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ABSTRACT OF THE DISSERTATION
CREATION AND EVALUATION OF POLYMER/MULTIWALL CARBON
NANOTUBE FILMS FOR STRUCTURAL VIBRATION CONTROL AND STRAIN
SENSING PROPERTIES
by
Weiwei Lin
Florida International University, 2016
Miami, Florida
Professor Cesar Levy, Major Professor

Multifunctional materials both with damping properties and strain sensing
properties are very important. They promise to be more weight-efficient, and provide
volume-efficient performance, flexibility and potentially, less maintenance than
traditional multi-component brass-board systems.

The goal of this dissertation work was to design, synthesize, investigate and apply
polyaniline/Multiwall carbon nanotube (PANI/MWCNT) and polyurethane (PU)
IMWCNT composites films for structural vibration control and strain sensors using free
layer damping methods and static and dynamic strain sensing test methods.

The PANI/MWCNT was made by in situ polymerization of PANI in the presence
of MWCNT, then frit compression was used to make circular and rectangular
PANI/MWCNT composite films. PU/MWCNT composites were made by the layer-by-
layer method. Free end vibration test results showed both of PANI/MWCNT and

PU/MWCNT have better damping ratios than each of their components. Static sensing



test indicated that though there appears to be residual strain in both composite sensors
after the load is removed, both the sensor and the foil strain gage react linearly when
re-engaged. A drift test of the sensor showed that it is stable. The dynamic sensing test
results showed that over the range of 10-1000 Hz, the PANI/MWCNT composite sensor
was consistently superior to foil strain gage for sensing purposes since the highest peak
consistently corresponded to the input frequency and was much higher, for example, at
20 Hz, 820 times higher than those of the strain gage. Using the same criterion, the
PU/Buckypaper composite sensor was comparable to or superior to the foil strain gage
for sensing purposes over the range of 10 Hz to 200 Hz.

The relationship of loss factor, 1, and beam coverage length, L1/L, is discussed for
single sided and double sided attachment. For both PANI/MWCNT and PU/MWCNT,
the loss factor, 1, was found to increase as coverage length, L1/L, increases. The loss
factor, 1, was found to have a maximum as with coverage length, L1/L, as the coverage
length continues to increase. The trend for double sided attachment was found to follow
the trends discussed by Rao (2004) and Levy and Chen (1994) for viscoelastic material

constrained damping.
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CHAPTER I
INTRODUCTION

1.1 Multifunctional Materials with Damping and Strain Sensing Properties

Multifunctional materials were designed to improve overall system performance,
which has sought to integrate at least one other function into a material that is capable
of, for example, bearing mechanical loads and serves as a structural material element.
Because with conventional structural materials, it has been difficult to achieve
simultaneous improvement in multiple structural functions. Multifunctional materials
that can be attained are electrical/thermal conductivity, sensing and actuation,
electromagnetic interference (EMI) shielding, recyclability and biodegradability, et al.

Structural-borne vibration and noise control is one of the key issues associated
with the application of structures and machines. Consequently, the demand of materials
with high structural damping capacity is growing in a variety of sectors (Koratkar et al.,
2002; Suhr et al., 2005; Suhr et al., 2006). Multifunctional materials, both with damping
properties and strain sensing properties are very important. They promise more weight-
efficient, volume-efficient performance, flexibility and potentially, less maintenance
than traditional multi-component brass-board systems, which have attracted many
researchers’ interests recently. For example, it is beneficial and crucial to retrofit critical
infrastructures, including aircraft, ships, highways, bridges, buildings, and pipelines,
both with sensors that have damping and strain sensing properties. This is important
because these infrastructures are sometimes subjected to severe loading conditions due

to hurricanes, earthquakes and other natural disasters during their lifetime.



Multifunctional materials having damping properties can sense and prevent or at least
minimize catastrophic failures and subsequent loss of life, while strain sensing property
materials provide further inspection tools that can evaluate the problems caused by
these types of disasters. Also, the structural-borne vibration is one of the key issues for
army combat vehicles, gun platforms and the gun barrels. Successful vibration

suppression improves the accuracy of surveillance, targeting and firing.

1.2 Multifunctional Materials of Polymer/CNT composites

Carbon nanotubes (CNT) have many excellent properties which have fascinated
scientists for decades. Particularly, their extraordinary mechanical properties and
electrical conductivities have been studied widely. CNT are the ideal structural
component candidates, for they are the strongest and stiffest materials yet discovered
in terms of tensile strength and elastic modulus respectively. Researches have shown
that nanocomposites containing single-wall or multi-wall carbon nanotubes (SWCNT
or MWCNT) can achieve high damping capacity by taking advantage of the weak
bonding and interfacial friction between individual nanotubes and the matrix
(Sasikumar et al., 2012; Liu et al., 2012; Gong et al., 2012; Agrawal et al., 2013; Tehrani
et al., 2013). Also, the unique electrical conductivities of CNT make them very popular
in producing conductive nanocomposites. For example, due to the piezoresistivity
property of CNT themselves, pure MWCNT films (bulky paper) were found that serve
as strain sensors if they were bonded to the structural surface as conventional foil strain

gauges (Li and Levy, 2007a; Hong et al., 2012). Furthermore. the new type of
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electrically conductive CNT/polymer nanocomposites have been broadly studied to
apply to piezoresistive or resistance-type strain sensors (Alamusi et al., 2013; Qu et al.,
2014; Costa et al., 2014).

Koratkar research group (2002) has demonstrated that a thin layer of MWCNT
deposited by chemical vapor deposition method (CVD) and sandwiched between two
silicon substrates can dramatically increase the damping ratio and stiffness of the
sandwich structure simultaneously. After that, many papers, for example, Y. Li et al.
(2015), Alva and Raja (2014), Alnefaie et al. (2013), Tehrani et al. (2013), Hazarika and
Maji (2014) and Xiong et al. (2006) were published in which the damping index of
polymer composites was increased when CNT were introduced. Theoretical analysis
also showed that the addition of CNT into a polymer matrix can improve the damping
ratio and stiffness of the matrix (Buffa et al., 2007).

Liand Levy’s preliminary research results (2007a) have indicated that Buckypaper
(MWCNT films) sandwiched with two electrical non-conductive adhesives are capable
of being strain sensors. Also, free vibration test of this new type of carbon nanotubes
based composite showed some small damping properties. In a word, the electrical non-
conductive adhesive sandwiched buckypaper was potentially capable of functioning
simultaneously as a strain sensor and damping treatment for structural vibration
control but needed a larger damping component.

Hazarika and Maji (2013) used Raman spectroscopy to study the relationship

between MWCNT and wood polymer composites (WPC). They found that there was a

linear relationship (with a negative slope) between the G'-band shift and the applied
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strain for the WPC samples loaded with MWCNT. They noticed that the higher the
amount of MWCNT, the more efficient was the load transfer from wood/polymer to
MWCNT. Also, they found an improvement in elastic modulus, loss modulus and
damping index when adding MWCNT in WPC indicated by the dynamic mechanical

analysis (DMA) test.
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Figure 1.1 (a) Reliable contact and seal treatments of MWCNT film; (b) Test coupon in
the MTS machine. (c) Linear and repeatable relationship between the MWCNT
resistance and the applied strain and (d) MWCNT resistance vs. temperature (Li et al.,
2008).

1.3 Limitation of Current Research
Vibration control usually applies viscoelastic materials (VEM) together with a

constraining layer bonded to the original structure making up a sandwich structure



(Kerwin, 1959). The most commonly used viscoelastic materials for vibration control
are polyurethanes (PU), such as the DYAD 601 polymer from Soundcoat Inc. The main
advantages of using VEM as damping layer includes low cost, safety, easy installation
and no need of external power. However, the conventional VEM such as polyurethane
are frequency and temperature-dependent materials, thus optimal damping is restricted
in a narrow range of frequencies and temperatures (Johnson, 1995). Besides, the VEM
layers must be thick enough for tough structures to achieve satisfactory damping, which
leads to the addition of considerable weight to the original structures. In order to reduce
the weight added to the original structure, partially covered sandwich beams and plates
were studied by Lall (1987), Levy and Chen (1994), et al. The applications of
constraining VEM treatment for cylindrical shell structures were also investigated by
El-Raheb and Wagner (1986), Lall et al. (1987) and Ramesh and Ganesan (1994).
Typical sensors for structural vibration control such as optical fiber sensors,
accelerometers, foil strain gauges and piezoelectric ceramics/polymers are not
multifunctional and need extra effort of installation. The large number (usually
hundreds and thousands) of sensors required for application usually led to higher
financial cost, complicated network and sophisticated data analysis. We want to create
a sensor which is simple, effective, economic, which owning multifunctional properties
for passive/active vibration and noise control.
Although our preliminary research results showed the electrical non-conductive
adhesive sandwiched buckypaper acted like a strain sensor, CNT are too expensive. 1

g of 5-20 um length and diameter about 15 + 5nm costs $110 (Nanolab). Furthermore,



there is limited knowledge about the change of either chemical or physical properties
when adding NanoSperse AQ surfactant into MWCNT when making buckypaper, a step
which is very essential for the creation of buckypaper. It’s for this reason that research
of polymer/MWCNT composite is being undertaken.

Multifunctional materials are necessarily composite materials, and the strong
growth in the use of composites has been greatly influenced by multifunctional design
requirements. The most widely used composites have polymer matrix materials, which
are typically poor conductors. Enhanced conductivity could be achieved with
reinforcing the composite with CNT for instance. Carbon nanotubes have attracted
much attention since their discovery in 1991 due to their unique mechanical and
electronic properties (lijima, 1991). Addition of carbon nanotube enhances the
properties of polymer even at very low concentrations due to their large aspect ratio and
ultra-high conductivity (Sobha and Narayanankutty, 2015). And these carbon nanotube
based polymer composites have potential uses in many field, such as strain sensors,
damping augmentation, super capacitors, electromagnetic radiation shield coatings,
actuators etc (Xu and Allen, 2013; Ansari et al., 2014; Sivakkumar et al., 2007; Saini et
al., 2009; Mottaghitalab et al., 2006).

However, despite many reports claiming successful preparation, controlling the
microstructure of such a composite system remains a challenge. This is primarily due
to the strong interaction forces that cause the formations of bundles and clusters in as-
produced CNT. Conventional methods of producing a composite involves directly

mixing CNT into a polymer matrix. The dispersion and arrangement of CNT in the



matrix hold a central role in controlling the properties of the resulting composites.
Hence, there is a need to develop the new type of CNT involved multifunctional
materials both with damping and strain sensing properties. And the way how to disperse
the CNT into the polymer matrix should investigated.

Polyaniline (PANI) is one of the most studied conducting polymers of the past 50
years, and it is the cheapest one among its conducting polymer family. Up to now, most
PANI/CNT nanocomposites materials obtained by the chemical methods were in the
powder form (Huang et al., 2010). Though some papers stated that binding materials
were used when making PANI/CNT composites (Qiao et al., 2007; Wang et al., 2009;
Lu et al.,, 2011), they were thought to change the mechanical or chemical properties of
PANI/CNT composites films. Flexible carbon nanotube/polyaniline films were
fabricated by immersing the MWCNT network template into the in situ aniline
polymerization solution (Lu et al., 2011). However, their electrical, electrochemical or
mechanical properties could not be mostly optimized due to their heterogeneous nature.
Furthermore, due to its difficulty to control the thickness of PANI/MWCNT
nanocomposites films, there is few papers reporting their damping properties.

We are investigating the creation of an inexpensive polymer/MWCNT composite
that can act both as a strain sensor as well as the damping material for the purpose of
structural vibration control. However, due to the large aspect ratio of the CNT, the
dispersion and directional alignment of the MWCNT in the polymer matrix creation of

such a sensor is still a great challenge.



1.4 Objective of Present Study

The objective of the present work consisted of the creation of sensor-actuators
which addressed two main issues, namely: the ability to sense strain in a linear and
repeatable fashion; and, the ability to attenuate vibrations that were sensed. These tasks
were investigated through the determination of the damping properties and the strain
sensing properties-including sensing repeatability-of the sensors that were created and
evaluated, namely sensor-actuators made of PANI/MWCNT and PU/MWCNT films.
Furthermore, the best locations of these sensors were investigated as a means of
optimizing the vibration attenuation. These sensors were created simply and
inexpensively and with minimal weight addition. The objective was achieved by: (1)
Synthesizing of PANI/MWCNT composites and PU/MWCNT composites by different
methods; (2) Use of free end vibration methods to characterize their damping properties;

(3) and use of static and dynamic strain sensing tests to evaluate these composites.

1.5 The Dissertation Outline

Chapter II provides a detailed literature reviews on multifunctional materials both
as structural damping materials and strain sensors; the details of structural damping and
vibration control and the PANI, MWCNT, PU and their composites as strain sensing
and damping material. Chapter III and Chapter IV characterized the circular and
rectangular PANI/MWCNT of damping and strain sensing properties. Damping and
strain sensing properties of PU/MWCNT were described in Chapter V. Chapter VI
discussed the Young’s modulus of the PANI/MWCNT. Chapter VII summarized the

important conclusions and recommendations for future research.



CHAPTER 1
LITERATURE REVIEW

2.1 Multifunctional Materials

By contrast to conventional materials, which are difficult to achieve simultaneous
improvement in multiple functions, multifunctional materials are designed to meet
specific requirements through tailored properties to improve the overall system
performance. Multifunctional materials can have many functions vary from
mechanical to electrical and thermal functions, which promise more weight-efficient,
volume-efficient performance flexibility and potentially less maintenance than
traditional multicomponent brass-board systems. For examples, multifunctional
materials can be attained are electrical/thermal conductivity (Liu et al., 2013; Liu et al.,
2014), energy harvesting/storage ( Anton et al., 2010; Xu et al., 2015; Xie et al., 2015),
self-healing capability (Zheng et al., 2016; Liu et al., 2016), EMI shielding (Luo et al.,
2016; Mondal et al., 2016; Fazita et al., 2015) and recyclability and biodegradability
(Fazita et al., 2015; Nakamura et al., 2004), etc. A multifunctional material is typically
a composite or hybrid of several distinct material phases, which required a new design
methodology in which system-level performance is emphasized over the optimization
of individual functions. Also, composite materials are ideally suited to achieve
multifunctionality since the best features of different materials can be combined to form
a material that has a broad spectrum of desired properties.

The polymer composites can be designed to have multifunctional functions by

modifying their surface (Xie et al., 2016). For examples, Feng’s research group (2012)



created polyethylene superhydrophobic surface by thermal micro-molding method with
a thin layer titanium dioxide (TiO2) nanoparticles coated upon it. This designed
polyethylene surface could attain the superhydrophobic capability and can act like lotus
leaves, which are even too vulnerable to be used in daily life. Also, they innovatively
created polymer superhydrophobic surface by the thermal pressing method with the
assistance of polydimethylsiloxane (PDMS) as a soft template. The attained polymer
surfaces are such that in micro/nano second-order structure showed superhydrophobic
properties. In other words, additional functions are obtained, such as superhydrophobic
properties, by only giving certain structures to polymer surface (Feng, 2009). Also,
Polymer Pen Lithography (PPL) was fabricated by polymerization of methyl
methacrylate (MMA) with butyl methacrylate (BMA) with various ratios. The obtained
PPL showed much more printing ability than the traditional printing materials PDMS,
which can be replaced by PPL (Zhong et al., 2013). Morphology into cross-linked
polymer network was achieved by photoinduced cross-linking of reactive monomers
within highly evaporative solutions in the presence of water vaper. The resulting films
show superior resistance against solvent dissolution, enhanced thermal stability and
water repellence (Wang et al., 2012).

Carbon nanotube can lend new functionality to polymer by enhancing their strength
and their thermal conductivity and electrical conductivity. CNT-based composites have
been world widely studied because they have the potential to revolutionize structural
materials for aerospace, electrical and thermal conductors for energy applications,

nano-biotechnology, and other disciplines. However, though CNT typically have very
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high aspect ratios, their absolute lengths remain short. Also, along with the difficulty in
dispersion in polymer matrix, interfacial stress transfer problems, the demand on the
alignment and even the high cost of CNT, which prevent us from developing composite
structures that could supplement or replace like the conventional aerospace materials.
However, there are a number of research efforts underway that address these and other
concerns and achievement was attained (Balani et al., 2007; Suzuki et al., 2016;
Almkhelfe et al., 2016). For example, Wang research group (2013) fabricated the novel
CNT composites with the long length, high volume fraction, good alignment and
reduced waviness of the CNT, which have been demonstrated to have unprecedented
multifunctionalities, including record high strength (3.8 GPa), high Young’s modulus
(293 GPa), electrical conductivity (1230 S - cm™!) and thermal conductivity (41 Wm!
K.

The multifunctional materials with both structural vibration damping properties
and strain sensing properties are one of the most importance both in civil infrastructures
and military use. Because for civil infrastructures, such as aircraft, ships, highways,
bridges, buildings, pipelines, are sometimes subjected to severe loading conditions due
to hurricanes, earthquakes and other natural disasters during their lifetime.
Multifunctional materials having damping properties can sense and prevent or at least
minimize catastrophic failures and subsequent loss of life, while strain sensing property
materials provide further inspection tools that can evaluate the problems caused by

these types of disasters.
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2.2 Structural Damping and Vibration Control

Structural vibration and noise control is one of great interest and importance in the
worldwide engineering fields. Damping is the energy dissipation properties of a
material or system under cyclical stress. Its mechanism is the conversion of mechanical
energy into thermal energy. Vibration damping materialsis used to reduce or
eliminate noise caused by resonance and vibration. There are three conventional
methods for structural vibration control which can be classified as passive, active and

hybrid.

2.2.1 Passive Structure Vibration and Noise Control

The passive control methods usually include an add-on method which put
additional isolator such as absorbers, barriers, mufflers, dampers to separate the
structure from external vibrating sources, then to reduce the vibration or noise in an
enclosure (Ji et al., 2014). The second passive vibration control is design the system
initially to avoid potential resonance (Torquato et al., 2003; Sreekala et al., 2010). Shape
memory materials (SMA) such as nickel titanium (NiTi) alloys were used as passive
vibration control for vibration control applications (Sreekala et al., 2010). For the
existing structure with no possibility of isolation, damping is introduced by the addition
of VEM onto the surface of the host structures (Xia, 1993; Masuda et al., 1997; Torvik,
2009). Viscoelastic materials have been applied to damping technologies from the
second half of the twentieth century (Ferry, 1970; Ungar and Kerwin, 1962;

Grootenhuis, 1970).
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Rao (2004) has described the applications of viscoelastic damping materials in
automotive and aircraft structures. He stated that in a viscously damped system, the
definition of the loss factor (or loss coefficient) n is as:

AW
( 21 )

w
Energy dissipated during 1 cycle of harmonic displacement/radian

rl:

Maximum strain energy in cycle

2.1)

The amplitude of the response of the system at resonance (w = w,) is given by
Fo _ K
kn  aEn

(2.2)

where F, is the amplitude, E is the Young’s modulus, and a is a constant; The
viscoelastic materials have larger values of the loss factor and hence are used to provide
internal damping. When viscoelastic materials are used for vibration control, they are
subjected to shear or direct strains. Equation (2.2) shows that a material with the highest
value of n gives the smallest resonance amplitude. Since the strain is proportional to
the displacement x and the stress is proportional to E times x, the material with the
largest value of the loss factor will be subjected to the smallest stresses. The values of

loss coefficient for some materials are given below:
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Table 2.1 Loss coefficient of materials (Rao, 2004).

