fig 2.8(b). The fractured surface suggests that the failure occurs due to a combination
of resin fracture and interfacial debonding. Considering the brittle nature of the resin, the fracture
was undoubtedly preceded by a significant resin deformation indicating an improved interfacial
adhesion between the fibers and the matrix which represents a common feature of toughened

composites [79].

The results of the SBS test are summarized in Fig 2.9. The results showed that immersing the
carbon fibers in hot DI water degraded the ILSS by 9.0%. The ZnO sputtered then soaked
configuration encountered only 2.0% reduction in the ILSS in comparison to the raw fibers. As
pointed out earlier, the fibers seizing has peeled off due to the hydrothermal conditions which

degraded their mechanical properties. The fibers with peeled off sizing exhibit less adhesion
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compared to seized fibers which adversely degraded the through the thickness properties of the
laminate. On the contrary, coating the carbon fibers with ZnO layer yielded 55.0% increase in
the ILSS. It is well known that the interlaminar adhesion strongly affects the through thickness
mechanical behavior. The strong adhesion of the ZnO layer to the fibers is a result of the
electrostatic interaction as demonstrated by Galan et al [80]. The strong interfacial adhesion is
responsible of the interlaminar shear strength improvement and elicits the delamination to initiate

at higher stress levels.

As shown in Fig 2.9, growing ZnO NWs on PAN fibers surfaces improved the ILSS of the
composite structure by 88.0% compared to the baseline composite specimen prepared with bare
fibers without any surface treatment. It can be inferred that such increase is due to the

toughening of the fiber/matrix interface as highlighted earlier.
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Figure 2.9. Short beam shear strength of FRPs based on PAN carbon fibers with five different surface
treatments.
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It is also clear that surface-grown ZnO nanowires outperformed the ZnO sputtered layer in
terms of enhancing the ILSS; 24.0% improvement was observed. This can be explained by the
morphology and the comparatively higher aspect ratio of the grown ZnO nanowires which
provide increased surface area and promote the mechanical interlocking at the NWSs/epoxy
interface. In fact, the nanostructures (either carbon nanotubes or ZnO nanowires) reinforcement
role could not be achieved without matrix infiltration and hence ensuring the load transfer across

the fiber/matrix interface.

The mechanism underlying the reinforcement of the laminate composite with the ZnO NWs
can be attributed mainly to the strengthening of the fiber/matrix interface. The interface
enhancement is evident by the SBS fracture surfaces illustrated in Fig 2.9. The baseline CFRPs
exhibit brittle failure engendered by interfacial debonding of the fibers from the matrix which
contrasts the relatively weak load transfer across the interface. Accordingly, the SEM
micrographs Fig 2.8(a) reveal little deformation and rough surfaces of the matrix with clean and
smooth fibers. On the contrary, the hybrid composites reinforced with ZnO NWs are
distinguished with plastic matrix deformation and large amount of fracture surfaces of the
matrix, indicating the ductile nature of the failure, Fig 2.8(b). Furthermore, due to the significant
stiffness disparity between the carbon fiber and the epoxy matrix, their interface could act as a
crack initiator. Liu and Dahsin [81] suggested that delamination is promoted by the high
interlaminar shear stress generated by bending stiffness mismatch of the laminate constituents
(i.e. carbon fiber and matrix). In this context, the surface-grown ZnO NWs produced graded
stiffness across the matrix-fiber interface which may alleviate the interfacial stress concentration.

The relief of the interfacial stress concentration precludes the expansion of microcracks both

42



along and perpendicular to the fiber/matrix interfaces and prevents sudden interfacial failure. The
impeded interface failure results in enhanced interfacial bonding and promotes the load transfer

to the strong carbon fibers which inhibits the propagation of the delamination damage.

While the SBS tests indicated that the interlaminar shear strength of the FRP composite
structures can be enhanced with surface grown ZnO NWs, it is worth pointing out the reliability
of this test. The main concern is that other failure modes (fibers buckling, translaminar failure...)
can occur before the interlaminar failure. However, apparent mid-plane interlaminar failure has
been clearly observed in the present study which makes the test reliable for composite structures.
The SBS test was used for instance to assess the influence of growing CNTSs on glass fibers and

epoxy composite [16, 73].

In summary, the ZnO NWS show a potential for improving the dynamic, intra-laminar and
inter-laminar performance of CFRPs structures owed to their high aspect ratio and stiffness. The
increase in interlaminar shear strength observed here compares favorably with existing interface
reinforcement techniques such as stitching and CNTs growth that typically showed a maximum

of 30.0% and 70.0% increase in the ILSS respectively [16, 73].

2.4 Conclusions

In this chapter, an experimental investigation has been carried out to probe the effect of
growing ZnO nanowires on the surface of PAN carbon fibers, on both the static and dynamic
mechanical performance of a CFRP composite. The effect of ZnO NWs growth was significant

on both the in-plane and out-of-plane properties. While the hydrothermal exposure affected the
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fibers negatively in terms of loss tangent, storage modulus, on-axis and off-axis stiffness’s and
strengths, the growth of ZnO NWs improved the in-plane and out-of-plane tensile properties
together with the damping properties. The surface grown ZnO NWs vyielded a large
reinforcement-matrix interface that prompted the vibration energy dissipation by through
slippage and frictional interactions between the NWs and the matrix. As the off-axis tensile
properties are matrix-dominated, higher improvements were achieved with the presence of the
surface grown ZnO NWs, as a result of the stiffening of the interface region, which compensated
for the stiffness/strength loss due to the fiber hydrothermal treatments. The ZnO NWs growth
contribution was more pronounced for the out-of-plane properties (ILSS) which demonstrated
the enhancement of interfacial adhesion between the carbon fibers and the NWs from one side,

and the NWs and the epoxy matrix from the other side.
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Chapter 3. Computational molecular dynamics study of the

adhesion in hybrid composite incorporating ZnO nanowires

3.1 Abstract

The mechanical properties and the high aspect ratio of the ZnO nanowires (NWs) grown on
the carbon fibers’ surfaces allow them to enhance the interfacial shear strength and the damping
behavior of the resulting hybrid fiber reinforced composite (FRP). This chapter utilizes
molecular dynamics simulations (MD) to elucidate the effects of ZnO nanostructures on the
adhesion and the stiffness of a FRP. It was found that the polar surfaces in the ZnO structures

induce good adhesion properties in the graphite-epoxy composite.

3.2. Materials

The simulated CFRPs structures are complementary to our earlier experimental investigation
[5], where polyacrylonitrile (PAN)-based carbon fibers were employed as the substrate for ZnO
nanorods growth. To initiate the crystallization and growth of ZnO nanorods, nanometers-thick

ZnO thin film was predeposited on the carbon fibers.

Epoxy resin:
Epon 828 is an epoxy end polymer chain with a bisphenol-A inner organic group. The di-

epoxy ends confer to the molecule the potential to be cross-linked with hardeners to form a
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thermoset. The molecule of Epon 828 was created using the MD commercial package Materials
Studio® (version 6.1, Accelrys, Inc.). The 3D structure of the molecule was minimized via a
quasi-Newton minimization algorithm [82] in order to relax the initial configuration to its local
potential energy minimum with convergence criteria RMS < 0.001 kcal/mol. The dimensions of
the resulting minimized molecule were 16.5x4.7x6.0 A% The chemical structure and the

molecular model of Epon 828 are shown in Fig 3.1.

CHa
OCH,
O L oony
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Figure 3.1. Chemical structure and molecular model of the Epon 828 epoxy resin.

Curing agent:

Polymerizing Epon 828 with an appropriate curing agent yields superior mechanical, adhesive
and electrical properties. Amino Ethyl Piperazine (AEP) was chosen for this study considering
its wide use to crosslink the epoxy molecules. AEP (also commercially known as Epicure-W) is
an aromatic curing agent based on amine functional groups. The hydrogen atom of the end-
diamine reacts with the carbon atom in the epoxy ends to form hydroxyl group during the

polymerization process.

The molecular structure of Epicure-W was also minimized to find the conformation with

minimum local potential energy. Dimensions of the Epicure-W molecule after performing the
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minimization step are 12.3x4.5x1.2 A3. The chemical structure and the molecular model of

Epicure-W are shown in Fig 3.2.

CH2—CH2 —NH?2

N

o=

Figure 3.2. Chemical structure and molecular model of Epicure-W curing agent.

The crosslinking of the epoxy molecule with the hardener constitutes a complex
transformation as involves several parameters: cross-linking chemistry, temperature and
constituents molecular weights densities. Several routes have been suggested to simulate the
crosslinking process [13, 15, 17, 83, 84], we adopted the dendrimer based approach for this
study. The dendrimer is constructed by connecting epoxy monomers (Fig 3.1) with the ending
amine groups of the curing agent (Fig .3.2) to create the polymer molecule. A highly branched
polymeric chain was obtained according to the stoichiometry (4:1) of the epoxy monomers to the
curing agent. ldentically, the polymerized chain potential energy was computed via the
COMPASS force field and minimized numerically. The molecular model of the resulting

optimized cross-linked molecule is given in Fig 3.3.
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Figure 3.3. Cross-linked epoxy polymer chain.

Amorphous cell:

The epoxy matrix was next built by packing the cross-linked chains into the molecular
simulation cell using the Amorphous Cell module of Materials Studio®. Amorphous cell is a
comprehensive set of tools used to pack chains in a 3D box subject to periodic boundary
conditions at a realistic density without close contacts. In our simulations the packing problem
was resolved by adding the molecules to the cell using a Monte Carlo algorithm by minimizing
the close contacts between atoms, whilst ensuring a realistic distribution of torsional angles for

the COMPASS force field.

The constructed epoxy amorphous cell, Fig 3.4, attained a density of 1.112 g/cm® within a
simulation box of dimensions 19.24x19.24x19.24 A3. The density of the amorphous cell was
determined based on the stoichiometric proportion of the epoxy resin to the curing agent; 4:1.
Using the energy minimized conformations of the two epoxy molecules, a unit simulation cell

was constructed with a total number of 666 atoms. The boundary conditions were periodic in two
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directions since the constructed epoxy cell will be added later to other structures in the third

direction.

After the optimal spatial disposition of the molecules is obtained, while observing the
packing of the molecules, the constructed amorphous cell was minimized using the quasi-

Newton method with the same convergence criterion utilized for the individual molecules.

Figure 3.4. Epoxy matrix amorphous cell.

Graphite structure:

A simplified model was adopted for the carbon fibers (CF) in this study. Considering the
molecular structure of graphite, two types of atomic interaction come into play: bonded and non-
bonded interaction. The bonded interaction is mainly the C-C covalent bond within the
individual graphene layers. The non-bond interaction is mainly due to Van der Waals forces
between the adjacent graphene layers. In our model the CF is composed of pure graphite sheets
stacked together with an interspace of 3.4 A and preferentially oriented along the fiber axis. X-
ray diffraction (XRD) patterns [31] revealed that the thickness of polyacrylonitrile (PAN) based
nanofibers are 3.5-6.0 nm which corresponds to 10~15 graphite layers in the stacking direction.

The CF surface roughness, pores, grafted functional groups were not considered in the current
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model. The graphite model in this study comprised 10 graphene layers and was expanded to
match the dimensions of the epoxy cell. The relaxed graphite cell dimensions are

19.68x19.68x6.8 A% encompassing 1960 carbon atoms.

