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ABSTRACT

Vibration damping property and flexural fatigue behavior of

glass/epoxy/nanoclay composites.

Ahmed Kabir

Recently, nano-reinforcement of polymers to form nanocomposites has attracted the
attention of researchers for their potential in property developments. This study
demonstrates that nanoclay fillers can improve vibration damping property and fatigue
behavior of conventional long fiber reinforced composites. Nanoclay was dispersed in
epoxy resin by a solvent-free high-speed mixing method using a high speed homogenizer.
This modified resin was used to manufacture S-glass/epoxy composite laminates by hand
lay-up and autoclave curing. The dynamic properties of the samples were tested using a
dynamic mechanical analyzer DMA 983. A maximum of 16.8% improvement in the
flexural storage modulus was achieved for adding up to 2 wt.% nanoclay in the
unidirectional laminate. The maximum improvement in the loss modulus was 22.5% in a
quasi-isotropic laminate for the same amount of clay loading. To see the damping effect
of nanoclay at higher frequency and amplitude, a log decrement test was carried out
where a maximum of 57% increase in damping ratio was observed. It was also interesting
to investigate the significance of property development including damping improvement
on fatigue life as vibration represents flexural fatigue load acting on the structure. A fixed
amplitude flexural fatigue test method was designed using an MTS machine. 66% and

133% improvement in flexural fatigue life at respectively 1 and 2 wt.% nanoclay



incorporation was achieved in the case of a cross-ply laminate. To validate these results,
log decrement tests were done and fatigue damage indexes were calculated after different
fatigue cycles. Both of them agree quite well with flexural fatigue test results. Nanoclay
increases the fracture resistance significantly which was characterized by optical and

scanning electron microscope.
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Chapter 1

1.1 Introduction

Damping is a very important factor related to the study of dynamic behavior especially
related to vibration for fiber reinforced composite structures. This property reduces noise
and vibration of the structures thus increases service life. Depending on the different
sources of energy dissipation, there are several mechanisms of damping in fiber-
reinforced composites as described in [1,2]; 1) The major contribution to composite
damping is due to the viscoelastic nature of the polymer matrix. Some of the fibers such
as carbon and Kevlar fibers have significant damping compared to other types of fibers.
i1) Damping due to interphase: Interphase possesses a considerable thickness and its
properties are different from those of embedded fiber and matrix. The interphase can be
weak, ideal or strong, and accordingly affects the mechanical properties as well as
damping of the structure. iii) Damping due to damage: It is mainly of two types; a)
Frictional damping due to slippage in unbound regions between fiber and matrix interface
or delaminations. And b) Damping due to energy dissipation in the area of matrix cracks,
broken fibers etc. iv) Viscoplastic damping: Usually thermoplastic composite materials
have a certain degree of non-linear damping due to the presence of high stress and strain
concentration at local regions between fiber and matrix at large amplitude of vibration
under high stress levels. So elasto-plastic micromechanical behavior is important even for
applied stresses that are intended to remain below the apparent elastic limits of composite
materials. v) Thermo-elastic damping: It is due to cyclic heat flow from region of

compressive stress to the region of tensile stress.



There are different analytical models available for prediction of damping in conventional
composite materials. All these analytical models can be classified as micro-mechanical or
macro-mechanical level and based on the assumption of linear viscoelasticity [2].
Micromechanical analysis involves contributions from constituents such as fibers, matrix
and interface. In the macro-mechanical approach, individual lamina is the element. In this
case, the strain energy and dissipation energy of individual lamina give the overall loss
factor of the laminate. For the analysis of damping, mostly correspondence principle,
strain energy and finite element methods are applied.

Recently, nano reinforcement of polymers to form nanocomposites has attracted the
attention of researchers for their potential in property development. Organically modified
nanoclay, nano-fiber or carbon nanotubes having ultra-high strength and stiffness became
very popular during last decade for nano reinforcement of polymers. Their nano-scale
dimensions contribute enormous rheological benefits to the polymer resin systems. Nano-
particles at very low concentration (<5 wt.%) and well dispersed in polymer resins often
impart superior mechanical, thermal, barrier and electro-magnetic properties. So nano
reinforcement of polymer has opened up a new horizon for different property

development and their potentials in structural applications.

1.2 Thesis motivation

Nano particles such as nano layered silicate or nanoclay having thickness around 1 nm
and lateral dimensions in the order of few microns, have a very high aspect ratio and
specific surface area (around 657 mz/g)[?)]. So even at very low concentration, these

nanoclays can create a huge network of interfacial surface area when well dispersed in a



polymer resin systems. The interface has a tangible thickness having properties different
from the constituent materials and is considered as a source of energy dissipation.
Another source of energy dissipation related to interface is due to the friction and
slippage of unbound regions or delaminated areas of clay platelet and matrix [1,2]. So it
can be expected that adding nano-particles (e.g. nano-clay) in a polymer matrix can
improve the ability of energy dissipation under dynamic loading thus enhancing the
damping property. A number of research studies have been carried out to predict the
damping property of nano-particle reinforced polymer. In some recent research, it is
pointed out that randomly oriented nano-fillers having high specific surface area, i.e.
nanoclay, nanotubes etc. have a significant enhancement on the damping property of
composite structures [4,5-7]. So incorporation of nanoclay into conventional continuous
fiber polymer matrix composite to enhance the damping property could be a viable
choice for structural applications. It is worth mentioning, if vibration damping or
dynamic properties are improved, the fatigue life of the structure must be improved.
From this motivation, a series of experiments have been carried out to see the effect of
nanoclay on vibration damping and fatigue behavior of nanoclay incorporated

glass/epoxy composite.

1.3 Content of the thesis

In the first chapter of the thesis, an introduction of vibration and damping, mechanisms of
vibration damping and related theories are given. The motivations of incorporating nano-
fillers into conventional continuous fiber composites to enhance damping property have

also been discussed briefly.



In the second chapter, a detailed literature survey has been carried out. The survey topics
include nano-clay, organically treated nano-clay and the reason for organic treatments;
clay dispersion, methods of dispersion and their effect on mechanical performance;
damping experiments; influence of nano-filler on neat resin and modified resin reinforced
with long fiber. A brief summary of the literature survey and objectives of the thesis are

given towards the end of this chapter.

Experimental procedures are described in chapter 3. The physical and chemical properties
of the materials (i.e. nano-clay, resin, hardener, long fiber) used for this thesis are given
at the beginning of the chapter. After that, sample manufacturing procedures are
described. Different test methods to determine the damping property and fatigue life are

also presented.

Dynamic mechanical analysis and vibration test results are presented in chapter 4. This
includes DMA analysis and log decrement test results. The influences of nanoclay on
storage modulus, loss modulus and vibration damping property have been discussed

based on the results obtained from experiments.

Chapter 5 represents the flexural fatigue test results. The fracture behavior characterized

by optical and scanning electron microscope has been discussed in this section.

In chapter 6, a conclusion of the entire work, contributions, achievements and problems

are drawn. Recommendations of future potential works are also given in this section.



Chapter 2

Literature Review

Use of nano-clay in polymer resins for property enhancement started almost half a
century ago. But the most extensive research on nano-technology started in the 1990s.
Toyota was the first company to successfully develop a nano-structure incorporating
organically-modified montmorillonite in nylon-6 polymer resin [8]. After that, many
companies and research institutes became interested to investigate nano-composites.
From these investigations, remarkable improvement on mechanical, barrier and thermal
properties were reported. As the modified resin system (incorporating nanoclay) shows
improved properties compared to pristine matrix, a new trend of reinforcing long fiber
with this modified resin system has been started which is called hybrid composite.

The performance of nanoclay-incorporated hybrid composites depend on many factors
such as clay structure, type of organic surface modifier, dispersion of clay in resin,

fabrication method etc. In this chapter a comprehensive literature survey is presented.

2.1 Nano-layered silicates and organoclay

A nano-layered silicate refers to partially or fully synthesized natural clay formed by the
weathering of eruptive rock materials and volcanic ash which is usually called bentonite
[9]. The most commonly used clay or bentonite are montmorillonite, hectorite and
saponite. All these clays belong to the family of 2:1 layered silicates or phyllosilicates.
The structure of phyllosilicate is described in [10,11]. According to their study, these
phyllosilicates have a crystal structure consisting of layers made of two tetrahedrally

coordinated silicon atoms fused to an edge-shared octahedral sheet of either aluminum or



magnesium hydroxide. The layer thickness is around 1 nm, and the lateral dimensions of
these layers may vary from 30 nm to several microns or larger, depending on the
particular layered silicate. Stacking of the layers leads to a regular van der Waals gap
between the layers called the interlayer or gallery. Isomorphic substitution within the
layers generates negative charges that are counterbalanced by alkali and alkaline earth
cations situated inside the galleries. Figure 2.1 shows the structure of 2:1 phyllosilicates.
The surface charge is not constant within the layers but an average value is often
considered. The layered silicates are characterized by this average value of surface charge

known as the cation exchange capacity (CEC), and generally expressed as mequiv/100
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Figure 2.1 Structure of 2:1 phyllosilicates [10].

2.1.1 Organically modified layered silicate
Pristine layered silicates are not readily miscible to all polymer resins. The mixing of
polymer and layered silicates in the process of nano-composite formation is the most

challenging job because of the incompatibility of inorganic layered silicate to organic



polymer. Pristine layered silicates usually contain hydrated Na" and K" ions, so they are
mostly hydrophilic. Hydrophilic layered silicates usually have very poor physical
interaction with organophilic polymers and after mixing, are mostly separated into
discrete phases [10]. Thus the poor physical interaction leads to very poor dispersion of
layered silicates into the polymer matrix resulting in poor mechanical and thermal
properties. So to improve the physical interaction between layered silicates and
organophilic polymer, silicate surface must be modified to organophilic from hydrophilic.
This is usually done by ion-exchange reactions with a cationic surfactant including
primary, secondary, tertiary and quaternary alkylammonium or alkylphosphonium cations
[10,13]. These cations reduce the surface energy of the inorganic layered silicates and
increase the wetting capability with polymer matrix. The alkylammonium cations
increase the inter-layer spacing thus assist to fill the intra gallery of layered silicates with
polymer. Moreover, organic modification leaves functional groups on the clay surface to

react with the polymer resulting in improved strength of the interfacial region [10,13].

Figure 2.2 Alkyl chain aggregation in layered silicates: a) lateral mono-layer, b) lateral
bi-layer, c) paraffin-type mono-layer and d) paraffin-type bi-layer [12].



After the ion exchange reactions, the alkyl chain can be aggregated in different ways in
layered silicates. From the X-ray diffraction analysis of modified layered silicates, it was
observed that depending on the packing density, temperature and chain length, the chains
could lay either parallel to the host layer forming lateral mono- or bi-layer or radiate
away from the surface forming extended paraffin type mono- or bi-molecular
arrangements [12]. Figure 2.2 shows the alkyl chain aggregations of mica-type layered

silicates.

2.1.2 Nano-composite structures

Depending on the type of layered silicates, the type of organic modifier cation, polymer
matrix and dispersion methods, basically three main types of composites can be obtained
when organoclay is incorporated in polymer [10,11,13]. Figure 2.3 schematically shows

different types of achievable PLS (polymer-layered silicates) structures.

Phase separated Intercalated Exfoliated
(microcomposite) {nanocomposite) (nanocomposite)

Figure 2.3 Schematic illustration of PLS structures: a) phase separated, b) intercalated

and c) exfoliated nano-composites [11].



If the polymer cannot intercalate between the silicate layers, a phase-separated structure
is formed (figure 2.3a). This type of phase separated nano-composite does not show any
improvement in the properties. The reason is, due to large agglomerations of clay,
significant interfacial surface area is not created at the clay/polymer interaction compared
to the conventional micro-composite [10]. If single or more extended polymer chains are
intercalated between the silicates layers forming an ordered multi-layer morphology built
up with alternating polymeric and inorganic layers, the material is called an intercalated
nano-composite (figure 2.3b) [10,13]. Sometimes silicate layers are flocculated due to
hydroxylated edge-edge interaction of silicate layers and called intercalated-and-
flocculated nano-composites [ 10]. When silicate layers are homogenously and completely
dispersed in a continuous polymer matrix, an exfoliated nano-composite structure is
obtained (figure 2.3¢). In an exfoliated nano-composite, the individual clay layers are
separated from each other by an average distance and there is no interaction between the
layers [10]. An exfoliated structure is the most desirable nano-composite structure and is

achievable only when clay loading is very low.

2.2 Fabrication of nano-composites
For thermoset nano-composite fabrication, basically two processes have been applied.
The first one is a solvent free “in-situ polymerization process” and the other one is

“solution process”.

2.2.1 In-situ polymerization process
In-situ polymerization process is the most popular and conventional method to fabricate

polymer nano-composites. In this process, nanoclay is added to the monomer and kept for



a certain period for swelling. The swelling time depends on the polarity of monomer
molecules, surface treatment of organoclay and temperature of swelling. After swelling is
done, a curing agent is added to the mixture to initiate polymerization [13]. Figure 2.4
shows the flow chart of in-situ polymerization process. After the polymerization
reactions, nano-composites are formed. But the dispersion of clay in the monomer does
not occur so easily. The nanoclay form aggregates due to the thermodynamic force that
holds silicate layers together and do not allow the monomer to diffuse into the silicate
layers. Different researchers have applied different techniques to break down the clay

aggregates and achieve better dispersion of clay in the polymer.

Polymerisation]—»

Swelling

Figure 2.4 Flowchart showing different steps of “in-situ polymerization’ approach [13].

Vaia et al. [14,15] have used a polymer melt intercalation approach to fabricate polymer-
layered silicate (PLS). Organically modified layered silicates (OLS) and polymer were
mechanically mixed and formed into pellets using a hydraulic press at a pressure of 70
MPa. Then the pellets were annealed under vacuum above the glass transition
temperature or melting temperature of the polymer. The XRD and TEM investigation
confirms the increased layer disorder and spacing towards the polymer-primary particle

boundary proving intercalation of polymer into silicate layers.
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Ngo et al. [16] developed a high speed mixing technique at CONCOM to disperse
organoclay in epoxies. In this process, clay and epoxy are stirred at a very high speed
(20,000 ~ 24,000 rpm) with a homogenizer equipped with a cylindrical rotor-stator
mixing head of diameter 20 mm. The speed and the temperature were controlled as pre-
mixing parameters to understand their effect on dispersion. Very impressive results were
obtained using this technique. Figure 2.5 shows the effect of mixing speed, duration and

temperature by XRD analysis of EPON8§28-C30B mixtures. The XRD curves confirms
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Figure 2.54 XRD curves of C30B and its EPON828-C30B mixtures after being pre-mixed
at different temperatures (a) 0 rpm (by hand) and (b) 24,000 rpm [16].
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Figure 2.5B XRD curves of C30B and its EPON828-C30B mixtures after being pre-mixed
at different speeds: (a) room temperature and (b) 120°C [16].
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Figure 2.5C XRD curves of nano-composites pre-mixed at room temperature for different

durations and cured at (a) room temperature and (b) 120°C [16].
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Figure 2.6 SEM image of nano-composites. (a) pre-mixed at room temperature with 0
rpm, (b) at 120°C for 0 min with 0 rpm, (c) at 120°C for 2 min with 24,000 rpm, (d) at
120°C for 10 min with 24,000 rpm and (e) at 120°C for 60 min with 24,000 rpm [16].
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Figure 2.7 TEM image of nano-composites. pre-mixed at 120°C for (a) 0 min with 0 rpm
and (b) 60 min with 24,000 rpm [16].

that, the first peak shifts to lower angle for all epoxy-clay mixtures compared to the peak
of the starting clay Cloisite 30B (C30B). This proves that intercalation has taken place.
The degree of intercalation was achieved around 3.72 — 3.81 nm which is considerably
higher than original C30B (1.85 nm). The SEM image (fig. 2.6) and TEM image (fig.
2.7) show the effect of pre-mixing time, temperature and speed on dispersion. From the
images, it was proved that increased pre-mixing speed and duration along with the

temperature have a positive effect on the size reduction of the clay aggregates.