Material Loss Factor (1)
Polystyrene 2.0

Hard rubber 1.0

Fiber mats with matrix 0.1

Cork 0.13-0.17
Aluminum 1x10

Iron and steel 2-6x10*

With regards to adding VEM to the systems to have the passive vibration control
effects, sandwich structures have always been constructed. There are two types of
passive damping treatments for sandwich structures, namely free layer damping (FLD)
and passive constrained layer damping (PCLD). FLD treatment means just one layer of
VEM to one side or to both sides of the base structures, while PCLD treatments usually
need to put an extra metallic layer upon the VEM layer as a constraining layer.

Free layer damping is the damping configuration which was treated by spraying or
bonding the VEM layer to the host structure surface, either on one side or on both sides
(See Figure 2.1 (a)). The material is simply attached with a strong bonding agent to the
surface of a structure. Energy is dissipated because of extension and compression of the
damping material under flexural stress from the base structure. Passive constrained

layer damping (CLD) systems are usually used for very stiff structures (See Figure 2.1
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(b)). A “sandwich” is formed by laminating the base layer to the damping layer and
adding a third constraining layer. When the system flexes during vibration, shear strains
develop in the damping layer. Energy is lost through shear deformation, rather than
extension, of the material.

The damping ratios obtainable with different types of construction/arrangement

are indicated in Table 2.1.

(a) (b) .
Adhesive Constraining Layer Damping
Damping Material E La"'ﬁ(\
EEEEEEEEEEEEEEEEN T TS
Bass Layer Base Layer (Substrate)
Adhesive Damping

Constraining Layer Layer

r""_ﬂdﬂ Extension H‘"“*—..,‘

Bending (Flexure) Shear Base Layer (Substrate)
Resulting From Vibration

Figure 2.1 Damping treatment. (a) FLD treatments and (b) PCLD treatments
(Renninger, 2004).

A disadvantage with the use of viscoelastic materials is that they are heavy along
with the fact that their properties change with temperature, frequency, and strain. There
are other materials that have been used for vibration damping properties. For example,
MWCNT have been demonstrated to have damping properties (Li et al., 2015; Alva and
Raja, 2014; Alnefaie et al., 2013; Tehrani et al., 2013; Hazarika and Maji, 2014; Xiong
et al., 2006) no matter in free layer damping construction (Li and Levy, 2007b) and

passive constrained layer damping construction (Koratkar et al., 2002).
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Table 2.2 Damping ratios of different types of construction/arrangement (Rao, 2004).

Equivalent Viscous
Type of Construction/Arrangement
Damping Ratio (%)

Welded construction 1-4
Bolted construction 3-10
Steel frame 5-6

Unconstrained viscoelastic layer on steel-concrete girder | 4-5

Constrained viscoelastic layer on steel-concrete girder 5-8

2.2.2 Active and Hybrid Structure Vibration Control

Different from passive vibration control, the active vibration control construction
is to use a set of actuators, sensors and controllers connected by a feedback loop. Active
vibration control methods include pure active control treatment and hybrid treatment.
For the former treatments, it usually applies actuators in form of patches and metallic
dampers directly mounted (or embedded) onto the vibrating structures, while for the
latter one, they applied both sensor/actuators and passive VEM damping treatment at
the same time.

There have been many investigations on the topic of pure active vibration control
(Hong et al., 1992; Levy and Chen, 1994; Paulitsch et al., 2006; Boz and Basdogan,
2015; Takahashi et al., 2016). The advantages of this active vibration control are that

the actuators, sensors and controllers can adapt the system to the environmental changes,
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such as temperature, frequency and strain, which restrained the passive vibration
control. For example, most sensors found within active isolation systems are capable
of detecting parameters such as velocity, acceleration and displacement. However, there
are also some disadvantages for pure active vibration control. For example, the sensors,
actuators or controllers depend on the external power to work, which is vulnerable to
power failure. Another disadvantage is the additional sensors, actuators or controllers
produced secondary control action upon the structure that will affect the effects of a
primary excitation (disturbance).

Hybrid active/passive vibration control treatments are characterized by a blend of
smart materials properties such as piezoelectric and viscoelastic damping capabilities.
Reviews, surveys and assessments on hybrid active/passive vibration control treatments
and related technologies can be found, for example, Park and Baz (1999), Trindade and
Maio (2008) and Stanway et al. (2003). Therefore, hybrid active/passive vibration
control treatments possess both passive vibration control treatments and pure active
vibration control treatments, which is widely studied by researchers (Stanway et al.,
1996; Stanway et al., 2004; Odden, 2010; Chen et al., 2001; Ikhouane and Dyke, 2007).

There are also some other vibration control constructions been studied.
Piezoelectric materials (PEM) have been studied as one of the actuators for pure active
vibration control treatment. For example, piezoelectric materials have been studied to
have vibration damping properties. Trindade research group (2008) use PCLD
treatments found that shear piezoelectric materials added between two layers of steel

(see Figure 2.2) could achieve good damping results by connecting to properly tuned
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resistive shunt circuits. A loss factor of 31% and average damping factors up to 1.5%
are achievable, which could yield a reduction of approximately 20 dB in the vibration

amplitude at resonance.
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Figure 2.2 Representation of a piezoelectric capacitance in parallel with shunt
impedance. piezoelectric patch represented as an equivalent capacitance (Trindade and
Maio, 2008).
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Figure 2.3 Schematic representation of the cantilever sandwich beam with three
piezoelectric patches (not to scale) (Trindade and Maio, 2008).

2.2.3 Active Vibration Control Using Strain Sensors
As previously stated, the active vibration control construction is to use a set of
actuators, sensors and controllers. In 1980, Crosby constructed a system which been

monitored the vibration of a bowl centrifuge with a rotating conveyer consists of
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strain gages that are fixed on a bar which is connected, indirectly, to the gear box. In
1998, Varadan created a programmable wireless accelerometer by integrating MEMS,
SAW devices and required microelectronics and conformal antenna, which can be used
as strain sensors. In 2003, Michael Kehlenbach designed a piezo-ceramic actuator as
piezo fiber modules and the fiber Bragg grating sensors, which are at least partially
embedded in the piezo fiber modules. This invented actuator and sensor system is for
composite structures, especially carbon fiber reinforced plastic structures with piezo-
ceramic actuators, particularly for active vibration dampening and/or shape control
purposes, as well as fiber Bragg grating sensors. In 2006, Kawabe research group
constructed an active vibration control system, which consists of a three-layer-type
neural network controller, a strain gauge sensor and an actuator, generate electro-
magnetically interactive control force. It is found that such active vibration control
system has about 6.2 times the maximum damping effect observed in the Fe-based
ferromagnetic high damping metal.

Ma and his coworkers (2011) found that polyvinylidene fluoride (PVDF) films
have good performance as strain sensors by comparing them with conventional strain
gauge through dynamic sensing test (see Figure 2.4 and 2.5). Also, they built four
simple, robust active vibration controllers, which are all employed with the collocated
PZT/PVDF pair, successfully suppressed the vibration of the cantilever beam subjected
to impact loadings. And among those active vibration controllers, the integral resonant

controller (irc) can sufficiently suppress all modes vibrations.
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Figure 2.4 The experimental setup of the measurement system (Ma et al., 2011).
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Figure 2.5 (a) The location of the PVDF sensor and the impact location on the top
surface of the cantilever beam. (b) The location of the strain gauge on the bottom
surface of the cantilever beam (Ma et al., 2011).

2.3 Strain Sensors Research Background

There are four main sensors that have been studied and used. They are electrostatic
sensors, piezoresistive sensors, piezoelectric sensors and optical sensors. Among these
sensors, piezoresistvie sensors refer to the change in resistance upon an induced strain

and deformation. By strict definition, piezoresistors refer to devices in which change in
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resistance is caused by alteration in resistivity (Chang Liu, 2005). A device in which
resistance change is mainly by the dimension deformation is referred to as a strain
gauge. However, researchers showed great interests in the strain sensing ability of
polymer composites which depends markedly on external loading (see Lundberg and
Sundqvist (1986), Carmona et al. (1987), Pramanik et al. (1990), Yoshikawa et al.
(1990), McLachlan et al. (1990), Taya et al. (1994) and Carmona and Amarti (2016)).
Carbon nanotubes have many excellent properties, especially their extraordinary
mechanical properties and electrical conductivities have been studied widely recently
(Hu et al., 2007; Li et al., 2009, 2010). Therefore, CNT are ideal structural component
candidates in various composites and functional composites because of their
mechanical reinforcement effects (Hu et al., 2005, 2012; Li et al., 2011; Liu et al.,
2011). Also, it will produce conductive polymer/CNT nanocomposites with CNT
dispersed in the insulating polymers. Such electrically conductive CNT/polymer
nanocomposite can be applied to various fields, for example, resistance-type strain
sensors of high sensitivity or piezoresistive, electromagnetic interference materials.
When the SWCNT are used as resistance-type strain sensors, it was found that their
electrical conductivity could be dramatically changed by introduction of strain using
atomic force microscopy (AFM), as a consequence of the band-gap and structural
changes under the effect of mechanical strain (Tombler et al., 2000). After that, CNT
were found to have strain sensing properties by many researchers (Dharap et al., 2004;
Lietal., 2004; Kang et al., 2006; Rein et al., 2011). Furthermore, as mentioned before,

Li and Levy’s (2008) preliminary research results have indicated that buckypaper
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(MWCNT films) sandwiched with two electrical non-conductive adhesives were
capable of being strain sensors.

Thus, CNT have been confirmed to have the piezoresistivity properties.
Consequently, CNT aroused great interest of worldwide researchers in building new
types of polymer/CNT composites strain sensors. In 1996, Shui and Chung first found
that the relationship between strain and the fractional increase in electrical resistance
(AR/Ry) of piezoresistive polyether-sulfone-matrix composite strain sensors was much
more linear and less noisy when the electrically conducting filler was 0.1 um diameter
carbon filaments rather than the conventionally used 10 pm diameter carbon fibers.
After that, the nanocomposition made by CNT combining/blending with different
polymers has found to have the capability of strain sensors (Frogley et al., 2002;
Ramaratnam and Jalili, 2006; Zhang et al., 2006; Park et al., 2008; Loh et al., 2008; Hu
et al., 2008; Wichmann et al., 2008, 2009; Lin et al., 2015, 2016).

Ramaratnam and Jalili (2006) studied the strain sensing ability of the piezoelectric
polymers Poly (vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) /CNT
nanocomposites using free end vibration test method (see Figure 2.6). The experimental
results along with theoretical verification showed that the nanotube-based polymers
yielded better response characteristics than those of the plain piezoelectric polymers.
Also, he stated that the sensing performance of the PVDF/CNT nanocomposites
improved by the increased of the Yong’s modulus of the system, which the comparisons
been made between plain P(VDF-TrFE), multiwalled carbon nanotube (MWCNT)/

P(VDF-TrFE) and SWCNT.
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Figure 2.6 Experimental setup for testing the proposed nanotubebased sensors
(Ramaratnam and Jalili, 2006).

2.4 Background of Multifunctional Materials Having Both Structural Damping
Properties and Strain Sensing Capabilities

The studies on multifunctional materials having both structural damping
properties and strain sensing properties are very important in many fields.
Specifically, it is a key problem in structural health monitoring domains. Although,
hybrid active/passive vibration control treatments created such multifunctional
materials as stated in section 2.2.2 of this chapter, there are some limitations which are

given below:
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(1) The conventional VEM are temperature and frequency dependent, which narrows
the application of such systems; (2) the conventional VEM always has considerable
weight, which sometimes restricts its used in certain situations, for example when
applied to aeronautical and aerospace engineering, where a little weight will
dramatically increase the entire cost; and (3) for hybrid vibration control treatments,
which is so called “add-on” methods, there will be additional isolators added such as
absorbers, barriers, dampers to separate the structure from external vibrating sources,
thus reducing the vibration in an enclosure. Therefore, technologies and methods to
make new multifunctional materials with both structural damping properties and strain
sensing properties are needed.

Carbon nanotube systems have been found to have the capability of being
multifunctional materials for both structural damping properties and strain sensing
properties (Li and Levy, 2007b; Chen and Weng, 2007). However, there are few
researchers who have directly studied the multifunctional properties of polymer
composites which have both structural damping properties and strain sensing properties
(Ramaratnam et al., 2004; Kawabe et al., 2006; Tian and Wang, 2008; Tian et al., 2008;
Hazarika and Maji, 2014). However, there is huge potential for them possessing both
properties, especially for the CNT, carbon nanoparticles, carbon nanofiber or even
graphene modified polymers nanocomposites. For examples, epoxy composites
modified with carbon nanoparticles (Wichmann et al., 2009), epoxy composites
modified with carbon nanotube (Wichmann et al., 2008; Yin et al., 2011), epoxy

composites modified with carbon nanofiber (Shimamura et al., 2011), and even epoxy
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based on grapheme (Kim et al., 2011), all have been confirmed as being capable of
strain sensing. And those epoxy based composites have already been studied for their
good structural damping properties (Suhr et al., 2005; Alnefaie et al., 2013; Alva and
Raja, 2014). Similarly, carbon nanotube/polycarbonate composites (Zhang et al., 2006),
polyurethane/carbon nanotube composites (Chang et al., 2010), polypropylene/carbon
nanofibre composites (Costa et al., 2014), polyamide-6/ carbon nanotube composites
(Meincke et al., 2004), and others have been studied for their strain sensing properties
(Shui and Chung, 1996). And those polymer composites have also been studied for
their structural damping properties by other researchers (Liu et al., 2010; Li et al.,
2016; Finegan et al., 2003; Kireitseu, 2006).

Although, there are many advantages for polymer/CNT nanocomposites to be
multifunctional materials having both structural damping properties and strain sensing
properties, there are still several problems encountered. Examples encountered include
the difficulty dispersing CNT into the polymer matrix and the electrical non-conductive
properties of most polymers. Therefore, methods and technologies to make good

dispersion of polymer/CNT needed to be found.

2.5 Polyaniline/MWCNT and Polyurethane/MWCNT
2.5.1 Polyaniline/MWCNT

Polyaniline was discovered over 150 years ago, however, only since the early
1980s has polyaniline captured the intense attention of the scientific community mainly

due to the rediscovery of its high electrical conductivity (Okamoto and Brenner, 1964).
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Also, PANI is the cheapest polymer among its conducting polymer family, which has a
rich chemistry.

Most polyaniline/carbon nanotube composites have been invented and
characterized with their electrochemistry properties and have been confirmed as
capable of supercapacitor applications (Simotwo et al., 2016; He et al., 2016; Tran et
al., 2016). And some other researchers studied their properties as catalysts, such as
photocatalytic properties (Wang et al., 2016) and electrocatalytic properties (Liu et al.,
2016; Zhao et al., 2015; Li et al., 2015). Narayanankutty (2015) research group found
that the well-dispersed filler in functionalized MWCNT (FMWCNT)-PANI/
thermoplastic PU (TPU) (I) composites improved strain sensitivity. They stated that the
coating of PANIT on FMWCNT reduced its entanglement and enhanced the interfacial
interaction between the nano fillers and TPU, leading to improved strain sensitivity.
And some other investigators (Huang et al., 2014) also showed that PANI composites
has superior strain sensitive properties. Furthermore, polyaniline composites were
found to have the damping properties (He et al., 2008; Kim et al., 2001).

There are a few investigations in which both of their damping and strain sensing
properties are being studied. This is because, up to now, most polyaniline/carbon
nanotube (PANI/CNT) nanocomposites materials obtained by the chemical methods
were in powder form (Huang et al., 2010; Qiao et al., 2007). Though some papers stated
that binding materials were used when making PANI/CNT nanocomposites (Huang et
al., 2010; Wang et al., 2007; Lu et al., 2011), the binding materials were thought to

deteriorate the chemical or mechanical properties of PANI/CNT nanocomposites films.
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Furthermore, because it is difficult to control the thickness of PANI/MWCNT
nanocomposites films, there are very few papers reporting their damping properties.

It suggested that in situ polymerization is an ideal technique to make a perfect
dispersion of carbon nanotube into polymer matrixes. /n situ polymerization of aniline
with the presence of MWCNT solved the MWCNT dispersion problems (Tan and Xu,
2016). Frit compression is a technique used to fabricate buckypaper and buckydiscs
from a suspension of carbon nanotubes in a solvent. The Whitby research group (2008)
first used the frit compression method to successfully fabricate MWOCNT
buckypaper/buckydiscs. Buckypaper has been created using MWCNT in a water
suspension with surfactant added technique. Compared with surfactant casting or acid
oxidation filtration methods, the buckypaper/buckydiscs created by the frit compression
method avoids any surfactant or surface modification techniques. Also, the distribution
of CNT in solvent did not need to be a thermally stable suspension. A general dispersion
of CNT in solvent will keep the nanotubes between the frits rather than allowing them
to pass through the frits. This methodology rapidly speeds up the casting process and
the solvent can be fully recovered, making it an efficient method to fabricate polymer

composites films/discs.

2.5.2 Polyurethane/MWCNT
In 1937, Otto Bayer and his coworkers at IG Farben in Leverkusen, Germany, first
made polyurethanes (Bayer, 1937; Seymour and Kauffman, 1992). In the early work,

PU was used as a coating during World War II. Polyisocyanates became commercially
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available in 1952, and production of flexible polyurethane foam began in 1954
using toluene diisocyanate (TDI) and polyester polyols. PU is well-known as 'wear-
resistant rubber' and has excellent flexibility, anti-friction, high strength, oil resistance,
etc. The dynamic properties of PU along with its high load-bearing capacity make it an
excellent choice for many vibration control applications.

In 1992, Kogelnik research group compared the polyurethane elastomers with
rubber when they are both used in automotive and nonautomotive applications as
damping components. They found polyurethane elastomers has many advantages over
rubber both in static and dynamic applications. For examples, it shows high-volume
compressibility, lighter weight, better flexibility, smaller size with similar performance,
and resistance to ozone UV light and petroleum products. Recently, Stegmaier, Peter
(2014) invented a supporting and vibration damping component which was comprised
of polyurethane elastomer by a novel method. Toker, Mehmet (2014) presented
an invention that relates to a seismic isolator that exhibits resistance against the
dynamic and static vertical column loads and against the horizontal seismic shear forces
experienced by the structures during an earthquake, absorbs these forces, does not
transmit forces to the building, is reinforced with steel metal based plates and is
laminated by the solid polyurethane elastomer materials. Jing (2015) demonstrated a
synthesizing method which made polyurethane elastomer vibration damper plates used
in high-speed railway, which have good vibration damping function, good buffer
property, stretch resistance, tear resistance, mechanical property and high hardness and

can adapt to wide temperature range.
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Recently, many investigations have been focused on inventing the synthesizing
method and applications of carbon nanotube modified polyurethane (Yan et al., 2016;
Oh et al., 2016; Fang et al., 2015; Li et al., 2016). Sasikumar research group (2012)
reported that the PU/ MWCNT nanocomposites have good damping properties by
characterizing with the DMA and FLD methods. The group demonstrated that the
effectiveness of the developed nanocomposite which has good damping of the order of
5-15 dB is observed in the frequency range of 10-1000 Hz, over that of neat PU. And
the added advantage of the system is the damping capability is also in the low frequency
region. Such composites are expected to be helpful in finding damping applications in
aircraft and missile substructures, ships and submarines, machinery supports, mounting
platforms of electronic equipment, bridges, buildings, etc. Bandarian research group
(2011) studied that only 0.1% MWCNT dispersed in PU will dramatically increase their
damping properties.