Zinc oxide thin film:

Experiments suggest that the presence of ZnO in the form of a thin film or nanoparticles is
crucial for the growth of ZnO nanowires [5, 85]. Zinc oxide is a semiconductor material having a
hexagonal wurtzite crystal structure as a ground state with a significant degree of polarity. The
bonding polarity is caused by the very strong electronegativity of oxygen and the quite low zinc
electronegativity. Thus, the zinc and oxygen atoms in a ZnO unit cell may be considered as ions;
Zn?* and O%. The ZnO unit cell structure is composed of alternating layers of oppositely charged
ions (0% and Zn?*) along the z- axis. The sequence of charged planes within the ZnO unit cell
induces a dipole moment perpendicular to the surface leading to the creation of polar surfaces.
Tasker [86] showed that the electrostatic energy accumulation caused energetically highly
unstable polar surfaces. Several remedies are available to stabilize the ZnO structures [87-89]. In

this study, we cleaved the ZnO crystal in the (0 0 1) direction, two polar surfaces are formed

consequently on the Zn?* terminated (0001) plane and the O% terminated (0001) plane, Fig 3.5.
These planes appear on the two opposite sides of the crystal to ensure the structure’s charge
neutrality. The X-ray diffraction (XRD) pattern, reported by Skandani et al [5], shows eight
different peaks indicating the nanocrystalline nature of ZnO (JCPDS card no.0-3-0888). These
peaks at scattering angles (20) correspond to the reflection from the crystal planes: (100), (002),
(101), (102), (110), (103), (200), and (112), respectively. This XRD pattern is that of the
hexagonal phase of wurtzite structure with unit cell parameters a = b = 3.248 A and ¢ = 5.2 A.
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The calculated parameters are in excellent agreement with the reported lattice parameters for
ZnO unit cell [90]. The ZnO unit cell was then extended in the three directions to match the size
of the graphite and epoxy models with a total number of 288 atoms. Prior to layering the epoxy
molecules on top of the ZnO surface, a minimization process of the potential energy was
performed to obtain the equilibrium configuration. The atoms positions did not change
considerably after the minimization; confirming the accuracy of the aforementioned lattice

parameters.

0 0% ¢ 0% % 0% ¢® 0¥ ¢® ¢© ¢® &% ¢ &°
©e “¢ “¢ C¢ “¢ o e o %o %o %o %o Yo %
e® ¢® ¢® ¢® ¢® ¢® ¢® ¢® ¢® ¢® ¢® ¢® ¢° &°

¢ & & & ©
T S ST ST Y S SR S
- W W wwr wy Wy Wy wy W

0
0
0
0
0

Figure 3.5. Molecular model of ZnO thin film

ZnO nanowires structure:

Experimentally, on top of the deposited thin ZnO film, ZnO can be grown as nanowires
(NWs) prior to embedding them in the composite structure. The suggested molecular model will
be able to elucidate the influence of the NWs growth on mechanical properties of the FRP

composite structures.

Many reports claimed that ZnO nanowires transform into amorphous structure for thickness
below a threshold value of 10 A due to the dominance of the free surface effects in thin
structures [91]. The internal stress (compression, tension, shear) caused by the equilibration
process could also induce more distortion to the nanowire and, hence, transforms its morphology.
Dai et al [91] performed molecular scale tensile loading on ZnO NWs and studied the
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dependence of the NWs mechanical behavior on their size. They suggested a threshold diameter
of 3-4 times the single crystal lattice for the single NW to retain its wurtzite structure during

high-strain mechanical testing.

In this context, we tried to maintain the nanowires shape while retaining the scaling factor
between the carbon fibers and the ZnO nanowires sizes in the real composite structure [5]. To
circumvent this trade off, it is essential to equilibrate the nanowire with the least possible
diameter given the size of the graphite layers. The parametric simulations we performed showed
that we can equilibrate the NWs with diameter equal to the single crystal lattice size (3-5 A) if it
is surrounded by identical NWs. The total number of atoms for each of the composite systems,

shown in Fig 3.6, based on the four constituents are listed in Table 1.

Table 2.1 The number of atoms in the different composite structures.

ZnO atoms Epoxy atoms Graphite atoms
Graphite+Epoxy 0 666 1960
Graphite+ZnO+Epoxy 288 666 1960
Graphite+ZnO+NWs+Epoxy | 504 666 1960
[o [3
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Figure 3.6. Molecular structure of the different composite configurations (a) Graphite and epoxy (b)
Graphite, ZnO film and epoxy (c) Graphite, ZnO NWs and epoxy.
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3.3 Computational Experiments

Force Field:

COMPASS (Condensed-Phase Optimized Molecular Potentials for Atomistic Simulation
Studies) is the first ab initio-based force field to be parameterized for molecules in the condensed
phase using ab initio data. COMPASS is capable of facilitating accurate predictions of structural,
conformational, vibrational, cohesive, and thermo physical properties for a broad range of
compounds both in gas and in condensed phases. Extensive validations have been performed on
COMPASS for both organic and inorganic materials [14]; no further parameterization is
required. The general interaction between two particles as described by COMPASS can be

broken down into diagonal (Diag), off-diagonal (off) and non-bond (NB) components
Utotal — UDiag + Uoff + UNB (31)

The off-diagonal interaction terms can be decomposed into the bond-bond, bond-angle,
angle-angle, angle-torsion, central bond-torsion and bond-torsion interactions. The diagonal term
accounts for the bond stretching energy, angle energy, torsion energy and out-of-plane
deformation energy. Since the interaction between the zinc and oxygen atoms is predominantly
ionic, the non-bonded interaction term is the most significant. This term includes the electrostatic

(Coulomb) and Lennard-Jones potential as explained in the following equation:

9 06
q:4; rij "y
UNB = Zi>j7j] + Xi>j €5 [2 (i) -3 (i) ] (3.2)
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Where g; and q; are the atomic charges of the atoms i and j, ry; is the distance between the two
atoms i and j, ri(]? is the distance between the atoms i and j in the initial equilibrium position and

€;; Is a material parameter.

Molecular dynamics simulations:
The simulation cell connected state is obtained by equilibrating the system using Newton’s
equation of motion,
m_dzri _aE(rl,rz,....,rN)

=M = or (3:3)

Where mi; is the atomic mass of the i-th atom and E is the energy calculated via the force field.
Successive configurations of the system are generated by the time integration of Eq (3.3). The
result is a trajectory that specifies how the positions and velocities of the particles in the system
vary with time. A statistical ensemble is then used to compute the average of the physical
quantity of interest. The physical quantity is taken as the time average on the trajectory.
Statistical mechanics relates MD averages to their thermodynamics counterparts, and the ergodic
hypothesis can be invoked to justify equating trajectory averages to ensemble-based

thermodynamic properties.

All the MD simulations were performed with canonical isothermal-isochoric ensemble
(NVT: constant number of particles, volume, and temperature) for 10 picoseconds (ps) followed
by 50 ps with canonical isothermal-isobaric ensemble (NPT: constant number of particles,
pressure, and temperature). The MD time step was 1 femtosecond (fs). Nose-Hoover extended
system thermostat [92] was used for the temperature control and the Berendsen [93]method was

employed to maintain a constant desired pressure (1.0 atm) in the simulation periodic box. The
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numerical integration of the equations of motion was performed using the velocity Verlet (VV)
algorithm [94]. Both the Columbic and Van der Waals interactions were summed via the

Ewald’s method.

3.4 Results and Discussion

Plotted in Fig 3.7 are the minimum potential energies for the relaxed systems achieved
through the quasi Newton minimization algorithm. Among the different composite systems the
graphite/epoxy attained the lowest potential energy computed through the COMPASS force
field. Adding the ZnO thin film and NWs increased the potential energy tremendously. The
intermolecular nonbonding components constituted the largest terms in the potential energy. For
the different configuration, single molecules or simulation cell, the minimization algorithm

attained acceptable convergence within reasonable number of iterations.
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Figure 3.7 Potential energy minimization for the different composite configurations; minimization based
on quasi-Newton algorithm and RMS=0.001 kcal/mol convergence criterion.

Figure 3.8 depicts the evolutions of the temperature and the potential energy of the
composite structures during 50 ps of MD simulations with NPT ensemble. For each system the
MD starts by assuming a zero kelvin temperature then the system is equilibrated by adjusting the
velocities of the particles to achieve the assigned temperature according to the Nose-Hoover
thermostat. The anomalous fluctuations in the temperature are due to a weakly chaotic dynamic.
Such dynamic does not warrant the equivalence of time and ensemble averages, unless one
extends the simulation over exceedingly longer times (e.g. nanosecond scale). Thus, it can be

assumed based on this figure that the structures reached their equilibrium states.
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Figure 3.8. Temperature and potential energy evolutions for the different composite configurations
during 50 ps of MD simulation with NPT ensemble.

The interfacial adhesion between two molecular structures can be defined as the separation
energy of heterogeneous interface into two distinct homogeneous components. From a
thermodynamic viewpoint, positive adhesion energy indicates that bringing the two components
together is energetically favorable. The interfacial adhesion energy can be defined using the

Dupre relationship [95]:

Uint = (Us + Ug) — Uy (3.4)

Where Uint is the interaction energy between the two components A and B, U+ is total energy of
the entire layered cell and Ua and Ug represent the surface free energy of the components A and

B, respectively.
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By implementing the Dupre relation to the composites structures, we assumed that the
interfacial separation is ideal and that no other energy change can occur across the interface. The
last assumption can be satisfied through using an isothermal thermodynamic ensemble (NVT or
NPT) to equilibrate the structure. It should also be noted that a large vacuum slab of 30 A has
been added to each simulation cell to limit the interaction between the constituents to only one
interface.

The calculated adhesion energy values show that the graphite-epoxy adhesion energy was
found to be 62 cal/mol/atom. Upon converting to Joules and normalizing by the interface area,
the work of adhesion is estimated to be 0.1 J/m2. This value is consistent with the reported
adhesion energy for epoxy-graphite fibers in CFRP composites [96]. The positive adhesion
energy suggests that the polymer molecules can be preferentially adsorbed to the graphite
surface. Although favorable, the graphite-epoxy adhesion is relatively moderate since the
interaction with the epoxy molecules is limited only to Van der Waals forces. The absence of
polar surfaces on the carbon fibers due to the inert structures of the highly crystallized graphitic
basal planes limits their adhesion. The influence of the poor graphite-epoxy wettability on the

composites mechanical properties will be discussed later.

The ZnO-graphite-epoxy adhesion energy was estimated to be 75 cal/mol/atom. The higher
ZnO-graphite and ZnO-epoxy adhesion can be attributed, in addition to VVan der Waals forces, to
the electrostatic interaction between the ZnO polar surface and the graphite surface. Douglas et
al [97] demonstrated that the electrostatic force is capable of increasing the adhesion properties

due to the spontaneous transfer of electrical charge across the interface. Accordingly, Galan et al
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[80] found the ZnO-graphite work of adhesion to be 0.261+0.054 J/m? using AFM lift-off test,

three times higher than the graphite-epoxy adhesion (0.1 J/m?).

The binding interaction in graphite-ZnO-NWs-epoxy composite was found to be 82
cal/mol/atom. This comparatively high energy can be attributed to the diverse forms of
interactions between the composite constituents. The mechanical interlocking of branches of
epoxy chains between the ZnO surface ions increases the interaction energy since the Van der
Waals and electrostatic forces are inversely proportional to the distance between the interacting

particles.