Using an excess of silane at the time of surface modification, it is possible to
functionalize the clay minerals and at the same time, to intercalate some monomers or
oligomers into clay galleries [17-19]. This greatly enhances interlayer distance. Gianni et
al. [17] were able to obtain an intercalated/exfoliated structure using montmorillonite
modified in this process while a photocurable epoxy was used as matrix. Kornmann [18]
et al. successfully synthesized epoxy-layered silicate nano-composites based on tetra-

glycidyl diamino-diphenyl methane TGDDM resin curing with diamino-diphenyl sulfone
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DDS. The layered silicate fluorohectorites modified by means of interlayer cation
exchange of sodium cations for protonated dihydro-imidazolines and octadecylamine
were used. These leave —OH groups in the molecular structure which has a catalytic
effect on polymerization occurring between silicate layers. This helps to diffuse epoxy
and curing agent between silicate layers resulting in intercalations. The TEM and SEM
investigations confirm better dispersion of clay using this technique. But a systematic
decrease of Tg was observed and the reason for this effect was not clear.

Some researchers have used an ultrasound sonication technique to disperse nanoclay in
polymer resin [20,21]. Lam et al. [20] were able to exfoliate silicate layers in epoxy resin
using this technique. They added 4% nano-clay in epoxy resin by hand stirring followed
by ultrasound sonication for different sonicating time. It was observed that ultrasonic
energy can break clay agglomerations and form nanoclay clusters when optimum
sonication time is reached. But the XRD analysis confirms that the interplanar distance
between nano-clay platelet is not affected by sonication. Mitra [21] et al. prepared highly
delaminated clay/poly(dicyclopentadiene) nano-composite by sonicating organically
modified montmorillonite clays in dicyclopentadiene (DCPD) monomer.

Epoxy-aided dispersion of nanoclay in a glassy polymer PMMA has recently been
studied [22,23]. This involves nano-clay blending in PMMA and epoxy to form a ternary
composite using different blending techniques. Hernandez et al. [22] have used both
melt-blending and ultrasonic-blending method individually to produce PMMA-epoxy-
clay ternary composites. Phase separation between PMMA and the epoxy network was
obtained in the form of spherical nodules using both techniques. Organoclay particles

were delaminated and finely dispersed into the thermosetting network by ultrasonic-
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blending whereas melt-blending produced micrometer-sized aggregates. Park [23] et al.
used only melt-blending and was able to obtain a fully exfoliated state in the three-phase
composite when epoxy to clay ratio was 10. However, the dispersion of nanoclay to the
scale of individual platelets was not achieved as exfoliated clay particles remained as

aggregates inside phase separated epoxy domain of approximately 1 um in diameter.

2.2.2 Solution Process

The solution process involves the use of a solvent where organoclay is dispersed in a
polar solvent like toluene or acetone. In an organic polar solvent, alkylammonium-treated
clay swells very well and forms gel structures. Then the polymer is added to the solution.
As the polymer is already dissolved in solvent, it easily intercalates between the silicate

layers. Fig. 2.8 shows the flow chart of solution process.

Figure 2.8 Flow chart showing different steps of “solution process” [13].

Here organoclays are pre-intercalated with solvent, so the polymer can easily pass
through the clay gallery resulting in further intercalation. Next step involves evaporation
of the solvent usually done under vacuum. After complete removal of the solvent, the

polymerization process is carried out to get intercalated nano-composites. Intercalated
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nano-composite structure is achievable using the solution process even if the polymer has
a very low polarity [13]. An useful technique has been developed at Concordia
University by CONCOM researchers which is called the high pressure mixing method
(HPMM) [24,25]. Organoclay is first dispersed in a solvent like acetone to form a paste
using a micro-fluidizer machine where a pressure in the range of 15,000 psi is
maintained. The mixture is dried at 100°C to have an exact concentration of clay. Then
the paste is added to the epoxy according to desired ratio and stirred mechanically for 1
hour at 1,000 rpm and up to a temperature of 120°C. Finally, the mixture is degassed
under vacuum at an elevated temperature to remove the solvent. TEM images confirm
that the aggregates were broken down to small particles consisting of several clay
platelets. But the glass transition temperature Tg was reported to be slightly decreased
with the increase of clay loading [24].

Although the solution process is quite effective to intercalate organoclay in epoxy, it may
not be practical to use this process in industries because of it involvement with a
significant quantity of solvent that is expensive and requires a cumbersome process of

extraction.

2.3 Theories on damping and experimental methods for damping measurements

Many studies have been carried out to develop analytical models for damping prediction
of conventional composite laminates at the constituent or micro-mechanical, individual
lamina or macro-mechanical and even the structural level. Most of the models developed
were based on the assumption of linear viscoelasticity using mechanics of materials and

elasticity approaches. For damping prediction, basically three methods have been used:
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correspondence principle, strain energy method and finite element method. Using the
correspondence principle, linear elastostatic analysis is converted to dynamic linear
viscoelastic analysis by replacing elastic moduli with complex moduli. The strain energy
method states that total damping loss factor of a system is the ratio of summation of the
product of individual element loss factor and strain energy stored in each element to the
total strain energy [2]. Numerous models have been developed using the above principle
and methods mostly by a micro/macro-mechanical approach. The micro-mechanical
approach is applied to find out the effect of constituents, i.e. fiber, matrix and interface
whereas the macro-mechanical approach is mostly used to predict the effect of factors
such as fiber orientation, laminate configuration, frequency and stress dependence. Some

of the popular methods are described below.

2.3.1 Analytical models for damping prediction

Adams and Bacon [26] developed a macro-mechanical model for a unidirectional
laminate. According to the Adams-Bacon criteria, energy dissipated in a thin
unidirectional lamina is the sum of the separate energy dissipated due to longitudinal,
transverse and shear stress. Specific damping capacity is defined by the ratio of the
energy dissipated to the strain energy stored. Ni and Adams [27] improved the model
given by Adams and Bacon taking bending-twisting coupling into account and
considering stress ;. strains & and & in the specimen co-ordinate system while
determining the dissipated energy. Excellent agreement between the theoretical
prediction and experimental results were obtained. The Adams-Bacon criteria were also
utilized to predict moduli and flexural damping of anisotropic CFRP and GFP beams

with respect to fiber orientation by Adams and Mabheri [28]. Here, effects of aspect ratio
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and stress level on damping were taken in account. The test results showed that the SDC
(Specific Damping Capacity) of both symmetric angle-ply and off-axis beams at any
orientation can be predicted with fairly good accuracy. But for higher angle (of
orientation) beams (45° to 90°) nonlinearity of SDC was observed which might be
attributed from the plastic deformation beyond the critical stress level. Yim [29] utilized
the modified classical lamination theory based on the elastic-viscoelastic correspondence
principle to develop basic damping of Poisson’s ratio for accurately predicting the
damping of laminated composites. Six typical symmetric laminated composite with
different stacking sequence were employed for this study. Firstly, using the modified
classical lamination theory and the elastic-viscoelastic correspondence principle, the [A],
[B] and [D] stiffness matrix and the corresponding complex modulus matrix were
derived. Then the damping of laminated composites was calculated as the ratio of loss to
their storage of each component of [A], [B] and [D]. Ni and Adams theory was used to
verify the modified classical lamination theory. The damping loss factors of all six
laminated composites were calculated as a function of fiber orientation. The predicted
damping values calculated from theoretical models indicate a similar trend with some
difference in each damping prediction over a particular range of fiber orientation between
15° and 35°. The damping increases to a maximum value in the range 15° to 35°
according to Ni and Adams theory while the maximum value occurs in the range of 45° to
75° in the case of modified classical lamination theory. This discrepancy may occur due
to their different assumptions. It was also observed that increasing the percentage of 0°

plies within the laminate reduces the damping.
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Gibson et al. in their different works used micro-mechanical approach to develop
different models for damping prediction to see the effect of fiber aspect ratio, fiber
orientation [30] and the viscoelastic properties of constituent materials [31]. All those
models were developed based on Cox’s stress distribution [32]. From these analyses, it
was predicted that very low fiber aspect ratio is required to produce significant
improvement of damping but off-axis composite properties are independent of the fiber
aspect ratio in the practical range of aspect ratio when the orientation is not close to zero.
On the contrary, control of lamina orientation could be a better approach to improve
damping in the laminate. Saravanos and Chamis [33] developed an integrated
micromechanics methodology for the prediction of damping capacity in fiber-reinforced
polymer matrix unidirectional composites. The damping capacities of unidirectional
composites subjected to off-axis loading are synthesized from on-axis damping values
using explicit micromechanics equations. The hygrothermal effect and contribution from
the interfacial friction between broken fiber and matrix are also incorporated for the
damping. The predicted values were compared to available experimental data to validate
the theory. The on-axis ply damping (longitudinal, in-plane shear, transverse and out-of-
plane shear SDC) at different fiber volume ratios show good agreement with the trend of
experimental values. Longitudinal SDCs are shown to be insensitive to the temperature
and moisture variation due to fiber controlled properties while transverse and shear SDCs
increase with the increase of temperature and moisture content. The off-axis ply SDCs
have shown wide variation with respect to fiber angle and have excellent agreement with
measured values. This indicates that ply angles can be an effective design parameter for

tailoring the damping capacity of composite laminate. Interfacial frictional damping has
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an important contribution to overall damping capacity of unidirectional composites and
its contribution is more significant in case of off-axis loading. White and Abdin [34]
again used Cox’s stress distribution model [32] to develop a model where loss moduli of
aligned short fiber-reinforced plastic was improved through proper choice of fiber aspect
ratio and volume fraction while maintaining the high stiffness. But fiber damping was
neglected in their analysis. Hwang and Gibson [35] proposed a strain energy/finite
element approach to predict damping and stiffness of discontinuous fiber reinforced
composites. This model can be used to study several parameters like aspect ratio, fiber
volume fraction, fiber matrix modulus ratio, fiber spacing and fiber-end gap size
influencing the damping properties of composites and complex structures. The FEM
model is based on the actual non-uniform stress distribution unlike Cox’s model [32] that
is based on equal stress distribution throughout the laminate. So the FEM model is
expected to be more accurate. Most of the models did not consider the effect of
fiber/matrix interphase even though it has properties different from those of embedded
fibers and matrix. Chaturvedi and Tzeng [36] developed three models for damping
prediction in aligned short fiber reinforced composite where the interphase was
considered as a distinct third phase between fiber and bulk matrix with its own
viscoelastic properties. Fiber damping was also taken in account while predicting total
damping. The interphase geometric and material properties were interpolated [37] due to
their unavailability and there were no experimental values to verify them. Although some
of the aforesaid analytical models can be used to predict damping of short fiber (low
aspect ratio) reinforced composites but any well defined and accurate analytical model

for nano-fiber or nano-filler reinforced composites is scarce where the effects of nano-
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fillers are taken into account. Finegan et al. [38] developed a micro-mechanical model
based on elastic-viscoelastic correspondence principle to predict damping and stiffness of
vapor grown carbon nano-fiber (VGCF)/Polypropylene composites. This model was
developed from the theory given by Sun et al. [39]. Predicted and measured value of
storage modulus was found to be in good agreement. Predicted and measured damping
values of loss modulus were also in the same range but predicted values do not show a
decrease in damping with the increase of fiber volume fraction that was found in
experiments.

An analytical model that is dedicated to nanoclay reinforced polymer (modified resin
system) and long fiber reinforced with modified resin system (hybrid composites) is
scarce. All these above mentioned analytical approaches are mostly for conventional
composites and have their own scope and limitations regarding composite damping
predictions. An accurate and well accepted analytical model is yet to be developed and

research on this still in progress.

2.3.2 Experimental methods for damping

There are different measures for damping i.e. damping ratio, specific damping capacity
(SDC), loss factor, loss modulus etc. and for measuring these parameters different
methods have been developed and used. However, all these parameters are related to each
other. Damping capacity can be measured in resonance or sub-resonant frequency. In a
high frequency vibration, the resonance technique is mostly applied where damping can
be measured from the decay of free oscillations (logarithmic decrement method) or from

the width of the resonance peak (power bandwidth method). For low frequency
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oscillation, damping can be measured from the phase lag between applied stress and
strain response (DMA method) when the sample is subjected to a forced oscillation.

Adams and Bacon [40] developed a resonant frequency technique to measure the flexural
damping and dynamic Young’s modulus of beam specimens. A coil was attached to the

midpoint of the beam and flexural modes of vibration were created by an electro-magnet.

Nodal supports

Magnetizing coils

Figure 2.9 Schematic diagram of nodal support and coil/electro-magnet drive

transducer [40]

Figure 2.9 shows the schematic diagram of the nodal support and coil/electro-magnet
drive transducer. A variable-capacitance transducer mounted above the midpoint of the
beam was used to measure the amplitude of excitations. Guild and Adams [41] improved
the apparatus by clamping both ends of the beam instead of clamping only in the middle
and using two coil/magnet pairs. They also used a cantilever apparatus to compare the

results. The free flexure mode proved to be more accurate over the cantilever mode. For
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both methods, the coil is clamped to the beam which has a considerable weight, which
might affect the accuracy of the results. Gibson et al. [42] developed a modal vibration
response measurement technique using an impulse/response test set-up for both
cantilever-beam specimen and freely suspended plate. Modal testing in either single
mode or multiple modes of vibrations can be used to measure elastic moduli and damping
factors of composites and their constituents under various environmental conditions.
Figure 2.10 shows the impulse/response test set-up for cantilever-beam specimen.
Dynamic mechanical behavior of boron/epoxy and SiC/Ti composites at elevated
temperature was investigated using this technique. A special apparatus was designed for
elevated temperature [43]. Unidirectional laminate of both 0 and 90 degree orientation
samples were investigated up to a temperature of 200°C. Quite good agreement between

measured and predicted values was found.
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Figure 2.10 Impulse/response test set-up for cantilever-beam specimen [42].
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Wei and Kukureka [44] also used resonance technique to measure stiffness and damping
properties of pultruded GRP composites and optical fiber cables by both free exponential
decay and half-power bandwidth methods. The influence of specimen length and
measurement set-up was also investigated. Good agreement between the measured and
theoretical values was achieved.