However, the dispersion of MWCNT in the polyurethane is a concern. So, some
researchers such as the Yuqi Li research group (2015) used the in sifu polymerization
in the presence of polyisobutylene-based polyurethane MWCNT method to get a well
dispersed MWCNT/polyisobutylene-based polyurethane, which also displayed good
vibration damping properties. Zhan (2010) used a novel minimixer to make
PU/MWCNT nanocomposites. The dynamic mechanical analysis results showed that
the storage modulus at room temperature was increased by adding with 1% MWCNT

in PU.
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2.6 Novelty of The Present Work

This dissertation work addressed two main issues, which were the damping
properties and the strain sensing properties of PANI/MWCNT and PU/MWCNT
buckypaper.

Firstly, in situ polymerization of PANI with the presence of the MWCNT was
carried out to solve the dispersion issue of the MWCNT in the polymer matrix. For
PU/MWCNT composites, layer-by-layer method was used to get good electrical
conductive samples. The damping properties of both PANI/MWCNT and PUMWCNT
composites were tested by the free vibration method. Both composites were found to
show good performance on the vibration damping systems. Several attachment methods
of the PANI/MWCNT and PU/MWCNT samples onto the aluminum base beam were
employed and the results were compared.

Also, the second main issue to be evaluated was the strain sensing property. Our
work demonstrated that PANI could be used for strain sensing. As mentioned previously,
a specific type of PANI is usually synthesized, which has led to the technical difficulty
of setting up the experiment to do both the strain sensing tests and the free end vibration
test. Frit compression method was used in this dissertation to make either circular or
rectangular samples on which those tests were carried out. Also, to get the electrical
conductivity of the PU/MWCNT, a simple layer-by-layer method was used to
successfully set up the static and dynamic strain sensing test. Our results have been
found to follow the trends discussed by Rao ( 2004) and Levy and Chen (Levy and

Chen, 1994; Chen and Levy, 1998) for constrained viscoelastic material layers.
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CHAPTER 111
PREPARATION OF CIRCULAR POLYANILINE/MULTIWALLED CARBON
NANOTUBE AND CHARACTERIZATION OF THEIR STRUCTURAL DAMPING
AND STRAIN SENSING PROPERTIES

3.1 Introduction

Our initial attempt to evaluate PANI/MWCNT for strain sensing and damping had
to overcome the fabrication issues discussed in the previous chapters. It was for this
reason that the process began by fabricating circular samples using a simple fabrication
method. In situ synthesizing method was used to fabricate PANI/MWCNT. Frit
compression method was used to make circular PANI/MWCNT samples. The reason
we made circular samples here is because they were easy to fabricate (Whitby et al.,
2008). The thickness of these PANI/MWCNT films/discs can also be controlled. The
properties of electrical resistance and thermal stability of these films/discs are
characterized and the mechanical properties, such as Young’s modulus and hardness of
the nanocomposite films/discs, are discussed. Furthermore, their preliminary damping

and strain sensing properties are evaluated.

3.2 Experimental Sections
3.2.1 Surface Treatment of MWCNT

Two kinds of surface treatment of MWCNT were carried out: dry heat treatment and
mixture acid oxidation to purify MWCNT and form ketone and acid groups. The

experimental details are described below:
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Dry heat treatment of MWCNT. Eight grams of MWCNT was spread equally into

the bottom of a 2x4 cm ceramic bowl. The bowl was put into a muftle furnace for 80

minutes at a temperature of 450 °C for refinement. Figure 3.1 shows the heat graph of

the muffle furnace.
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Figure 3.1 The dry heat treatment processing of MWCNT

Chemical modification of MWCNT. After heat treatment, a mixed acid solution
(H2SO4:HNO3=3:1) treatment under supersonic bath was used to improve the MWCNT
purity by removing metal catalyst impurities (Tasis et al., 2006), and to improve
interfacial adhesion with polymer matrix by surface oxidation of the MWCNT to form
ketone and acid groups. A large amount of distilled water was added to the MWCNT
suspension. After cooling down, the suspension was added into centrifuge tubes and
centrifuged at 4000 rpm for 10 min. The black MWCNT was precipitated to the bottom
of the centrifuge tube. The top acid solution was safely discarded and the precipitate of
MWCNT remained. The MWCNT precipitate was washed with distilled water at least
five times to reach a PH = 7. Its neutralization was checked with pH measurement paper.

The washed MWCNT were dried in vacuum at 60 °C for more than 12 hrs.
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3.2.2 In situ synthesizing of circular PANI/11% MWCNT composites

64.375 £0.010 mg of MWCNT (Newton, MA, www.nano-lab.com : PD15L5-20)
with length of 5-20 um and outer diameter of 15 £ 5 nm were dispersed by sonication
in 125 ml of 1M HCI for 30 min. Then, 1.287 £+ 0.003 g of aniline was added and the
mixture was sonicated for another 30 min. After that, 1.027 + 0.003 g of ammonium
persulphate (APS) dissolved in 125 ml of 1 M HCI was added at once and
polymerization was conducted at 0 °C with water-ice bath under sonication for 4 hrs.
The precipitated products were washed with deionized water. Then the PANI/11% wt
MWCNT composite was made. Here we use the column frit compression to compress
the sample to remove the excess liquid. The details are as follows:

The PANI/MWCNT nanocomposites films were made by using frit compression
methods. Certain amount of obtained PANI/MWCNT suspension was transferred into
50 ml column, which was equipped with 70 micrometer pore diameter frit. When
squeezing out the solvent, the frits- PANI/MWCNT sandwich with the syringe column
was dried in a 110 <T oven for 12 h. The disc-like PANI/MWCNT nanocomposites
film was obtained when removed from the syringe housing. The disc-like MWCNT
film was made by means of the same procedures. Four different components of
nanocomposites were synthesized by the same procedures (See Table 3.1).

In addition, the pure raw MWCNT film was made by the same frit compression
procedure. About 0.4 g pure MWCNT was put into a certain amount of deionized water.

Then the suspension was transferred into the syringe column to squeeze out the solvent.

33


http://www.nano-lab.com/
http://www.nano-lab.com/powderd15l520.html

The MWCNT sample was dried in the same manner as the PANI/MWCNT, and the

disc-like MWCNT film was obtained by removing it from the syringe mold.

Table 3.1 Different components of nanocomposites films

MWCNT / mg Aniline / g APS/g
Pure PANI 0 1.28 1.03
PANI/11% MWCNT 50 1.14 0.91
PANI/22% MWCNT 100 1.00 0.80
PAN1/44% MWCNT 200 0.72 0.57
Pure MWCNT 454.54 0 0

I
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Figure 3.2 (left) A frit compression system for making nanocomposites films. (a)
syringe column; (b) plungers; (c) polypropylene frits and (d) composites suspension.
(right) Photo images of PANI/MWNT nanocomposites dics.

The polymer compositions we used here was PANI/11% MWCNT with the radius

of 1.9 cm and thickness of 1.7 mm, which were bonded to the aluminum beams by
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nonconductive 3M CA100 liquid instant adhesive. There were three sizes of aluminum
beams used as the base beam. The width and thickness of the beams were the same,
namely, 2.5 cm x 0.0051 cm. The shortest distance from circular sample’s edge to the
end of the aluminum beam was fixed by 0.8 cm. However, the length of the beams was
6 cm (see Figure 3.2 (left)), 9.3 cm and 12.6 cm. Three very, thin layers of adhesive
were used to cover these samples to separate samples from the environment. Each

specimen was dried at room temperature for 24 h.

3.2.3 Characterization

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
were used to their morphology properties. Two probe electrical measurement was used
to study the electrical conductivity of different composition of PANI/MWCNT
composites. Thermal stability of the PANI/MWCNT was studies by simultaneous DSC-
TGA (SDT) test. Free end vibration test method was used to study the damping
properties of these samples. The location of the samples and the size of aluminum (Al)
base beams were studied to test the damping properties of the PANI/MWCNT
nanocomposites. Wheatstone bridge methods was used to test strain sensing capability
of PANI/ MWCNT composites. The traditional foil strain gauge was used to compare

with PANI/ MWCNT composites disc that were made.

3.2.4 Damping Test Setup
Free vibration displacement measurement was adopted for the damping test. The

damping ratio was determined from data taken from vibration tests. The PSV-400
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PolyTech Laser Vibrometer was used to obtain vibration wave velocity data. Five
different ratios of prepared PANI/MWCNT films were using 3 M nonconductive
adhesive glued on two different types of aluminum beams. Figure 3.3 shown the digital

pictures of attached samples in different aluminum base beams.

Figure 3.3 Digital pictures of attached samples on different aluminum beams with
dimension by (a) 5.13 inch x 1 inch x 0.12 inch, and (b)2.4 inch % 1 inch x 0.008 inch.

PANI/11% MWCNT with the radius of 1.9 cm and thickness of 1.7 mm were used
to study their location’s effect on damping ratio when attached upon 2.4 inch % 1 inch
% 0.008 inch Al base beam. The symbols # and * indicate the location of the sample and
are called sample side and free end side, respectively. Red lines were the locations on
the sample side # and free end side * where the beam is held fixed, and is shown in
Figure 3.4.

The red line shown in Figures 3.4 (b), 3.4 (c) and 3.4 (d) indicated the places where

the beam was fixed. Cantilever beams were given the same, small initial displacement

36



and then released for free vibration. Free end displacements were measured by a laser

vibrometer, and a two-channel digital oscilloscope was used to display and store the

signal.

23 cm

1.9
¢ (a) (b)

(c) (d)

Figure 3.4 (a) Dimension of samples, aluminum beams, the locations where samples
were held fixed. (a) and (b) 6 cm long beam (¢) 9.3 cm long beam with fixed ends 0.8
cm from the left-hand side OR 0.6 cm from the right-hand side; and (c) 12.6 cm long
aluminum beams with fixed ends 0.8 cm from the left-hand side or 0.9 cm from the

right-hand side. Red lines were the locations sample side # and free end side * where
the beam is held fixed.

3.2.5 The Strain Sensing Experiment Setup

The samples PANI/MWCNT with the radius of 1.9 cm and thickness of 1.7 mm
were attached onto the 26.67 cm x 2.54 cm x 0.3175 cm aluminum beam. Samples
covered with a three-thin layer of electrical non-conductive adhesive (glue) were

studied. The aluminum beam was fixed on the lab table.
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The wires from the sample were connected to the Wheatstone bridge box. Loads
of 2.4525 N , 4.4145 N, 6.3765 N, 8.3385 N and 10.3005 N, equivalent to weight
loads 0of 250 g, 450 g, 650 g, 850 g and 1050 g, were applied to the end of the aluminum
beam, which led to the bending of the beam and the sample attached onto it. The strain
change of the samples was calculated for each load. Finally, the data were recorded for

each load and V output read directly from the Wheatstone bridge.

Figure 3.5 Strain sensor test setup.

3.3 Results and Discussion
3.3.1 Electrical Conductivity of the PANI/MWCNT Nanocomposites Film

The electrical resistance of the composites was measured because these were needed
to correlate with the strain sensing capability of the composites. The electrical
resistance (R) of PANI/11% MWCNT, PANI/22% MWCNT, PANI/44% MWCNT,
pure PANI and pure MWCNT films were measured by a multimeter at room
temperature. The measure distance between two electrodes for measurement is 1.5 cm.
Three samples were measured for each composites film and the mean values and

deviations are shown in Figure 3.6.
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Figure 3.6 Electrical conductivity and standard deviations of PANI/11% MWCNT,
PANI/22% MWCNT, PANI/44% MWCNT, pure PANI and pure MWCNT films
measured by multimeter.

It is found that the electrical resistance of pure MWCNT film was 5.9 Q, while the
pure PANI film’s resistance is 152 Q showing the highest R value compared to the other
four films. The resistance of PANI/11% MWCNT was reduced to around 70 Q. Lower
resistances were achieved by adding more MWCNT into the composition. The
resistance values of PANI/22% MWCNT and PANI/44% MWCNT are about 16.3 Q
and 14.6 Q, respectively, which are close. It indicated that the MWCNT network was
firmly established when 22% MWCNT was added into the composition and adding

more MWCNT would change the conductivity of the composition films marginally.

3.3.2 Mechanical Properties of the PANI/MWNT Nanocomposite Films
A nanoindentation test was used to study the mechanical properties of PANI/22%
MWCNT nanocomposite films. Six different locations were randomly selected to do

the test. Figure 3.7 shows the most typical curve of the test.
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Figure 3.7 Nanoindentation (loading—unloading curves) of pristine PANI, pure
MWCNT and PANI/22% MWCNT nanocomposite film.

The hardness standard deviation of PANI/22% MWCNT nanocomposite films was
0.0066 GPa and the Young’s modulus deviation was 0.0803 GPa. This can be explained
by the random spaghetti-like arrangement of PANI/MWCNT microstructure that
resulted in local porosity and agglomerates. Also, the nanoindentation test results
clearly showed that the PANI greatly contributed to increase the Young’s modulus and

hardness values of the PANI/22% MWCNT nanocomposite films.

3.3.3 Thermal Stability of the PANI/MWCNT Nanocomposites Films

Thermal stability of the composite was evaluated because one of the primary tasks
of the sample would be its use in high temperature applications. The results of SDT test
in nitrogen are shown in Figure 3.8. It could be seen that the pure MWCNT could not
be decomposed until the temperatures reached around 550 °C, while the pure PANI

started to decompose when the temperature reached 350 °C.
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There are two major stages of weight loss for the polyaniline, regardless of the
experimental environments. The first weight loss occurs at the lower temperature of
about 50 °C and results from moisture evaporation and outgassing of unknown small
molecules like water, carbon dioxide , etc. The second weight loss indicates a structural
decomposition of the polymer and occurs at the higher temperature which starts at about
350 °C. For PANI/22% MWCNT composites, there are two strong exothermic peaks at
400 °C and 600 °C, which correspond to the exothermic peak of PANI and MW CNT,
respectively. It could be easily concluded that the thermal stability of the PANI/22%
MWCNT was improved by about 50 °C. It also shows two major stages of weight loss
in the nanocomposites. The first one is caused by removal of water and small molecules,

while the second one is because of the decomposition of MWCNT and PANI.

PANI/MWNT composites| ;,,

90

Weight (%0)
(U Aol el

F30
20 7
F0
0 -
T ; T T T =30
0 200 400 600 800 1000
Temperature (°C)
100 1 300 100 1 -80
240 ) Pure PANI
20 1 M 80 L60
= ] Pure MWNT 1180 8 5 o Lo &
& 60 - = =
= L z £ S
5 o 1202 E 40 0 2
= 60 3 2 20 B
~ 201 E =7 N :—é’
F0 07
0 L 20
0 200 400 600 800 1000 ' 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure 3.8 SDT curve for pristine MWCNT, pure PANI and PANI/22% MWCNT
composites films.
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3.3.4 Damping Ratios Discussion

Table 3.2 shown the damping property test results of PANI/MWCNT films. It
shows that with the proportional increase of MWCNT in the PANI/MWCNT films, the
damping ratio value increased, which means the PANI/44% MWCNT films have a little
bit higher of damping ratios than PANI/11% MWCNT and PANI/22% MWCNT. Also,
when tests were performed with smaller scale of aluminum beam, the damping ratio
value almost doubled. So, it indicates that the damping property of PANI/MWCNT
composites films are related with the frequency of attached beams both through mass
change and equivalent spring constant. However, with 33% more of MWCNT added to
the PANI/11% MWCNT, the damping ratio increased only 10% for the 5.13inch x
linchx 0.12inch beam.

Table 3.2 Damping ratio values of PANI/MWCNT films in different components and
different aluminum beam dimensions.

5.13inch x linchx 0.12 inch | 2.4inch x linch x 0.008inch

PANI/11% MWCNT 0.00108 0.0020
PANI/22% MWCNT 0.00118 0.0023
PANI/44% MWCNT 0.0012 broke

The data shown in Table 3.3 indicated that circular PANI/11% MWCNT attached
onto short aluminum beam (6 cm in length) displayed higher damping ratios value than

any of the mid-length beam (9.3 cm long) and long beam in length of 12.6 cm when
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fixed on specimen side, #. Also, the results showed the same trend, i.e., that short beam
displays higher damping ratio values than middle and long beams when clipped on the
free end * sides. Furthermore, when the beam was clipped on # side, it showed much
higher damping values compared with the case of the beam clipped on * side of each
sample. Circular PANI/11% MWCNT composites achieved the highest damping ratio

value to 0.00798 when clipped on # side of short beams.

Table 3.3 Damping ratios of PANI/11% MWCNT fixed on either the # or * sides.

short beam middle beam long beam
fix on # fix on * fix on # fix on * fixon# | fixon*
0.0084 0.0032 0.004 0.0031 0.0041 0.0022
0.0083 0.0035 0.0045 0.0031 0.0037 0.0024
0.0078 0.0038 0.004 0.0032 0.0034 0.0025
0.0075 0.0031 0.0044 0.0035 0.0021
0.0079 0.0032 0.0045 0.0039 0.0021
Average | 0.00798 | 0.00336 0.00428 0.003133 | 0.00372 | 0.0023

3.3.5 Strain Sensor Properties of PANI/11% MWCNT Nanocomposites

3.3.5.1 Theory of Strain Sensor
A strain gauge is an electrically conducting device where the resistance of the

device is directly proportional to the strain imposed. The strain gauge is bonded to the
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specimen and the strain is transmitted from the specimen to the gauge. This type of
transducer is widely used to determine the strain over a small area of a component
subjected to a deflection. If a relationship between force and strain for the instrumented
component can be found, a strain gauge transducer can be used to infer the value of an
applied force.

The displacement of the tip of a cantilevered beam for a tip point load is known as:

_Fr

T

where: P is an applied load at the tip of the beam.
L is the length from the support to the free end of the beam.
E is the modulus of elasticity of the beam.
I is the moment of initial of the beam, I =b h?/ 12. b is the width of the
beam and h is the thickness of the beam.

The strain on the upper surface of the beam is given by the formula:

. AL PLi
VA7
where: € is the strain on the upper surface of the beam.
AL is the deformation on the upper surface of the beam.
L, is the distance from the gauge to the load P.
The relationship between change of the length and change in the resistance is:
AR _ AL
R L

where: R and AR are the resistance of the gauge and its change.

G is the gauge factor.
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The relationship between strain and output voltage in a quarter bridge circuit is:

Where: Vs and V, are source and output voltages.

Herein, the dimension of the Aluminum beam is fixed, which the thickness h=0.3175
cm, width b=2.54 cm. And the distance from the gauge to the load is fixed too. So, the
deformation of the surface would be corresponding to a certain load (2.4525 N , 4.4145
N, 6.3765 N, 8.3385 N and 10.3005 N which converted by weight of 250 g, 450 g,
650 g, 850 g and 1050 g) which applied to the end of the beam. So, the strain change
of the samples could be calculated for each load. Then, the V output was read directly
from the Wheatstone bridge, leading to the strain voltage relationship.
3.3.5.2 The Drift Test of PANI/MWCNT Sensor

The drift test was executed for the sample and for the strain gage for a period of 30
minutes. Figure 3.9 shows typical drift test results for traditional foil strain gage and
four sample sensors. We note that the traditional foil strain gauge remains stable, which
shown in blue line in Figure 3.9 (f). Although both PANI/11% MWCNT (series 2) and
PANI/22% MWCNT (series 3) showed stabilities, the light blue line pure PANI (series
1) and the yellow line PANI/44% MWCNT (series 4) displayed a little more stability
than both of PANI/11% MWCNT and PAN1/22% MWCNT. Overall, for all these three-
different composition nanocomposite, namely, PANI/11% MWCNT, PANI/22%
MWCNT and PAN1/44% MWCNT, all showed small drift results during the half hour

drift test.
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Figure 3.9 Drift test comparison of pure PANI, PANI/11% MWCNT, PANI/22%
MWCNT, PANI/44% MWCNT and strain gauge sensors. (a) series 1 is pure PANI, (b)
series 2 is PANI/11% MWCNT, (c) series 3 is PANI/22% MWCNT, (d) series 4 is
PANT/44% MWCNT and (f) series 5 is traditional foil strain gauge.