It has to be emphasized that the aforementioned NWs mobility between the epoxy molecules
cannot occur without a strong bonding between the grown NWs and the surface of the substrates.
Ehlert et al [12] demonstrated that the creation of carboxylic acid sites on the surface of aramid
fibers was necessary to attach the NWs to the fiber surface. They hypothesized that the
carboxylic acid functional group naturally existing at the carbon fibers surfaces might be
responsible for the strong NWs-carbon fibers bonding. In this study, the NWs-CF architecture
was considered by fixing the positions of the ZnO ions in proximity of the ZnO layers. For more
realistic modeling, functional groups should be grafted onto the ZnO or the graphite layers [8] to
improve their interfacial adhesion with the ZnO nanowires. Further study is needed to investigate

the nature of the bonding between the grown ZnO nanowires and the carbon fibers.

Finally, it was observed that the ZnO nanowires did not undergo any phase transformation
since the NWs have retained their initial crystalline structure during the simulations. The phase

transformation generally occurs at high strain (~7.0%) as reported by Agrawal et al [98] while
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the MD simulations were limited to much lower strain level (~0.1%); sufficient to carry out a

linear elastic analysis and to avoid phase transformation.

3.5 Conclusions

In this chapter, a molecular model was built to evaluate the adhesion of an FRP composites
reinforced with ZnO NWs. Molecular dynamics simulations with proper thermodynamic
ensembles were employed to achieve equilibrated structures of the composites. The adhesion
energy between ZnO, graphite and epoxy molecules was evaluated. The ZnO-graphite enhanced
adhesion is driven primarily by the polar surfaces on the ZnO ionic structure. Consequently, this
strong bonding leads to improved mechanical properties upon inserting ZnO layer between the
graphite layers and the epoxy molecules. As expected, the high aspect ratio of the ZnO
nanowires allowed them to be impregnated by the epoxy chains, which provides the structure
with more flexibility. The strong bonding between the nanowires and the carbon fibers’ surfaces
was reported to be related to the presence of potential functional groups. Due to insufficient
information about the exact nature of these functional groups, we have fixed the ZnO atoms
positions in proximity of the ZnO layers. Although unrealistic, this assumption considers the
strong NWs-fiber bonding while allowing the nanowires to move freely between the epoxy

molecules.
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Chapter 4. Investigating the energy harvesting capabilities of a

hybrid multifunctional ZnO NWs/CFRP composite device

4.1 Abstract

Hybrid piezoelectric composite structures that are able to convert several forms of
mechanical energy into electricity have gained a great deal of attention in the past few years. In
this chapter, an energy harvesting device was built by incorporating piezoelectric ZnO nanowires
into a carbon fiber composite structure. Besides the reported attractive structural performance of
such composite structures in chapter 2, we have investigated their energy harvesting capabilities
by exposing a composite device to different vibration environments. When immersed in an
ultrasoniction bath, the energy harvesting device exhibited good piezoelectric sensitivity, and
produced an output voltage and areal power density up to 0.2V and 0.2 nW/cm?, respectively. It
was also shown that the harnessed energy was enhanced by stacking up similar devices in
parallel or in series. Furthermore, the energy harvesting capabilities of a ZnO NWs-CFRP
composite device was investigated by clamping its end to a permanent magnet shaker. After
determining the dynamic parameters of the harvesting device, the open circuit voltage and the
short circuit current were measured to be 23 nA and 3.1 mV, respectively using an adequate
measurement system. Upon connecting several load resistors to the device, the optimal resistor

(1.2 kQ) was determined by comparing the resulting output power.

4.2. Materials and Experimental Methods
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Identical to the hybrid composite prepared for the mechanical experiments in chapter 2,
commercial high strength polyacrylonitrile (PAN) based plain-woven carbon fabric (AS2C
supplied by Hexcel Inc.) with 3k bundles was utilized as a substrate to grow zinc oxide. A thin
layer of ZnO (80 nm) was sputtered on one side of the fabric using high vacuum magnetron
sputtering system (ATC Orion high vacuum sputtering system, AJA International, Inc.). The
sputtering process was under inert gas environment (argon) at 300 W power from an RF source

at 3 m torr vacuum. The sputtered ZnO layer plays a vital role in the ZnO NWs growth initiation.

First, a mixture of zinc acetate hexahydrate Zn(O2CCHs)2(H20), and
Hexamethylenetetramine (HMTA) (CH2)sNs were dissolved in deionized water with a
concentration of 40 mmol for each. Both the zinc acetate and the HMT are supplied by Sigma-
Aldrich with chemical purity of 99%. The solution was left in a convection oven at 85°C, and
then the pre-sputtered fabric was immersed in the solution for 4 hours. Second, a 250 nm thick
layer of copper was sputtered on top of the carbon fabric surface to ensure the piezoelectric
charges collection from the single ZnO nanowires. The introduced copper layer had an additional
role to play since it induced a Schottky rectification effect in the circuit necessary for the electric
power generation mechanism. To avoid any possible short circuit in the device, a breather ply
layer was inserted to separate the opposing faces of the carbon fabric. This layer ensured
complete electrical insulation between the two electrodes attached each to the conductive carbon

fabric with a silver paste.

To verify that the generated electrical output resulted only from the piezoelectric properties
of the ZnO nanowires, a reference configuration was prepared by sputtering a 250 nm copper

layer on top of the carbon fabric as shown in Fig 4.1. The results showed that the output voltage
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and current were only noise indicating that neither the carbon fabric nor the measuring system

were able to produce any electric output.

Upon preparing the two different fibers’ configurations, each configuration was utilized to
manufacture a 3-layers laminate composite via vacuum-assisted hand lay-up process according
to the ASTM D5687 standard. To ensure proper degassing of the fabricated laminate composite,

we used peel plies, porous and non-porous release films and breather plies.

The matrix material used for the composite comprised two components thermosetting
polymer: Epon 815C (resin) and Epicure 3282 (curing agent) supplied by Miller-Stephenson
Chemical Company, Inc. The mixing ratio, as recommended by the manufacturer, was 100:27.
The relatively moderate viscosity of the epoxy polymer (500-700 cps at room temperature)
allowed enough time for the impregnation within the carbon fabric during the fabrication
process. All the fabricated composite laminate sheets were cured at 60°C for 4 hours. Finally,

electrical wires were connected to both ends of the composite device using a silver paste.
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Figure 4.1. Schematic diagram of the fabricated energy harvesting device.
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4.3. Electrical Energy Measurement

The capacitance and the impedance of the harvesting device were both measured using an
Agilent E4980A high precision LCR meter (Fig 4.2(a)). The mechanical vibration was applied to
the device through a permanent magnet shaker LDS V408 shown in Fig 4.2(b). The power
provided by the miniature magnet shaker was amplified via an LDS PA100E power amplifier.
The tip displacement of the piezoelectric composite beam was recorded with a Polytec laser
vibrometer OFV-505 sensor head with OFV-5000 controller connected to a computer equipped

with LabView interface.

Figure 4.2. (a) The LCR meter used for the impedance and capacitance measurement (b) The

permanent magnet shaker used to produce the required vibration to the energy harvesting device.

The piezoelectric voltage measurements were performed using a National Instruments PXI
4071 digital multimeter and a National Instruments PXI1 4462 24-bit dynamic signal analyzer that
were both connected to the LabView interface while the short circuit current was performed
using a high precision digital multimeter (Keithely 6487, up to 1200 readings/s). The white noise
signals for the FRF characterization were generated using Agilent 33522A digital arbitrary

waveform generator connected also to the LabView environment.
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Figure 4.3. (a) The energy harvesting device clamped to the magnet shaker (b) The laser Doppler

vibrometer used to record the displacement of the energy harvesting device.

The grounded Faraday cage was built to shield the device from the surrounding static electric
charges and eventual power line noise. The Faraday cage (Fig 4.4.(a)) was an enclosure built
with a mesh of a conductive material (Aluminum) to block the external static and non-static

charges Dby driving the charges through the metallic mesh to the outside.

Figure 4.4. (a) The Faraday enclosure built to shield the beam from the surrounding noise (b) The

voltage source used to apply the poling voltage.
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Prior to using the active composite beam for harvesting purposes, it is recommended to
polarize the harvesting device with a high DC electric field (-~ 30V for 30 minutes) to ensure that
the dipoles of the ZnO NWs crystal were aligned along the electric field direction which was
normal to the planes of the two electrodes along the orientation of the NWs [43]. Although the
ZnO NWs possessed intrinsic spontaneous polarization, this poling could improve the

performance of the energy harvesting device.

4.4. Results and Discussion

4.4.1 The piezoelectric nature of the current
Several factors needed to be considered to ensure the integration of a large number of

nanowires in the charges creation, accumulation and release process. First, a Schottky contact
should be established between the ZnO nanowires and the electrode. Because the ZnO nanowires
were semiconductor, it was necessary to use a metallic layer to obtain M-S junction that could
perform as a Schottky “gate” at the tip of the nanowire. Not all metals could have a Schottky
contact with the ZnO nanowires as will be discussed later, therefore the metallic work function

should be taken into account.

Second, the contact at the two ends of the ZnO nanowires should be robust enough to ensure
deformation transmission from the substrate to the nanowires and proper channeling of the
generated charges from the NWs to the electrode. This requirement was very important for this
application since the excitation at the resonance frequency yielded large deformations. The
harvested power was also proportional to the deformation experienced by the device. These
issues were all addressed in the design of the fabricated harvester since the adhesion between the
ZnO NWs and the carbon fibers was strong. As shown by the molecular dynamics simulations
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(chapter 3), the polar surfaces of the nanowires promoted the adhesion to the electrically neutral

surface of the graphite layers that formed the carbon fiber.

Finally, all the ZnO nanowires should be excited (stretched and released) in a synchronized
manner to ensure that the piezoelectric potential generated across the single nanowires were all
aligned. The design of the device met this requirement since all the nanowires were attached on
the same carbon cloth which was impregnated with the polymeric matrix to form a single device.
Periodic excitation was applied later to the device through an ultrasonic wave bath then through
a permanent magnet shaker. The mechanical excitation was then transmitted synchronously to

the nanowires via the copper layer.

The working principle of the vertically aligned ZnO nanowire relies on the coupling between
the ZnO piezoelectric and semiconducting properties [34]. As the piezoelectric composite beam
vibrates, the ZnO nanowires deflect and slide against each other. Considering their high aspect
ratios (>10), the NWSs were subjected to a tensile stress when the structure was deformed. Under
axial strain, a separation of static ionic charges centers occur in the wurtzite ZnO structure,
resulting in a piezoelectric potential along the c-axis of the nanowire. The piezoelectric potential
is then balanced by the transient flow of charge carriers (electrons in the case of n-type ZnO) in

the external circuit to ensure the electrical neutrality in the circuit.

Since the nanowires were grown uniaxially in the c-direction, the contribution of each single
ZnO nanowire could be synchronized and added up constructively to generate higher output
energy. The copper coating covered completely the ZnO nanowires and formed a continuous
layer along the entire carbon cloth. The copper film was acting like a zigzag electrode since the

sputtered copper layer was deposited on top of the nanowires. The main function of the sputtered
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copper layer was to collect the resulting charges from the individual nanowires and drive them to
the outer circuit via a silver paste electrode t serving as the top electrode. The Schottky barrier
formed between the metallic copper layer (work function of ~4.46 eV) and the semiconducting
ZnO nanowires (electron affinity of ~4.20 eV) was essential for the device function since it

blocked the electron flow through the Cu/NWs interface in one of the directions.