For measuring low frequency and sub resonant vibration damping, the DMA method is
the most popular. In the DMA method, the sample is subjected to a forced sinusoidal
oscillation which causes a deformation in the visco-elastic material. The deformation is
also sinusoidal and phase shifted because of the visco-elasticity. Depending on the
apparatus, measurement can be performed at a wide range of temperature (-70 to 600°C)
and wide range of modulus (107 to 10° MPa). DMA has also a versatility of sample
holder and deformation mode such as three-point bending, dual or single cantilever
bending, compression, linear shear, alternated tension etc. The DMA apparatus is also
used to measure primary and secondary temperature of relaxation and modulus over a
wide range of frequencies [45]. The DMA method is most widely used for polymer

composite material to determine dynamic properties.

2.3.3 Techniques for damping improvement

Usually fiber-reinforced materials are very stiff and have very low damping. Although
stiffness is very useful for structural applications but its low damping does not often
allow it. So a certain form of modification is required for structural application. The most

commonly used technique to improve damping is the use of a soft-ply of polymer as a
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constrained layer in the laminate (usually called interleave) [46-49] or the use of hybrid
composites [50,51].

Moser and Lumassegger [46] first proved analytically that flexural vibrations of
laminated fiber reinforced polymer composite structures can be damped as desired by
incorporation of a soft ply optimally placed in the zero line of the longitudinal flexural
stress. Through the choice of a high shear modulus for the damping ply, the loss factor
can be significantly improved with a 20% loss of stiffness. Liao et al. [47] prepared
unidirectional and symmetric angle-ply carbon fiber-epoxy laminates as well as their
interleaved counterparts with a layer of poly (ethelene-co-acrylic acid) PEAA at the mid
plane. Experimental results show that the PEAA layer significantly improves the
damping capacity. But the effect of the interleaf on the stiffness was not investigated in
this study. Berthelot and Sefrani [48] investigated the effect of a viscoelastic layer as an
interleaf in a unidirectional glass laminate with a single viscoelastic layer interleaved in
the mid plane or with two viscoelastic layers on the both sides from the mid plane. The
effect of fiber orientation and viscoelastic layer thickness was also investigated. For a
given thickness of layer, the damping of laminates is increased when the loss factor of the
viscoelastic layer increases or when its Young’s modulus decreases. Thus the ratio of the
loss factor to the Young’s modulus of the viscoelastic layer characterizes the laminate
damping for a given thickness of the viscoelastic layer interleaved in the mid-plane. The
experimental results show a consistent increase in the damping with the frequency in the
entire fiber orientation range depending on the vibration mode. Tanimoto [49] developed
three different laminates of carbon fiber reinforced plastic composites interleaving visco-

elastic thermoplastic films, surface-bonded piezoelectric ceramics and dispersed PZT
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particle interlayers. All these damping methods can be used jointly to further improve the
damping of CFRP structures. Here the concept is, under vibration the bonded PZT
ceramics and dispersed PZT interlayers develop an electric charge and produce a current
though the CFRP layers that results in dissipation of energy in the form of heat while
running through resistive CFRP layers and this leads to mechanical damping.

A smart hybrid composite laminate has been developed by Oshima et al. [S0] where the
laminate damping property can be controlled. The hybrid laminate has been
manufactured using a carbon fiber reinforced plastic and a glass fiber reinforced plastic
interleaving a shape memory polymer (SMP) film in between. Here the CFRP laminate
was used as a heater which was connected to a DC power supply. So the temperature of
the laminate can be controlled by controlling the power input to the CFRP laminate. Thus
the visco-elastic properties of SMP which is extremely sensitive to temperature, can also

be controlled. Figure 2.11 shows the experimental set-up of the free vibration test by

using a CFRP heater.
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Figure 2.11 Experimental set-up of free vibration test by using CFRP heater [50].
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Sandwich structures have also been used extensively for improved passive damping.
Romberg et al. [50] have designed a sandwich panel for spacecraft using one casting
made of wrapped CFRP, two friction ledges made of CFRP and one spring to generate
the normal force between friction ledges and casting. Figure 2.12 shows the principle of
applied damping concept and friction ledge assembly. But the experimental results for

this structure were not available.
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to vibration
deformation

Spring

(a) (b)

Figure 2.12 (a) Principle of applied damping concept and (b) friction ledge
assembly[51].

The method of using soft plies as constrained layer in a laminate always suffers from
significant loss of stiffness which is very important for structural application. Also the

use of any passive damping technique to any composites structure is not always practical
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and feasible. So researchers have recently focused to develop composite structures with

improved damping using nano-filler incorporated modified resin system.

2.4 Damping of neat polymer and nano-filler incorporated polymer resins

Although nano reinforcement of polymer is a relatively recent trend for property
development, a lot of work has been carried out during last two decades to find their
influence on mechanical and chemical properties like strength, stiffness, chemical
resistance, dielectric property etc. But the effects of nano reinforcement on vibration
damping are not so extensively studied. The most commonly used nano-fillers in polymer
matrix are nanoclay (organoclay) and nano-tubes (vapor-grown single-walled nano-tube
SWNT and multi-walled nano-tube MWNT). Because of their nanometer scale size, the
specific surface area (surface area to mass ratio) is extremely high and produces a huge
interfacial area within the polymer matrix even at a very low concentration of nano-
fillers. Interfacial friction between the nano-filler and the polymer resin enhances the
energy dissipation ability, so it is anticipated that the damping property can be improved
using a nano-filler in the polymer matrix. The elastic properties of nano-filler reinforced
composites have been studied by several investigators but comparatively less attention
has been given to the damping mechanism of nano-composites.

Messersmith and Giannelis [52] have developed a modified epoxy resin system by
dispersing organically-modified mica-type layered silicate in DGEBA resin. The
modified resin system was cured in the presence of nadic methyl anhydride (NMA),
benzyldimethylamine (BDMA), or boron trifluride monoethylamine (BTFA) at 100-

120°C. Good molecular dispersion of silicate layers and separation of adjacent silicate
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layers by 100 A was verified by XRD and TEM investigation. The dynamic storage
modulus was increased by around 58% in the glassy region and 450% in the rubbery
region at only 4 vol.% incorporation of silicate. The glass transition Tg was also
increased slightly due to good interfacial adhesion or restriction of molecular mobility of
polymeric segments near the silicate surface. The improvement in storage modulus was
more significant compared to loss modulus, so the tan d value was found to be decreased
around the glass transition temperature. Chen and Curliss [53] did similar investigation
on bisphenol-F (EPON 862) reinforced with organically modified montmorillonite
(SC12) and curing with Epicure W curing agent. SC12 was prepared from sodium
montmorillonite (SNA) modified with HCL and dodecylammonium chloride. The
dynamic storage modulus was improved by 30% in the glass state and about 90% in the
rubber state at 3% clay loading. But unlike the previous investigation, the Tg was
decreased by 6°C and below Tg, the tand value was increased compared to pure epoxy.
Mohan T. P. et al. [5] investigated the vibration characteristics of DGEBA epoxy resin
filled with both alkyl ammonium modified clay and unmodified clay. The nano-
composites were synthesized by mechanical shear mixing at 1000 rpm for 2 hours and
cured using diaminodiphenyl methane (DDM). The damping factor was measured using
the impulse hammer technique and the logarithmic decrement method. Addition of both
organoclay and unmodified clay improves the natural frequency of epoxy polymer and
improvement was highest at 3% clay loading for both cases. The log decrement test also
confirms that the damping factor significantly improves for both organoclay and
unmodified clay up to 3% clay loading. However, natural frequency and damping factor

improvement of organoclay is more significant than unmodified clay. For higher clay
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content (>3%), both natural frequency and damping factor deceases but still higher than
pure epoxy. Sarathi et al. [6] also suggested that 3% clay content is optimum for
maximum damping. Here DGEBA resin was reinforced with organophillic MMT and
was cured with tri-ethylene-tetra-amine (TETA). Free vibration test was carried out to
find out the natural frequency and the damping factor of first four modes of vibration.
Experimental results show that, the damping factor and natural frequency increase by
adding up to 5 wt.% nano-clay to the base resin. But the characteristic variation in natural
frequency of vibration in not so significant between 3 and 5 wt.% of clay in epoxy. Ngo
[13] investigated the effect of clay C30B on epoxy EPON 828 cured with Jeffamine
D230. Pre-mixing speed, temperature and clay content were the process parameters for
the investigation. The DMA analysis showed nanoclay improves both storage and loss
modulus of the composites compared to pure resin. Pre-mixing speed and temperature
have a significant influence on dynamic properties. High temperature (120°C) and high
speed (24,000 rpm) mixing of clay has the maximum improvement in dynamic
properties. But the improvement is more significant for the case of storage modulus.

Some researchers have used carbon nanotubes (CNT) for dynamic property development.
Zhou et al. [4] investigated the interfacial damping characteristics of single-walled carbon
nanotubes (SWNTs)/epoxy nanocomposites at 0.5% and 1% SWNT loading. A cantilever
beam test set-up and the logarithmic decrement method were applied to measure damping
ratio. An initial tip displacement was given to the cantilever beam and the response signal
was measured by an accelerometer. These signals were converted to strain values and
damping ratios were plotted as a function of strain. Experimental results indicate that

adding nanotubes greatly enhances damping ratio. For the samples with nanotubes, the
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damping increases with strain to a certain value and then decreases for further increase in
the strain which supports the “stick-slip” motion between resin and nanotubes as
predicted by the author. The time history curves show a significant improvement in the
decay of amplitude over time with progressive nanotube loading. Figure 2.13 shows the

time history curves for different nanotube contents.
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Figure 2.13 Time history (a) 0% SWNT, (b) 0.5% SWNT and (c) 1% SWNT [4]

Mantena et al. [7] used a non-destructive impulse-frequency response vibration technique
to measure the flexural dynamic storage modulus and loss factor of vinyl ester resin
reinforced with 1.25 and 2.5 wt.% of nanoclay C30B and exfoliated graphite nano-
platelets. A 40% increase in the flexural dynamic storage modulus was observed with
addition of 2.5 wt.% graphite platelet but the loss factor reduced slightly.

So from the literature, it is quite evident that nano-filler incorporation greatly improves
stiffness and modulus and sometimes damping depending on the type of fillers and resin

systems. But the improvement in the damping property is not so significant compared to

its improvement in stiffness and modulus.
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2.5 Damping of modified polymer reinforced with long fibers

Incorporation of nano-fillers in conventional long fiber reinforced composites is the most
recent technique for property development. Moreover, ongoing works are mostly focused
on the elastic property of materials. Comparatively much less attention has been given to
the vibration characteristics of long-fiber/nano-filler/polymer hybrid composites. So
papers on this topic are not numerous. Still some available works have been summarized
below.

In mid nineties, Hudnut and Chung [54] incorporated submicron (0.1 - 0.2 pm) diameter
carbon filaments into conventional carbon fiber/epoxy composites. The carbon filaments
were made catalytically from carbonaceous gases and were different from conventional
carbon fiber. Laminate samples were prepared by spreading the carbon filaments as
second reinforcement in between every carbon-fiber/epoxy prepreg layers. A total of
eight layers of prepreg have been used for sample laminate. The DMA analysis indicates
that tan o value increases greatly for both longitudinal and transverse laminate at only 0.6
vol.% incorporation of carbon filaments. Longitudinal and transverse loss modulus
increase to value as high as 2 GPa. Only longitudinal storage modulus was slightly
reduced. Haque and Shamsuzzoha [55] investigated the dynamic mechanical properties
of S2-glass/epoxy/nanoclay nanocomposites along with other thermal and mechanical
properties. Epoxy resin used here is a blend of bisphenol-A and bisphenol-F and has very
low viscosity that is suitable for VARIM molding. Plain weave S2-glass fabric was used
as the continuous fiber. Various amount of nanoclay [.28E was added to the epoxy blend
and vacuum assisted resin infusion molding (VARIM) used to fabricate hybrid composite

laminate. Conventional S2-glass/epoxy laminate was also fabricated to compare the
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results. DMA analysis indicates that the tand value of laminate with 1% and 2% clay
increases significantly below Tg compared to conventional laminate. A 4°C increase in
the Tg was also observed in case of laminate with 2% clay. This increase in Tg is usually
attributed to the restricted relaxation motion near the interface of inorganic-organic
nanocomposites. Modal analysis was carried out to see vibration response to similar
glass/epoxy/nanoclay composite laminate by Avila et al. [56]. 16 layers of S2-glass plane
weave woven fabric used with various amounts of nanoclay I.30E dispersed in DGEBA
epoxy resin by vacuum assisted lay-up method and cured with hardener aliphatic amine.
For modal analysis, a sample plate was hanged by a fine nylon wire and excited with
random signals by a mini-shaker. Responses were recorded using a Doppler vibrometer
and HP data acquisition system. Modal analysis shows that incorporation and dispersion
of nanoclay in glass/epoxy composite not only improves the damping coefficients but
also changes the shape mode and its natural frequencies. The damping coefficient of
mode shape 1 and 7 where bending-twisting is observed was increased by 27%. For
bending mode 2 and 6, average increase in damping coefficient was 68%. A new mode
shape (mode 5) at frequency of 600 Hz was observed when nanoclay content reached 2%.

The results of modal analysis are given in table 2.1.
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Table 2.1 Damping coefficient, natural frequency and amplitude for vibration shape

modes [56]

Damping coefficient, natural frequency and amplitude for vibration shape modes

I30E (%) Mass [g] Shape modes
Ist 2nd 3rd 4th 5th 6th Tth
0 66.37 Damping coefficient 0.0297 0.0166 0.0098 0.0112 Not noticed 0.0137 0.0131
Natural frequencies [Hz] 180.6 344.4 423.6 568.7 Not noticed 692.9 735.2
Amplitude [m/s/kgf] 57.0 17.0 6.5 48 Not noticed 12.1 8.5
1 65.27 Damping coefficient 0.0209 0.0247 0.0088 0.0136 Not noticed 0.0137 0.0138
Natural frequencies [Hz) 184.9 3474 424.6 550.1 Not noticed 683.4 728.2
Amplitude [m/s/kgf] 79.9 14.0 24.1 2.6 Not noticed 17.9 9.6
2 66.92 Damping coefficient 0.0231 0.0248 0.0116 0.0173 0.0052 0.0134 0.0166
Natural frequencies [Hz] 173.6 361.3 424.0 578.0 655.3 716.1 783.0
Amplitude [m/s/kgf] 329 5.8 4.7 21.5 44.3 15.0 8.1
5 67.46 Damping coefficient 0.0372 0.0445 0.0162 0.0233 0.0134 0.0110 0.0169
Natural frequencies [Hz] 202.3 336.0 494.6 430.1 645.0 747.6 8215
Amplitude [m/s/kgf] 333 4.4 22 5.0 84 10.0 14.7
10 67.89 Damping coefficient 0.0336 0.0413 0.0161 0.0272 0.0138 0.0136 0.0152
Natural frequencies [Hz] 196.1 3313 471.5 4257 610.6 7024 764.6
Amplitude [m/s/kgf] 7.6 0.9 13 0.8 1.5 42 28

Chandradass et al. [57] investigated the effect of alkyl ammonium based nonoclay on

vinyl ester resin reinforced with E-glass chopped strand mat (CSM). Modal analysis was

carried out using a free vibration test by exciting the sample with a modally tuned

impulse hammer and recording the response in a PC using an accelerometer and data

acquisition (DAQ) card. The free vibration test indicates that natural frequency of

glass/vinyl ester composites with organoclay increases for the first four modes of

vibrations compared to conventional glass/vinyl ester composite. Maximum increase in

natural frequency was observed at 3% organoclay content. Further increase in clay

content decreases the natural frequency but always higher than composite without clay.