3.3.5.3 The Linearity of the PANI/MWCNT

The environment such as temperature, humidity and so on can have effect on
sensors performance. Here we compared sensors by sealing our samples from the
environment by covering with a three thin layers of electrical non-conductive adhesive
(glue). Table 3.4 shows a comparison between both PANI/22% MWCNT and PANI/44%
MWCNT in the cases where the sample was isolated and not isolated from the
environment. The electrical resistance of both PANI/22% MWCNT and PANI1/44%
MWCNT without glue upon them are 19 Q and 9 Q, respectively, while those with glue
are 27 Q and 15 Q, respectively. It also showed that the more MWCNT was added in
the composites, the lower of their electrical resistance (R), which is consistent with
result concluded in section 3.2. Also, both R increased when the samples were shielded

from the environment by covering them with the glue.
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Table 3.4 The comparison of PANI/22% MWCNT and PANI/44% MWCNT when
covered and without covered by a thin layer of glued to shield from the environment.

PANI/22% MWCNT PANI/44% MWCNT
Mass load/g | strain(e)/um | Vol/mV | Vol-glue/mV | Vo2 /mV | Vo2-glue/mV
250 132.63 -13.218 | -10.036 -16.095 -16.074
450 238.734 -13.201 | -10.029 -16.098 -16.076
650 344.838 -13.194 | -10.018 -16.099 -16.077
850 450.942 -13.183 | -10.009 -16.101 -16.078
1050 557.046 -13.158 | -9.995 -16.102 -16.079
PANI/22% MWCNT without glue covered
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Figure 3.10 Strain sensor test of PAN1/22% MWCNT showing load vs. output.

Table 3.4 indicated that the differences for all those samples during the strain range

132.63 pm to 557.046 pum are slight. The biggest difference is 0.06 mV when PANI/22%

MWCNT is not covered with glue. However, both PAN1/22% MWCNT and PAN1/44%

MWCNT covered with glue showed more linearity than those that were not covered

with the glue, (see Figures 3.10-3.13).
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Figure 3.11 Strain sensor test of PANI/22% MWCNT with glue showing load vs. output.

PANI/44 % MWCNT without glue covered
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Figure 3.12 Strain sensor test of PANI/44% MWCNT without glue covered showing
load vs. output.
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Figure 3.13 Strain sensor test of PANI/44% MWCNT with glue showing load vs. output.
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3.3.6 Morphological Characterization of the PANI/ MWCNT Film

When one looks at the overall properties of the different PANI/MWCNT samples
and what is to be accomplished, it is for this reason that the PANI/11% MWCNT sample
was concluded to be the best of the samples and why it was further tested for damping
capabilities. Figure 3.14 provides the TEM images of pure MWCNT (Figure 3.14 (a))
and PANI/ 11% MWCNT (Figure 3.14 (b)), which shows that the MWCNT and the
PANI were integrated to form PANI/ 11% MWCNT nanocomposites. The diameters of
the MWCNT are about 15+5 nm (Figure 3.14 (a)) while the diameters of the PANI/11%
MWCNT are about 70 nm (Figure 3.14 (b)). It indicates that the MWCNT nanofibers
were coated with a dense PANI layers. Furthermore, comparing both TEM images
shown below, the walls of PANI/ 11% MWCNT nanofibers were rougher than the walls
of MWCNT nanofibers. It indicates that the polymerization of PANI was at least part
of the nucleation growth and that the MWCNT was initially acting as the nucleating

agent, which led to a new interwoven fibrous structure (Figure 3.15 (b)).

Figure 3.14 TEM images of (a) pure MWCNT and (b) PANI/11% MWCNT.
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Figure 3.15 SEM image of (a) pure MWCNT, (b) pure PANI and (c) PANI/11%
MWCNT composite films.

Figure 3.15 is the SEM images of surfaces of pure MWCNT (Figure 3.15 (a)), pure
PANI (Figure 3.15 (b)) and PANI/11% MWCNT nanocomposites (Figure 3.15 (c))
films. It shows the different roughness of the three different films surfaces. The pure
MWCNT have the roughest surface, while the PANI have the smoothest surface among
three films surfaces. The roughness of the nanocomposites PANI/ 11% MWCNT falls
between the two, which means the order of the surfaces roughness of these three films
are pure MWCNT > PANI/11% MWCNT nanocomposites > pure PANI. Combined
with the results of TEM results shown in Figure 3.9, it indicates that during the
polymerization of PANI with the presence of MWCNT, most MWCNT have been

entrapped into the PANI films.
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3.4 Conclusion
Different compositions of PANI/MWCNT nanocomposites were synthesized

through an in-situ polymerization method. Frit compression method was introduced to
make PANI/MWCNT nanocomposite films/discs. SEM and TEM results showed that
this technique produced a coating of PANI onto the MWCNT (this implies a layer upon
layer yet you say the CNT were well dispersed), which indicated that carbon nanotubes
were well dispersed in the polymer matrix. The electrical resistance was largely reduced
by introducing MWCNT into the PANI. The electrical resistance of the composites
could be controlled by adding specific amounts of the MWCNT. Nanoindentation test
results showed that the PANI greatly contributed to the increase in the Young’s modulus
and hardness of the PANI/22% MWCNT nanocomposites films. The results of SDT test
indicate that thermal stability of PANI/22% MWCNT was improved by about 50 °C.

Damping property test results of PANI/MWCNT films showed that with the
proportional increase of MWCNT in the PANI/MWCNT films, the damping ratio value
increased, which means the PANI/44% MWCNT films have a little bit higher damping
ratio than PANI/11% MWCNT and PANI/22% MWCNT samples. Also, when tests
were performed with smaller scale aluminum beams, the damping ratio value almost
doubled. However, with 33% more of MWCNT added to the PANI/11% MWCNT, the
damping ratio increased by only 10% for 5.13inch x linchx 0.12inch beam.

Also, the shorter and the thinner the Al base, the higher the damping ratios for
PANI/MWCNT when clamped on the same sides (free end side or sample side).

Furthermore, the location of the clamped support of the cantilever beam while
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performing the free vibration damping tests was very important to the magnitude of the
damping ratio. When the beam was clamped close to the sample end, it displayed higher
damping ratios than when clamped to the free, uncovered end of the beam.

Last, both PANI/22% MWCNT and PANI/44% MWCNT covered with glue

showed more linearity than those that were not covered with the glue.
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CHAPTER 1V
PREPARATION OF RECTANGULAR POLYANILINE/MULTIWALLED CARBON
NANOTUBE AND CHARACTERIZATION OF THEIR STRUCTURAL DAMPING
AND STRAIN SENSING PROPERTIES
4.1 Introduction
The frit compression method is introduced to fabricate rectangular PANI/MWCNT
nanocomposite films/discs. The reason we studied the rectangular PANI/MWCNT is that
they can be considered one dimensional in form, which simplifies the derivation of
displacement functions or to determine the modes of vibration we already have. The
thickness of these films/discs can also be controlled. Four different compositions were
synthesized and compared through their damping and strain sensing properties. Once the
best composition was determined, namely PANI/11% MWCNT samples, then different

tests were conducted to further evaluate the damping and strain sensing properties.

4.2 Experimental Sections
4.2.1 In Situ Synthesizing of Rectangular PANI/MWCNT Nanocomposites
The MWCNT was treated employing the same procedure used in section 3.1 of Chapter

III. 64.375 £ 0.010 mg of MWCNT (Newton, MA, www.nano-lab.com: PD15L5-20) with

length of 5-20 um and outer diameter of 15 + 5 nm were dispersed by sonication in 125 ml
of IM HCI for 30 min. Then, 1.287 + 0.003 g of aniline was added and the mixture was
sonicated for another 30 min. After that, 1.027 = 0.003 g of ammonium persulphate (APS)
dissolved in 125 ml of 1 M HCI was added at once and polymerization was conducted at

0 °C with water-ice bath under sonication for 4 hrs. The precipitated products were washed

53


http://www.nano-lab.com/
http://www.nano-lab.com/powderd15l520.html

with deionized water. Then the PANI/11% wt. MWCNT composite was made. Three
different ratios of PANI/MWCNT nanocomposites films listed in Table 4.1 were made.

Pure PANI was made by not adding any MWCNT into it.

Table 4.1 Synthesizing different components of PANI/MWCNT composites and its control.

MWCNT (mg) Aniline (g) APS (g)
Pure PANI 0 1.445 1.163
PANI/11% MWCNT 64.375 1.287 1.027
PANI/22% MWCNT 128.75 1.129 0.903
PANT/44% MWCNT 257.50 0.813 0.643
Pure MWCNT 513.06 0 0

454.54 + 0.005 mg of obtained PANI/MWCNT suspension was transferred into a
specially built 50 ml rectangular mold (see Figure 4.1), which was equipped with frits with
a pore diameter of 70 um (frits purchased from Sigma-Aldrich). To remove the solvent,
two different compression forces of 289 + 3% N and 334 + 3% N were applied to the
plungers, which were measured by FlexiForce adapter (See Figure 4.2).

After the solvent was squeezed out, the frits-PANI/MWCNT sandwich with the
rectangular mold was dried at 110 °C in an oven for 12 hrs. Three different component
PANI/MWCNT composite film and one pure PANI were obtained after removing it from
the rectangular mold.

The pure raw rectangular MWCNT film was prepared by the same frit compression
procedure. 454.54 £ 0.005 mg MWCNT was suspended into 3 ml deionized water, then the

mixture was simply transferred into the cuboid mold to squeeze out the solvent. After
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drying at 110 °C in an oven for 12 hrs., the MWCNT was obtained by removing it from the

rectangular mold.

3.6 cm

Figure 4.1 The frit compression system for making PANI/MWCNT nanocomposite films.
(a) The frit compression system, (b) are the photo image of PANI/MWCNT
nanocomposites. Inserts are A: cuboid; B: plungers; C: polypropylene frits and D:
composites suspension.

Figure 4.2 Schematic image of 289 N and 334 N force applied to plungers measured by
FlexiForce adapter. The adapter’s load measurements have a +3% error.
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4.2.2 Characterization

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
were used to determine their morphology properties. Free end vibration test method was
adopted to study the damping properties of these samples. There were two different setups
used to test the damping properties of the PANI/MWCNT nanocomposites: one was used
to test the effect of sample size and location on the vibration damping of the beam; and,
one was used to test how the sample’s vibration damping capability was affected by single

or double coverage of the base Al beam. Strain sensing properties were also studied.

4.2.3 Specimen Setup for Damping Test Purpose

Specimen for test 1: The polymer compositions of the samples used here were pure
PANIL, PANI/11% MWCNT, PANI22% MWCNT, PANI/44% MWCNT and pure
MWCNT. The dimensions of the samples here is 3.6 cm x 0.8 cm x 1.9 mm, which were
bonded to the Al beams with dimension of 6 cm x 2.5 cm x 0. 013 cm (Alloy 6061
aluminum, bought from MSC Industrial Co.) by nonconductive 3M CA100 liquid instant
adhesive (See Figure 4.3 (a)). Three thin layers of 3M CA100 liquid instant adhesive were
used to cover these samples to separate the samples from the environment. Each specimen
was dried at room temperature for 24 hrs. Results from Li et al (Li et al., 2008) indicated
that vibration related properties were affected by exposure to the environment.

Free vibration comparisons were made by using either the sample side, #, or the
uncovered side, called free end side *, alternately, as the fixed support for the cantilever
beam. The red lines shown in Figure 4.3 (b) defined the locations where the beam was
clamped. The unclamped side was then made to vibrate and a parameter called the damping

ratio was determined.
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Figure 4.3 (a) Size of samples, Al beams and the locations where samples were attached.
(b) Locations of sample side # and free end side * where the beam was clamped.
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Figure 4.4 (a) PANI/11% MWCNT sandwiched Al base beam. (b) PANI/11% MWCNT
attached one side of Al base beam.

Specimen for test 2: Two Aluminum (Al) beams were used with thickness of 2.4 mm

and width of 0.9 cm. Samples of 4 cm % 0.9 cm % 1.9 mm PANI/11% MWCNT were
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attached the Al base beam, one beam with single coverage and one beam with both sides
covered for comparison (See Figure 4.4). Three thin layers of 3M CA100 liquid instant
adhesive were used to cover these samples to separate the samples from the environment.
Each specimen was dried at room temperature for 24 hrs. The unclamped side was then
made to vibrate and the damping ratio was determined.

Specimen for test 3: Two different thicknesses of Al beams were used to evaluate
thickness effects. One is thin beam with 1.25 mm thickness and the other is of 2.4 mm
thickness. The width of the beam used was 0.9 cm for both beams. The dimension of the
PANV/ 11 % MWCNT sample were 0.8 cm x 4 cm % 1.9 mm, which was glued onto the Al
beams by 3M CA100 liquid instant adhesive. Three very thin layers of adhesive were used
to cover these samples to separate the samples from the environment. Each specimen was

dried in room temperature for 24 hrs.

Table 4.2 Different thickness and distance from the clamp and the samples were tested.

Al thickness Distance from the clamp to sample (cm)
2.4 mm 0 1.7 5.4 7.7
1.25 mm 0 1.7 54 7.7

For each thickness beam, several tests were conducted where the clamped edge was
placed at different distances (0 cm, 1.7 cm, 5.4 cm and 7.7 cm), which correspond to redline
marked as a, b, ¢ and d (See Table 2.2 and Figure 4.5). The unclamped side was then made

to vibrate and the damping ratio was determined.
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4 cm 0cm 1.7 cm 54cm  7.7cm

Figure 4.5 Dimension of samples and locations (red lines) where the clips clamped on (a)
0 cm, (b) 1.7 cm, (c¢) 5.4 cm and (d) 7.7 cm away to the samples. The dimension of the
sample is 4 cm % 0.8 cm X 1.9 mm. The width of the Al beam is 0.9 cm.

Specimen for test 4 - Single side attachment: To determine if the “squeezing” load
influenced the sensor properties when squeezing out the solvent, several levels of loading
were used. We report on the two cases of 289 N and 334 N applied force, respectively. The
force is applied via a FlexiForce adapter. The PANI/11% MWCNT with dimension of 3 cm
%0.9 ecmx1.9 mm were cut and attached to a 20.5 cm x0.9 cmx1.25 mm Aluminum base
beam on one side (see Figure 4.6) using a very thin layer of glue. The specimen was dried
at room temperature for 24 hrs. The unclamped side was made to vibrate and the damping
ratio was determined for various lengths of the beam. The sample size did not change. Free
vibration comparisons were made by using either the sample side, #, or the uncovered side,
* alternately, as the fixed support for the cantilever beam. The red dashed lines shown in
Figure 4.6 defined the locations where the beam was clamped. The side of the Al base beam
that was without the sample was cut and the beam was clamped. The unclamped side was
then made to vibrate and a parameter called the damping ratio was determined. This process
was repeated after cutting the beam 1 cm at a time, until the cut end was next to the sample.

The damping ratios then were compared.
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Figure 4.6 Schematic images of single side’s attachment. The dimension of samples, Al
beams and the locations where samples were attached, the locations of sample side # and
free end side * where the beam was clamped and the directions and lengths for both cutting
and clamping.
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Figure 4.7 Schematic images for sandwich attachment. The dimension of samples, Al
beams and the locations where samples were attached, the locations of sample side # and
free end side * where the beam was clamped and the directions and lengths for both cutting
and clamping.

Specimen for test 5 - “Sandwich” attachment: The sample used in this experiment is
with 334 N applied “squeezing” force on the PANI/11% MWCNT. All the dimensions of
sample and aluminum base beams, and the methodologies of testing applied to the single

side are the same. The only change is that the Aluminum beam was “sandwiched” on both

sides with the sample (see Figure 4.7).
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4.2.4 Damping Test Methodology

The cantilever beams of Figure 4.3-4.7 were given the same, small initial displacement
and then released for free vibration. Free end displacements were measured by a laser
vibrometer and a two channels digital oscilloscope was used display and store the signal.
Five trials were made for each setup and the mean value of the damping ratio was calculated.
This ratio can be related to the logarithmic decrement of consecutive maxima of end
displacements and can be correlated to how much vibration energy is removed by the

sample. The higher the damping ratio, the better the sample acts as a damper.

4.2.5 Specimen Setup for Strain Sensing Test Purpose
4.2.5.1 Comparison of Different Components of PANI/MWCNT Nanocomposites

The theory of the strain sensor is the same as described in section 3.3.5.1 of Chapter
I11. The components of PANI/MWCNT nanocomposites with dimension of 0.8 cm % 4 cm
%0.19 cm were attached onto the 26.67 cm X 2.54 cm X 0.3175 cm Al beam. The sample
attached to the Al beam were sealed with a three-thin layer of electrical non-conductive
adhesive (glue). The Al beam was fixed on the lab table. The wires from the sample were
connected to the Wheatstone bridge box. Loads of2.453 N,4.415 N, 6.377 N, 8.339 N and
10.301 N, which are the equivalent weights for 250 g, 450 g, 650 g, 850 g and 1050 g, were
applied to the end of the aluminum beam, which led to the deformation of the beam and
the sample attached onto it. The strain change of the samples could be calculated for each
load. Finally, the data were recorded for each load and voltage output, V, read directly from

the Wheatstone bridge.
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Figure 4.8 Strain sensor test setup.

4.2.5.2 Sample Setup for Drift, Static Tensile Test for the PANI/11%MWCNT

The sensor was bonded to the center of a 1.55 mm thick 6061-T6 Aluminum
rectangular bar using 3M CA100 liquid instant adhesive. Each specimen was held in place
by a weight of 1.963 N, which is equivalent to a mass of 200 g, and dried at room
temperature for 24 hrs. The bonding area was prepared to ensure a smooth surface, as is
normally defined for a foil strain gage, with no oxide formations on the surface. A foil
strain gage, Micro-Measurements N2A-00-10CBE-350, 3 cm long x 0.3 cm wide, was
bonded on the back side of the Al beam at the same location as the sensor sample. 24 AWG
solid wire was used to connect decade resistor boxes manufactured by Eisco Labs in a
Wheatstone bridge setup for the sensor or the foil strain gage. Prior to testing, resistance of
the sensor and strain gage was measured and the corresponding decade resistance boxes
were set to match. The decade resistor boxes have a resolution of about 1 ohm. This caused

the initial millivolt potential difference to rarely start at zero. To compensate for this, where
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appropriate, start points were shifted to allow for comparison of different sensors. Constant
voltage was provided during testing by B&K precision power supply (1745A). The voltage
supply was set to 5 volts for measured resistance above 20 ohms. For resistance below 20
ohms, the voltage supply was set to 2 volts. Signals for the drift and strain measurement
tests were collected using National Instruments NI ¢cDAQ-9172 board and LabView
software. Linearity and sensitivity of the sensor were evaluated using quasi-static loadings.

These loadings were carried out using a United SSTM-2K model tensile test machine.

4.2.5.3 Drift Test Procedures for the PANI/11% MWCNT Sensor

The mounted sample was connected to the measurement system and placed in a no
load and ambient temperature condition for at least 24 hours prior to testing. The test
equipment was then turned on, and at least 60 minutes of data were collected for each
sample. The drift test was performed several times for the sake of repeatability. The results

were collected.