The Schottky contact was a potential barrier for electrons formed by a metal-semiconductor
junction (M-S junction). Since the Schottky contact introduced a rectification effect, it was
suitable for use in diodes. When the M-S junction did not possess a rectifying effect it was called
Ohmic contact. While the Ohmic contact allows the charge carriers (electrons or holes) to flow in
both directions, the Schottky contact blocked the flow of the charge carriers along one of the two
directions. Only a small number of carriers had enough energy to overcome the barrier and cross
to the other material. Almost all metal-semiconductor junctions exhibited some of the rectifying

aspect.

E" Metal SEIICON.

Figure 4.5. Band diagram of a metal-semiconductor junction [37]

One of the main properties of a Schottky contact is the barrier height (see Fig 4.5). The
efficiency of the Schottky contact established between the metal layer and the ZnO nanowires

depends on the difference between the electron affinity of the NWs and the work function of the
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copper. The electron affinity of a semiconductor (when in contact with vacuum) can be defined
as the energy obtained by moving an electron from the vacuum just outside the semiconductor to
the bottom of the conduction band just inside the semiconductor. Conversely, the work function
of a metal can be defined by the amount of thermodynamic work that can be obtained by moving
an electron isothermally from the vacuum to the material. Gold (Au), Aluminum (Al), Nickel
(Ni), and Palladium (Pd) could also be used as eventual substitutes for copper in similar devices.
For this study, copper was selected because of its affordability and attractive conductivity that

minimized the electrical energy loss due to the electrodes resistance.

The first step toward characterizing the proposed energy harvesting device was to elicit the
piezoelectric nature of the generated electrical outputs. Indeed, the small values of the output
electrical signals could be easily confused with the artifacts produced by the electrical
measurement setup. For this purpose, we complied to the protocol developed by Wang and Song
[38] and adopted by others [35, 39]. The energy harvesting device was immersed in an
ultrasonication bath and the vibration of the device was driven by the ultrasonic waves

transmitted to the device via the fluid bath.
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Figure 4.6. Generated short circuit current, device placed in an ultrasonic water bath.

The short circuit current (Isc) and the open circuit voltage (Voc) were both measured to
characterize the response of the energy harvesting device. The electrical signal was created when
the ultrasonic bath has been turned on and disappeared when it has been turned off. The resulting

short circuit current and the open circuit voltage are shown in Fig 4.6 and 4.7, respectively.

Apparent in Fig 4.6, the current response of the energy harvesting device, in pulsed intervals
of 2 s, had a maximum short circuit current of 2 nA, leading to a current density of 0.1 nA/cm?,
The small output current could be attributed mainly to the large loss in the fiber-based harvesting
device due the large PAN fabric’s inner resistance. Reducing the fibers resistance would be an
efficient way to optimize the harnessed power. Similarly, the maximum open circuit voltage (Fig

4.7) was found to be 0.39 mV.
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Measurement of the voltage and current generated by the proposed energy harvesting device

was a challenging task as the levels of the measured values were at the millivolts (mV) and

nanoampers (nA). At such scale, the electromagnetic interference of the surrounding electrical

connections could generate misleading signals which should not be confused with the generated

piezoelectric signal. In the last decade, two testing criteria were developed by Wang [36] to

identify the piezoelectric signal: the switching polarity test and the linear superposition test.

The ‘switching polarity’ test [38] was conducted to confirm the piezoelectric nature of the

output current. This test was carried out by reversing the devices’ electrodes connected to the

measurement setup to rule out any possible artifacts. The corresponding short circuit current Isc

and open circuit voltage Voc were plotted in Fig 4.7. The sign switch of both the current and the

voltage following the connecting electrodes reverse eliminated the possibility of measurement
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setup error and confirmed the origin of the resulting electrical signal. The reason of the electrical
switch could be attributed only to a voltage or current source. Indeed, resistors and capacitors are
symmetric devices and they cannot induce a reversal of the electrical output signal. Diodes are
able to deliver an electrical signal in one direction and nothing in the other direction. Therefore,

this behavior could only be exhibited only by a voltage/current source [35].

The second criterion was the linear superposition of the output current/voltage when several
devices were connected in series/parallel. Evident in Fig 4.6 and 4.7 that the output current
increased when two devices were put in parallel. Similarly, the output voltage increased when
two devices were put in series. The same reasoning for the first criterion can be performed for
this criterion. Electronic components such as resistors, capacitors, inductors and diodes cannot

have the observed linear superposition effect.

Nevertheless, these tests demonstrated that the device was able to produce an electric signal
from an applied mechanical excitation. It is well-known that the piezoelectric effect is a
reversible process; the materials that exhibit the direct piezoelectric effect (the internal
generation of electrical charge from a mechanical deformation) also exhibit the reverse
piezoelectric effect (the internal generation of mechanical deformation from an applied electrical
field). The constitutive behavior of a piezoelectric material given by equations (4.1) and (4.2)
demonstrate that the piezoelectric coupling is reversible. To elicit the inverse piezoelectric effect,
a voltage impulse was applied to the harvester device and the resulting tip displacement was

recorded.

0;j = CijmnEmn — €kijEx (4.1)

Dl = elpquq + KlrEr (42)
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Fig 4.8 shows the mechanical response when an impulse voltage was applied to the electrode
at the free end of the device (the device was clamped as a cantilever beam). The impulse voltage
was applied with the voltage source and a reflective tape was attached to the device to record the
tip displacement response. When excited with an impulse voltage, a piezoelectric material
exhibits an oscillatory response that decays with time because of the damping effect. As
illustrated in Fig 4.8, the amplitude of the tip displacement was proportional to the exciting
voltage which demonstrated the inverse piezoelectric capabilities of the fabricated device. The
high damping properties of the fabricated CFRP beam induced a fast decay of the displacement.
Although the structural damping was an attractive feature for several applications, it seems to
play a disadvantageous role from an energy harvesting perspective since the vibration

suppression reduced the amount of the mechanical power that can be harvested.
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Figure 4.8. Impulse test with increasing excitation voltage.

4.4.2 Electrical properties of the energy harvesting device

10V impulse
—— 20V impulse
— 30V impulse
40V impulse
— 50V impulse

— 60V impulse

To analyze the piezoelectric response of the active composite device, it was convenient to

build an electrical equivalent circuit model. Table 4.1 lists the analogy between the mechanical

and electrical parameters. This analogy is used extensively in literature to derive the governing

electromechanical equations and to evaluate the performance of the energy harvesting devices

[28, 99].
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Table 4.1. Analogy between mechanical and electrical parameters.

Mechanical Electrical
parameter parameter
Force [N] Voltage [V]
Velocity [m/s] Current [A]
Mass [kg] Inductance [H]

Compliance [m/N]

Capacitance [F]

Damping [Ns/m] Resistance [Q]

The electrical equivalent circuit is shown in Fig 4.9 where the harvesting device is modeled
as a voltage source V, connected in series with the inherent resistance and capacitance C, and a
piezoelectric leakage resistance Rp in parallel with the capacitance. The resulting voltage Vi is
measured across the output load resistance R and is used to determine the amount of power that

can be generated from the device.

Vv
A
QY

R_P {} C_P

Fig 4.9. Equivalent electrical circuit.
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The energy harvesting device’s capacitance C, was measured using the Agilent LCR meter
between the two electrodes to be 0.472 pF at the natural frequency of the device (f=43.2 Hz) as
will be discussed later. The impedance measurement with the LCR meter of both the series
resistance RL and the leakage resistance Rp between the electrodes of the energy harvesting
device yielded 10.75 MQ. The external load resistor RL was varied to delineate its effect on the

output power and to determine the optimal resistance.

4.4.3. Natural frequencies

To take advantage of the device’s energy harvesting capabilities, a mechanical deformation
was applied via a permanent magnet shaker. The power generation principle was to convert the
ambient vibrational energy in the surrounding into usable electrical energy that could power
other low-energy consumption devices (MEMS for example). Once mounted on the shaker (Fig
43.a), a harmonic base excitation was applied to the harvester device while the electrodes were
connected to a data acquisition system. Electrical wires were used to connect the electrodes of

the device to the measurement setup.

Before measuring the scavenged energy, the dynamic properties of the fabricated energy
harvesting device were characterized. The energy harvester was excited with a white noise
excitation signal that has a flat power spectral density on the frequency range of 0-1000 Hz. The
frequency response function (FRF) between the NG energy harvester and the input base

acceleration as measured by the accelerometer was obtained.

The FRF can be defined as the relationship between the system input and the system output

in the Fourier (frequency) domain (Fig 4.10). If X(jo) is the system input (excitation force),
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Y(jo) is the system output (vibration) then H(jo) which is the Frequency-Response Function can

be defined by the following equations:

Y(w) =H(w)X(w) (4.3)
. _Y(w)
H(jw) = 12 @4

Where o represent the characteristic frequency of the excitation force. The quantities X(jo),
Y(jo) and H(jw) comprise two parts, namely, the real part (indicates the vibration amplitude) and

the imaginary part (indicates the phase of the vibration response).

X(jw) Y(jw)

H(jw)

v

v

Figure 4.10. Frequency Response Function.

Special setup was mounted to ensure that the dynamic properties of the NG harvesting device
were close to those for the open piezoelectric circuit voltage (Voc), the short piezoelectric circuit
current (Isc) and the varying load resistance electric measurements. The short circuit current and
the open circuit voltage were examined at the resonant frequency of the device since the largest
mechanical deformation generates the maximum electrical power. However, as will be shown
later in this chapter, the optimal harvested electrical power corresponded to the case where an
optimal load resistor was connected in series in the electrical circuit.
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The mechanical response of the composite structure was different at each natural frequency.
In theory, there are infinite number of natural frequencies (with infinite number of corresponding
mode shapes). However, as shown by the experience, only a few of them were of practical
interest. As illustrated in Fig 4.11, the first three natural frequencies of the beam device were
successively 43.2, 192.6 and 451 Hz ,with the corresponding voltage peaks of 0.56 m/s/V, 0.09
m/s/V and 0.006 m/s/V, respectively. These dominant frequencies characterized the dynamic
response of the active composite structure and will be used to characterize the open circuit
voltage. Theoretically, the resonant frequencies of the composite beam depend on the
dimensions, configuration (i.e. lay up of lamina) and the mechanical properties of the beam (in
addition to the loading conditions). In literature [99], the natural frequencies of the harvester
under open circuit and short circuit conditions did not coincide. Small frequency shift was
observed between the two cases. The FRF for the device under short circuit conditions was also

performed and the first resonant frequency was measured to be 42.2 Hz.

To design an energy harvester that performs optimally, it was necessary to have its
fundamental frequency close to the frequency range of the surrounding vibration source,
normally 10 Hz- 1 kHz for ambient vibration. One of the major drawbacks of the devices built
based on ZnO nanowires arrays was their high operating frequency (~ 40 kHz). The built energy
harvesting device based on CFRP offered the opportunity to tune the natural frequency to match
the needed working frequency range. Several methods could be devised to control the natural
frequency of a composite beam. First, it was possible to change the dimensions of the beam since
cutting a CFRP beam was an easy process unlike the delicate cutting of ceramic and
semiconductors substrates. Second, the number of layers could be increased during the

lamination process which provides additional power to the piezoelectric device. However, this
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approach came at the expense of increasing the overall stiffness of the device and, as a result,

higher mechanical energy was required to vibrate the device.