The damping factor of laminate with organoclay also increases for all four modes of

vibrations. Table 2.2 presents the damping factor of first four modes of vibrations.
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Table 2.2 Damping factor of first four modes of free vibration [57]

Matenal Organically modified senies

I mode I mode 111 mode IV mode
V-G.F 0.0423 0.0382 0.0302 0.0207
V-G.F+ 1% clay 0.0447 0.0394 0.0321 0.0223
V-G.F+ 3% clay 0.0495 0.0421 0.0334 0.0234
V-G.F+5% clay 0.0508 0.0433 0.0349 0.0240

Velmurugan et al. [58] investigated the damping response by low velocity drop weight
impact test of hybrid composites using nanoclay and glass fiber as reinforcement in
epoxy resin. A fixed weight sharp nose projectile attached to a circular plate was dropped
from different heights with maximum velocities as 2.21 and 3.13 m/s at the time of strike.
Vibration response was measured using an accelerator attached to sample plate as
function of time and from the response curve, damping factor of the laminate was
calculated using logarithmic decrement method. The experiment proved that the
amplitude of vibration for the samples with clay decays much faster than samples without
clay or lower clay content. For lower velocity of impact the contact time between
projectile and specimen is more and most of energy is converted to vibration. As the
velocity increases, the contact time reduces and part of energy dissipates because of the
penetration of projectile into the sample resulting in impact damage. So damping factor
increases with the increase of impact velocity for same laminate configuration. Damping

factors at two different impact velocities are summarized in table 2.3.

35



Table 2.3 Damping factors of hybrid laminate at different impact velocities [58]

Damping factor at impact velocities of
Specimen
221 m/s 313 m/s
0 % clay 0.03084 0.03642
1% clay 0.04817 0.05061
3% clay 0.05912 0.06432
5% clay 0.06784 0.08023

So from the above literature review it can be concluded that addition of nano-fillers in
conventional long fiber reinforced polymer composite significantly improves its dynamic
properties like damping factor and natural frequency along with other mechanical, impact

and barrier properties.

2.6 Effect of nano-fillers on fatigue life of composite material

Nano fillers well dispersed in polymer matrix improve strength, stiffness, chemical and
solvent resistance; reduce water up-take and thermal degradation. And from the above
literature survey, it is also proven recently that nano-fillers have a positive dynamic
response and better vibration damping properties. So nano-filler reinforced composites
subjected to vibration can dampen the amplitude of vibration faster than conventional
composites and have improved strength and stiffness. So it is anticipated that nano-filler
incorporation can improve the fatigue life of composite structures. A number of research
works have been carried out over last few years to see the effect of nano-fillers on fatigue
life of composite materials. A few of the recent works are summarized below.
Varadharajan [59] has investigated the fatigue behavior of a-Zirconium phosphate/Epoxy

nanocomposite using a reverse bending fatigue testing method comparable to ASTM
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D671-93. a-ZrP is a synthetic nano structure modified with Jeffamine surfactant with
molar ratios of 1:1 and 2:1 to ZrP. A 25% improvement in the fatigue resistance was
observed for both type a-ZrP reinforced epoxies in the experiment compared to neat
epoxy. Nanocomposites with two different concentrations of surfactant had the same
fatigue life which indicates that there is no effect of surfactant concentration on its fatigue
behavior. Analysis of fracture surfaces revealed that crack propagation in ZrP/epoxy
system changed its direction frequently. When a ZrP platelet was normal to the crack
growth, the crack propagation direction changed and reduced the crack propagation rate.
In case of crack aligned parallel to a ZrP platelet, the crack proceeds to extend by the
coalescence of void created due to delamination of the ZrP platelet from the matrix.
Incorporation of organically modified nano-clay in polyurethane elastomers can
significantly improve fatigue life of nanocomposites with 150% increase in static strength
and failure strain investigated by Song and Yao [60]. It was observed that nanoclay acts
as nano-springs in polyurethane and during fatigue deformation these nano-springs can
absorb deformation energy which could cause crack growth leading to failure. Most
significant improvement was observed at 3 wt.% clay loading. Blackman et al. [61] added
silica (S10;) nano-particles in epoxy and performed fracture and fatigue test. Both test
revealed significant improvement in the initial toughness and fatigue behavior of
nanocomposites at 7.8 wt% clay loading. Wetzel et al. [62] added alumina (Al,O3) and
titanium dioxide (TiO;) nanoparticles in epoxy and investigated different flexural and
fracture behavior under cyclic loading. Significant improvements in flexural stiffness,
flexural strength and fracture toughness was observed for incorporation of both Al,O3

and TiO, nanoparticles into epoxy. Moreover Al,Os nanoparticles improve the fatigue
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crack propagation resistance of epoxy. Crack propagation was also related to different
fracture mechanisms i.e. crack deflection, plastic deformation of matrix, debonding and
crack pinning.

Nanoparticle incorporated modified resin systems are further reinforced with continuous
fiber to see their fatigue behavior. Chisholm et al. [63] incorporated nanosized SiC fillers
to conventional carbon/epoxy composite to investigate their effect on mechanical and
fatigue behavior. Ultrasonic mixing was used to disperse the nano particles in epoxy and
VARTM was used to make sample laminate. Flexural fatigue test was carried out at a
stress ratio of 0.1 and frequency of 3 Hz. The S-N diagram shown in figure 2.14 was
obtained from the fatigue test. The S-N diagram indicates that the composites with nano-
fillers are more sensitive to applied load and above 60% load level neat system has a
better fatigue property than nano-filler incorporated carbon/epoxy composite. Below 60%
load, 1.5 wt.% filler reinforced system show better fatigue performance. The reason for
this reversal fatigue phenomenon was not fully understood. However, 3 wt.% filler
reinforced system always shown a very poor fatigue performance over the entire range of
loading. From the flexural, tensile and fatigue test, 1.5 wt.% loading of nano-filler was

considered as the optimum for maximum property enhancement.
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Figure 2.14 S-N diagram obtained from flexural fatigue test [63].

Grimmer and Dharan [64] added only 1 wt.% of multi-walled carbon nanotubes into
glass/epoxy composites and investigated the high cycle fatigue behavior in a tension-
tension fatigue test using an MTS machine. Samples with specific dimensions were made
with both CNT and without CNT by wet lay-up using eight plies of [0/90] woven glass
fabric and EPON 826 resin and cured in a heated press. In the centre of sample specimen,
a 6.4 mm diameter hole was drilled to create a stress concentration to localize damage. In
the fatigue test, a significant improvement of fatigue life was observed for the sample
with 1 wt.% CNT which occurred after 10* fatigue cycles. At low stress level, CNT
reinforced glass/epoxy sample showed a fatigue life 2.5 times higher than neat
glass/epoxy sample. Figure 2.15 represents the applied stress vs. number of cycles to

failure curve.
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Figure 2.15 Applied cyclic stress vs. fatigue life curve of glass/epoxy laminates with and
without 1 wt.% CNTs [64].

From above discussion it can be said that, nanocomposites show better fatigue
performance over neat system when the applied stress is below a certain level and
deformation is in the elastic region. Nano-fillers incorporated resin system reinforced
with conventional long fiber composites also have improved fatigue life at low (~2 wt.%)

nanoparticles loading.

2.7 Summary

Nano reinforcement in polymers is the most recent trend for property development.
Nanoclay or nano layered silicate has a crystal structure with two silicon atoms fused to a
sheet of aluminum or magnesium hydroxide. The layer thickness is around 1 nm and has

a very high surface area to mass ratio combined with great strength and stiffness. Because
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of its hydrophilic nature and incompatibility with organic polymer, it is often needed to
modify its surface with alkylammonium cations by ion exchange reactions to make it
more compatible with organic polymer. For fabrication of nanocomposites using clay
usually direct mixing or “in-situ polymerization process” and “solution process” are used.
Mechanical stirring, high shear mixing and ultrasonic sonication technique are mostly
used for dispersion of clay in polymer by the direct mixing method. A solvent is used in
the solution process for clay dispersion. However solution process is very effective but
not always practical because of its involvement with huge amounts of solvent which is
costly and requires a difficult process of extraction. For damping prediction, different
analytical models have been developed using the correspondence principle, strain energy
approach and finite element analysis in both micromechanical and macro-mechanical
level and are mostly based on the assumption of linear viscoelasticity. Different
experimental methods have been developed for damping measurements but usually for
high frequency vibration, the logarithmic decrement method and for low frequency and
polymeric composite, the DMA method are used. Conventional composites usually have
very high strength and stiffness but always suffer from low vibration damping. So for
damping improvement, the use of soft viscous ply as interleave, use of different passive
damping device and incorporation of nano-fillers have been tried over last few years. But
the use of a soft ply as interleave significantly reduces the strength and stiffness of
materials and using passive damping devices are not always practical. So the use of nano-
fillers such as nanoclay has a huge potential for enhancement in dynamic properties.
Some recent research works also confirm that incorporation of organoclay in polymer

resin improves vibration damping and fatigue performance as well as other mechanical,
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thermal and barrier properties. Further reinforcement of modified polymer with
conventional continuous fiber shows similar improved properties. So incorporation of
nanoclay in conventional composite has a great potential for structural applications where

vibration is a concern.

2.8 Thesis Objectives

From the above literature review it can be considered that nanoclay reinforced polymer
has better dynamic and fatigue behavior along with their mechanical, thermal and barrier
properties over pristine matrix. But this improvement in properties depends on several
factors like the type of polymer resin and clay, the dispersion of clay in resin, the
fabrication method etc. So selecting suitable materials and techniques is very important to
fabricate high performance composites. For structural applications, availability and cost
of materials and processing should also be reasonable. Considering all these factors the

thesis is focused on the following issues:

e To develop a high performance hybrid composite structure using low cost glass
fiber and epoxy resin modified with nanoclay with improved vibration damping
and fatigue behavior for structural applications.

e To use a solvent-free, low cost and practically feasible but effective dispersion
technique and fabrication method.

e To see the effect of nanoclay on the vibration damping and fatigue life of the

glass/epoxy composite material.
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Chapter 3

Materials and Experimental Procedure

There are several factors which must be considered while selecting materials for a
composite structure. The most important factors are clay and resin chemistry, dispersion
of the clay in resin, compatibility of fiber and resin, matrix formulation, processing
parameters and curing conditions. In this chapter, the selected materials, their chemistry
and structure, dispersion method of clay in resin, sample manufacturing method, curing

conditions and experimental methods are briefly described.

3.1 Materials Selection

For this thesis, the following materials have been used for sample manufacturing.

Fiber: Uni-web S-glass fiber manufactured by AGY World Headquarters and supplied

by Aerospace Composites Products Inc.

Clay: Organoclay Nanomer 1.30E treated with long chain primary amine intercalant

supplied by Nanocor Inc.

Resin and hardener: EPON 828 has been used as resin and EPICURE 3046 as hardener.

Both supplied by Hexion Specialty Chemicals.

3.1.1 Uni-web S-glass fiber
S-glass fiber is high strength glass fiber for structural applications and offers unique
combinations of properties: strength, impact resistance, stiffness, temperature resistance,

fatigue resistance etc. S-glass offers around 85% more strength and 25% more linear
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elastic stiffness than conventional glass fiber. Uni-web S-glass fiber is all unidirectional
structural glass fabric that are held in position by a fine spider web of polymer on either
one or both sides for easy handling. The polymer used for the spider web is compatible
with epoxy and polyester resin and virtually dissolves when cured. Typical physical and

mechanical properties of S-glass are given in Table 3.1.

Table 3.1 Typical properties of S-glass fiber [65]

Bulk density (g/cc) 2.48
Density (g/cc) 2.46
Water absorption (%) 0

Loss on Ignition (LOI %) 0.100 - 1.40
Filament diameter (um) 5-25

Tensile strength (MPa) 4890 (@ room temperature
Modulus of elasticity (GPa) 86.9
Elongation at break (%) 5.70
Poisson’s ratio 0.22

3.1.2 Nanomer 1.30E

Nanomer [.30E is a natural montmorillonite based organoclay treated with a long chain

primary amine intercalant. Physical and technical details of Nanomer 1.30E are given in

Table 3.2.
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Table 3.2 Physical and technical details of organoclay Nanomer 1.30E [66]

Appearance White powder
Organic modifier or intercalant ODA (octadecyl ammonium)
Modifier concentration (meq/100g Clay) 100

Basal spacing dgg; (A) 23.8

Moisture content (%) 3 max

Specific gravity (g/cc) 1.71

Mean dry particle size (um) 8to 10

Supplier Nanocor Inc.

Nanomer [.30E is commercially available supplied by Nanocor Inc. They developed and
commercialized different types of organoclay including [.30E which are quite compatible
with epoxy resin. Nanomer [.30E is organically modified with primary amine intercalant
that is worth investigating as compared to secondary, ternary or quaternary amine

modified nanoclay.

3.1.3 Epoxy (EPONS28)

Epoxy resin is generally characterized by the presence of a three-member ring containing
two carbons and an oxygen. EPON 828 is one of the most commonly used resin among
the epoxy family. It is an undiluted clear liquid having reasonably low viscosity
(10,000~16,000 cPs) [67]. Di-functional EPON 828 is based on diglycidyl ether of
bisphenol-A (DGEBA), a difunctional bisphenol-A/epichlorohydrin derived. The
chemical structure and typical properties of EPON 828 are shown in Figure 3.1 and Table

3.3.

45



; SH- CH{ /_>_~_. O CHy ?H f:H]1 J\m>—~—{_> O~ CHy-GH_CH,

n=0(88%);n=1(10%); n=2 (2%)
Figure 3.1 Chemical structure of EPON 828 resin.

Table 3.3 Typical properties of EPON 828 [67]

Visual Appearance Clear Liquid
Epoxy equivalent weight (g/eq) 185 to 192
Viscosity @ 25 °C (cPs) 10,000 to 16,000
Density @ 25 °C (g/cm’) 1.16
Vapor pressure @ 25°C (mm Hg) 0.03
Refractive index @ 25°C 1.573

EPON 828 has a very good fluidity, easy to process and after curing with suitable curing

agent offers good mechanical, dielectric and chemical resistance properties.