4.2.5.4 Static Test Procedures for the PANI/11% MWCNT Sensor

The mounted sample was placed in the tensile testing machine and connected to the
measurement system. The system was left idle for at least 1 hour prior to testing to remove
any accumulated stresses due to mounting. Signal collection was initiated. The tensile test
system was set to extend at a rate of 0.00254 cm +/-0.00127 cm per minute. This way the
system was operating quasi-statically. The system was set to increase ramp force at the set
extension rate until 1557 N of force was achieved. The system was then set to
instantaneously reduce load to 0 N. This procedure was repeated multiple times to

determine repeatability of the results and hysteresis in the system.
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4.2.6 Results and Discussion
4.2.6.1 Morphological Characterization of the PANLI/22% MWCNT Film

SEM images were obtained to determine how well the MWCNT and the PANI were
dispersed to form a homogeneous composite. SEM images of pure MWCNT, pure PANI
and PANI/22% MWCNT nanocomposites films are given in Figure 4.9. Compared with
the random distribution of MWCNT, which displayed in Figure 4.9 (a) and (a’), the surface
of pure PANI was much smoother (Figure 4.9 (b) and (b’)). The surface smoothness of
PANI/22% MWCNT nanocomposite films is characterized to be between the pure PANI
and pure MWCNT, which indicated that while polymerization of PANI with the presence
of MWCNT, most MWCNT have been entrapped into the PANI films. Furthermore, the
PANI/MWCNT nanocomposites showed the homogeneous coating of PANI onto the
MWCNT indicating that carbon nanotubes were well dispersed in the polymer matrix,
which is consistent with the TEM test results shown in Figure 4.10.

TEM images were obtained to determine how well the MWCNT and the PANI were
integrated to form a homogeneous composite. TEM images of pure MWCNT and PANI/22%
MWCNT are shown in Figure 4.10. The diameter of the PANI/22% MWCNT are about 70
nm (Figure 4.10 (b)) while the diameter of the MWCNT are about 10-20 nm (Figure 4.10
(a)). It appears that the MWCNT nanofibers were coated with a dense PANI layer (see
Figure 4.10 (a)). Furthermore, these TEM images clearly displayed that the walls of
PANI/MWCNT nanofibers were rougher than walls of MWCNT nanofibers. It indicated
that the polymerization of PANI was at least part of the nucleation growth and the MWCNT
was acting like a nucleating agent, which led to a new interwoven fibrous structure (Figure

4.10 (b)).
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Figure 4.9 SEM image of (a) pure MWCNT, (b) pure PANI and (c¢) PANI/22% MWCNT.
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Figure 4.10 TEM images of (a) pure MWCNT and (b) PANI/22% MWCNT nanocomposite
films. (a’), (b’) and (¢’) were higher magnification (x10,000) images of (a), (b) and (c),
respectively.

4.2.6.2 Damping Ratios Comparison of Different Component PANI/MWCNT

As mentioned previously, the reason for the creation of the composite is for use as a
sensor-actuator with damping capabilities. To check on the damping capability aspect,
several tests were performed. For the first test, free vibration trial results are shown in
Figure 4.11.

Five trials were run for each of the different composites listed. The tests indicated that
the PANI/11% MWCNT composite displayed higher damping ratios than pure PANI,
PANI/22% MWCNT, PANI/44% MWCNT and pure MWCNT when clamped either close
to the uncovered * side or close to the sample # side (see Figure 4.3 for locations). The
damping ratio of PANI/11% MWCNT was 1.8 times larger than that of pure PANI and 1.35
times higher than PANI/22% MWCNT when clamped on the uncovered * side. However,
the damping ratio of PANI/11% MWCNT was double that of the pure PANI and 1.43 times
more than PAN1/22% MWCNT when clamped on the sample # side. Also, when clamped

on the sample # side, the damping values were 2.2 to 3.1 times higher for each composite
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when compared to being clamped on the uncovered * side. As the standard deviation was

small in all cases, the results were deemed to be statistically significant.

0.021 ~
: I clamped on * side
0.018 1 Il clamped on # side

Damping ratio

Figure 4.11 Damping ratios and standard deviation of rectangular pure PANI, PANI/11%
MWCNT, PANI/22% MWCNT, PANI1/44% MWCNT and pure MWCNT clamped on the
uncovered * side and sample # side.

The damping ratio of PANI/11% MWCNT composite was 0.00656 when clamped on
the uncovered * side; however, it reached a value of 0.0204 when clamped to the sample #
side. Thus, it indicated that where the samples were placed on the base beams played an
important role in the damping results. Further, all PANI/MWCNT combinations had

damping ratios that were much better than pure MWCNT alone. Our MWCNT damping

ratio results were similar to those found by Li and Levy (Li and Levy, 2007a).
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4.2.6.3 Comparison Single Side and Both Sides’ Attachment of PANI/MWCNT

For the second test (see Figure 4.4 for the configuration of the test setup), free vibration
test results showed that the highest damping ratio of the PANI/11% MWCNT sample
attached to only one side of Al base beam was 0.00382. However, the highest damping
ratio achieved for the double-sided coverage reached a value of 0.072, which is 18.85 times

higher than for the single sided coverage.

— Both sides of Al beam were attached
—— One side of Al beam was attached

Amplitude
o

0 1000 2000 3000 4000
Time / ms

Figure 4.12 Comparison of free vibration damping test between PANI/11% MWCNT
single side covered (red) and PANI/11% MWCNT double sides covered (black) Al base

beam.

By comparing the vibration traces shown in the Figure 4.12, we noted that when the
system vibrated from the same relative starting conditions, the double-sided coverage

(black trace) attenuated the vibrations in a much shorter period of time than its single sided
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counterpart. In other words, the damping effect was dramatically increased when both sides
of the Al base beam were covered by PANI/11% MWCNT. This result follows the trends
found in Chen and Levy (Chen and Levy, 1996) for a constrained double sandwich
viscoelastic material covering an Al base beam.

Our PANI/MWCNT system was specifically created to replace such a constrained
viscoelastic system, saving on weight of the constraining layer and the viscoelastic material,
yet still maintaining the constraining layer stiffness through the MWCNT and introducing

damping through the PANI for vibration attenuation.

4.2.6.4 The Thickness Effect of Alu22minum Base Beam

For the third test (see Figure 4.5 for the configuration of the test setup), the width of the
PANI/MWCNT sample was 0.8 cm, while the width of the Al beam was 0.9 cm. Thus,
88.89% Al beam was covered by the sample in the width direction. From the data shown
in Figure 4.13, it could be seen that for 2.4 mm thickness Al beam, the highest damping
ratio was 0.00492 when the beam was clamped at (a) in Figure 4.13. The damping ratio
increased when the distance between the clamp and the sample was increased. It reached a
maximum value of 0.00685 when the distance between the clamps to the sample was 5.4
cm. Then, it decreased to 0.00452 when the distance was 7.7 cm from the clamp to the
sample.

Meanwhile, for 1.25 mm thickness Al beam, the same pattern was deduced as described
for the 2.4 mm thick beam but the values were higher. The damping ratio reached a
maximum of 0.0079 when the distance from the clamp to the sample was 1.7 cm. Also,
compared with the sample attached onto the thick Al beam, the PANI/MWCNT attached

onto the thin Al beam peaked, i.e., had higher damping ratios when the clamped condition
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occurred closer to the sample (0.0082 at approximately 2.5 cm from the sample vs. 0.0072
at approximately 4 cm from the sample), as shown in Figure 4.13. The damping behavior
shown based upon the beam thickness is also consistent with what was found by Chen and

Levy (Levy and Chen, 1994; Chen and Levy, 1996).

0.0080 A —— 2.4 mm thickness beam

—@— 1.25 mm thickness beam

0.0075—-
0.0070—-
0.0065—-
0.0060—-

0.0055

Damping ratio

0.0050 1

0.0045 -

-1 0 1 2 3 4 5 6 7 8

Distance from the clamp to the sample (cm)

Figure 4.13 Damping ratios of 2.4 mm and 1.25 mm thickness Al beams with different
distance from the clamped side of the beam to the right end of the sample.
4.2.6.5 Damping Ratios of Different Compression Force of PANI/MWCNT

For the fourth test, the impact of the 289 N and 334 N “squeezing” force was studied
(See Figure 4.6 for the configuration of test setup for the Al base beam with single side
attachment). The free vibration trial results are shown in Figure 4.14.

Five trials were run for each of clamping locations listed. Standard deviation is also

provided in Figure 4.14. The trend of damping ratios increased as the sample covered more
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of the beam. The effect of both the 289 + 3% N and 334 + 3% N applied squeezing force
on the damping ratios were not a critical factor as is shown in Figure 4.14. For every single
clamping location, the damping ratios for both 289 + 3% N and 334 + 3% N
PANI/MWCNT samples had overlapped standard deviation, an indication that the results
were not statistically different from each other. Therefore, the compression force used to

create the PANI/MWCNT nanocomposites has very little impact on their damping ratios.

Comparison force of 289+3% N and 334+3% N
0.007

0.006
0.005
20 0.004
0.003
0.002
0.001

Damping ratio

0 2 4 6 8 10 12 14

Distance from the free end to the sample /cm

—8—334+3% N —8—280+3% N

Figure 4.14 Damping ratio comparison between 289 + 3% N and 334 + 3% N compression
force of PANI/MWCNT when clamped on the free end side. Error bars are provided for
each test.

4.2.6.6 Damping Results for Single Side Attachment

As mentioned previously, the reason for the creation of the composite was for use as a
sensor-actuator that also had damping capabilities. To check on the damping capability
aspect, several tests were performed. Figure 4.6 is the configuration of the Al base beam

single side attachment tests setup. Free vibration trial results are shown in Figure 4.15.
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Five trials were run for each of the clamped locations listed in Figure 4.6. The results
clearly showed that the damping ratio increased as the distance from the free end to the
sample decreased for clamping on both the free end side, *, and the sample side, # (see
Figure 4.15, red and green data respectively). However, when clamped on the sample side,
#, damping ratios were found to decrease as the distance from the free end to the sample

was further decreased. After that, it increases again and achieved the highest damping value

of 0.0131.
Clamping on the free end side Clamping on the sample side
0.016 0.016
0.014 i 0.014
0.012 0.012
0.01 0.01
0.008 0.008
0.006 e 0.006
0.004 T . 0.004
0.002 ——T—t— T T 0.002
0 0
16 14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 16 18

Distance from the free end to the sample / cm

Figure 4.15 Damping ratios of single side attached PANI/MWCNT clamped on the sample
side and on the free end side. Error bars are provided for each test.

In most cases, when the beam was clamped on the free end side *, the damping ratios
were lower than when the beam was clamped on the sample side, #. For example, the
highest damping ratios was 0.0131 when clamped on free end side, *, where the distance
from sample to the free end was 0 cm. It was the only case for which both clamping
conditions (free end side or sample side) were the same. However, when the distance from
sample to the free end was 1 cm and clamping was on the free end side, *, the damping

ratio was still lower (0.00757) than the damping ratio when clamped on the sample side, #,
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and the free end was at its furthest location from the sample, i.e., 16¢cm (0.00788). Finally,
when the sample was symmetrically located with respect to the ends, the damping ratio

values had to match.

4.2.6.7 Damping Results for Single Side Attachment

For the fifth test, namely the double sides’ attachment setup shown in Figure 4.7, the
damping ratio displayed similar type trends as the damping ratios for single sided
attachment (See Figure 4.16). However, the double sides’ attachment had overall higher
damping ratios compared with single side attachment. It reached the highest damping ratio
of 0.019 with double sides’ attachment when the sample was 7 cm away from the free end.
This meant that there was more uncovered beam when the maximum damping ratio was
reached in this setup that in the single side attachment setup, and, that single side
attachment required almost complete beam coverage to achieve the best damping ratio.
Also, sample side clamping, #, damping ratios were higher that free end side, *, clamping
damping ratios.

The relationship of loss factor, 1 and beam coverage L1/L is presented for single sided
attachment and double sided attachment for the two clamping conditions previously
discussed. The results are given in Figure 4.17. The loss factor, n, is twice the damping
ratio for small damping ratios up to 0.3 (Rao, 2004; Li and Levy, 2009). For sample side
clamping, n increased as coverage length L1/L increased. Then the loss factor, n decreased
before increasing again as the coverage length L1/L continued to increase. The relative
coverage length L1/L increased since the beam length was being decreased which the
sample length L1 was unchanged. The trend for double sided attachment was found to

follow the trends discussed by Rao (2004) and Levy and Chen (1994), i.e., higher lost
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factors occurred as sample length to beam length (L1/L) increased before decreasing as
L1/L tended to 1.

For beams clamped on the non-sample side, *, the loss factor, n, increased with
coverage length, L1/L, though its value was several times smaller than its value when the
beam was clamped on the sample side, #. This is because the sample, in this case, acted as
a small mass at the end of the beam which modified the coverage length effects (Chen and

Levy, 1996).

Clamping on the free end side Clamping on the sample side

0.026 0.026
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0.01 0.01
0.008 0.008
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0.004 0.004
0.002 0.002

0 0
15 14 13 12 11 10 9 8 7 6 5 4 3 2 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Distance from the free end to the sample / cm

Figure 4.16 Damping ratios of both sides attached PANI/MWCNT clamped on the free end
side and on the sample side. Error bars are provided for each test.
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0.045 0.045

0.035 0.035
0.03 0.03
0.025 0.025
n 0.02 M 1 e
0.015 0.015

0.01 0.01
0.005 0.005
0 0
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
L1/L L1/L
—8—Double sides attachment ~ —®—Single side's attachment —8—Double sides' attachment ~ —®— Single side's attachment

Figure 4.17 The relationship of loss factor (1) and beam coverage L1/L between single side
and double sided attachment of the PANI/MWCNT films for both clamping conditions.
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4.2.7 Strain Sensing Properties of PANI/MWCNT

4.2.7.1 Comparison of Different Components of PANI/MWCNT

All three samples were covered with a thin layer of electrical non-conductive adhesive.
The voltage output, V, was found to vary too much during the first five minutes after the
load was applied. The data recorded in Table 4.3 was after the loads had been applied for
5 min., and when the reading had stabilized already. During the first 5 minutes of the
loading the data varied too much to record. From Figure 4.18, it showed that PANI/11%
MWCNT composite films data is linear, while the other two composites are not. It indicated
that PANI/11% MWCNT composite films have better linearity with regarding to the strain
sensing properties than PANI/22% MWCNT composite films and PANI/44% MWCNT

composite films.

Table 4.3 Raw data strain sensing test comparison of different components of
PANI/MWCNT composite films.

Loads/N | PANI/11%CNT/ mV | PANI/22%CNT/ mV | PANI/44%CNT/ mV
0 -15.630 -15.378 -15.252
2.4525 -15.622 -15.374 -15.294
4.4145 -15.611 -15.383 -15.319
6.3765 -15.602 -15.413 -15.317
8.3385 -15.589 -15.429 -15.305
10.3005 -15.578 -15.435 -15.303
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Drift test comparison of different components of PANI/MWCNT
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Figure 4.18 Strain sensor test comparison of different components of PANI/MWCNT.

4.2.7.2 The Repeatability of Strain Sensing Property of PANI/ MWCNT Composites
1.962 N load were continued to be added onto one end of the cantilevered Al beam at
5 min interval. Then, it was unloaded all the loads and waited for 30 min. Then, it was

repeated the loading procedure twice more.

PANI/11% MWCNT
-15.05

-15.1
-15.15
-15.2
-15.25

V Output / mV

-15.3

-15.35
0 100 200 300 400 500 600
Strain (g) / pm

V1 output - 1st loading V2 output - 2nd loading V3 output - 3rd loading

Figure 4.19 (a) The linearity and repeatability of strain sensor test of PANI/11% MWCNT,
PANT/22% MWCNT and PANI/44% MWCNT, showing load vs. output.
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Figure 4.19 (b) The linearity and repeatability of strain sensor test of PANIT/11% MWCNT,
PANI/22% MWCNT and PANI/44% MWCNT, showing load vs. output.
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Figure 4.19 (c) The linearity and repeatability of strain sensor test of PANI/11% MWCNT,
PANI/22% MWCNT and PANI/44% MWCNT, showing load vs. output.

Though all the three composites varied a lot during each repeat process, the PANI/11%

MWCNT showed better linearity in each repeat process than the other two composites,
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namely PANI/22% MWCNT and PANI/44% MWCNT, which have shown in Figure 4.19
(a-c).
4.2.7.3 Dynamic Sensing Capability of the PANI/MWCNT

Sensing capability of the sensor was evaluated by inputting a known frequency to the
end of the beam with an attached sensor via a test bed to which the beam and sensor were
attached (see Figure 4.20 for the test bed). The input signal applied was from 10 to 5000
Hz. Shown here in Figures 4.21 and 4.22 are results of the captured signals up to 1000 Hz.
Figure 4.23 represents the superposition of the previous graphs shown in Figures 4.21 and

4.22. This was undertaken to show that the PANI/MWCNT sensor was much more

sensitive over a larger range of frequencies.

Figure 4.20 Beam and sensor in dynamic testing mode. Beam and sensor being interrogated
by the laser vibrometer.
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Figure 4.21 Frequency response functions (FRF) of the PANI/MWCNT sensor and foil
strain gage for frequency range 10-200 Hz.
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(c) PANI/MWCNT-Magnitude: 0.060 mV; (d) Foil Strain Gage—Magnitude: 0.064 mV.

Figure 4.22 Frequency response functions (FRF) of the PANI/MWCNT sensor and foil
strain gage for 400-1000 Hz.

For Figures 4.23 (a-b) we noted that the magnitudes of the sensed signals were 100
times higher for the sensor than for the strain gage, whereas in Figures 4.23 (c-d) the
magnitudes for the sensor were on the order of 20 times higher than those sensed by the
strain gage. It was found that the PANI/MWCNT sensor was much more sensitive than
the foil strain gages up until 400 Hz and the signal produced the highest peak in the
FRF graphs. Beyond that frequency, either the two produced similar magnitudes or
were not the highest peaks distinguishable. The magnitudes listed represent the signal

height sensed by the PANI/MWCNT sensor (blue) and the strain gage (orange).
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Figure 4.23 Superposition of the frequency response functions of the PANI/MWCNT
sensor and foil strain gage for low and high frequency. Graphs represent a superposition
of the previous graphs to indicate the superior sensitivity of the PANI/MWCNT in the
10-1000 Hz range and the 1000-5000 Hz range.

4.2.7.4 The Drift Test of PANI/MWCNT Sensor

To determine the stability of the sensor, a drift test was employed. The drift test
was carried out for the sample and for the strain gage for a period of 30 minutes or more
(see Figures 4.26-4.27). The voltage data were captured and for the sensors were shifted
so that average recorded signal value was zero. This allowed for direct comparison of
the sensors on the graph. The change in voltage per hour for typical results were also
tabulated below (see Table 4.4). The correlation of the data was small because
significant noise was generated in the results due to the high sampling rate (see, e.g.,

Figure 4.27). Therefore, other measurements given in succeeding sections do not
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include the correlation values. Figure 4.26 shows typical drift test results for one strain
gage and three sample sensors. Sensor 3 data is given as the orange trace in the figure
and its trend line is given also by the orange dotted line in the figure. It was noted that
the strain gage (blue trace) showed almost no changes over the test period though there
was a slight downward slope to the line. The sample sensors exhibited very small slopes,
as well. Table 4.4 provides the voltage changes for the same sensors and strain gage of
Figure 4.26. Figures 4.27 (a-b) show typical sampling data for one of the samples and
the strain gage where the sensor sample’s voltage changes by -0.1298 mV/hr while the
foil strain gage changes by -0.0866 mV/hr (the black dotted lines in the figures). The
results of this testing showed that some sensor samples were unstable and had
significant drift while others were stable but consistently had a drift that was of the
same order of magnitude as the strain gage. This result was reasonable since our testing

apparatus could not be moved and there was no way to isolate our samples from outside

vibrations. Foil strain gages are known to be stable in this type of environment.