It is worth noting that the FRF characterization was performed with open circuit conditions
where no resistor load was connected (more accurately very low resistance since no electrical
wire with zero resistance exists). As mentioned earlier, it was reported that the natural frequency
shifted slightly upon increasing the resistor load with the device [99]. This shift was also
observed while using varied resistor loads to evaluate the output electrical power. Determining
the open circuit resonant frequencies of the device was essential to evaluate the natural frequency

shift when the device was connected to various resistor loads.

Since the performance of the harvester at the fundamental frequency was the main concern
for evaluating the short circuit current and the open circuit voltage, it was also possible to study
the modal mechanical damping ratios for modeling the electromechanical behavior of the
sample. The FRF peaks indicate high values of damping of the harvester device. The high
damping inhibited the vibration of the composite beam and, thus, reduced the power that can be
harvested by the device. Since the goal of this chapter was to characterize experimentally the

performance of the device, the modeling of the device was left to the next chapter.
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Figure 4.11.Tip velocity FRF for the energy harvesting device.

Once the natural frequencies of the open circuit composite beam were determined, the device
was excited at the dominant natural frequency (foc = 43.2 Hz and fsc = 42.2 Hz). The open
circuit voltage and the short circuit current were then measured to investigate the maximum
voltage and the maximum current that the harvesting device was able to generate. The Isc and the
Voc represented the extreme cases where the resistor load was either infinity (open circuit) or
zero (short circuit) and they are very important parameters that are needed to be considered

carefully in the design of any electromechanical system.

The open circuit voltage Voc when the device base was excited with a sinusoidal excitation
produced by the shaker at 43.2 Hz was shown in Fig 4.12.a. The sinusoidal aspect of the
resulting piezoelectric voltage was demonstrated by the Fig 4.12.b while the maximum peak- to-
peak open circuit voltage that can be harvested was 3.4 mV. The low piezoelectric voltage could
be attributed mainly to the low volume fraction of the piezoelectric NWs compared to the overall

device’s volume (~0.1%). Additionally, the produced electrical energy was dissipated due to the
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existence of high resistive materials such as the epoxy and the carbon fiber. It is worth noting
that the open circuit voltage measurement required a voltage buffer amplifier with a high input

impedance, so the piezoelectric current, and hence the electrical power, were theoretically zero.

Similarly, the short circuit current ISC was also characterized through exciting the harvesting
device at the short circuit resonance frequency by using the magnet shaker. The sinusoidal aspect
(harmonic with the same sine wave excitation frequency) of the resulting piezoelectric short
circuit current was shown in Fig 4.14. The maximum peak-to-peak short circuit current that can
be generated by the device was 24.44 nA. Considering the short circuit conditions (zero external

resistance), the piezoelectric voltage, and hence the electrical power, were theoretically zero.
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Figure 4.12. The open circuit voltage when the energy harvesting device is excited at f = 43.2 Hz.
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Figure 4.13. The short circuit current when the energy harvesting device is excited at f = 42.2 Hz.

The output electrical power produced by the NG harvesting device was investigated by

measuring the output voltage across several resistive loads ranging from 10 Q to 1 MQ. The

resistive loads used in the experiment are shown in Table 4.2. Note that the system was close to

the open circuit conditions for high resistance (0.1 — 1 MQ) which corresponded to the highest

output voltage. Similarly, the system was close to the short circuit conditions for small resistance

(10 — 100 ©) which corresponded to the lowest output voltage and the highest current.

Table 4.2. The resistive loads used in the harvesting experiment.

Resistor 1

Resistor 2

Resistor 3

Resistor 4

Resistor 5

Resistor 6

10t Q

102 Q

103 Q

10° Q

10° Q

10°Q

The piezoelectric harvested power was characterized by measuring the piezoelectric voltage

for several load resistors ranging from 10 to 10° Q. Each of the load resistor yielded a different

level of output voltage. Fig 4.14 present an enlarged view of the FRF voltages around the first
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corresponding dominant frequency of each of the load resistors. It is apparent from the Fig 4.14
that the dominant frequency of the voltage magnitude FRF was close to the natural frequency of
the harvesting device under open circuit conditions (very high resistance). As predicted by
theoretical models, a frequency shift was observed for higher resistances [99]. The resonant
frequency for R = 10° Q was 42.2 Hz, while it was 43.2 Hz for R = 10 Q, resulting in a shift of 1
Hz. For intermediate resistances, the natural frequency was between the two extreme frequencies

42.2 and 43.2 Hz.

e R e R5 R3 == R4 Rl «=—R6
-80
30 35 40 45 50 55 60
-85
-90
o
z
& -95
S
©
>
-100
s %wd\
-110
Frequency (Hz)

Figure 4.14. Voltage magnitude of FRF from the NG harvesting device measured for various load

resistors.

The maximum output voltage increased from V = -95.29 m/s/V to V = -84.05 m/s/V as the
resistor load increased from 10 to 10° Q at every corresponding vibration mode. This increase

was expected as the output voltage measured across the load resistor approached the maximum
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open circuit voltage for very high resistance values. On the contrary, the generated current

should be inversely proportional to the load resistor. The 1-V Ohmic law across the external

resistor can be expressed as I = V/RL' The output current for excitation at the short circuit natural

frequency should be higher when the system approached the short circuit condition (R.=0) and

vice versa.

The aforementioned analysis was based on the assumption that larger deformation induced
necessarily larger output power. While this assumption could be easily made for traditional
piezoelectric materials (PZT, PVDF or bulk ZnO), its extension to ZnO nanowires needed an
explanation. It is to be noted first that the larger deformations obtained at the dominant frequency
increased the deformed area of the clamped beam (called effective length). The area in the
vicinity of the clamped end did not undergo enough deformation to contribute to the
piezoelectric charges creation. By enlarging the deformed surface, more NWs were engaged in
the piezoelectric current generation process which accumulated the resulting charges.
Additionally, as the beam deformed, the nanowires were bent accordingly under the copper
electrode. Two factors needed to be considered to increase the produced power output from the
nanowire: the maximum bending and the screening time [100]. These two factors were
proportional to the deformation applied to the beam. The screening time can be defined as the
time during which the generated piezoelectric charges were blocked at the Schottky barrier. By
increasing the screening time, more charges were accumulated at the ZnO NW-Cu “gate” (when
copper is in contact with the compressed side of the NW) which increased the output current
when the nanowire was released (when copper is in contact with the stretched side of the NW)
[38]. Additionally, the maximum bending was proportional to the deformation experienced by

the composite beam.
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To calculate the electrical power that can be harvested, the root mean square (RMS) voltage
was determined at the resonant frequency corresponding to each load resistor. The RMS value of
an AC voltage can be defined as the equivalent DC voltage able to deliver the same amount of
electrical power. Considering the equivalent electrical circuit shown in Fig 4.11, the harvested

power was given by the equation (4.5).

P = ILZ(RMS)RL (4.5)

Where IL(RMS) is the RMS value of the current circulating in the circuit, which can be

expressed in terms of the voltage V. and the impedances Zp and the resistance RL.

__ VirMS)
Iuams) =5 7, (4.6)

The impedance Zp of the piezoelectric composite can be neglected compared to the external
load resistor [28] and thus, the resulting piezoelectric power can be determined by the following

equation.

p, = lins (4.9)
L= "k, :
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To fair the comparison between the different load resistor cases, the RMS output voltage was
calculated at the resonance frequency associated with the load resistor. The output power was

then calculated for all the given voltage FRFs.

The dependence of the output electrical power on the load resistor was plotted in Fig 4.15.
The harvested power increased as the load resistor increased up to 1.2 kQ and reached a power
peak of 2.4 nW. The output voltage approached the open circuit voltage as the value of the load
resistor increased. To interpret this result, it was necessary to understand that the output power at
the two extreme cases (R — 0 and R — ) was theoretically zero as either the current or the
voltage was very weak. For moderate resistance values, both the output voltage and the output

current were also moderate which resulted in a higher output power.

It is customary to determine the optimal working conditions of the harvester device
(excitation frequency and external resistance) for design purposes. The fabricated harvesting
device possessed attractive optimal points (low frequency and low resistance) compared to other

harvesting devices based on ZnO NWs.
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Figure 4.15. Harvested power from the energy harvesting device for varying load resistor.
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It is a common practice to normalize the output power generated from the harvester device
by the device volume (and sometimes its mass) to have a fair comparison with similar devices.
The power density can be approximated by normalizing the output power by the surface of the

energy harvesting device, and it was as high as 25 pW/cm?.

As no previous studies reported the use of ZnO nanowires grown on the surface of carbon
fabric for energy harvesting purposes, it would be reasonable to make comparison with harvester
devices based on ZnO nanowires grown on other substrates. The harvested piezoelectric power
depends on the substrate material and it varied from 0.4 pW/cm? [101], to 50 nW/cm? and even
0.312 nW/cm?. Harvested piezoelectric power of 2 pW/cm? was reported by Wang [34] upon
growing ZnO nanowires on the surface of Kevlar fibers. For other piezoelectric materials such as
PVDF and PZT, the harvested power was reported to be 142 nW/cm? and 89 nW/cm?,

respectively.

Comparatively, the amount of energy that be scavenged from the active composite beam we
used was relatively small. Nevertheless, the poor harvesting behavior is still accompanied by the
attractive structural properties of the composite which constitutes the main goal in this
dissertation. Furthermore, the piezoelectric power can be added up constructively if the size of

the structure was scaled up.

4.5 Conclusions

The aim of this chapter was to assess the energy harvesting capabilities of an energy

harvesting device built by incorporating ZnO nanowire into the structure of a CFRP composite.

We have investigated the dynamic properties of the harvester device by clamping its end to a
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permanent magnet shaker. The electrical outputs (voltage and current) were measured using an
adequate experimental setup that is able to capture the very low electrical signal. The open
circuit voltage and the short circuit current were measured to be 23 nA and 3.1 mV, respectively.
Upon connecting several load resistors to the device, the optimal resistance was (1.2 kQ) was
determined by comparing the resulting harvested power. The power that can be generated by the
harvester device in optimal conditions was as high as 25 pW/cc. This relatively low power can
be, however, increased considerably by stacking similar devices in parallel, in series or simply

by fabricating larger devices.
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Chapter 5. Finite element modeling of the constitutive behavior of

the hybrid ZnO nanowires-CFRP composite

5.1. Piezoelectric Constitutive Behavior
The constitutive model of a piezoelectric material relates the elastic, piezoelectric and
dielectric variables together. One of the commonly used forms of the piezoelectric materials

constitutive model is given by the following equations:

0;j = CijmnEmn — €kijEx (5.1)

Dl = elpquq + KITET (52)

Where oy, €mn, Ex and D; are the stress tensor, strain tensor, electric field vector and electric
displacement vector, respectively. Cjjmn, ex;j and K, are elastic (measured at constant electric
field), piezoelectric tensor (measured at constant strain or electric field) and dielectric tensor
(measured at constant strain), respectively. These equations used the conventional summation
notation and the summation notation are over i, j, m, n, p, g, I, r, k = 1,2,3. The extended form of

Eqg. 5-1 and 5.2 can be written in a unified matrix format

[on]| [Cy Cp €y O 0 0 0 0 ey |[eu]
O Cph Cp Cyp O 0 0 0 0 &y ||
05| |[Cis Cp C4 0 0 0 0 0 85 || &5
Oy o o o0 c, 0 O 0 - 0 |7
o,/=|0 0O O O C, O —-, O 0 || 75
Oy 0O 0 O 0 C, O 0 0 || 7,
D, 0o 0 0 0 e O x, O 0 ||E,
D, 0 0 0 e O O 0 «, 0 |E,

|Ds| [8n €5 ey 0 0 0 0 x5 || Es)
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The strain-displacement and the electric field-potential relations are given by the following

equations.
1
E = —Pn (5.5)

Where u and ¢ are the displacement and the potential field, respectively. It is more
convenient to combine the elastic and electric variables into a single field variable which yields,

after considering the orthotropic nature of each constituent, the following constitutive equation.
Y, =mr (5.6)

Where Y; is the tensor that includes stress and electric displacements fields while T is the

tensor elastic strain and electric field. The electroelastic matrix IT can be defined as

Ut
m = [Cexe 36><3] (5.7)
€3x6  K3x3

Where C, e and « are the elastic stiffness, piezoelectric and permittivity matrices,

respectively. e' represent the transpose of the electromechanical coupling matrix.
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5.2. Micromechanics Approach

In this section, a micromechanics-based model was implemented to determine the overall
effective electro-elastic properties of the multiphase hybrid composite. Mori-Tanaka method was
chosen over the other models (dilute, self-consistent...) because of its ability to model composite

materials with high volume fraction within a relatively short computational time.