3.1.4 Hardener EPICURE 3046

EPICURE 3046 obtained from Hexion Specialty Chemicals is an aliphatic amidoamine
containing tri-ethylene tetramine and tall oil fatty acid polyamide. Tall oil fatty acid is
produced by the fractional distillation of tall oil, a co-product of Kraft process in wood
pulp manufacturing industries. It is a predominately linear chain of 18 carbon mono and
di functional unsaturated fatty acids which is mainly oleic and linoleic acid. Some

characteristics of EPICURE 3046 are given in Table 3.4.
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Table 3.4 Characteristics of EPICURE 3046 [67]

Amine hydrogen equivalent weight (AHEW) (g/eq) 90
Viscosity @ 25 °C (cPs) 120 to 280
phr (parts per hundred) 35

EPICURE 3046 has good compatibility with EPON 828 resin. It has reasonably low

viscosity with high amine hydrogen which forms a rigid network with epoxy.

3.2 Dispersion method

For this thesis, a high speed stirring method using a high speed homogenizer is used to
disperse the clay in resin. The high speed homogenizer consists of an internal rotor and
external stator assembly which is called a rotor-stator generator. The rotor is connected
with a variable speed electric motor and can be operated at a minimum speed of 6,500
rpm to a maximum of 24,000 rpm. The rotor is designed in such a way that it acts as a
centrifugal pump under operation. Due to very high rotational speed a centrifugal force is
generated which axially draws the liquid resin as well as the suspended solid additives
into its dispersion head which is then forced radially through the slots of rotor-stator
arrangement. The differential speed between the rotor and stator produces extremely high
shear force which subsequently generates a very high turbulent energy in the shear gap.
This energy disperses the clay in the resin. A high speed homogenizer, rotor-stator
assembly and its working principle is shown in Figure 3.2. The effectiveness of the
dispersion highly depends on the shear gradient and the residence time of particles in the

shear zone. Moreover, as the rotor-stator generator produces very high turbulent energy,
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it increases the temperature of mixture resulting in the reduction of viscosity to facilitate

proper dispersion.

Stator tooth

Shearlng gap .

Avg.speed atgap entry

(a) (b) (c)

Figure 3.2 Photograph of (a) High speed homogenizer, (b) Rotor-stator assembly
(CONCOM Lab) and (c) Rotor-stator working principle [68].

For this thesis, resin EPON 828 was first preheated to 45 °C to reduce the viscosity. The
necessary amount (up to 2 wt.%) of organoclay Nanomer [.30E was added to the resin.
The clay is mixed into the resin by hand with a spatula. After that, the high speed
homogenizer is used to disperse the clay up to a maximum rotational speed of 20,000 rpm
for 20 minutes. The temperature of the suspension was closely monitored using a
thermometer and kept below 100 °C throughout the process to avoid self-polymerization.
Scanning electron microscopy was done to characterize the dispersion of nanoclay epoxy.
Figures 3.3 and 3.4 show the SEM images of fracture surfaces of both epoxy/nanoclay
and glass-fiber/epoxy/nanoclay systems, respectively. The SEM images indicate that the
clay agglomerations are broken into small aggregates (shown by arrow) and in some

places complete exfoliation is observed. Also there are a few considerably bigger
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agglomerations (shown within circles) observable within the images. On the whole an

exfoliated/intercalated structure was achieved using high speed mixing method.

i

5.0kV 4.9mm x1.00k

Figure 3.3 SEM images of fracture surface of epoxy system with 2wt.% nanoclay: (a)

lower magnification and (b) higher magnification.
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]

5.0kV 5.0mm x15.0k 5.0kV 5.0mm x50.0k

Figure 3.4 SEM images of fracture surface of glass-fiber-epoxy system with 1 wt.%

nanoclay at different magnifications.

3.3 Sample preparation

The manufacturing process is very important for the composite materials. Manufacturing
procedures and curing conditions significantly affect the properties of the structure. In
this section, sample manufacturing methods, study parameters and curing conditions are

described briefly. Two types of samples have been prepared,
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1) Epoxy + Clay

i1) Epoxy + Clay + S-glass fiber

For both types of samples, up to 2 wt.% clay have been added. For the samples with
continuous S-glass fiber, different fiber orientations have been applied. Table 3.5 shows

different sample configurations.

Table 3.5 Different sample configurations

Materials Fiber Orientation Clay Loading (wt.%)
0
1) Epoxy + Clay - 1
2
0
Unidirectional 1
2
C 1 0
i1) Epoxy + Clay + S-glass [0/ ;;j;j 9}(])2]5 ;
.. . 0
Quasi-isotropic I
[02/90,/£45,]s 5

3.3.1 Epoxy + Clay sample preparation

Neat epoxy and clay-incorporated epoxy samples were molded in a silicone rubber mold.
First the exact amount of hardener (35 parts per hundred) was added to neat epoxy or
epoxy-clay mixture (after dispersion with high speed homogenizer) at room temperature.
After that, the mixture and hardener was mixed carefully and slowly with a stirrer for 5
minutes to avoid air entrapment in the mixture. To remove air bubbles, the mixture was
then degassed in a vacuum oven at a vacuum of 25 mmHg for 25 minutes at room

temperature. The mixture was poured in the pre-heated (50 °C) silicone rubber mold for
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curing. Samples were cured at 120 °C for 2 hours in an oven and then post cured at 140
°C for 2 hours. After curing, 6 samples of each configuration were obtained with
dimensions 75mmX10mmX2mm approximately. Figure 3.5 shows the sample

manufacturing procedure with epoxy and epoxy-clay mixture.

Epoxy EPON
828

Stirring with high
speed homogenizer

Hardener
EPICURE 3046

N
Curing in silicone

mold at 120 °C for
2 hours

'

Post cure at 140 °C
for 2 hours

J

~

Figure 3.5 Epoxy and epoxy + clay sample manufacturing procedure.
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3.3.2 Epoxy + Clay + S-glass sample preparation

Different manufacturing/fabrication methods can be applied to fabricate continuous fiber
composite structure depending on the requirements and parts geometry. Some of the
commonly used methods are hand lay-up and autoclave curing, RTM (resin transfer
molding), VARTM (vacuum assisted RTM), SCRIMP (Seaman composite resin infusion
molding process), Injection molding etc. Filament winding and pultrusion processes are
also widely used to produce special shape composite structures especially for cylindrical,

spherical and conical shape parts.

EPON 828 @

N 4

Stirring with high speed
homogenizer

('~ EPICURE 3046

Hand Lay-up

<Vacuum Bagging>
Autoclave Curing

Figure 3.6 Flow chart for sample manufacturing with glass fiber.

S-Glass preform
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Figure 3.7 Photograph of a typical Autoclave (CONCOM Lab).

In this research, hand lay-up and autoclave molding process were used to fabricate
samples. Figure 3.6 shows the flow chart of sample manufacturing procedure. In the
autoclave, a vacuum can be applied inside the vacuum bag and pressure as well as
temperature can be controlled as desired. An autoclave is shown in figure 3.7. This
provides a compact, consolidated and high quality parts. The Autoclave process has three
major steps; tool preparation, lay-up and curing. Tool refers to the mold as autoclave is a
molding process. There is secondary tooling materials required to prepare the vacuum
bag and to ensure easy removal of the parts after curing. A steel plate of dimensions
60cmXx60cmXx1.5cm was used as the tool to fabricate a flat plate laminate. Lay-up was
done on this plate then a vacuum bag was prepared and the assembly was subsequently
cured in an autoclave. For convenience, a big flat laminate was first manufactured and
then the desired size experimental specimens were cut from the laminate using a diamond

cutter. The total sample fabrication process and curing is described below:
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» First, required size fiber pre-form were cut from the fiber pre-form roll according
to the orientation of the lay-up. Here, 16 layers of fiber have been used for all
sample configurations.

» The surface of the tool (steel plate) was cleaned and release agent ‘Safe Release
30’ was applied beforehand for easy removal of the parts after curing.

» A layer of fiber was placed upon the tool according to the desired laminate
configuration and sufficient amount of resin (after dispersion and mixing with
hardener) was applied on the fiber layer. Subsequent layers of fibers were placed
on top of the previous layer one by one. After placing every layer sufficient resin
was added and enough compaction pressure was applied using a roller to adhere
the fiber plies and removal of entrapped air that possibly could form voids within
the laminate. The lay-up sequence of all sample configurations is shown in figure

3.8.

el 2
—~ W/
.rjﬁﬁﬁﬁﬁﬁﬁﬁwf

T
i A,
%

.

(a) (b) (©)

Figure 3.8 Lay-up sequences for (a) Unidirectional, (b) Cross-ply and (c) Quasi-

isotropic laminates.
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» After completing the ply lay-up, a porous release film, the bleeder ply to absorb
excess resin and the breather ply to apply sufficient vacuum were placed on top of
the laminate one after another.

» Then sealant tape was placed on the periphery of the plate around the laminate. A
vacuum bag connected with a vacuum valve was then placed on the entire lay-up

and sealed properly. A vacuum bagging sequence is shown in figure 3.9.

Bagging film
— Vacuum Valve / seine
IJ:l_l / Breather
. Bleeder

Sealant 4— Release film

| < Part/Laminate

O Release agent

[ ¢— Tool

Figure 3.9 Typical cross-section of a vacuum bag.

» The entire vacuum bag assembly was then placed inside an autoclave and
connected to the vacuum pump of the autoclave. A pressure of 50 psi was
maintained inside the autoclave to assist further compaction of the laminate. Then

the autoclave is started for curing the laminate.

3.3.3 Autoclave curing

The autoclave is a sophisticated oven in which temperature and pressure can be
controlled. It is basically a large cylindrical vessel with thermal insulation. A vacuum
pump is always installed in an autoclave to apply necessary compaction pressure to

the parts. Even a very complex multi-step curing cycle can be programmed via
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computer or controller which precisely maintains the curing temperature inside the
autoclave. The flexibility of controlling temperature and pressure is the major
advantage of the autoclave. In the autoclave, the temperature plays a very important
role to initiate cross-linking and acceleration of curing process. Pressure helps to
squeeze out excess resin from the laminate. So the selection of curing temperature

and pressure is very important which should meet the following requirements:

To cure the resin uniformly throughout the laminate.

= To attain a high degree of cure in the shortest possible time.

» To squeeze out all the excess resin from each layer of the laminate before the
resin becomes gelled at any location inside the laminate.

= To remove voids from the matrix.

To meet these requirements, a two step curing cycle was used to cure the samples
as shown in the Figure 3.10. The laminate is heated from room temperature to
120 °C in 60 minutes then held at this temperature for 2 hours to allow the matrix
flow, remove entrapped air and attain a certain degree of cure. In the second step,
the temperature is again increased to 140 °C and held for another 2 hours for

subsequent post cure.
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120 °C

Temperature (deg. C)
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60 min 120 min 15 min 120 min

Time (min)

Figure 3.10 Cure cycle for S-glass/epoxy composite laminate.

3.4 Problems associated with sample fabrication

The problems associated with the manufacturing of samples are described below:

e The major problem is viscosity of the resin increases after adding nanoclay in it.
With increased viscosity, it is very difficult to remove voids from the resin system
and extra effort is required to extract excess resin from the laminate at the time of
curing. However, there is possibility of dry spots with increased viscosity of resin
resulting in degraded quality of the final laminate.

e During high speed mixing, the temperature of the mixture rises very fast.

Moreover, Nanomer 1.30E is a reactive organoclay with primary amine intercalant
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and reacts above 100 °C temperature. So the temperature of the mixture was
closely monitored and always maintained below 85 °C while mixing. For this an
ice bath was used and an interrupted (stop mixing when temperature reach 85 °C

and start again when temperature comes down) mixing technique was applied.

/ Breather

Steel plate

Bleeder

— Tool

1/

Lav-up with different clay %

Figure 3.11 Schematic illustration of vacuum bagging sequence.
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Figure 3.12a Optical microscopic image of cross section of quasi-isotropic laminate

without nanoclay: (i) lower magnification and (ii) higher magnification.
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100.000 um:

10.00Qgm

Figure 3.12b Optical microscopic image of cross section of quasi-isotropic laminate with

1 wt.% nanoclay: (i) lower magnification and (ii) higher magnification.
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Figure 3.12¢ Optical microscopic image of cross section of quasi-isotropic laminate with

2 wt.% nanoclay: (i) lower magnification and (ii) higher magnification.
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Because of the viscosity difference, the thickness of the laminate with different
clay content varied. Thus the laminate with higher clay content had higher
thickness although the same curing conditions have been applied. But the number
of fiber layers was the same in all laminates. So the volume fraction of the
laminates was also varying which is not good for comparative result analysis.
This problem was rectified by, laying up all samples with different clay contents
of same configuration (unidirectional, cross-ply and quasi-isotropic) on a same
tool (steel plate) and after lay-up another steel plate was placed on the top of all
samples to apply same pressure on all laminate according to figure 3.11. Using
this technique, samples with almost identical thickness and good quality were
manufactured as shown in figures 3.12a to 3.12c. From the images, the thickness
was measured as 1.26+0.02 mm. There are some black marks observed in the
images with higher magnification in figures 3.12a to 3.12c which are mostly on
the fibers. These may be induced during grinding and polishing because of very

brittle nature of S-glass fibers.

3.5 Experimental Procedure

3.5.1 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical or viscoelastic properties of material are analyzed by DMA
technique. DMA can simultaneously measure elastic or storage modulus and the energy
dissipating or loss modulus of the material as a function of several parameters such as
temperature, time, and frequency. DMA also can determine the glass transition

temperature (Tg) and phase transitions. DMA applies a sinusoidal force to the sample and
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measures the resulting deformations or strains. Unlike purely elastic material, the strain
response of a viscoelastic material always lags behind the input stress by a phase
difference which is called the phase angle. Figure 3.13 shows the response to sinusoidal
oscillation of purely elastic and viscoelastic material. The ratio of the dynamic stress to
the dynamic strain gives a complex modulus which is then resolved into the storage
modulus (E’) and the loss modulus (E”). The storage modulus E’ is usually called the
elastic modulus or the stiffness of the material which refers to the ability of the material
to retain or store the elastic energy. The loss modulus E” is the viscous component and
refers to the energy absorbing ability of the material. The tangent of the phase angle,

usually denoted by tano, provides the relation between elastic and viscous components.

———-stress ¢
strain &

i

—_—
ot

L]
I
L
¥,

Figure 3.13 Sinusoidal oscillation and response of, (a) purely elastic material and (b)

linear viscoelastic material.

A Du Pont 983 DMA coupled with TA 2100 thermal analyzer was used to measure the

storage modulus, loss modulus and tano. Figure 3.14 shows the 983 DMA and TA 2100
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thermal analyzer used for this experiment and a sample clamped with the DMA. In 983
DMA, the sample is clamped between two parallel arms and is deformed under a constant
stress, oscillating stress or a constant strain, depending on the experiment mode. The
behavior of the sample under this deformation is monitored by a linear variable
displacement transducer (LVDT). Using 983 DMA, sample can be analyzed in four
different modes of operation: resonant frequency, fixed frequency, stress relaxation and

creep mode [69]. Figure 3.15 shows the internal components of a 983 DMA.