Figure 4.24 Wheatstone bridge setup for load sensing.

82



Figure 4.25 Same beam with strain gage showing and with sensor showing, both in

loading mode.

Drift Test Results-PANI/MWCNT sensors and Strain Gage

—— Strain Gage e Sensor 3 Sensor 7 Sensor 9

70

Figure 4.26 PANI/MWCNT sensor and strain gage drift test. Drift trend lines for typical
PANI/MWCNT sensor and strain gage. Vertical scale is in mV; horizontal scale is in

minutes.
Table 4.4 Trend line Slopes for Figure 4.26
Sample A mV/hour Sample A mV/hour
Sensor 3 (orange trace) | -0.1298 Sensor 9 (gold trace) -24.008
Sensor 7 (gray trace) -0.4353 Strain Gage (blue trace) | 0.1773
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Figure 4.27 Drift test for PANI/MWCNT (sensor 3) and drift test for strain gage.

4.2.7.5 Linearity and Repeatability of PANI/MWCNT Sensor
Linearity and repeatability are two very important characteristics for strain sensors.
It was desirable that the relationship between the applied strain and the output voltage

be linear. The source voltage for the sensor and strain gage in Figure 4.28 were

equivalent.
Voltage vs Strain-PANI/MWCNT

B, — e e wwews Extention 1

700 retractl'on 1

9 — « - Extention 2
= 600 | el e retraction 2
: 500 Extention 3
g’ 400 - = = Retraction 3
; 300 Extention 4
- - = Retraction 4

200 g . Extention 5

100 T — - =Retraction 5
06— Extention 6
0.0000 0.0003 0.0006 0.0009 0.0012 0.0015 — — Retraction 6

Strain (m/m)

Figure 4.28 Voltage-strain curves for the PANI/MWCNT sensor. Note initial linearity
of the sensor then marked change in slope in which there is an apparent step, then linear
once again at much lower slope.
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Table 4.5 Slopes and intercepts for the PANI/MWCNT sensor given in Figure 4.28.

Slope [mV/strain] | Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
Section 1 810574 | 832298 | 726813 | 606265 | 554590 | 508097
Section 2 270135 | 212610 | 216208 | 184250 |210864 | 190580
Section 3 25577 26860 26117 18852 20537 26283
Intercept [mV] Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
Section 1 26591 |329.22 ]393.02 |438.98 |[455.68 |476.29
Section 2 440.67 |492.51 | 51436 |528.52 |531.09 |541.62
Section 3 59496 | 607.21 |62492 |630.15 |63524 |628.53

Voltage vs Strain-Strain Gage

4 ~— Strain Gage Run 1
o \,. ., — Strain Gage Run 2
Strain Gage run 3

~—— Strain Gage run 4

Voltage (mV)

0.0016— Strain Gage run 5

—— Strain Gage run 6

Strain (m/m)

Figure 4.29 Voltage- strain curve for strain gage. The strain gage shows linear Voltage-
strain behavior until unload and returns to the same start value.

Figures 4.28 and 4.29 show typical data for samples that responded as desired.
This dataset of one such sample shows six quasi-static loadings and instantaneous

unload cycles. This figure also provides typical data obtained from testing both the

85




sample sensor and the strain gauge. Shown are the results of the strain sensing capability
of PANI/11% MWCNT composites sensor and this information is compared to the
standard foil strain gage. Each test consisted of a 4-5 minutes’ pre-load preparation
period, a three-minute loading period and a 3 second unloading period. Generally, both
the sensor’s and the strain gage’s electric resistance change was essentially linear to the
applied strain and was related to the gage factor. Whereas the strain gage’s gage factor
applied over the entire range, for the PANI/11% MWCNT, this had to be recalculated
over three ranges. The first 4-5 minutes of the test (not shown here) indicated that the
system was in pre-load mode and had a residual strain to which both the sensor and
strain gage had to adapt before the test was begun. Each unloading occurred about 3
seconds after releasing the previous load. Again, a “no load” pre-load period was
introduced before the loading was begun for the next test. The strain gage appeared to
have returned to “zero” but the PANI/MWCNT sensor appeared to show some
hysteresis. The standard foil strain sensor responded quickly according to the load
applied to the beam. However, PANI/MWCNT composites sensor did not completely
return to “zero”.

As a new load was applied increasing the strain, the PANI/MWCNT composite
sensor responded and sensed the strain initially linearly with the input. Yet, the slope
for the sensor appeared to have 3 distinct regions: rapid change up to strains of 0.0002-
0.0004, then a lower slope to about a strain of 0.0004-0.0006, then an even lower slope
over the remainder of the test cycle before the load was removed. However, when one
evaluated the six cycles we noted the similarity of the load-time graphs. We noted that
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the sensor was more sensitive showing changes in voltage that were several orders
larger than those of the strain gage. This was true for all 3 regions. For the strain gage,
the results of 6 tests were similar. Therefore, it was concluded that the PANI/MWCNT
composite sensor sensed similarly to the conventional foil strain gage but the slope of
the load displacement curve (i.e., voltage/strain curve) was not uni-valued, though in
terms of repeatability and linearity it was repeatable. When one compared the slope of
the stress-strain curve in these three regions (not shown here), the slopes were found to
be within a few percent of each other.

We also noted a small step in the load time curve towards the middle of the second
linear region, which indicated that the internal makeup of the PANI/MWCNT
underwent some type of change, perhaps slippage of the MWCNT over each other,
thereby reducing the sensor gage factor. We also noted that when the load was suddenly
released a “wave-like” behavior appeared in the trace and was due to the tensile
machine not having an unloading program that used an unloading rate that was the
negative of the loading rate. Yet, as the sensor cycled through several cycles the

unloading trace and the loading trace tended toward stable and similar traces.

4.3 Conclusions

Different composites of PANI/MWCNT sensors were created to evaluate their
morphological properties and sensing and damping capabilities versus a standard foil
strain gage. The sensor’s damping capabilities was also compared with a constrained

layer damping system.
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PANI/MWCNT nanocomposites were synthesized through an in situ
polymerization method. Frit compression method was introduced to make
PANI/MWCNT nanocomposite films/discs. SEM and TEM results showed that this
technique produced a coating of PANI onto the MWCNT.

Preliminary free vibration tests result showed that PANI/11% MWCNT displayed
higher damping ratio than pure PANI, PANI1/22% MWCNT, PANI/44% MWCNT and
pure MWCNT, meaning that further addition of MWCNT to increase the electrical
conductivity of the composite reduced the damping capability of the PANI/MWCNT
composite. The location of the clamped support of the cantilever beam was very
important to the magnitude of the damping ratio while performing the free vibration
damping tests. When the beam was clamped close to the sample end, with the sample
between the clamp and the free end, it displayed higher damping ratios than when the
beam was clamped to the free, uncovered end.

Damping test were also run for both single and double sided PANI/11% MWCNT
coverage on Al base beam. The results showed that by attaching the nanocomposite
sample to both sides of Al beam, the damping ratio was much higher than for the single
sided coverage. For example, the damping ratio reached a value of 0.072 when both
sides were attached, which was 18.85 times higher than the single side attached with
clamping on the sample side. Also, the free end vibration test results showed that for
the single sided and double sided attachment damping ratios followed the same trends.
However, the double-sided attachment was found to have higher damping ratios when

the sensor was placed close to the clamped end of the beam.
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The relationship of loss factor, 1, and beam coverage length, L1/L, was discussed
for single sided attachment and double sided attachment. The loss factor, 1, increased
as coverage length, L1/L, increased. The loss factor, 1, then decreased before increasing
again as the coverage length, L1/L, continued to increase. The trend for double sided
attachment was found to follow the trends discussed by Rao (2004) and Levy and Chen
(1994).

The thinner Al base beams were found to have higher damping ratios than the
thicker Al base beams. The damping ratios were again found to have a maximum that
depended on the amount of coverage of the beam by the sample. This could be
explained by the fact that the beam’s critical damping constant, which equals (4km)*?,
depended on the square of the beam’s height if one used a single degree of freedom
representation of the beam-sample system. Since the damping ratio was inversely
proportional to the critical damping constant, then decreases in beam height caused
increases in damping ratio, as experimentally shown.

The PANI/MWCNT sensor’s relation between load and displacement or strain
cannot be described by a single equation as found for a strain gage. The load-
displacement relationship appeared to have three regions in which the relationship was
quasi-linear. This was in line with an observation reported elsewhere (Levy, 2014),
namely, adding too much PANI to the sensor patch tended to destroy the linear sensing
capability of the sensor patch.

Loading cycle tests showed that though there appeared to be residual strain in

PANI/MWCNT sensor after the load was removed, the PANI/MWCNT sensor seemed
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to lag and showed some hysteresis in the next loading cycle. However, both the sensor
and the foil strain gage reacted linearly when re-engaged.

The dynamic sensing test results showed that over the range of 10-1000 Hz, the
PANI/MWCNT composite sensor was consistently superior to the foil strain gage for
sensing purposes since the highest peak consistently corresponded to the input
frequency and was much higher (e.g., 820 times higher at 20 Hz) than those of the strain
gage. At higher frequencies, the composite sensor performed better but the signal peaks
were not the largest.

Drift test of the sensor showed that it was stable. Other drift tests performed (Levy,
2014), showed that the PANI/MWCNT sensor was stable over many hours changing by
0.25 mV only over a 20 h period.

Lastly, not all samples created were capable sensors. However, the ones that
worked produced repeatable results. In comparison with viscoelastic (VEM)
constrained layer dampers, the same size PANI/MWCNT sensor may or may not be a

weight saver; but would surely be cheaper to produce.
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CHAPTER V
PREPARATION OF POLYURETHANE/MULTIWALLED CARBON NANOTUBE
AND CHARACTERIZATION OF THEIR STRUCTURAL DAMPING AND
STRAIN SENSING PROPERTIES

5.1 Introduction

Theoretical analysis have shown that the addition of CNT into a polymer matrix

can improve the damping ratio and stiffness of the matrix (Xu, 2013; Zhou et al., 2004),
while experiments of different MWCNT composite films have verified the theoretical
prediction (Xiong et al., 2006; Koratkar et al., 2002). Furthermore, MWCNT films have
been demonstrated to show the capability of being strain sensors (Li et al., 2008; Zhou
et al., 2004). PU has been shown to have unique dynamic properties in combination
with its high load-bearing capacity, properties which were broadly studied for vibration
control applications. Studies have been completed testing the damping properties of
MWCNT in PU matrix, for example, Sasikumar et al. (2012) and Xiong et al. (2006).
However, due to the large aspect ratio of the CNT, the dispersion and directional
alignment of the MWCNT in the polymer matrix was still found to be a great challenge.
Herein, several methods were used to make PU/MWCNT/ZnO nanorods/
nanowires composites films and PU/Buckypaper films. The advantages and
disadvantages of each method were compared. Finally, a layer by layer attachment
method was employed to make PU/Buckypaper composites, and then they were

evaluated for their sensing and damping capabilities versus a standard foil strain gage
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and constrained layer damping system. A free vibration test method was adopted to
study their damping properties. Static and dynamic strain sensing properties were also
investigated. One of the advantages of such a composite sensor was its light weight

compared to a passively constrained layer damper.

5.2 Experimental Sections
5.2.1 Mold Casting Method to Make Pu/MWCNT/ZnO Nanowires Composites
Piezoelectric materials, as the most popular smart material in the last two decades,
had been successfully used in many fields. When the aspect ratio of ZnO nanowires
was larger than 100, those ZnO nanowires were found to have piezoelectric properties
(Zhao et al., 2004). When the piezoelectric ZnO nanowires and CNT were embedded
into polymer matrix, it was expected that an internal circuit will be formed, which
changes the electric energy into joule heating, thereby enabling this composite’s

vibration control properties.

5.2.1.1The procedure of Fabrication ZnO nanowires

(NH4)2CO3 and Zn(NO3)2-6H20 were dissolved in distilled water to form 1.0 M
of (NH4)2COs solution and 1.0 M of Zn(NO3)a solution, respectively. 10 ml of 1.0 M
Zn(NOs3)2 solution was dropped slowly into 20 ml of 1.0 M (NH4)2COs3 solution, then
stirred vigorously to obtain a precipitate. The precipitate was filtered and repeatedly
rinsed with distilled water to remove the residual reactants. Then, it was dispersed in
70 ml distilled water by stirring for 5 min. The obtained suspension was transferred into

a Teflon-lined 100 ml hydrothermal reactor. The hydrothermal synthesis was conducted
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at 160 °C, 180 °C and 200 °C, for 12 h, 16 h and 20 h in an oven (See Table 5.1),
respectively. After the reaction was completed, the white product was collected and
washed by alcohol. Finally, the ZnO nanorods/nanowires were obtained after drying at
90 °C for 12 h (Kim et al., 2011.).

The morphology of the as-synthesized ZnO products was observed by TEM. The
TEM images, selected area electron diffraction (SAED) pattern of the ZnO nanowires,
were obtained by using an accelerating voltage of 200 kV. It could be seen that when
the obtained precipitate was under 200 °C hydrothermal reaction for 20 h, the ZnO

nanowires were obtained.

Table 5.1 Conditions of synthesizing ZnO nanorods/nanowires.

Reaction time / h 12 16 20

Temperature /°C | 160 | 180 | 200 | 160 | 180 |200 | 160 | 180 |200

From the TEM image of the as-synthesized ZnO nanowires shown in Figure 5.1(c),
most of the ZnO nanowires had diameters of 20-200 nm and lengths longer than 20 um
(See Figure 5.2), indicating the aspect ratio was more then 100:1. These nanowires were
relatively straight and their surfaces were very smooth. A typical SAED pattern (Figure
5.1(d)) taken from a single ZnO nanowire was indexed as a hexagonal structure of ZnO

recorded from the [1 0 2 2] zone axis, which indicated that the as-synthesized ZnO

nanowires were similar in nature to single crystals.
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Figure 5.1 TEM image of the hydrothermal synthesized ZnO at (a) 160 °C, (b) 180 °C,
(c) 200 °C for 20 h and (d) a typical SAED pattern of a single ZnO nanowire.
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Figure 5.2 TEM images of the hydrothermal synthesized ZnO at (a) 160 °C and (b) 200
°C for 20 h.

Also, the evolution of the products by changing the temperature and time of the

hydrothermal reaction were studied. When the temperature was below 200 °C, such as
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160 °C or even 180 °C, the ZnO particle did not grow into nanowires even if the other
reaction conditions remained the same. The synthesized ZnO at 160 °C for 20 h shown
in Figure 5.1(a) and Figure 5.2(a) indicated that the ZnO have diameters of 12-25 nm

and their lengths just about 0.2 um.

Table 5.2 Diameters, length and aspect ratio of nano-ZnO in different synthesizing
conditions.

Synthesis temperature / °C Diameter/nm Length/um | Aspect ratio
160 12 ~25 0.1~0.3 3~6
180 20~ 100 02~04 5~10
200 20 ~ 1000 20 ~ 200 >100

5.2.1.2 Dry Heat Treatment of MWCNT

Dry heat treatment was performed for the refinement of MWCNT to improve its
dispersion efficiency. About 8 g MWCNT was spread equally into a 2x4 cm bottom of
ceramic bowl. Then the bowl was put into a muffle furnace for 80 minutes with the

temperature of 450 °C for the refinement.

5.2.1.3 Fabrication of PU/MWCNT, PU/ZnO and PU/MWCNT/ZnO nanowires films
Polyurethanes are the most commonly used viscoelastic materials for vibration
control. Herein, PU was used as the polymer matrix due to their good adhesive

properties, lack of by-products, and near-zero shrinkage during polymerization (Ishida
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and Allen, 1996). Piezoelectric ZnO nanowires and CNT were used both as the power
generator and conductive component. Thus, an internal circuit was expected to be
formed, which was expected to transform the electric energy into joule heating. The
transformation of the vibration energy into Joule heat inside the composite was
expected to cause damping of the vibration. By controlling the resistance of the

composite, the damping process was expected to be enhanced (Uchino, 2000).

5.2.1.4 Production of PU/DMF Solution

Dimethylflouride (DMF) was used as dispersion solvent to produce dispersion
solution (Rijn et al., 2004). Four gram of PU, 40 ml DMF and one magnetic stir bar
were put into 50 ml conical flask. Then, the conical flask was put on the magnetic stirrer

to stir for 24 h at 80 "C.

5.2.1.5 Production of PU/MWCNT, PU/ZnO Nanowires and PU/MWCNT/ZnO

Nanowires Films

Four ml PU/DMF was put into a 15ml glass tube. Sixteen mg of well treated
MWCNT (ZnO nanowires, or both 16mg MWCNT and 16mg ZnO nanowires) were
added into it. The well-sealed tube was treated by ultrasonic waves for 3 h under normal
temperature. Then, a homogenizer was used to mix them further for 1 hour at room
temperature at a mixing speed of 30,000 rpm. The mixed solution was poured
immediately into a silicone oil pretreated 2.5%2.5 cm glass mold and then put into 110
'C oven for 2 h to evaporate the DMF. After cooling down, the films were peeled off

the glass mold very carefully. Thus, the PU/MWCNT, PU/ZnO nanowires and
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PU/MWCNT/ZnO nanowires films were produced. The thickness of the produced films

was about 150 um.
450 °c, 80 min

DMF ‘
]

0
' 80°c,12h
30 min @ peel out -
U

silicon oil pretreated

Figure 5.3 Procedures of making PU/MWCNT/ZnO nanorods/nanowires composites
films.

5.2.2 Binding Layer Method to Make PU/MWCNT/ZnO Nanorods/Nanowires Films

The procedures to make PU/MWCNT was the same as Section 5.2.1.5. Pure PU
layer was made by the following procedure: Four gram of PU, 40 ml DMF and one
magnetic stir bar were put into 50 ml conical flask. Then, the conical flask was put on
the magnetic stirrer to stir for 24 h at 80 'C. The solution was poured immediately into
a silicone oil pretreated 2.5%2.5 cm glass mold and then put into 110 “C oven for 2 h to
evaporate the DMF. After cooling down, the films were peeled off the glass mold very
carefully. Hence, the pure PU film was produced. The PUMWCNT/ZnO nanorods
composite films were made by attaching the PU layer to the Al base beam first, and
then the PU/MWCNT layer was attached upon the PU layer. Finally, the MWCNT/ZnO

nanorods were poured upon the PU/MWCNT layer (see Figure 5.4). Then, the
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composites films were produced by putting the previous combination of layers into a

110 °C oven for two hours.

MWCNT/ZnO nanorod: control the electrical resistance

PU/MWCNT: binding layer PU layer: electrical nonconductive

Figure 5.4 Schematic diagram of make PU/MWCNT/ZnO nanorods composites films.

5.2.3 Oriented Method to Make PU/MWCNT/ZnO Nanorods/Nanowires Films

As Figure 5.5 shows below, MWCNT and ZnO nanorods were brushed upon pure
PU film, which was previously attached on to the Al base beam. With this fabrication
method, we expected to evaluate the properties of oriented nanomaterials such as

MWCNT and ZnO nanorods/nanowires and how they performed in composites films.

get oriented MWCNT & ZnO nanorod

MWCNT or MWCNT/ZnO nanorod

PU layer: electrical nonconductive

‘V

Figure 5.5 Schematic diagram of make PU/MWCNT/ZnO nanorods composites films.
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5.2.4 Problems Encountered with Those Methods
5.2.4.1 Disadvantages of Mold Casting method

Mold casting method used to make PU/MWCNT/ZnO nanorods composites films
was ideally expected to produce an internal circuit. Then, it was expected that any
change in the electric energy of the composite would be converted into joule heating
which would enable this composite to have vibration control properties. Though the
composites films made by this method showed damping properties could be achieved,
such films were found not to have both damping and strain sensing properties.