The volume averaged of the piezoelectric field variables and of the piezoelectric fluxes of a

multiphase active composite materials can be expressed as:
E = 25:1 CTE (5-8)
r=3Y¥¢Tl, (5.9)

In the last equations, the subscript r=1, 2, 3 refers to the following phase: the polymer matrix,
the carbon fiber and the piezoelectric ZnO nanowire, respectively. The overbar notation denotes

the volume average and cr denotes the volume fraction of the r'" phase in the composite.

The constitutive equation for the piezoelectric fibrous composite can be written as:

$ = mf (5.10)

The volume averaged flux tensor of the r'" phase can be related to the volume averaged flux

tensor using the concentration tensor,
T, =A,T (5.8)

The concentration tensor has the following property for a multiphase composite:

ivzl Ay =1 (5.9)
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Where 1 is the 9 x 9 fourth rank identity tensor. The determination of the concentration tensor
as a function of the composite phases’ properties (geometry, material properties and volume

fractions) represents the core of the micromechanics model.

The Mori-Tanaka concentration tensor can be defined as a function of the dilute

concentration tensor, the Eshelby tensor and the volume fraction of r'" phase as follows:
AYT = AP erd + XYy ¢ AFD] T (5.10)

For the dilute approximation model, it is assumed that the interaction between the reinforced
fibers (or particles) inside the matrix can be ignored. This model is valid for small volume
fractions where the existence of a single fiber does not affect the neighboring fibers. The
mathematical expression of the concentration tensor according to the dilute approximation model

is given by the following equation:

A% = [I + S, I;* (I, — )]t (5.11)

When the fiber volume fraction increases within the composite material, the interaction in-
between the fillers and between the fillers and the boundary cannot be ignored. Mori-Tanaka
approach was developed to consider the effect of the interaction between the fillers using the
effective medium theory. The underlying idea is that the volume averaged strain around an
inclusion caused by the eigenstrain in the inclusion can be expressed without the need to
determine the spatial dependence of the strain [64]. Mori-Tanaka approach was employed in this
chapter because the volume fractions of the inclusions was rather high, either for the ZnO

nanowires in the interphase region (70%) or the carbon fiber in the overall composite (from 10%
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to 70%). In micromechanics theories, recourse is always made to the concepts of eigenstrain,
inclusion and inhomogeneity. It is necessary to explain these concepts to have a better

understanding of the micromechanics models.

Fig 5.1. One phase inclusion in an infinite matrix medium

The eigenstrain can be defined as any non-traction strain such as thermal expansion strain,
phase transformation strain, initial strain, plastic strain and misfit strain. When an eigenstrain is
prescribed only in a region Q inside a homogeneous material D, Q is called an inclusion. If the

subdomain Q has different elastic properties, it is called an inhomogeneity.

In equation (5.11), Sr denotes the electromechanical extension of the Eshelby tensor [63].
The Eshelby tensor was developed originally to determine the elastic properties of an ellipsoidal
filler surrounded with a matrix medium. It was derived for an inclusion in an infinite medium
undergoing uniform eigenstrain. The key result found by Eshelby [63] was that the total strain
inside the inclusion was uniform. As a result, it was sufficient to determine the stress and strain
fields inside the inclusion to find the concentration tensor and, consequently, the overall effective

properties of the composite. It is worth noting that the Eshelby tensor was independent of the
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magnitude of the eigenstrain and it only depends on the shape of the inclusion and the material

properties.

Eshelby tensor was extended to consider coupled electromechanical problems by Dunn and
Taya [64, 65] and later for multiphase composite by Odegard [102]. For this study, the analysis
was restricted only to the transversely isotropic inclusion with circular cross-section. For
elliptical inclusion, the Eshelby tensor is a function of the elliptic aspect ratio (ai/a2) where az
and a; are the minor and the major axis length, respectively. For circular cross-section, the
Eshelby tensor is a function of only the material parameters since the elliptic aspect ratio is 1.
The explicit form of Eshelby tensor for piezoelectric composite material is detailed in Appendix-

A

Upon determining the Eshelby tensor, dilute concentration tensor and Mori-Tanaka
concentration tensor, the effective electroelastic property tensor of the composite can be
expressed as a function of the electroelastic property tensor of each phase and the concentration

tensor.

I = I, + Z1Iy=2 Cr(]mr - Ml) A17‘"/1T (512)

The effective electroelastic properties of the composite material can be obtained from the
overall effective tensor as explained by equation (5.3). To assess the validity of the
micromechanics approach to estimate the electroelastic properties of the hybrid piezoelectric
fibrous composite, it was convenient to implement it first to a two-phase fibrous composite, i.e.,
a classical CFRP composite. The homogenized properties of the CFRP composite are determined
using the FEA as will be explained later in this chapter. Since no piezoelectric element was

present, the comparison was limited to the elastic (Young’s modulus and shear modulus) and
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dielectric properties. These properties were estimated in both the longitudinal and the transverse
directions. To investigate the ability of Mori-Tanaka method to predict the elastic and dielectric
properties of the composite, the predicted properties were compared to the results obtained with
the FEM simulations. The elastic properties estimated with Mori-Tanaka were plotted in Fig 5.2
and 5.3 for Young’s moduli, Fig 5.4 and 5.5 for shear moduli, and Fig 5.6 and 5.7 for

longitudinal and transverse dielectric properties.
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Fig 5.2. Effective longitudinal Young’s modulus of CFRP composite predicted by Mori-Tanaka and

FEM.
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Fig 5.3. Effective transverse Young’s modulus of CFRP composite predicted by Mori-Tanaka and

FEM.
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Fig 5.4. Effective longitudinal shear modulus of CFRP composite predicted by Mori-Tanaka and

FEM.
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Fig 5.5. Effective transverse shear modulus of CFRP composite predicted by Mori-Tanaka and FEM.
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Fig 5.6. Effective longitudinal relative permittivity of CFRP composite predicted by Mori-Tanaka

and FEM.
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Fig 5.7. Effective transverse relative permittivity of CFRP composite predicted by Mori-Tanaka and

FEM.

Figure 5.2 shows good agreement between the longitudinal stiffness of the composite
predicted by the Mori-Tanaka method the finite element method. The longitudinal stiffness
varies linearly (identical trend to the rule of mixture) with the fiber volume fraction because the
stiffness of the polymeric matrix is much less than that of the carbon fiber. The predicted results
displayed in Fig 5.3 to Fig 5.5 for the transverse Young’s modulus and the shear moduli
exhibited increasing discrepancies between the micromechanics and the FEM model. The Mori-
Tanaka approach overestimated the transverse Young’s modulus and underestimated the shear
moduli of the composite. It can be seen that the prediction error increased with the filler volume

fraction. Similar trend was also reported by Lin and Sodano [103] and by Dai and Ng [72].

Similar behavior was also observed for the longitudinal and transverse dielectric properties of

the CFRP composite. Both the longitudinal and the transverse dielectric constants increased with
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the CF volume fraction because the dielectric properties of carbon fiber are higher than those of
the polymer. Mori-Tanaka predicted the longitudinal dielectric properties with good accuracy
while the transverse dielectric property revealed that the prediction error increased at higher fiber

volume fraction.

5.3. Finite Element Model

The electromechanical properties of a composite material is dictated by the properties of the
constituents (in this case: the fiber, the matrix and the ZnO), the volume fraction of each phase in
addition to the interaction between the phases. Thus, by tailoring the microscopic properties of
the composite (mainly the volume fractions) we are able to design a composite material that
meets the desired specifications. Fig 5.8 illustrates a schematic diagram of an idealized cross-
section of a fiber reinforced polymer composite according to hexagonal packed array model. The
name of the array was derived from the shape of the polygon that constitutes the repeating unit of
the cross-section. The fibers were distributed throughout the matrix in a periodic hexagonal
pattern shown in inside the Fig 5.8. This model is capable of reproducing the behavior of a
transversely isotropic fibrous composite more accurately compared to similar micromechanics

models, namely the square packed array model [104].

Fig 5.8. Hexagonal-packed array pattern of a fibrous composite material.
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To reduce the computational cost, it is always convenient to study the behavior of a small
representative volume element (RVE) that represents the overall composite material. The RVE
can be defined as the smallest volume that the average properties measurement yields the
properties of the macroscopic material [105]. The RVE of a heterogeneous material should
possess a structure entirely typical of the whole material, i.e., contains all the phases present in
the macroscopic heterogeneous material [106]. Additionally, the RVE is required to be large
enough to contain a sufficient number of inclusions and to ensure that the overall moduli are
independent of the applied boundary conditions. In the case of periodic materials, the RVE can
simply be chosen as the repeating unit (periodic cell). The corresponding representative volume
element of the hexagonal packed array is shown in Fig 5.9. To investigate the electromechanical
properties of the RVE, the finite element method was employed. The finite element method is a
powerful numerical technique that is capable of providing an accurate estimation of the
composite’s electromechanical properties since it predicts the strain and stress fields distribution
inside the composite accurately (not in an average sense). Through proper choice of boundary
conditions, the effective properties predicted by FEM agreed well with the experimental results

[75].
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Fig 5.9. Hexagonal-packed array representative volume element (RVE).
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To model the behavior of the hybrid composite, we used a multi-phase FEM model by
inserting an interphase region between the carbon fiber and the epoxy in the RVE. The
interphase region consisted of the radially grown ZnO nanowires impregnated by the polymeric
matrix. The geometrical CAD model of the interphase is shown in Fig 5.10. The numerical
simulations were performed using the commercial software ABAQUS since it is capable of
modeling piezoelectric materials. Because of the symmetry of the RVE model shown, only a
quarter of the RVE shown in Fig 5.2 was used for symmetric boundary conditions. The full RVE
was used only for non-symmetric boundary conditions such as the BCs used to calculate the
composite’s shear moduli (G12, Gi13, and G23). The RVE illustrated in Fig 5.9 was used as a
reference model to delineate the effect of the interphase region on the overall properties of the

composite.

Zn0 nanowire

Fig 5.10. The interphase region consisting of the ZnO nanowires wrapped with epoxy.