- vy

gﬁ;ﬂ'nnﬂ-——; 25

Figure 3.14 Photograph of (a) a 983 DMA with TA 2100 Thermal analyzer and (b) a
sample clamped with 983 DMA (CONCOM Lab).
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Figure 3.15 DMA internal components [69].

All samples had the width between 8 mm to 10 mm and thickness between 1.25 mm to 2
mm. The dynamic properties were determined using fixed frequency method of 1Hz and
amplitude of 0.2 mm. The samples were heated from room temperature to 180°C at a

ramp (heating rate) of 2°C/min.
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3.5.2 Log Decrement Test

The log decrement test is a method to measure damping ratio experimentally of an under-
damped system. In an under-damped system, the amplitude of vibration exponentially
decays over time and the natural log of amplitudes of any two successive peaks is called
the logarithmic decrement or log decrement. So the log decrement, usually denoted by 9,

can be defined by

1, Ag
—in® 3.1)

n

5 =

Where A is the amplitude of first cycle and A is the amplitude of the peak after n

period.

From this log decrement, the damping ratio C can be calculated using the following

formula

(= —— (3.2)

For the log decrement test, samples were manufactured using the same hand lay-up and
autoclave curing method as the DMA test. The length and width of the samples were 20
cm and 2.54 cm respectively and the thickness between 1.25 mm and 1.35 mm. Figure
3.16 shows the log decrement test set-up. One end of the sample was clamped on a rigid
support with sufficient clamping force at distance of 20 cm from the free end. An
accelerometer (Bruel & Kjaer 4393) was attached on the tip of the sample using wax glue
to measure the amplitudes of vibration. The tip of cantilever composite beam is then
excited with initial amplitude of 20 mm approximately and let to vibrate freely until the
amplitude decays. These amplitude signals were then amplified by a Kistler S04E dual
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mode amplifier and the amplitude versus time graph was plotted using an Agilent
54624A oscilloscope. Figure 3.17 shows the photograph of samples and experimental
setup for the log decrement test. From the free decay curve, logarithmic decrement 6, and
damping ratio  was calculated using equations 3.1 and 3.2 respectively. The experiment
was done in air so the results include the effect of air damping. The effect of air damping
could be avoided by doing the test in vacuum but for comparative purpose, tests in air are

sufficient.

Hammer
Test Beam

Accelerometer

Clamp \t

Agilent 100MHz
Oscilloscope

\

7 3 ¢ |
3 3¢ .i. «—— Kistler S04E

Amplifier
OO0O®O [ )

Figure 3.16 Experimental set-ups for log decrement test.
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(2) (b)

(©)

Figure 3.17 Photographs of (a) typical samples, (b) clamped sample with accelerometer

and (c) log decrement test set-up.
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3.5.3 Flexural Fatigue Test

Vibration has a very important influence on the fatigue life of any structure. During
vibration, a structure is usually subjected to flexural fatigue load and the amplitude or
deflection of vibration is not very high (usually less than 7°). So to see the effect of
damping improvement on fatigue life, a fixed amplitude flexural fatigue test was
designed. The flexural fatigue tests were carried out using an MTS machine to measure
the fatigue life of glass/epoxy composite laminate with and without nanoclay. Sample
manufacturing procedure and dimensions were the same as for the log decrement test
samples. Figure 3.18 shows the schematic illustration of experimental set-up for the

flexural fatigue test.

Fixed end Strain gage W

Guided end

6 cm .l

15cm

Figure 3.18 Schematic illustration of experimental set-up for flexural fatigue test.
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Figure 3.19 Typical fatigue sample with strain gage and wire.

Figure 3.20 Photograph of experimental set-up for flexural fatigue test.
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One end of the sample was clamped with lower grip of MTS machine and the other end
was clamped to a fixed and rigid support outside of the machine at a distance of 15 cm.
To monitor the damage inside the laminate sample, a strain gage (Vishay CEA-06-
125UW-350) was attached to the laminate at a distance of 6 cm from the fixed end. A test
sample with strain gage and wire is shown in figure 3.19. The photograph of the
experimental set-up is given in figure 3.20. The MTS machine was programmed to
deflect the sample to maximum amplitude of + 6.67 mm at frequency of 4 Hz. So from

figure 3.18, total angle of deflection was measured as,

6 YB-YaA y
Tan {E} = Xp-Xa L
2] 6.67
Tan {=} = — =~ Tan2.5°
2 150
0~=5°

For each sample 300,000 fatigue cycles were applied. Strain on the sample was recorded
after every 25,000 cycles of fatigue. This is a cantilever beam system with one end fixed
and the other end is guided. The theoretical analysis of beam deflection is given in the
following section. To see the effect of damage on damping property, logarithmic
decrement tests were carried out after every 100,000 fatigue cycles. For better
understanding of the effect of nanoclay addition on fatigue life, flexural fatigue tests were
carried out only on cross-ply and quasi-isotropic laminate samples because they have less
fiber dominant flexural properties compared to unidirectional laminate. For repeatability

of results, 3 samples of each configuration were tested.
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3.5.3.1 Deflection of Beam

This is a cantilever beam arrangement with one end fixed and the other end is guided
where a controlled deflection of y is given. Figure 3.21 represents the schematic of beam
deflection, free body diagram, shear force diagram and bending moment diagram. As the

end B is guided, the slope of both ends will be zero under deflection.

B L
W
A )
M, (. i )M
C
W .
(@)
W i
0
(b)
w.l
2
0
W

©

Figure 3.21 Schematic of (a) free body diagram, (b) shear force diagram and (c) bending

moment diagram.
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In equilibrium,

Ry=w
Now , taking moment about B,
RyL =M, + My
From symmetry condition,
My=Mg=M
Or, wL=M+M
M = wL

2

Using the free body diagram of portion AC of the beam, where C is located at distance x
from end A

M= — WTL + wx
d?y _ _wL
< EI > i > F WX o (1)
Integrating equation (i) in x,
SEI>Z=-224 2240 (i)

Integrating equation (ii) in x again,

<SEl>y=—"x2 4223 4+ Cx+Cp oo (iii)

Now by applying boundary conditions,

At x=0, =0

dx
;=0

And at, x=0, y=0
C,=0
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So equation (iii) becomes,

<El>y=—2x24%,s3
4 6
Or y=———_ (3wx? —2wx?)
i 12 <EI>
—-__w 2 _ :
Or, Y=o X (BL=2X) e, (iv)
Now,
. d
Strain on the surface of the beam, E= ;
Where,
d = distance of surface from the neutral axis
and p = curvature of neutral axis
Here, d=- ( for symmetric beam)
1 d?%y w L
And - = = — -—X from eqn. 1
p dx? <EI> (2 ) ( qn. 1)
h d?
g ===
2 dx?
So, Strain at any point
-wxh L
E, = . 4 N
¢ 2<EI> (2 ) ™)

. 12<EI>Yy 1 L
Since , w=— (from equation iv)
x2 (3L-2x)

__ h(BL-6x)y
€7 x2(3L-2x)

From equation (v), it can be said that maximum positive strain occurs at x = 0, the strain

L , : .
value becomes 0 when x = 2 and maximum negative strain occurs at x = L.
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3.5.3.2 Fatigue Damage Index
Fatigue damage index is a parameter to measure the extent of the damage caused by the

cyclic fatigue, usually denoted by D and defined as:

Er
Eo

D=1- (3.3)

Where, E; and E, are the modulus of the samples after and before the fatigue test, i.e. E,
refers to the undamaged state and E, refers to the residual value after a certain fatigue
cycle. So it is obvious that the value of D would always be less than 1 and a lower value
indicates that fatigue damage is less in that sample. After 200,000 and 300,000 fatigue
cycles, the flexural storage modulus of all samples was measured using the DMA 983.

Then fatigue damage index D was calculated using equation 3.3.

76



Chapter 4

Vibration Test Results

4.1 DMA Analysis

Dynamic Mechanical Analysis (DMA) was carried out to measure the dynamic
mechanical performance of pristine and nano-clay incorporated epoxy and glass/epoxy
composite system. In the DMA test, a flexural oscillatory force is applied to the sample
and the response to the applied force is measured as a function of temperature. In this
analysis two different moduli can be determined. The first one is storage modulus or
elastic modulus usually denoted by E’ which represents the ability of the material to store
energy. The second one is the loss modulus which indicates the ability of the material to
dissipate energy and is usually defined by E”. The ratio of loss modulus E” and storage
modulus E’ is called Tan delta (Tan 6) which represents the damping property of the
material. The temperature dependence of the flexural storage modulus, loss modulus and
Tan & of all samples is described in the following sub-sections. In DMA analysis, the
storage modulus gradually decreases and loss modulus gradually increases with the
increase in temperature. At a certain temperature, the molecules of the material become
unstable and there is relative motion between the molecules. At this point, the storage
modulus falls sharply and the loss modulus reaches a maximum value. This temperature
is called the glass transition temperature and is usually defined by Tg. Although Tg has a
range, the temperature where tan delta is maximum, can be considered as the glass
transition temperature. Below Tg the material is in glassy state and above Tg the material

has a rubbery state.
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4.1.1 Neat epoxy and nano-clay incorporated epoxy

The temperature dependent curves of storage modulus, loss modulus and tan delta are
shown in figure 4.1 as determined by flexural dynamic mechanical analysis. Within the
entire heating range, three arbitrary temperatures (30°C, 60°C and 140°C) have been
selected to compare the results in both glassy (30°C and 60°C) and rubbery (140°C)
region. Table 4.1 shows the DMA properties of neat epoxy and nano-clay incorporated

epoxy at these temperatures.
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Figure 4.1 DMA curves of neat epoxy and nanoclay incorporated epoxy, (a) storage

modulus, (b) loss modulus and (c) tan delta.



Table 4.1 DMA properties of neat epoxy and nanoclay incorporated epoxy

Material Storage Modulus (GPa)
Tg (°C)
30°C 60°C 140°C
Epoxy 2.42 2.03 0.043 122
Epoxy + 1 wt.% Clay 2.59 2.17 0.044 122
Epoxy + 2 wt.% Clay 2.75 2.29 0.045 122
Material Loss Modulus (MPa)
30°C 60°C 140°C
Epoxy 65.88 102.22 13.13
Epoxy + 1 wt.% Clay 72.31 109.42 13.84
Epoxy + 2 wt.% Clay 81.30 115.00 13.71

From figure 4.1(a), it can be clearly seen that nano-clay has a significant effect on
flexural storage modulus. At room temperature the storage modulus is increased by 7%
with only 1 wt.% of nano-clay 1.30E compared to neat epoxy. At 2 wt.% of nano-clay,
the improvement is 13.6%. At 60°C temperature similar trend is observed. But in the
rubbery region, no significant change in the storage modulus is observed. So it can be

said that the reinforcing effect of nano-clay is more dominant in the glassy region.

The DMA curve for the loss modulus is shown in figure 4.1(b). Maximum improvement
in the loss modulus is observed at room temperature for both 1 and 2 wt.% incorporation
of nano-clay. Here the improvement is 9.8% and 23.4% respectively. With the increase in
temperature the percentage of improvement in the loss modulus is reduced. In the rubbery

region, the change in the loss modulus is not significant.
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Figure 4.1(c) represents the tan delta curve. There is no improvement observed in the tan
delta value. Nano-clay improves both storage modulus and loss modulus. But the
improvement in storage modulus is higher compared to the improvement in loss modulus.
As tan delta is the ratio of loss modulus to storage modulus, the differences cancel out.
Also, no change in the glass transition temperature was observed due to addition of

nanoclay.

4.1.2 Unidirectional Laminate

The temperature dependent curves of storage modulus, loss modulus and tan delta for the
unidirectional glass/epoxy laminate (with and without nanoclay) are shown in figure 4.2
as determined by flexural dynamic mechanical analysis. Table 4.2 shows the DMA
properties at 30°C, 60°C and 140°C temperature. Temperature dependent curve of
storage modulus in figure 4.2(a) shows that incorporation of nanoclay significantly
improves the storage modulus both in glassy and rubbery region. At room temperature, 1
wt.% and 2 wt.% incorporation of nanoclay increased the storage modulus by 12.7% and

16.8% respectively.
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Figure 4.2 DMA curves of unidirectional laminates with different nanoclay contents, (a)

storage modulus, (b) loss modulus and (c) tan delta.
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Table 4.2 DMA properties of unidirectional laminates with different nanoclay contents

Storage Modulus (GPa)

Laminate Tg (°C)
30°C 60°C 140°C
Unidirectional 27.58 25.63 5.29 102
Unidirectional + 1 wt.% Clay 31.08 28.83 7.21 100
Unidirectional + 2 wt.% Clay 32.21 29.93 6.81 100
Loss Modulus (MPa)
Laminate
30°C 60°C 140°C
Unidirectional 830.85 612.50 327.15
Unidirectional + 1 wt.% Clay 958.50 780.15 479.60
Unidirectional + 2 wt.% Clay 968.45 792.35 421.35

Nanoclay has a similar positive effect on loss modulus in both glassy and rubbery region

of unidirectional laminate shown in figure 4.2(b). The maximum improvement in the loss

modulus is obtained at room temperature which are 15.4% and 16.6% for 1 wt.% and 2

wt.% nanoclay respectively. As both storage and loss modulus improve proportionally,

the tan delta curves in figure 4.2(c) do not show any significant improvement and the

peak of the tan delta curve with nanoclay reduced significantly compared to the laminate

without nanoclay. At Tg, energy dissipation ability due to friction is decreased because of

relative motion between the molecules of the resin system. So the loss modulus falls

quickly but due to the presence of glass fiber, the storage modulus still maintains some

stiffness. This could be a possible reason why the peak of tan delta curves reduced

successively at the glass transition temperature (Tg).
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4.1.3 Cross-Ply Laminate

The temperature dependent curves of storage modulus, loss modulus and tan delta for the

cross-ply glass/epoxy laminate (with and without nanoclay) are shown in figure 4.3 as

determined by flexural dynamic mechanical analysis. Table 4.3 shows the DMA

properties at 30°C, 60°C and 140°C.
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Figure 4.3 DMA curves of cross-ply laminates with different nanoclay contents, (a)
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Table 4.3 DMA properties of cross-ply laminates with different nanoclay contents

. Storage Modulus (GPa)
Laminate Tg (°C)
30°C 60°C 140°C
Cross-ply 22.59 21.09 5.76 116
Cross-ply + 1 wt.% Clay 24.49 22.92 6.67 116
Cross-ply + 2 wt.% Clay 25.10 23.59 7.01 116
Loss Modulus (GPa)
Laminate
30°C 60°C 140°C
Cross-ply 711.00 464.55 395.00
Cross-ply + 1 wt.% Clay 770.30 551.35 461.70
Cross-ply + 2 wt.% Clay 831.00 552.85 499.70