Firstly, in order to test the sample using both the free vibration test method and the
static and dynamic strain sensing, it was necessary that the PU/MWCNT/ZnO
nanorods/nanowires composites films be attached to the Al base beams. To avoid the
effect of the electric conductive properties of the Al base beam, non-conductive
adhesive was used to attach the PUMWCNT/ZnO nanorods/nanowires composites
films to the Al base beam, as shown in Figure 5.6. However, PUMWCNT/ZnO
nanorods/nanowires composites films were found to react with the non-conductive
adhesive causing the sample to curl and lose full contact with the Al base. This
effectively nullified the sample’s ability to sense strain changes.

Secondly, the PU/MWCNT/ZnO nanorods/nanowires composites films that were
made were expected to have a suitable electrical resistance, which was necessary for
the sample to be used as a strain sensor. However, our PU/MWCNT/ZnO
nanorods/nanowires composites films displayed too large a value of electrical

resistance for a strain sensor. This is because the PU is an electrical non-conductive
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material and the combination of the PU/MWCNT/ZnO is dominated by the PU causing

the value of the electrical resistance of the film to be too high.

PU/MWCNT /ZnO nanorod composite film

— Al base beam

non-conductive adhesive

Figure 5.6 Schematic image of PU/MWCNT/ZnO nanorods/nanowires composites
films attached upon Al base beam with non-conductive adhesive.

5.2.4.2 Disadvantages of Binding Layer Method and Oriented Method

Because of the disadvantages in using the mold casting method, a new methodology
was used to make PU/MWCNT/ZnO nanorods/nanowires composites films, namely,
the binding layer method and oriented method were attempted to make the composite
film, the details of these methods are found in section 5.2.2 and 5.2.3. Also, an attempt
was made to use pure PU layer to replace the non-conductive adhesive as a means of
binding the sample to the Al base beam. This attempt also did not work.

We also tried to place the MWCNT (or/and ZnO nanorods) upon the film to avoid
the electrical non-conductive problem we encountered with the mold casting method.
However, there were technical difficulties to do this. So, a layer by layer attachment

method was employed and is explained in the following sections.
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5.2.5 Layer by Layer Attachment Method to Prepare Pu/Buckypaper

Buckypaper was bought from Nano-lab (Newton, MA, www.nano-lab.com). The

procedures Nano-lab provides to make Buckypaper is briefly summarized in the
following paragraph.

MWCNT was purified by placing into the mixed acids (hydrochloric acid (HCI)
and nitric acid (H2SO4)) to remove the catalyst iron particles. The MWCNT were then
washed with deionized water until they were neutralized. Then, the material was filtered,
dried and reground into powder. Nanosperse AQ, which is a surfactant was added into
MWCNT to form a stable suspension. Finally, the suspension was pressed through a
filter, resulting in the MWCNT as residual film on the filter surface. The Buckypaper
was obtained when peeled from the filter surface. The Buckypaper was made of hollow-
structured MWCNT with 15+5 nm outer diameter, about 5-20 microns in length and
purity higher than 95%. The thickness of the MWCNT film was around 100 microns

and the relative density was about 50%.

Buckypaper PU -

Glass mold

—— | I | N

Figure 5.7 The process for preparation of PU/Buckypaper.

The Buckypaper received from Nano-lab was cut into 3.5 cm x0.9 cm*x100 pm
sections and placed into 6 cm x1.3 cm*0.3 cm glass mold very carefully so that there

was no space between the mold and the Buckypaper.
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Four grams PU were dissolved into 50 ml DMF. Four ml of PU/DMF were cast in
the Buckypaper filled glass mold. Then, the mold was put in 100 °C oven to dry for 5
h. After that, the PU/MWCNT composites were obtained by peeling them off the glass
mold. The thickness of the PU is about 80 um. So, the total thickness of the

PU/MWCNT is around 180 um. The process is briefly shown in Figure 5.7.

5.2.6 Sample Setup for Free Vibration Tests
5.2.6.1 Single Side Attachment Mode

The first single side attachment model was aimed to evaluate the differences in
performance among pure PU, Buckypaper and PU/Buckypaper composites. Firstly, 3.5
cm x 0.9 cm (length x width) of pure PU, Buckypaper and PU/Buckypaper with 80 um,
100 pm and 180 pum in thickness, respectively, were attached to 9.5 cm x 0.9 cm X
0.048 cm aluminum base beam single side by a thin layer of adhesive (see Figure 5.8).
Three very thin layers of nonconductive 3M CA100 liquid instant adhesive were used
to cover these samples to separate the samples from the environment. Each specimen
was dried at room temperature for 24 hrs. The base beam material used was 6061-T6
Aluminum.

The red dashed lines shown in Figure 5.9 defined the two possible locations where
the beam was clamped. The side of the Aluminum base beam without the attachment
of samples were tested then cut 1 cm at a time and the results were compared. The

unclamped side was then made to vibrate and the damping ratio was determined.
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Sample made of PU or Buckypaper or PU/Buckypaper Cutting

Figure 5.8 Schematic images of single side attachment. The dimension of samples, Al
beams and the locations where samples were attached, the locations (red line) where
the beam was clamped and the directions and lengths for beam removal.

Buckypaper Cutting
: 4 _» PU <
I <
# ke >
O
! 3.5cm 16 cm
Buckypaper

PU Clamping |
é/ < 1%
>« »le =1

1 cm 3.5cm 16 cm I1 cm

Figure 5.9 Schematic images of single side’s attachment. The dimension of samples, Al
beams and the locations where samples were attached, the locations of sample side #
and free end side * where the beam was clamped and the directions and lengths for both
beam removal and clamping.

The second single side attachment model was built to investigate how the damping
changed as a function of the coverage of PU/Buckypaper to aluminum base beams. The
PU/Buckypaper with dimension of 3.5 cm x 0.9 cm x 0.018 cm was attached upon a
20.5 cm % 0.9 cm x 0.048 cm Aluminum base beam on one side (see Figure 5.9) using

a thin layer of glue as discussed in the previous paragraph. The specimen was dried at

103



room temperature for 24 hrs. Free vibration comparisons were made by using either the
sample side, #, or the uncovered side, *, alternately, as the fixed support for the
cantilever beam. The red dashed lines shown in Figure 5.9 defined the locations where
the beam was clamped. The side of the Al base beam without the attachment of samples
were either cut or clamped 1 cm at a time until the clamp was next to the sample. The
unclamped side was then made to vibrate and the damping ratio was determined and

the results were compared.

5.2.4.2 Both Sided Attachment Mode

All the dimensions of sample and aluminum base beams, the clamped locations and
the directions and lengths for both cutting and clamping were kept the same as the
second single side attachment mode described above. The only change that was made

was that the aluminum base was covered on both sides by the sample (See Figure 5.10).

Buckypaper Cutting

:+ _» PU <
#ﬁ

1 3.5cm 16 cm

Buckypaper

PU Clamping |
é/ < I

|y (—— 4__.i
> >

lem 3.5cm 16 cm b cm

Figure 5.10 Schematic images of double sides’ attachment. The dimension of samples,
Al beams and the locations where samples were attached, the locations of sample side
# and free end side * where the beam was clamped and the directions and lengths for
both beam removal and clamping.
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5.2.7 Damping Test Methodology

The cantilever beams of Figures 5.8, 5.9 and 5.10 were given the same, small initial
displacement and then released for free vibration. Unclamped end displacements were
measured by a laser vibrometer and a two channels digital oscilloscope was used
display and store the signal. Five trials were made for each setup and the mean value of
the damping ratio was calculated. This ratio can be related to the logarithmic decrement
of consecutive maxima of end displacements and can be correlated to how much
vibration energy is removed from the sample. The higher the damping ratio, the better

the sample acted as a damper.

5.2.8 Sample Setup for Drift, Static Tensile Test, and Dynamic Tests

The sensor was bonded to the center of a 50-mil thick 6061-T6 Al rectangular bar
using 3M CA100 liquid instant adhesive. Each specimen was held in place by a weight
and dried in room temperature for 24 hrs. The bonding area was prepared to ensure a
smooth surface, as is normally defined for a foil strain gage, with no oxide formations
on the surface. A foil strain gage, Omega SGD-30/350-LY 40, 3 cm long x 0.3 cm wide,
was bonded to the opposite side of the substrate. 24 AWG solid wire was used to
connect decade resistor boxes manufactured by Eisco Labs in a Wheatstone bridge
setup for the sensor or the foil strain gauge. Prior to testing, resistance of the sensor and
strain gage was measured and the corresponding decade resistance boxes were set to
match. The decade resistor boxes have a resolution of about 1 Ohm. This causes the

initial millivolt potential difference to rarely start at zero. To compensate for this, where
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appropriate, data points were shifted to allow for comparison of different sensors.
Constant voltage was provided during testing by B&K precision power supply (1745A).
The voltage supply was set to 5 volts for measured resistance above 20 Ohms. For
resistance below 20 Ohms, the voltage supply was set to 2 volts. Signals from the drift
and strain measurement tests were collected using National Instruments NI cDAQ-9172
board and LabView software. Signals from the Dynamic sensing tests were collected
using Data Translation DT9837C and SpectraPLUS-DT. Linearity and sensitivity of the
sensor were evaluated using quasi-static loadings. These loadings were carried out

using a United SSTM-2K model tensile test machine.

5.2.9 Drift Test Procedures

The mounted sample was connected to the measurement system and placed in a no
load and ambient temperature condition for at least 24 hours prior to testing. The test
equipment was then turned on, and at least 30 minutes of data were collected for each

sample. The drift test was performed several times for the sake of repeatability.

5.2.10 Static Test Procedures

The mounted sample was placed in the tensile testing machine and connected to the
measurement system. The system was left idle for at least 1 hour prior to testing to
remove any accumulated stresses due to mounting. Signal collection was initiated. The
tensile test system was set to extend at a rate of 0.001” +/-0.0005” per minute. This way
the system was operating quasistatically. The system was set to increase ramp force at

the set extension rate until 400 lbs. of force was achieved. The system was then set to
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instantaneously reduce load to 0 Ibs. This procedure was repeated multiple times to

determine repeatability of the results and hysteresis in the system.

5.2.11 Dynamic Test Procedures

The sample was mounted onto a cantilever beam system. The sensor was located as
close as possible to the fixed end. The free end was attached to a vibration drum that
was vibrated at specified frequencies. An accelerometer was attached to the free end,
as close to the center of the vibration drum as possible. The accelerometer linked into
a feedback loop that ensured that the acceleration of the free end was correct according
to the frequency versus acceleration profile. This profile was set up such that the
acceleration started at 10 Hz and 10 g’s, ramped up to 20 Hz and 20 g’s, then held a
constant acceleration of 20 g’s from 20 Hz to 6000 Hz. The control system was then set
to run a specified frequency or the system was swept across a range of frequencies. The
resulting signals were collected and analyzed using the Hanning FFT algorithm. The
peak hold data for the signals were collected over the course of 500 signal samples
using a sampling rate of 11000 Hz for an input frequency range of 10 to 1000 Hz and
60000 Hz for an input frequency range of 1000 to 5000 Hz. Five sets of peak hold data

were taken and analyzed.

5.3 Results and Discussion
5.3.1 Damping Ratios of PU, Buckypaper and PU/Buckypaper Composites
The free end vibration test has already shown that the Buckypaper has strain

sensing properties (Buffa et al., 2007). Also, PU has been broadly studied because it
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has excellent damping ability. Herein, the free end vibration test method was adopted
to study the damping behaviors of PU, Buckypaper and their layer by layer
PU/Buckypaper composite. For the Al base beam the single side attachment free
vibration trial results are shown in Figure 5.11 (see Figure 5.8 for the configuration of
the tests setup). Many tests were run and no delamination in the PU/Buckypaper

composites was observed in any of the specimens used.
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Figure 5.11 Damping ratios comparison of PU, Buckypaper and PU/Buckypaper
composites. Error bars are shown for each sample at each beam length.

From Figure 5.11, PU/Buckypaper sensors have higher damping ratios than their
individual components (pure PU film and Buckypaper) in different lengths of Al base
beams. Also, with the length of the beam decreased, the damping ratios of pure PU film,
Buckypaper and their combination PU/Buckypaper film increased. In other word, with

the beam coverage increased, the damping ratios of pure PU film, Buckypaper and their
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combination PU/Buckypaper film increased. The differences of damping ratios
between pure PU and Buckypaper are not distinguished for with the four different

coverage of the Al base beam.

5.3.2 Damping Results for Single Side Attachment

As mentioned previously, the reason for the creation of the composite was for use
as a sensor-actuator with damping capabilities. To check on the damping capability
aspect, several tests were performed. For the Aluminum base beam, single sided
attachment test (see Figure 5.9 for the configuration of the tests setup), free vibration
trial results are shown in Figure 5.12.

Five trials were run for each of clamping conditions listed. The results clearly
showed that the damping ratio initially increased as the distance from the free end to
the sample decreased for both clamping on the free end side * and clamping on the
sample side # (see Figure 5.12). Then, it decreased as the distance from the free end to
the sample further decreased for both clamping on the free end side * and clamping on
the sample side #. For both clamping on the free end side * and clamping on the sample
side #, the damping ratio reached the highest values 0.0124 and 0.0202, respectively,
when the distance from the free end to the sample was 6 cm. Comparing the highest
damping ratios, 0.0124 and 0.0202, when the distance from the free end to the sample
was the same 6 cm, it was determined that clamping on the sample side # was 162.9%
higher than when clamping on the free end side *. The trends were found to follow

previous published results for constrained layer viscoelastic dampers.
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Figure 5.12 Damping ratios of single side attached PU/Buckypaper clamped on the free
end * side and the sample # side. Error bars are shown for each result shown.

There was a further increase of the damping ratio after it decreased for the case
where the clamping was on the free end side *. This was reasonable when compared
with the trend of the damping ratio of clamping on the sample side. The damping ratios
remained lower for each new beam length trial when clamped on the free end side
compared with the value for each beam length trial when clamped on the sample side.
However, the damping ratios had to be the same when the beam being tested became
symmetric with respect to the vertical axis; meaning, it didn’t matter whether you tested
the clamped side or the free end side, both had to be the same configuration leading to

the same damping ratio.

5.3.3 Damping Results for Single Side Attachment
The double sides’ attachment setup which is shown in Figure 5.10 displayed the
same trend of damping ratios as single sided attachment (See Figure 5.13). However,

the double-sided attachment had higher damping ratios compared with single side
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attachment. It reached the highest damping ratio of 0.033 with double sides’ attachment
when the sample’s right end was 3 cm away from the free end. Also, the damping ratio
differences between clamping on the sample side and clamping on the free end with the
same distance from the free end to the sample was bigger for double sided attachment
than for the single sided attachment. An increase in damping ratio when clamped on the
free end side was noted, which was just like the single side attachment trend. The Y-

coordinate value was very close at the 0-cm value of X-coordinate, which was expected.
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Figure 5.13 Damping ratios of double sides attached PU/Buckypaper clamped on the
uncovered * side and sample # side. Error bars are shown for each result shown.

When one compared the loss factor as a function of the non-dimensional coverage
length in both these cases, the graphs of Figure 5.14 are obtained. Here, the loss factor,
1, is twice the damping ratio for small damping ratios up to 0.3 (Li et al., 2014; Rao,
2004). Similarities were noted in trends of the loss factor for the sample side clamping
condition, #, when compared to Chen and Levy (1996). First the double-sided coverage

produced a higher loss factor which increased as the sample length to the beam length
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(L1/L) increased and then the loss factor began to decrease as beam coverage, L1/L
tended to 1.

An analysis of the loss factor versus non-dimensional coverage length when
clamping was on the free end side, *, is also undertaken. This analysis was found to
apply for the single side and for the double side coverage, as well. The loss factor for
small L1/L is best be described as that for a sample starting to act as a passive layer
type damping element with an end mass. But as the beam material was removed,
thereby increasing L1/L, the loss factor of the sample transitioned to more of a loss
factor for a passive layer type damping element covering more and more of the beam.
We noted that the loss factor, 1), first increased with coverage length, L1/L, though its
value was several times smaller than its value when the beam was clamped on the
sample side. In this configuration, the sample acted as a small mass at the end of the
beam and coverage length effects dominated. Then the loss factor was found to decrease
to a minimum value before increasing again as L1/L, the dimensionless coverage length,
increased. This decrease was probably due to the fact that as more beam was removed,
the sample started to act as a larger end mass compared to the mass of the beam and
that becomes the dominating effect. Such a system would tend to execute relatively
larger end displacements, and, according to Rao (2004), for viscoelastic materials, this
would imply a lower loss factor (see Rao (2004)). As more beam material was removed,
a second increase occurred in the loss factor due to the sample transitioning from being
like an end mass to beginning to cover most the beam. This behavior was like that found
in Chen and Levy (1996) for the vibration of a viscoelastic constrained layer damping
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of a beam with end mass. However, this increase-decrease-increase phenomenon in the
loss factor was noticed for both the single side and double side coverage of the beam.
Though Chen and Levy (1994, 1996) investigated the change in L1/L by increasing L1
and keeping L fixed, the behavior seen in this investigation can be deduced from the
results found in (Chen and Levy, 1996; Levy and Chen, 1994) and follow the trends
therein. However, the differences in loss factor between single sided and double sided
coverage were much larger in (Chen and Levy, 1996) compared to what was noted here
because of the materials used. Yet, the trends in (Chen and Levy, 1996) and shown in

this work were very similar.
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Figure 5.14 Comparison between single side and double sided attachment of the
PU/Buckypaper sample for both clamping conditions.

5.3.4 Static Sensing Properties
5.3.4.1 The Drift Effect
The stability of each sensor was tested and typical results for some samples and

strain gage are shown below. The drift test was executed for the sample and for the

113



strain gage for a period of 30 minutes or more. The voltage data were captured and for
the sensors were shifted so that average recorded signal value was zero. This allowed
for direct comparison of the sensors on the graph. The change in voltage per hour for
typical results are also tabulated below. The correlation of the data was small because
significant noise was generated in the results due to the high sampling rate. Therefore,

other measurements given in succeeding sections do not include the correlation values.

Table 5.3 Trend line slopes and R-values.

Type of Sample A mV/hour R?

PU/Buckypaper-blue line -0.6184 mV/h 0.0353
PU/Buckypaper-black line -1.7925 mV/h 0.0437
Strain Gauge-green line 0.0866 mV/h 0.0003

Drift Trendlines for Strain Gages and PU/Buckypaper Sensors

.............................................

-10.00 10.00  20.00  30.00  40.0050:00---..60.00. . 70.00
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--------- Linear (Strain Gage Normalized) Linear (Sensor 5 Normalized)
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Figure 5.15 (a) Drift trendlines for typical PU/Buckypaper sensor and strain gage.

114



10 10

< S
E ° E°®
b [<5)
g g (0 ; ' .00
5 -5
-10 -10
Time (minutes) Time (minutes)

Figure 5.15 (b) Drift test for PU/Buckypaper sample (sensor 5) (left) and (c) drift test
for strain gage (right).