In all the FEM simulations, 3D solid elements (C3D20E) of ABAQUS were used. This
element exhibits both mechanical and electric degrees of freedom which made it suitable for a
fully electromechanical coupled problem. The meshing of the composite was refined at the
interphases between the three phases (core fiber, interphase and matrix) since it corresponded to
a gradient of material properties. The number of the meshing elements is a key factor for
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obtaining accurate results with the finite element analysis. To study the dependence of the FEM
results on the mesh refinement, a sensitivity analysis was performed by varying the number of
meshing elements and measuring the resulting total energy. The results are plotted in Fig 5.12
and three examples of the RVE with three different mesh refinements is presented in Fig 5.11. It
can be seen that the total energy of the RVE levels off after a certain number of elements. To
reduce the computational time, the optimal configuration was chosen at the level that
corresponded to the final energy with minimum number of meshing elements (Fig 5.11 (b)).

It was necessary to assign the material orientation to a global coordinate system since each
transversely isotropic phase possessed a different local orientation. In the representative FE
model, x and y denoted the transverse coordinates while the z denoted the longitudinal

coordinate. The global coordinate system with the meshing are shown in Fig 5.11.

(a) (b) (c)

Fig 5.11. The FEA model of the multifunctional composite with three phases meshed with three

different mesh refinement.
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Fig 5.12. The sensitivity of the total energy to the mesh refinement.

The electroelastic properties of each phase are summarized in Table 5.1 and 5.2 below.

Table 5.1. Mechanical properties of the materials in the RVE.

E11 (GPa) Es3 (GPa) G13 (GPa) G12 (GPa) V12 V13
Epoxy 35 35 1.25 1.25 0.4 0.4
CF 20 214 27 11 0.4 0.17
ZnO 12.65 14 4.48 4.46 0.4 0.3
Table 5.2. Dielectric and piezoelectric properties of the materials in the RVE.
K11 K33 ess (C/m?) ea1 (C/m?) e1s (C/m?)
Epoxy 2.8 2.8 0 0 0
CF 12 12 0 0 0
ZnO 8.9 10.2 0.96 -0.62 0.37
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Along the interfaces of the different phases, a perfect bonding condition was introduced by
applying a tie constraint and sharing the nodes of the neighboring elements of the opposing
faces. In this chapter, the longitudinal Young’s modulus (E3), transverse Young’s modulus (E1),
transverse shear modulus (Gi2), longitudinal shear modulus (Gais), the longitudinal dielectric
constant (k33), the transverse dielectric constant (k11), the longitudinal piezoelectric stress
coupling (es3) and the transverse piezoelectric stress coupling (es1) of the overall composite were
all determined. In order to elicit the effect of the reinforcement geometry, three different RVEs

were built based on three different aspect ratios (a=0.055, 0.11 and 0.22).

The RVE strain energy can be determined using ABAQUS for any desired elastic and
electric loading. By controlling the boundary conditions, we can estimate the effective properties
of the piezoelectric composite RVE. For mechanical loading, the strain energy can be expressed
by

v
Us = 3 Cijiij€n (5.13)

The dielectric properties of the RVE can be obtained by applying electric potential to the

opposite sides of the RVE and calculating the resulting stored electrostatic potential expressed by

1 A
Ue = SKerf 7 (¥, — Lpl)z (5.14)

The dielectric behavior of the composite was similar to a dielectric material (or simply an
insulator) and the electric potential boundary conditions were applied to the opposing faces of
the RVE. The dielectric constant (or relative permittivity) characterizes the ability of the

composite to store the electrostatic energy when an electric field is applied across its thickness.
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The piezoelectric properties measure the coupling between the applied mechanical loading
and the resulting electrical potential. It is convenient in this analysis to apply an electric potential
in an appropriate direction and estimate the resulting strain created within the RVE via

&ij = dyijEx (5.15)

The constitutive properties of the composite RVE were also investigated using Mori-Tanaka
approach explained earlier. The constitutive properties of the carbon fiber sheathed with
vertically aligned ZnO nanowires require the determination of the properties of each layer of the
composite. It was necessary thus to devise a two steps approach. The first step consisted of
homogenizing the interphase region composed of the ZnO nanowires and the epoxy medium.
The homogenized properties of the interphase was used in the second phase to calculate the
effective properties of the three phases composite consisting of the carbon fiber, the epoxy
matrix and the interphase.

The effective electroelastic properties in the interphase region were predicted using the
micromechanics approach used to homogenize the CFRP composite since the volume fraction of
the ZnO nanowires was high (60-70%). The electroelastic properties of the nanowires and the
polymeric matrix are given in Table 5.3. The effective properties given in Table 5.2

demonstrated that the resulting homogenized medium was transversely isotropic.

Table 5.3. The effective properties of the interphase region

EL

Er

VLT

GLt

K11

K33

€33

€31

10.965

9.372

0.427

1.677

6.672

7.979

0.655

0.458
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Once the electromechanical properties of the ZnO-epoxy interphase region were determined,
a micromechanics model constituted of three phases was used to predict the overall effective
properties of the composite. This model was depicted in Fig 5.13 where E; represented the epoxy

matrix, E> represented the ZnO NWs-epoxy interphase and Es represented the core carbon fiber.

E2

E1

Fig 5.13. Three-phase inclusion in an infinite matrix medium with different elecromechanical

properties.

The volume fraction of the ZnO nanowires was coupled to the volume fraction of the carbon
fiber in the overall composite. The detailed volume fractions of the ZnO nanowires in the overall
composite is detailed in Table 5.4. These values were used in both the micromechanics and the

FEM models.

Table 5.4. The volume fractions of the ZnO nanowires in the different configurations.

Aspect ratio (o) Vs (CF) Vs (ZnO)
0.055 10% 0.51%
0.110 10% 1.30%
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0.220 10% 3.31%
0.055 20% 0.82%
0.110 20% 2.61%
0.220 20% 4.86%
0.055 30% 1.53%
0.110 30% 3.92%
0.220 30% 9.93%
0.055 40% 2.05%
0.110 40% 5.22%
0.220 40% 13.21%
0.055 50% 2.56%
0.110 50% 6.53%
0.0550 60% 3.07%
0.110 60% 7.87%
0.055 70% 3.58%

5.4. Results and Discussion

The FE analysis is conducted to calculate the effective electro-elastic properties by applying

appropriate boundary conditions to the RVE. The energy approach described by equations 5.13,

5.14 and 5.15 was used to calculate the properties of the RVE.
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5.4.1 Mechanical properties

Young’s moduli:
The longitudinal Young’s modulus of the RVE was calculated by applying the following

homogeneous boundary conditions.

u1 == 0

uz =0 (5.16)
Uz = £9X3

(p =

Where u denoted the displacement field applied at the boundaries of the RVE, & is the
homogeneous strain field and ¢ is the electrical potential. The effective medium theory indicates
that the volume averaged strain in the volume was equal to the homogeneous strain applied at the
boundaries of the volume. This assumption was essential to estimate the properties of
heterogeneous mediums using the micromechanics approach. Similarly, the transverse Young’s

modulus can be estimated by the following set of homogeneous boundary conditions.

U = EpXq
uZ = O
us = 0 (5.17)
(p =

The longitudinal Young’s modulus predicted by the FEM is compared to that obtained using
the Mori-Tanaka approach for various carbon fiber volume fractions. Similar to the case of the
CFRP composite, the longitudinal Young’s modulus increased linearly with increasing carbon
fiber volume fraction. This trend can be attributed to the high longitudinal properties of the

carbon fiber compared to that of the epoxy matrix. The effective longitudinal Young’s modulus

108



was also plotted for three different aspect ratios of the ZnO nanowires (0=0.055, 0=0.11,
0=0.22). The comparison of the Mori-Tanaka (MT) method with the FE analysis demonstrated
that the micromechanics model estimated the longitudinal Young’s modulus with high accuracy

for all the volume fractions and all the aspect ratios.

The longitudinal Young’s modulus of the composite was proportional to the aspect ratio of
the nanowires because the volume fraction of the ZnO nanowires increased as shown in Table
5.4. 1t is clear that embedding more ZnO nanowires stiffened the structure considering the high
Young’s modulus of the ZnO NWs (169 GPa) which confirmed the experimental findings
mentioned in chapter 2. It is worth noting that the linear trend was more pronounced at lower
ZnO aspect ratios (green and red line in Fig 5.14). The gap between the different aspect ratios
contrasts the importance of the length of the nanowires in enhancing the properties of the fibrous
composite because of the high stiffness of the ZnO nanowires compared to the epoxy polymer.
This observation was in agreement with previous findings reported by Malakooti and Sodano

[103].
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Fig 5.14. The longitudinal Young’s modulus of the RVE FE model for three different aspect ratios

and different carbon fiber volume fraction.

The effective transverse Young’s modulus was calculated by applying constant strain in the
transverse direction and fixing the displacements in the other directions in the FE model. The
results displayed in Fig 5.14 indicate that the Mori-Tanaka model generated much less accuracy
compared to the longitudinal direction. The prediction error was more pronounced for higher
carbon fiber volume fraction and higher aspect ratios. This study showed also similar transverse
modulus-aspect ratio trend as the longitudinal case since the longitudinal properties of the ZnO

reinforcement was greater than that of both the polymer and the carbon fiber.
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Fig 5.15. The transverse Young’s modulus of the RVE FE model for three different aspect ratios and

different carbon fiber volume fraction.

Shear moduli:

The previous mechanical properties were obtained from FE analysis performed on quarter of
the original RVE because of the symmetric boundary conditions. However, the boundary
conditions that need to be applied to determine the effective shear moduli did not exhibit similar
symmetry. As a result, we used the full RVE for this study as shown in Fig 5.16 and Fig 5.17.
The following homogeneous boundary conditions were applied to calculate the effective

transverse shear moduli.

(w = ()/o/ z)xz

Juz = (yo/z)x1 (5.18)
L U3 = O
=0
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Similarly, the longitudinal shear moduli can be predicted upon applying the following

homogeneous boundary conditions.

(uz = (yo/ z)xs

uz = (Y°/)x, (5.19)
L u1 = O
¢=0

The applied boundary conditions are demonstrated by Fig 5.16 for the case of longitudinal
shear modulus estimation. To calculate the effective longitudinal shear modulus, a constant shear
strain £, was applied and the z-direction was fixed in the FE model. Because these boundary
conditions are not symmetric, the original hexagonal packed array RVE was used to calculate the
shear moduli of the fibrous composite [107]. The deformed RVE is shown in Fig 5.16 that

demonstrated the need for the original full RVE FE model.

U, Magnitude U, Magnitude
+2.283e+00 +2.283e+00
+2.093e+00 +2.093e+00
+1.903e+00 +1.903e+00
+1.712e+00 +1.712e+00
+1.522e+00 +1.522e+00
+1.332e+00 +1.332e+00
+1.142e+400 +1.142e+00
+9.513e-01 & +9.513e-01
+7.610e-01 B 7 510e-01
+5.708e-01 +5.7082-01
+3.805e-01 +3'3059.01
+1.903e-01 ] +1'903e.01
+0.000e+00 B +0.000e+00

Fig 5.16. The RVE FE model used to determine the effective longitudinal shear modulus.

112



The comparison between the FE model and the micromechanics approach is shown in Fig
5.17. The results exhibited similar trend for the dependence to the CF volume fraction as the
transverse Young’s modulus-CF volume fraction. The Mori-Tanaka method underestimated the
longitudinal shear modulus and generates also more error for higher CF volume fraction and

higher aspect ratio.
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Fig 5.17. The longitudinal shear modulus of the RVE FE model for three different aspect ratios and

different carbon fiber volume fraction.