Temperature dependent curve of storage modulus in figure 4.3(a) shows that similar to
unidirectional laminate, incorporation of nanoclay fairly improves the storage modulus of
cross-ply laminate in both glassy and rubbery region and the maximum improvement is
observed at room temperature. At room temperature, 1 wt.% and 2 wt.% incorporation of
nanoclay increased the storage modulus by 8.4% and 11.1% respectively. Nanoclay has a
positive effect on loss modulus in both glassy and rubbery region of cross-ply laminate
shown in figure 4.3(b). At room temperature the improvement in loss modulus is 8.3%
and 16.9% respectively for 1 wt.% and 2 wt.% nanoclay contents. Again the
improvement in the loss modulus is comparable to storage modulus. Thus like
unidirectional laminate, the tan delta curve in figure 4.3(c) does not show any significant
improvement in the glassy region and there was also a gradual reduction of peak in tan

delta curves with increasing nanoclay content.
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4.1.4 Quasi-isotropic Laminate

The temperature dependent curves of storage modulus, loss modulus and tan delta for the

quasi-isotropic glass/epoxy laminate (with and without nanoclay) are shown in figure 4.4

as determined by flexural dynamic mechanical analysis. Table 4.4 shows the DMA

properties at 30°C, 60°C and 140°C.
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Figure 4.4 DMA curves of quasi-isotropic laminates with different nanoclay contents; (a)

storage modulus, (b) loss modulus and (c) tan delta.
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Table 4.4 DMA properties of quasi-isotropic laminates with different nanoclay contents

. Storage Modulus (GPa)
Laminate Tg (°C)
30°C 60°C 140°C
Quasi-isotropic 19.07 17.94 6.06 116
Quasi-isotropic + 1 wt.% Clay 19.82 18.66 5.23 116
Quasi-isotropic + 2 wt.% Clay 21.28 19.81 5.81 114
Loss Modulus (MPa)
Laminate
30°C 60°C 140°C
Quasi-isotropic 511.80 402.42 447.84
Quasi-isotropic + 1 wt.% Clay 552.24 412.12 394.22
Quasi-isotropic + 2 wt.% Clay 627.30 486.10 404.20

The temperature dependent curve of storage modulus in figure 4.4(a) shows that similar
to unidirectional and cross-ply laminate, incorporation of nanoclay significantly improves
the storage modulus of quasi-isotropic laminate in the glassy region and the maximum
improvement is observed at room temperature. At room temperature, 1 wt.% and 2 wt.%
incorporation of nanoclay increased the storage modulus by 4% and 11.6% respectively.
Nanoclay also has a positive effect on loss modulus in the glassy region of the quasi-
isotropic laminate shown in figure 4.4(b). The improvements in the loss modulus are 8%
and 22.5% at room temperature for the same clay contents. But in the rubbery region,
both storage and loss modulus of laminates with nanoclay are slightly reduced compared
to the laminates without nanoclay. The tan delta curve shown in figure 4.4(c) has a

similar trend as observed in the case of unidirectional and cross-ply laminate.
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4.2 Log Decrement Test
Log decrement test results of different laminates are described in the following sub-

sections.

4.2.1 Unidirectional Laminate

The log decrement curves of unidirectional laminate with different nanoclay contents are
shown in figure 4.5. It can be observed clearly that the amplitude of the laminates with
nanoclay decays faster than the laminate without nanoclay and the damping effect is
higher at higher nanoclay content. After 4.5 seconds, the amplitudes of laminate with 1
wt.% and 2 wt.% nanoclay have been reduced by 14.3% and 28.3% respectively. The log
decrement value and the damping ratios of laminate with different nanoclay content are
given in Table 4.5 which indicates that at 1 wt.% incorporation of nanoclay can improve

the damping ratio by 12% and at 2 wt.% nanoclay content the improvement is 33%.
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Table 4.5 Log decrement values and damping ratios of unidirectional laminates

Laminate Logarithmic decrement, 8 | Damping ratio, { (eqn. 3.2)
Unidirectional (no clay) 0.033 0.00525
Unidirectional + 1 wt.% Clay 0.037 0.00588
Unidirectional + 2 wt.% Clay 0.044 0.00700

4.2.2 Cross-Ply Laminate

The log decrement curves of cross-ply laminate with different nanoclay contents are
shown in figure 4.6. It can be observed clearly that the amplitude of the laminates with
nanoclay decay faster than the laminate without nanoclay and the damping effect is
higher at higher nanoclay content. After 4.5 seconds, the amplitudes of laminate with 1
wt.% and 2 wt.% nanoclay have been reduced by 64.6% and 66.4% respectively. The log
decrement value and the damping ratios of laminate with different nanoclay content are
given in Table 4.6 which indicates that at 1 wt.% incorporation of nanoclay can improve
the damping ratio by 41.7% and at 2 wt.% nanoclay content the improvement is 55.5%.
Here the effect of nanoclay on damping property is even more than unidirectional
laminate which could be because of less fiber dominated properties and more matrix

dominated properties in the case of cross-ply laminate.
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Table 4.6 Log decrement values and damping ratios of cross-ply laminates

Laminate Logarithmic decrement, 6 | Damping ratio, C (eqn. 3.2)
Cross-ply (no clay) 0.036 0.00573
Cross-ply + 1 wt.% Clay 0.051 0.00812
Cross-ply + 2 wt.% Clay 0.056 0.00891

4.2.3 Quasi-isotropic Laminate

The log decrement curves of quasi-isotropic laminate with different nanoclay contents are
shown in figure 4.7. Similar to unidirectional and cross-ply laminate, it can be observed
clearly that the amplitude of the laminates with nanoclay decay faster than the laminate
without nanoclay and the damping effect is higher at higher nanoclay content. After 4.5
seconds, the amplitudes of laminate with 1 wt.% and 2 wt.% nanoclay have been reduced
by 32.2% and 49.1% respectively. The log decrement value and the damping ratios of
laminate with different nanoclay content are given in Table 4.7 which indicates that at 1
wt.% incorporation of nanoclay can improve the damping ratio by 48.5% and at 2 wt.%
nanoclay content the improvement is 57%. Because of more matrix dominated properties,
the improvement in damping ratio in this case is higher than unidirectional and cross-ply

laminate.
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Table 4.7 Log decrement values and damping ratios of quasi-isotropic laminates

Damping ratio, ¢
Laminate Logarithmic decrement, o
(eqn. 3.2)
Quasi-isotropic (no clay) 0.035 0.00557
Quasi-isotropic + 1 wt.% Clay 0.052 0.00827
Quasi-isotropic + 2 wt.% Clay 0.055 0.00875

4.3 Conclusion

The dynamic mechanical properties and free vibration test results are presented in this
chapter. In the DMA analysis, it is found that nanoclay incorporation significantly
improves the dynamic properties of both pristine epoxy and conventional glass/epoxy
composites. The maximum improvement was observed in the glassy region around room
temperature for all samples with different fiber orientation. At 1 wt.% clay content, a
maximum of 12.7% improvement in storage modulus and 15.4% improvement in loss
modulus was observed in the case of a unidirectional laminates. At 2 wt.% nanoclay
incorporation, a maximum 16.8% improvement in storage modulus was found for
unidirectional laminate and 22.5% improvement in loss modulus in the case of quasi-
isotropic laminate was observed. As both storage and loss modulus were increased
comparably, there was no significant improvement in tan delta values. From the DMA
analysis, it was also found that nanoclay does not really affect the glass transition
temperature of glass/epoxy composite laminate. The log decrement test which was

carried out at higher frequency and amplitude compared to DMA analysis, indicates that
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nanoclay has a very significant effect on vibration damping performance. In this free
vibration test the amplitude of vibration of laminates with nanoclay decays much faster
than laminates without nanoclay. But improvement in damping ratios were more
significant in the case of cross-ply and quasi-isotropic laminate compared to
unidirectional laminate. This could be because properties of cross-ply and quasi-isotropic
laminates are less dominated by fiber (and more dominated by matrix) compared to
unidirectional laminate. The maximum improvement in damping ratio for both 1 and 2
wt.% nanoclay incorporation are 48.5% and 57% respectively achieved in quasi-isotropic

laminates.
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Chapter 5

Fatigue Test Results and Fracture Behavior

5.1 Flexural Fatigue Test

The flexural fatigue test procedure was described in Chapter 3. Here a fixed frequency of
4 Hz was used. The amplitude of displacement was also fixed (+6.67mm) which
produced a flexural stress that was much below the ultimate strength of the material.
Hysteretic heating of samples was negligible, realized by physically touching the sample
during the fatigue test. Thus the fracture that occurred in the laminate was due to
mechanical fatigue rather than thermal failure. If there is any damage (crack or
delamination) within the laminate due to fatigue, the stiffness will reduce and the
maximum strain will increase. The number of fatigue cycles to induce strain value
changes may be considered as a measure of flexural fatigue life. For repeatability of
results, at least 3 samples of both cross-ply and quasi-isotropic laminate were tested.
Table 5.1 represents the sample configurations for the fatigue test, where A, B and C
indicates the percentage of nanoclay loading and 1, 2 and 3 indicates the number of
samples manufactured in each different batches. To validate these results, log decrement
tests were carried out after every 100,000 fatigue cycles and fatigue damage indexes were
measured after 200,000 and 300,000 fatigue cycles. Flexural fatigue test results are

described in the following sub-sections.
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Table 5.1 Sample configurations for fatigue test

Sample Description
No clay, Sample # 1

A No clay, Sample # 2

No clay, Sample # 3
1 wt.% clay, Sample # 1

1 wt.% clay, Sample # 2

1 wt.% clay, Sample # 3

2 wt.% clay, Sample # 1

2 wt.% clay, Sample # 2
2 wt.% clay, Sample # 3

vs]
W =W =W —

5.1.1 Cross-ply Laminate

Strain versus number of cycles curves of cross-ply laminate obtained from the flexural
fatigue test are given in figures 5.1 to 5.3. Figure 5.1 represents the result of three
different samples with the same nanoclay loading. On the other hand, figure 5.2 represent
the results all type of samples (with different nanoclay loading) manufactured in the same
batch that indicates the effect of clay contents on fatigue life. Figure 5.3 shows the
average results with scatter in the strain values. Test results indicate that the maximum
strain values remain the same up to certain fatigue cycles. Then there is a sudden increase
in the strain values. As fatigue damage starts accumulating within the laminate, it loses its
stiffness and the laminate tends to bend more. Thus the jump in maximum strain is
observed. The number of fatigue cycles at which this change in strain value occurs, can
be considered as a measure of the flexural fatigue life. The results clearly indicate that the
presence of nanoclay significantly improves fatigue life of glass/epoxy laminate for all
three samples. The maximum strain value of glass/epoxy laminate without nanoclay is
quite consistent up to an average of 100,000 fatigue cycles. Then the strain increases
rapidly. That means fatigue damage starts accumulating within the laminates after
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approximately 100,000 fatigue cycles. On the other hand, the strain value starts changing

after an average of 166,000 fatigue cycles for laminates with 1 wt.% nanoclay and the

rate of increase in the strain value is slower compared to the laminate without nanoclay

because of improved fatigue resistance. The laminates with 1 wt.% nanoclay have 66%

improved flexural fatigue life. For the laminate with 2 wt.% nanoclay, a slight change in

the strain value is observed after an average of 233,000 fatigue cycles.
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Figure 5.1 Flexural fatigue test results of cross-ply laminates: (a) no clay, (b) 1 wt.%

nanoclay and (c) 2 wt.% nanoclay.
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Figure 5.2 Flexural fatigue test results of cross-ply laminates: (a) Sample set# 1, (b)

Sample set# 2 and (c) Sample set# 3.

At 2 wt.% incorporation of nanoclay, the flexural fatigue life of cross-ply laminates was

increased by 133% compared to conventional glass/epoxy composites. Figure 5.3 shows

the average strain values of the three samples with scatter. The scatter is more in the area

where the strain values start increasing. This is possibly due to the uncontrolled nature of

failure in composite materials. But all the curves have similar trend.
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Figure 5.3 Average test results of three cross-ply laminates with scatter in strain values:

(a) no clay, (b) 1 wt.% nanoclay and (c) 2 wt.% nanoclay.

The increase in the strain value occurred due to the accumulation of micro-cracks and

delaminations inside the laminate. Figure 5.4a to 5.4c shows the optical microscopic

image of the cross section the cross-ply laminate with different nanoclay contents after

200,000 fatigue cycles. After 200,000 fatigue cycles, the laminate without nanoclay has
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the height concentration of cracks (shown by thin arrow) and delaminations (shown by
thick arrow) within 3™ and 4™ layer (transversely oriented fiber), those are clearly
observable in figure 5.4a. The laminate with 1 wt.% nanoclay also has micro-cracks
concentration within the same plane shown in figure 5.4b but the extent of damage is less
than the laminate without nanoclay. Whereas the laminate with 2 wt.% nanoclay has very

few cracks as shown in figure 5.4c.

10.000 um

Figure 5.4a Optical micro-graph of the cross section of cross-ply laminate without

nanoclay after 200,000 fatigue cycles.

100



10.000 urr

Figure 5.4b Optical micro-graph of the cross section of cross-ply laminate with 1 wt.%
nanoclay after 200,000 fatigue cycles.

10.000 um

Figure 5.4c Optical micro-graph of the cross section of cross-ply laminate with 2 wt.%

nanoclay after 200,000 fatigue cycles.
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The concentration of micro-cracks lead to delaminations, thus the laminate loses its
stiffness and its energy dissipation ability increases. In such condition, the amplitude of
free vibration will decay much faster than non-fatigued samples. Log decrement tests
were carried out after different fatigue cycles to validate the flexural fatigue test for the
first sample. The free decay curves after every 100,000 fatigue cycles are presented in
figure 5.5 (a, b and ¢) for cross-ply laminates with different nanoclay loadings and the log
decrement values are presented in table 5.2. The free decay curve of laminate without
clay shown in figure 5.5a indicates that the decay rate of amplitude sharply increased
after 100,000 fatigue cycles because fatigue damage (micro-cracks and delaminations)
already took place inside the laminate. Flexural fatigue test result of cross-ply laminate
(figure 5.1a) also indicates that fatigue damage starts occurring within the laminate after
75,000 fatigue cycles. Figure 5.5b represents the free decay curve of cross-ply laminate
with 1 wt.% nanoclay. Here the decay rate of amplitude is almost consistent up to
100,000 cycles but after 200,000 cycles of fatigue the amplitude decays very fast. Micro-
cracks and subsequent delaminations have taken place within 100,000 to 200,000 fatigue
cycles. The flexural fatigue test of cross-ply laminate with 1 wt.% nanoclay (figure 5.1b)
also confirms this result. Free decay curves for cross-ply laminate with 2 wt.% nanoclay
shown in figure 5.5¢ indicates that there is very insignificant change in the decay rate
after 300,000 fatigue cycles. The flexural fatigue test shown in figure 5.1c also indicates

similar trend but after 275,000 cycles there were a slight increase in the strain values.
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Figure 5.5a Free decay curves for cross-ply laminate without nanoclay after different

fatigue cycles.
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Figure 5.5b Free decay curves for cross-ply laminate with 1 wt.% nanoclay after

different fatigue cycles.
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Figure 5.5¢ Free decay curves for cross-ply laminate with 2 wt.% nanoclay after

different fatigue cycles.
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Table 5.2 Log decrement values of cross-ply laminate after different fatigue cycles

Cross-ply Logarithmic decrement, 6
Laminate 0 cycle 100,000 cycles | 200,000 cycles | 300,000 cycles
No clay 0.036 0.071 0.076 0.083

1 wt.% clay 0.051 0.056 0.073 0.076

2 wt.% clay 0.056 0.059 0.062 0.069

Table 5.3 Storage modulus and Fatigue damage index of cross-ply laminate after

different fatigue cycles

Storage Modulus, GPa Fatigue Damage Index
Cross-ply
200,000 300,000 200,000 300,000
Laminate 0 cycle
cycles cycles cycles cycles
No clay 22.7 13.4 7.7 0.41 0.66
1 wt.% clay 24.8 21.5 12.7 0.13 0.49
2 wt.% clay 25.2 23.4 17.6 0.07 0.30
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To quantify the extent of damage within the laminates, flexural storage moduli of the
laminates were measured after 200,000 and 300,000 fatigue cycles and using formula 3.3
the fatigue damage index were calculated. Table 5.3 shows the storage modulus and
fatigue damage index of cross-ply laminates after 200,000 and 300,000 fatigue cycles
with different nanoclay contents. Here, it can be seen that the storage modulus of the
laminate without nanoclay is reduced significantly with a high damage index of 0.41 after
200,000 fatigue cycles where as samples with 1 and 2 wt.% nanoclay retains their
stiffness with low damage indexes of 0.13 and 0.07 respectively. After 300,000 fatigue
cycles, stiffness of laminate with 1 wt.% nanoclay falls but laminate with 2 wt.%
nanoclay still maintain some stiffness with a low damage index of 0.30. This also agrees

with the result from flexural fatigue test.
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5.1.2 Quasi-isotropic Laminate

Figure 5.6 to 5.8 represents the strain versus number of cycles curves of quasi-isotropic
laminates obtained from flexural fatigue tests. Like cross-ply samples, the results indicate
that the presence of nanoclay significantly improves fatigue life of quasi-isotropic
glass/epoxy laminate for all three samples. The maximum strain value of glass/epoxy
laminate without nanoclay is quite consistent up to an average of 108,000 fatigue cycles.