Figure 5.15 (a) shows typical results for one strain gage and two sample sensors.
The strain gage showed almost no changes over the test period though there was a slight
downward slope to the line. The sample sensors also exhibited very small slopes as
well. Figures 5.15 (b) and 5.15 (c) show actual traces for one of the samples and the
strain gage where the sensor voltage changed by -0.6184 mV/hr while the foil strain
gage changed by -0.0866 mV/hr. The results of this testing showed that some samples
were unstable and had significant drift while others were much more stable but
consistently had a drift that was one order of magnitude larger than that of the strain
gage. This was reasonable since our testing apparatus could not be moved and had no
way of isolating our samples from outside vibrations. Foil strain gages were consistent

and are known to be stable in this type of environment.

5.3.4.2 Linearity and Repeatability - Static Tensile Test
Linearity and repeatability are two very important characteristics for strain sensors.
It is desirable that the relationship between the applied strain and the output voltage be
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linear. The source voltage for the sensor and the foil strain gage in Figure 5.16 are

equivalent.

PU/Buckypaper & Strain Gage Tensile Test

Voltage (mV)
N

0
0 2 4 6 8 10 12 14 16 18 20
-2
Time (minutes)
Strain Gage PU/Buckypaper Strain Gage PU/Buckypaper

Figure 5.16 Raw data of repeat loading comparison of PU/Buckypaper and strain gage.

Figures 5.16-5.18 shows typical data for a specific sample that responded as desired.
This specific dataset were a result of two quasi-static loadings and instantaneous unload
cycles. Figure 5.16-5.18 provides typical data obtained from testing both the sample
sensor and the strain gauge. Provided are the results of the first tensile test loading in
which the strain sensing behavior of PU/Buckypaper composites sensor acted similarly
to the conventional foil strain gage. Generally, both the sensor’s and the strain gage’s
electric resistance change was essentially linear to the applied strain and was related to
the gage factor (Figure 5.16). The first 4 minutes of the test indicated that the system
had a residual strain to which the sensor and strain gage had to adapt to before the test
was begun. The second loading occurred about 30 seconds after releasing the previous

load. Again, a “no load” period between the 10™ and the 13™ minute was introduced
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before the loading was begun again. The strain gage appeared to have returned to “zero”
but the PU/Buckypaper sensor appeared to lag and showed some hysteresis. The
conventional foil strain sensor responded quickly according to the load applied to the

beam. However, the PU/Buckypaper film sensor did not completely return to “zero”.

PU/buckypaper and Strain Gage Tensile Test

6 SG1
slope = 0.5545 mV/min
S° se2 e [N
E 4 slope = 0.6694 mV/min :
@ 3 ¥ e
=2 ASER N SRl PU/CNT1
S 2 laeen i ot o slope = 0.6024 mV/min
1] SR ' PU/CNT2
0! slope = 0.3033 mV/min
0 1 2 3 4 5 6 7
— Strain Gage Time (minutes) PU/Buckypaper
— Strain Gage 2nd Run - PU/Buckypaper (2nd run)

Figure 5.17 Linearity of repeat loading comparison of PU/Buckypaper and strain gage.
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Figure 5.18 The loading/unloading comparison of PU/Buckypaper versus strain-first
load (gray)/unload (red) and second load (yellow)/unload (blue) of the sensor.

As a new load was applied, thereby increasing the strain, the PU/Buckypaper

composite sensor responded and sensed the strain in a linear way with the input. Yet,

117



the slope of the response graph for the sensor appeared to be different than during the
first load cycle. Hence, both sensors have a linear voltage output. By factoring out the
lag in response of the second loading, all four output trend lines were deemed relatively
parallel (Figures 5.17-5.18). Additionally, Figure 5.18 gives the voltage response
relative to strain, as well, and the slopes of those lines for both types of sensors. Since
the input voltage and output voltage were equivalent or relatively similar, so were the
gage factors. Therefore, the PU/Buckypaper composite sensor was sensing similarly to
the conventional foil strain gauge in terms of repeatability and linearity.
5.3.5 Dynamic Sensing Characteristic

Dynamic response performance is an important criterion for sensors. Standard foil
strain gages were used for comparison. Herein, the frequency sweep method was used
to study the sensitivity of the PU/Buckypaper and the foil strain gages to input
frequencies. Frequency domain from 10 Hz to 1000 Hz was studied and the results are
presented in Figure 5.17. The FFT graphs consistently showed a response at 60 Hz of
0.418 mV for the PU/Buckypaper sensor and 1.47 mV for the foil strain gage. This
response was due to background source that was always present, namely the wall outlet
source, and can be disregarded. The results displayed in Figures 5.17(a)-(n) were typical
results for the sensor and strain gage.

Shown in Figures 5.19(a)-5.19(f) are the sensing results over the range of 10 Hz to
200 Hz. In this range the PU/Buckypaper composite sensor was either the same or was
superior to the normal foil strain gage for sensing purposes since the highest peak
consistently occurred at the location of the input frequency. The foil strain gage was
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superior at 10 Hz and 200 Hz in the sense that it gave a significantly larger voltage
response when compared to the composite sensor. In higher frequencies, the composite
sensor either performed better or both signals were not very different from each other

for the purposes of sensing.
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Figure 5.19 Frequency response comparison of the strain gages and the PU/Buckypaper.
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Figure 5.20 Frequency response comparison of the strain gages and the PU/Buckypaper.

Figures 5.20 (a)-5.20 (d) indicates the frequency response in the frequency range
100-200 Hz. When the frequency was increased, the voltage output for both strain gage
and PU/Buckypaper composites decreased significantly. The voltage output of
PU/Buckypaper composites dropped to 0.77 mV at a frequency of 100 Hz and the strain
gage drops to about 3.98 mV. When the frequency was further increased to 1000 Hz,
the voltage output of both sensors remained of the same order, 0.0403 vs. 0.0365 mV
(see Figures 5.21(a)-(d)). It means that the PU/Buckypaper composites strain sensors
appeared to be better for structural health monitoring, which frequently uses the change

of the natural frequency as an index for detecting small cracks.
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Figure 5.21 Frequency response comparison of the strain gages and the PU/Buckypaper.
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Figure 5.22 Superposition of the frequency response functions of the PU/Buckypaper
sensor and foil strain gage in the 10-400 Hz range.

Figures 5.22(a) and 5.22(b) provides the superposition of the FRFs shown in

Figures 5.20-5.21 and represent the response of PU/Buckypaper or of the strain gage,
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respectively, to the different input frequencies. This is not a true FRF because the
frequency sweep method must be used to generate these graphs. The graphs were drawn
to provide a fuller picture of the dynamic sensing capabilities of each sensor. This is
fund advantageous for the comparison of the sensor and strain gage because it showed
how the signal could be used for frequency sensing. The graph for the PU/Buckypaper
composite sensor showed a sensor that responded to frequencies in the range of 10 to
200 Hz while at the same time showing that each frequency signal was distinguishable
from each other. The foil strain gage did not have this capability. The 10 Hz foil strain
gage response was found to eclipse all the frequency responses up to 200 Hz and
appeared to show a peak at 30 Hz, a frequency for which no sampling was made. For
the reasons stated, the PU/Buckypaper composite sensor appears to have responded in

a superior manner when compared to a foil strain gage.

5.4  Conclusion

High aspect ratio (>100) of ZnO nanowires were successfully synthesized. A
PU/Buckypaper sensor was created to evaluate its sensing and damping capabilities
versus a standard foil strain gage and constrained layer damping system. The free end
vibration test results showed that for the single side attachment, the damping ratios for
both PU film and Buckypaper were close, while PU/Buckypaper composites had higher
damping ratios than their individual components. For example, with 63.6% coverage of
PU/MWCNT on Al base beam, the damping ratio reached 0.194, which was 35% to

56 % higher than their individual components. For both single sided and double sided
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attachment, the damping ratios when clamping of the beam occurred on the sample side
were much higher than when clamping of the beam occurred on the free end side.

The relationship between the loss factor and beam coverage, L1/L, was discussed
for single and double sided attachment. Briefly, the loss factor, was found to increase
with increasing coverage length, L1/L. The loss factor, then decreased before increasing
again as the L1/L continued to increase. The trend for double sided attachment was
found to follow the trends discussed by Rao (2004) and Levy and Chen (1994).

The possibility of using the PU/Buckypaper as a strain sensor was also investigated.
Though, there was a drift for the PU/Buckypaper sensor during the one-hour long drift
test, the slope was relatively small. For example, for a one hour drift test, the voltage
change for PUMWCNT was -0.6184 mV.

Two loading cycle tests showed that though there was residual strain for both the
PU/Buckypaper sensor and the standard foil strain sensor for both loading cycles, the
PU/Buckypaper sensor appeared to lag and showed some hysteresis in the second
loading cycle. However, both sensors had a linear voltage output and all four output
trend lines were deemed relatively linear, and, in the first cycle, also parallel. Therefore,
the PU/Buckypaper composite sensor sensed in a similar fashion to the standard foil
strain gauge in terms of repeatability and linearity.

The dynamic sensing test results showed that over the range of 10 Hz to 200 Hz,
the PU/Buckypaper composite sensor was comparable to or superior to foil strain sensor
for sensing purposes since PU/MWCNT sensors showed more distinguished frequency
response than foil strain gage. In higher frequencies, the composite sensor either
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performed better than the conventional foil strain gage or both signals in the sensor and
the foil strain gage were not detectable to any accuracy for sensing- It means that the
PU/Buckypaper sensor has the potential to be strain sensor.

Lastly, not all samples created were capable sensors. However, the ones that
worked produced repeatable results. In comparison to viscoelastic material (VEM)
constrained layer dampers discussed in (Chen and Levy, 1996; Levy and Chen, 1994),
the same size PU/Buckypaper sensor would have a density that is 40% of the VEM and
6.4% of the density of the constraining layer, and would have similar damping behavior,

but would have more useful attributes for a sensor.
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CHAPTER VI
DISCUSSION OF YOUNG’S MODULUS

Young's modulus, also known as the elastic modulus, is a measure of
the stiffness of a solid material. It is a mechanical property of linear elastic solid
materials. It defines the relationship between stress (force per unit area) and strain
(proportional deformation) in a material (Roylance, 2008). For vibration and damping
analysis of the structure with damping materials, complex-valued modulus containing
elastic modulus and loss factor is frequently used by many researchers (e.g., Chen and
Levy, 1996, 1998; Rao, 2004; Li et al, 2007), for it can fully consider the energy
dissipation due to the damping materials.

There are several methods to test the Young’s modulus of a materials. They include
conventional tension method, pressure difference method, two-hydrophones method,
vibration method and nanoindentation method. For each method, the deviations are
different. For example, buckypaper has been demonstrated by nanoindentation method
to have Young’s modulus that can vary from 0.1 G Pa to 12 G Pa (Li and Levy, 2007).
This has happened because the random spaghetti-type arrangement of large numbers of
MWCNT resulted in large local porosity and agglomerates. If the indenter happened to
be applied in a very “solid” area with many aggregated MWCNT, the measured Young’s
modulus would be high, around 12 G Pa. However, if the indenter happened to be
applied in an “empty” location, the load relaxation then would take a long time and the
measured Young’s modulus would be a much smaller number.

The Nanoindentation method is useful for the atomic level characterization of
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Young’s modulus. However, it requires strict smoothness of the tested sample. If the
smoothness of the sample surface was not good, the deviation would be very high. Also
for the two components composites, for example, for our samples, the results of
nanoindentation of PANI/11% MWCNT and PANI/ 22% MWCNT would be scattered,

which as shown in Figures 6.1 and 6.2, respectively.
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Figure 6.1 Nanoindentation (loading—unloading curves) of PANI/11% MWCNT sensor.

Their Young’s modulus from these tests were found to be 2.72+1.54 G Pa and 2.37
+0.9125 G Pa. There were several reasons for this phenomenon. Two of the most
important ones were the non-smoothness of the samples’ surface and the different

components of the composites. As was found in Chapter III, the surface smoothness of
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PANI/MWCNT was between their individual components and PANI was found to have
the smoothest surface of both pure MWCNT and PANI/MWCNT composite for the
same fabrication method. The other reason was the different proportion of their
components. MWCNT has been demonstrated to have Young’s modulus of 0.91~1.24
T Pa (Qia, 2003), which is much higher than the PANI whose Young’s modulus was

reported as 1.3+0.2 G Pa (Valentova, 2010).

203 ] [ o v
o y /4, {1 A /
ey y/4 | ‘ ]
2100~ [ [ 1 / ," J

1/ z” &1 3 / /

2000~
1300 / : 5 7 H
1800- l‘ 1 ,f / 4
1700 :
i 4
1500~ :
1400~ {/ I ] ! 7

= 1300- 5' ’.lﬁin 4 g | ]
§ 1200 ' f ;

100
1000

]l 7 -
- 7 17l 7
J 4
/

T =l

ol
%-&.
—
]
\
~L
=1

00
700

800~ :

500 4 ”{?’/,"

0o : "/1' g
. / V . / / ~

nc // - ‘4/ / ™ -

200 /1 Vs /4

g 7 _r f L

Figure 6.2 Nanoindentation (loading—unloading curves) of PAN1/22% MWCNT sensor.

Figure 6.3 was the result of the MTS tension test and shows the load-displacement
relationship of the PANI/11% MWCNT. Three loading cycles were applied to the same

sample. From the Figure 6.3, the first and second line are almost parallel to each other.
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However, for the third run, the sample broke and the grips moved away from each other
showing more displacement when no load was applied. This was reasonable, since our
sample is a polymer composite and its internal structure wil-be adjusted once the strain

was applied, especially the first time the strain was applied, which was also

demonstrated in Chapter I'V.
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Figure 6.3 Tension test method (load-displacement) result for PANI/11% MWCNT.
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Figure 6.4 Tension test (1* and 2™ load-displacement) result for PANI/11% MWCNT.
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From the 1% and 2" load and displacement curves data was extracted and is shown
in Figure 6.4. The Young’s Modulus was calculated over the common set of loading
points shown in red. The Young’s modulus was then calculated using a linear least
squares method and values of 0.1833 G Pa and 0.1864 G Pa were obtained, respectively,
showing a difference of only 1.6%. The linear least square method correlation
coefficient for both lines were also compared and were found to be 0.9970 and 0.9947,
respectively, which meant that the linear least squares method had excellent fidelity to
the data.

However, the values of Young’s modulus of PANI/11% MWCNT tested by
nanoindentation and tension methods were very different because the MTS test
measured the global value of the Young’s Modulus while the nanoindentation test

measured the local value and the two results are found to be very different.
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CHAPTER VII
CONCLUSION AND FUTURE WORK
In this dissertation, Polyaniline/Multi-walled carbon nanotube film composites and
PU/Buckypaper film composites were prepared and their structural damping properties
and strain sensing properties were mainly investigated. Based on these experimental
results, frit compression method made PANI/MWCNT composites films and layer by
layer method made PU/MWCNT films show that they have structural damping
properties simultaneously with strain sensing properties. The main conclusions are

summarized here.

7.1 The Multifunctional PANI/MWCNT Composites Films

Both circular and rectangular shapes of PANI/MWCNT composites films were
made by frit compression method. Different compositions of PANI/MWCNT
nanocomposites films were compared by testing their structural damping properties and
strain sensing properties. Free vibration tests result showed that PAN1/11% MWCNT
displayed higher damping ratios than pure PANI, PANI/22% MWCNT, PANI/44%
MWCNT and pure MWCNT.

The location of the clamped support of the cantilever beam was very important to
the magnitude of the damping ratio while performing the free vibration damping tests.
When the beam was clamped close to the sample end, with the sample between the
clamp and the free end, it displayed higher damping ratios than when the beam was

clamped to the free, uncovered end. The results showed that by attaching the
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nanocomposite sample to both sides of Al beam, the damping ratio was much higher
than for the single sided coverage. By attaching the nanocomposite sample to both sides
of Al beam, the damping ratio reached a value of 0.072, which is 18.85 times higher
than for the single sided coverage. The relationship of loss factor, 1, and beam coverage
length, L1/L, was discussed for single sided and double sided attachment. The loss
factor, n, increases as coverage length, L1/L, increases. The loss factor, 1, then
decreases before increasing again as the coverage length, L1/L, continues to increase.

The strain sensor result showed that pure PANI, PANI/11% MWCNT, PANI/22%
MWCNT and PANI/44% MWCNT showed some stability like traditional foil strain
gauge. The PANI/MWCNT sensor’s relation between load and displacement or strain
is not described by a single equation as found for a strain gage. It appears to have three
regions in which the relationship is quasi-linear. This is in line with an observation
reported elsewhere (Levy, 2015), namely, adding too much PANI to the sensor patch
destroys the linear sensing capability of the sensor patch.

The dynamic sensing test results showed that over the range of 10-1000 Hz, the
PANT/11% MWCNT composite sensor was consistently superior to foil strain gage for
sensing purposes since the highest peak consistently corresponded to the input
frequency and was much higher, for example, at 20 Hz, 820 times higher than those of
the strain gage. In higher frequencies, the composite sensor performed better but the
signal peaks were not the largest. Drift test of the sensor showed that it was stable. It
showed that the PANI/MWCNT sensor was stable over many hours changing by 0.25

mV only over a 20 h period.
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7.2 The Multifunctional PU/Buckypaper Films

PU/Buckypaper films were made by pouring liquid PU upon Buckypaper. Free end
vibration test results show that PU/Buckypaper composites have higher damping ratios
than their individual components. The relationship of loss factor, and beam coverage
L1/L was discussed for single sided and double sided attachment. Briefly, the loss factor,
increases with coverage length L1/L increases. The loss factor, then decreases before
increasing again as the coverage length L1/L continues to increase.

For the strain sensor test, though, there is a drift for the PU/Buckypaper sensor
during the one-hour long drift test, the slope is relatively small. And the PU/Buckypaper
composite sensor senses similarly to the standard foil strain gauge in terms of
repeatability and linearity. The dynamic sensing test results showed that over the range
of 10 Hz to 200 Hz, the PU/Buckypaper composite sensor was comparable to or
superior to foil strain sensor for sensing purposes since PU/MWCNT sensors showed
more distinguished frequency response than foil strain gage. In higher frequencies, the
composite sensor either performed better or both signals were not detectable to any
accuracy for sensing than the conventional foil strain gage. In higher frequencies, the
composite sensor either performed better or both signals were not detectable to any

accuracy for sensing.

7.3 PU/ZnO/MWCNT composites
ZnO nanowires with high aspect ratio large than 100 were successfully synthesized.

However, it’s difficulty to get good dispersion of MWCNT and ZnO nanowires/
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nanorods into the PU matrix, which lead to the value of the electrical value of the

PU/MWCNT/ZnO nanowires/nanorods composites films too high to be strain sensors.

7.4 Future Research

The following topics are potential research areas of interest in the future:

(a) Discussion of the partially covered PANI/MWCNT multifunctional materials. As
we already did a lot of experiments in this area, there is a need to define the
theoretical support for the partially covered PANI/MWCNT multifunctional
materials. In this manner, a further analysis of the data can be accomplished when
evaluating changes in parameters.

(b) Investigation of the combination of CNT, Zinc Oxide nanorod and polymer as strain
sensors and structural damping materials and their preparation methods. The Zinc
Oxide nanorod has good piezeoelectrical properties. However, the problem is how
to create this type of composite and how to achieve good dispersion of ZnO and
MWCNT into the polymer matrix.

(c) Study of the environmental effects, such as temperature, humidity, fast cooling and
heating, on the multifunctional materials. As has been discussed by Li et al. (2007),
environmental effects can play an important role in the mechanical characterization
of the composite.

(d) Mathematical modeling for the MWCNT composites by either molecular dynamics
methods or other methods to explore its electrical and mechanical properties, which
will further our understanding of multifunctional materials for both damping and
strain sensing properties.
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