The effective transverse shear modulus was calculated by applying constant shear strain 2,
in the y-direction was fixed in the RVE FE model. The comparison between the FE model and
the micromechanics model for the prediction of the transverse shear modulus revealed a similar
behavior as the longitudinal shear modulus. The variation of the shear moduli on the RVE on the
aspect ratio of the ZnO nanowires was minor because the shear moduli of ZnO and the carbon

fibers were close as shown in Table 5.2.
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Fig 5.18. The transverse shear modulus of the RVE FE model for three different aspect ratios and

different carbon fiber volume fraction.

5.4.2 Dielectric properties

The longitudinal and transverse dielectric properties of the FE model were determined by
applying an electrical potential across the longitudinal then the transverse direction of the RVE.

The homogeneous boundary conditions are given by the following expressions.

uz; =0 (5.20)
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In the FE model, the effective longitudinal dielectric constant was calculated by applying a

constant electric potential at the surface (z=0) and the opposite face (z=c), then measuring the

resulting electrostatic energy in the RVE.
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Fig 5.19. The RVE FE model used to predict the effective transverse and longitudinal dielectric

properties.

In this study, the relative dielectric constant was evaluated as ka33/ko, where ko is the
permittivity constant equivalent to 8.85 x 10°*2 F/m. The dielectric properties reflects the ability
of the material to store the electrostatic energy when an applied voltage is applied across its

volume. It is a typical property of insulating materials that are able to concentrate the

electrostatic lines of flux.

Figure 5.20 shows the comparison between the FEM analysis and the MT micromechanics
model to estimate the longitudinal dielectric properties of the composite. It can be seen that there

was a good agreement between the results obtained via MT approach and the FEM analysis with
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a slight underestimation for higher volume fraction and higher aspect ratio. It can be noticed that

the dielectric permittivity increases with the volume fraction because the carbon fibers have the

highest dielectric properties. Similar increase was noticed also for higher ZnO nanowires aspect

ratio since their dielectric properties are higher compared to the dielectric properties of the

matrix.
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Fig 5.20. The longitudinal permittivity of the RVE FE model for three different aspect ratios and

different carbon fiber volume fraction.

The boundary conditions applied to predict the transverse dielectric constant is given by the

following homogeneous boundary conditions.

( u, =0
u, =0
Uy = 0 (5.21)
p(y=0)=0
k<p(y =b) =@
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The transverse dielectric constant is determined by applying a zero potential and an electric
potential ¢, on the surface (y=0) and the opposite surface (y=b) in the y-direction, respectively.
Figure 5.21 shows that the error generated by the MT micromechanics approach increases with
the carbon fiber volume fraction and the nanowires’ aspect ratio. This error can be ascribed to
the interactions between the ZnO nanowires and the carbon fiber for higher concentrations of

carbon fibers and ZnO nanowires, both having similar dielectric properties.
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Fig 5.21. The transverse permittivity of the RVE FE model for three different aspect ratios and

different carbon fiber volume fraction.

5.4.3 Piezoelectric properties

The last step toward homogenizing the piezoelectric hybrid composite was to evaluate the
piezoelectric coupling properties. The piezoelectric field-strain properties (ejj) were utilized to

characterize the electromechanical coupling constants in the longitudinal and the transverse
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direction, namely ess and es1. The homogeneous boundary conditions used to evaluate these

parameters are given by the following equations,

( u; =0
u, =0
uz =0 (5.22)
L(p(z =0)=0
p(z=c) =@

The piezoelectric parameters were evaluated by applying a zero electrical potential at the
surface (z=0) while a non-zero electric potential ¢, was applied at the opposing face (z=c). The
displacement field was fixed only at the face (z=0). While averaging the stress on the face (z=c)
yielded the longitudinal piezoelectric constant ess, averaging the stress field on the face (y=b)

yielded the transverse piezoelectric parameter (es1).

Figure 5.22 shows good agreement between the Mori-Tanaka approach and the FEM analysis
to predict the longitudinal piezoelectric coupling constant. The piezoelectric coupling increased
with the aspect ratio of the ZnO nanowires since the total volume fraction of ZnO increased
accordingly. The piezoelectric constant was enhanced also with the carbon fiber volume fraction.
Because of the CF was electrically conductive, the overall conductivity of the composite

increased which reduced the dissipation of the electrical energy by the high resistive epoxy.
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Fig 5.22. The longitudinal piezoelectric constant of the RVE FE model for three different aspect

ratios and different carbon fiber volume fraction.

The effective transverse piezoelectric properties of the overall composite are shown in Fig
5.23. The discrepancy between the micromechanics model and the FEM model were more
pronounced compared to the longitudinal case. This discrepancy can be attributed to the
relatively lower transverse piezoelectric coupling coefficient of the ZnO nanowires compared to

the longitudinal piezoelectric constant.

Finally, it should be noted that the longitudinal Young’s modulus of the CFRP composite
RVE was enhanced upon inserting the ZnO NWs interphase layer by 11%. This increase was
confirmed by the experimental results performed on CFRP composite based on PAN carbon
fabric where the longitudinal Young’s modulus increased by 7.5%. This difference can be

ascribed to the fact that the carbon fibers used in the composite fabrication were not totally

119



coated with the ZnO nanowires as suggested by the SEM figures in chapter 2. The fibers hidden
inside the tow were not exposed to the sputtering and hence, no ZnO nanowires were grown on

their surfaces.
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Fig 5.23. The transverse piezoelectric constant of the RVE FE model for three different aspect ratios

and different carbon fiber volume fraction.

5.5. Conclusions

Mori-Tanaka micromechanics model has been devised to predict the effective electro-elastic
properties of the overall composite. The micromechanics approach was validated by a FEM
model that reproduced the growth of radial nanowires on the surface of the carbon fibers. It was
revealed that the Mori-Tanaka approach possessed some limitations on predicting the transverse
moduli of the piezoelectric composite. The estimation error increased with higher volume

fraction of carbon fibers and higher aspect ratio of ZnO nanowires.
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Chapter 6. General Conclusions and Future Work

6.1 General Conclusions

Zinc oxide nanowires (ZnO NWSs) were grown on the surface of PAN carbon fabric utilizing
a low temperature hydrothermal process to enhance the structural performance of the carbon
fiber reinforced polymer composite. The embedded ZnO nanowires produced a functionally-
graded interface between the fibers and the matrix which promoted the adhesion between the
carbon fibers and the matrix. The results revealed that the radially aligned arrays of ZnO
nanowires have enhanced the in-plane and out-of-plane strength and stiffness by more than 20%
and 7%, respectively. The experimental results showed also that the interlaminar shear strength

increased by 88% and the damping capabilities by 51%.

Molecular dynamics (MD) simulations were performed to elucidate the effect of
incorporating the ZnO nanowires into the CFRP structure. Molecular models were built to model
the behavior of the hybrid composite at the molecular level. MD simulations with NVT and NPT
thermodynamic ensembles were employed to achieve equilibrated structures of the composites.
The adhesion energy between ZnO, graphite and epoxy molecules was evaluated. It was found
that the adhesion in the hybrid composite was driven by the polar surfaces present on the ionic
structure of the ZnO NWs. The ZnO-graphite-epoxy adhesion energy was estimated to be 75
cal/mol/atom while the adhesion in the graphite-epoxy structure was found to be 62
cal/mol/atom. This increase has led to the improved mechanical properties exhibited by the

hybrid ZnO NWs-CFRP composite.
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Besides the attractive mechanical and morphological properties of the ZnO nanowires, their
semiconductor and piezoelectric properties were employed to design an energy harvesting
device. To ensure the charges collection from the single ZnO nanowires, a copper layer was
sputtered which introduced also the desirable Schottky effect. The energy harvesting capabilities
of the device were investigated by attaching its end to a permanent magnet shaker. After
evaluating the dynamic properties of the composite harvesting device, the open circuit voltage
and the short circuit current were measured to be 23 nA and 3.1 mV, respectively using an
adequate measurement system. Upon connecting several load resistors to the device, the optimal
resistor (1.2 kQ) was determined by comparing the resulting output power. Furthermore, it was
also shown that the harnessed energy was enhanced by stacking up similar devices in parallel or

in series.

It is worth noting that the damping improvement upon introducing the ZnO nanowires into
the CFRP composite was an attractive feature, it had an adverse effect from the energy
harvesting perspective. The vibration suppression reduced the mechanical energy and , hence,
inhibited the amount of mechanical power that can be harvested from the composite structure. To
optimize the structural properties with the harvesting capabilities of the composite, it is necessary
to tailor the damping properties of the composite. Several measures can be taken to control the
damping such as modifying the length of the grown ZnO nanowires via increasing the

concentration of the reactants or the growth time.

Finally, the piezo/electro/mechanical properties of the hybrid ZnO nanowires-CFRP

composite were predicted using the Mori-Tanaka approach and validated by building an FEM
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model capable of reproducing the structure of the hybrid composite. It was demonstrated that the
micromechanics approach was able to yield good agreement with the FEM for low volume
fraction and for longitudinal electro-elastic properties. The error generated was increasing with
higher carbon fiber volume fraction and higher ZnO nanowire aspect ratio. The FEM simulations
confirmed the experimental findings and it was shown that the mechanical properties of the
hybrid ZnO NWs-CFRP composite enhanced compared to the baseline CFRP composite by 20%

and 92.85%.

6.2 Future Work

The output power that can be captured by the harvester device was limited and could be
increased via different approaches. Besides increasing the dimensions of the device and stacking
a series similar devices, it is recommended to enhance the electrical contact between the
nanowires and the collecting layer by inserting more conductive materials like carbon nanotubes
(CNTSs). To ensure proper dispersion of the nanowires, it is recommended to utilize chemical
vapor deposition (CVD) process to grow the CNTs on top of the ZnO nanowires. The Schottky
contact could be established between the ZnO NWs and the CNTSs since a portion of the CNTs
have metallic structure. Furthermore, incorporating CNTs into the composite structure is more

attractive from a structural perspective compared to the copper layer.

The FEM model developed in chapter 5 evaluated the electroelastic constitutive behavior of
the hybrid ZnO nanowires-CFRP composite. The calculated properties can be utilized on the
laminate scale using the classical laminate theory to reproduce the behavior of the energy

harvesting device.
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Appendix-A

The Eshelby tensor is given by the following matrix for the case of a circular cylinder.

[S]=
Sun S1u122 S1133 0 0 0 0 0 S1143
Soo11 S22 S2233 0 0 0 0 0 S2243
0 0 0 2 So323 0 0 0 0 0
0 0 0 0 2 S1313 0 0 0 0
0 0 0 0 0 2 S1212 0 0 0
0 0 0 0 0 0 Si1414 0 0
0 0 0 0 0 0 0 S2424 0
0 0 0 0 0 0 0 0 0
S1111 = S222 = Tn
3C11 — Cq2
S1212 = S2121 = S1221 = So112 = —(5~——
8Ci1
1
S1313 = S3131 = S1331 = S3113 = S2323 = S3232 = Sa332 = S3223 = Z
3C, — C
S1122 = S211 = %
Ci3

S1133 = S233 = 5
2Cq1
€13

S1133 = Sz233 = T
11

S4141 = Sa242 = E
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