Then the strain increases rapidly.
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Figure 5.6 Flexural fatigue test results of quasi-isotropic laminates: (a) no clay, (b) 1

wt.% nanoclay and (c) 2 wt.% nanoclay.
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Figure 5.7 Flexural fatigue test results of quasi-isotropic laminates: (a) Sample set# I,

(b) Sample set# 2 and (c) Sample set# 3.

The increase in the strain value indicates that fatigue damage starts accumulating within

the laminates after approximately 108,000 fatigue cycles. The optical micro-graph in

figure 5.9a shows the concentration of micro-cracks (thin arrow) and delaminations (thick

arrow) within the 2™ and 3™ layer of quasi-isotropic laminate after 200,000 fatigue
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cycles. On the other hand, the strain value starts changing after an average of 175,000

fatigue cycles for laminates with 1 wt.%
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Figure 5.8 Average test results of three quasi-isotropic laminates with scatter in strain

values: (a) no clay, (b) I wt.% nanoclay and (c) 2 wt.% nanoclay.

nanoclay and the rate of increase in the strain value is slower compared to the laminate

without nanoclay. The amount of fatigue damage is also less compared to laminate

110




without nanoclay as shown in figure 5.9b. The laminates with 1 wt.% nanoclay have
62% improved flexural fatigue life. For the laminate with 2 wt.% nanoclay, a slight
change in the strain value is observed after an average of 225,000 fatigue cycles. At 2
wt.% incorporation of nanoclay, the flexural fatigue life of quasi-isotropic laminates were
increased by 108% compared to conventional glass/epoxy composites. Fatigue damage is

very less for the case of laminate with 2 wt.% nanoclay content shown in figure 5.9c.

Pl

10 000 um

Figure 5.9a Optical micro-graph of the cross section of quasi-isotropic laminate without

nanoclay after 200,000 fatigue cycles.

111



wn'noo'ol

10.000-um

Figure 5.9b Optical micro-graph of the cross section of quasi-isotropic laminate with 1

wt.% nanoclay after 200,000 fatigue cycles.
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Figure 5.9c Optical micro-graph of the cross section of quasi-isotropic laminate with 2

wt.% nanoclay after 200,000 fatigue cycles.
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The free decay curves after every 100,000 fatigue cycles are presented in figure 5.10 (a, b
and c) for quasi-isotropic laminates with different nanoclay loading and the log
decrement values are presented in table 5.4. The free decay curve of laminate without
clay shown in figure 5.10a that indicates the decay rate of amplitude sharply increased
after 100,000 fatigue cycles, because fatigue damage (micro-cracks and delaminations)
have already taken place inside the laminate. The flexural fatigue test results of the
quasi-isotropic laminate (figure 5.6a) also indicate that fatigue damage starts occurring
within the laminate after 100,000 cycles of fatigue loading. Figure 5.10b represents the
free decay curve of the quasi-isotropic laminate with 1 wt.% nanoclay. Here the decay
rate of amplitude is almost consistent up to 100,000 cycles but after 200,000 cycles of
fatigue the amplitude decays very fast. Micro-cracks and subsequent delaminations may
have taken place within 100,000 to 200,000 fatigue cycles. The flexural fatigue test of
quasi-isotropic laminate with 1 wt.% nanoclay (figure 5.6b) also agrees with this result.
Free decay curves for quasi-isotropic laminate with 2 wt.% nanoclay shown in figure
5.10c indicate that the decay rate slightly increases after 200,000 fatigue cycles. The
flexural fatigue test with 2 wt.% nanoclay shown in figure 5.6¢ also indicates that after

200,000 cycles there was some increase in the strain values.
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Figure 5.10a Free decay curves for quasi-isotropic laminate without nanoclay after

different fatigue cycles.
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Figure 5.10b Free decay curves for quasi-isotropic laminate with 1 wt.% nanoclay after

different fatigue cycles.
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Figure 5.10c Free decay curves for quasi-isotropic laminate with 2 wt.% nanoclay after

different fatigue cycles.
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Table 5.4 Log decrement values of quasi-isotropic laminate after different fatigue cycles

Quasi-isotropic

Logarithmic decrement, o

Laminate 0 cycle 100,000 cycles | 200,000 cycles | 300,000 cycles
No clay 0.035 0.047 0.068 0.073

1 wt.% clay 0.052 0.057 0.069 0.086

2 wt.% clay 0.055 0.058 0.068 0.077

Table 5.5 Storage modulus and Fatigue damage index of quasi-isotropic laminate after

different fatigue cycles

Quasi- Storage Modulus, GPa Fatigue Damage Index
isotropic 200,000 300,000 200,000 300,000
) 0 cycle
Laminate cycles cycles cycles cycles
No clay 18.2 9.8 7.3 0.46 0.59
1 wt.% clay 20.1 17.9 11.9 0.11 0.41
2 wt.% clay 21.5 19.7 15.7 0.08 0.27
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Table 5.5 shows the storage modulus and fatigue damage index of quasi-isotropic
laminates after 200,000 and 300,000 fatigue cycles with different nanoclay content.
Similar to cross-ply laminate, the storage modulus of laminate without nanoclay is
reduced to almost half with a remarkably high damage index 0.46 after 200,000 fatigue
cycles where as samples with 1 and 2 wt.% nanoclay retains their stiffness sufficiently.
After 200,000 fatigue cycles laminates with 1 and 2 wt.% nanoclay have damage index of
0.11 and 0.08 respectively. After 300,000 fatigue cycles, the stiffness of the laminate with
1 wt.% nanoclay falls but the laminate with 2 wt.% nanoclay still maintain some stiffness
(15.7 GPa) with 0.27 damage index. This agrees quite well with flexural fatigue test

results.
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5.2 Fracture Behavior

To characterize the fatigue damage within the laminates, scanning electron microscopic
(SEM) images of the cross sections at different locations of the cross-ply laminates were
analyzed after 300,000 fatigue cycles. For the scanning electron microscopy, the fatigued
laminates were cut using a high speed diamond cutter and the cross sections were
polished to remove any cracks if induced during cutting with diamond cutter. As
nanoclay/glass/epoxy samples are entirely non-conductive, a conductive coating of Au-
Pd was done using a sputtering machine in an inert environment for 3 minutes. SEM
images of the cross-section of laminate were taken at three different locations; (i)
Location A (within 1 cm from fixed end), (ii) Location B (3 cm from the fixed end) and

(ii1) Location C (6 cm from the fixed end) as shown in figure 5.11.

Location A Guided end

Fixed end Location B
e KA / Location C

—

3cm

- -
ad L)

6 cm

¥

a
*

15 em

Figure 5.11 schematic illustration of the location of the beam cross-section for SEM.

5.2.1 Location A

Figure 5.12 represents the SEM images of cross-section within 1 cm of fixed end of
cross-ply laminates with different nanoclay contents after 300,000 fatigue cycles. This is
the area where maximum bending moment is applied. Figure 5.12a shows the SEM

images of fatigued laminate without nanoclay where it can be seen that there is a big
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delamination throughout the image (shown by thick white arrow) taken place within 3™

and 4™ layers (90° layers) along with some micro-cracks (shown by thin black arrow)

1 | I 1 1 1 1 : : | 1 I 1 1 1 1 1 I 1 y |
50.0um 50.0um

5.0kV 4.9mm x1.00k

Figure 5.12 SEM images of cross-section of laminate at location A, (a) without nanoclay,

(b) 1 wt.% nanoclay and (c) 2 wt.% nanoclay.

and the delamination has taken place parallel to the crack propagation direction. This is a
typical fractography feature of unfilled polymer having low fracture toughness thus
brittle in nature. On the contrary, SEM images of laminate with 1 wt.% nanoclay shown
in figure 5.12b has improved fracture behavior. Although there are some delaminations
and micro-cracks observable within 3™ and 4™ layers but the length of delamination and
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micro-cracks is considerably less than the laminate without nanoclay. The laminate with
2 wt.% nanoclay shown in figure 5.12c has no delamination and less micro-cracks
observable within the same plane. Also the micro-cracks within laminate with 1 and 2
wt.% nanoclay mostly have curved shape that means the direction of propagation has
been changed. This is may be because of improved fracture toughness of matrix system
due to the presence of nanoclay that usually induces a rough fracture surface thus
distorting the crack propagation direction frequently. The nanoclay platelet and nanoclay
aggregate easily interact with a growing crack front to distort its direction of propagation
and eventually stops it. Similar trend was also observed by some other investigators
[13,59]. As the samples were polished, the interaction of nanoclay with a growing crack
front was not clearly observable in the SEM images. It is also remarkable here that the
damages (in the form of micro-cracks leading to delaminations) have mostly taken place
within the 3™ and 4™ layers (90° layers). The 1* and 2™ layers are not much affected by
the fatigue load. This indicates that fibers take the major portion of flexural load and

damages within the 0° layers are minimal.

5.2.2 Location B

Figure 5.13a to 5.13c represents the SEM images of cross sections at 3cm from the fixed
end. Here the bending moment and shear stress within the laminate due to applied
deflection is less compared to location A. The images indicate similar trend of fracture
behavior as location A but only the extent of fracture concentration is less due to low

applied bending moment.
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Figure 5.13 SEM images of cross-sections of laminate at location B, (a) without

nanoclay, (b) 1 wt.% nanoclay and (c) 2 wt.% nanoclay.

Laminates with 1 and 2 wt.% nanoclay in figure 5.13b and 5.13c have successively less
amount of micro-cracks than the laminate without nanoclay in figure 5.13a. Within the
area of SEM image of the laminate without nanoclay in figure 5.13a, a delamination of
approximately 75um has taken place. Whereas, the laminates with 1 and 2 wt.% nanoclay
in figure 5.13b and 5.13c do not have any delaminated area but some micro-cracks. This
is a clear indication of improvement and it can be said that nanoclay incorporation

significantly improve flexural fatigue behavior and fracture characteristics.
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5.2.3 Location C

Figure 5.14a to 5.14¢ represents the SEM images of cross sections at 6 cm from the fixed
end and this is the location where strain gages were attached during flexural fatigue test.
Here the bending moment and shear stress within the laminate due to applied deflection is
less compared to location B. Similar to previous case, the images indicate similar trend of

fracture behavior as location B but the extent of micro-crack concentration is less due to

—

T

McGill 5.0kV 4.9mm x1.00k SE(V)

5.0kV 5.0mm x1.00k

Figure 5.14 SEM images of cross-sections of laminate at location C; (a) without

nanoclay, (b) 1 wt. % nanoclay and (c) 2 wt. % nanoclay.
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low applied bending moment at this position. Laminates with 1 and 2 wt.% nanoclay in
figure 5.14b and 5.14c have successively less amount of micro-cracks than the laminate

without nanoclay in figure 5.14a.

5.3 Conclusion

In this chapter the flexural fatigue test results are presented. Flexural fatigue test results
indicate that nanoclay incorporation significantly improves the flexural fatigue life of
glass/epoxy composite materials. At only 1 wt.% nanoclay loading, the flexural fatigue
life of cross-ply laminate was increased by an average of 66% while at 2 wt.% nanoclay
loading the average improvement is 133%. For quasi-isotropic laminate, the improvement
is 62% and 108% respectively. To validate the test results, free vibration tests were done
after every 100,000 fatigue cycles to see the decay of amplitude of vibration over time. If
there is any damage within the laminate, the amplitude would decay faster. The free
vibration test results considerably agree with the flexural fatigue test results. Fatigue
damage index was calculated after 200,000 and 300,000 fatigue cycles which also satisfy
the flexural fatigue test results. Optical and scanning electron microscopy was done to see
the fracture behavior after fatigue test. The optical and SEM images indicate that
damages occur within the laminate in the form of micro-cracks and gradually lead to
delaminations. It also indicates that nanoclay significantly improve fractographic

characteristics of glass/epoxy composite laminates and extend its service life.
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Chapter 6

Conclusion, Contributions and Future Work

6.1 Conclusion

In this research, vibration damping and flexural fatigue behavior of glass/epoxy/nanoclay
composite were studied. Organically modified nanoclay was dispersed in epoxy resin by
high speed mixing method using a high speed homogenizer. Good dispersion was
achieved using this method and SEM images of the fracture surface indicate that an

exfoliated/intercalated structure was obtained.

To measure the vibration damping property, DMA analysis and log decrement tests were
carried out. DMA analysis indicates that nanoclay incorporation significantly improve
both storage modulus and loss modulus. That means, nanoclay enhances the energy
dissipation capability of glass/epoxy composite material and at the same time increases
its stiffness. A maximum of 16.8% improvement in storage modulus was obtained at 2
wt.% nanoclay incorporation in unidirectional laminate. Maximum improvement in loss
modulus was 22.5% in quasi-isotropic laminate for same nanoclay loading. Also the
glass transition temperature was not affected due to nanoclay incorporation. In the log
decrement test, a maximum of 57% improvement in damping ratio was observed at 2
wt.% nanoclay incorporation in quasi-isotropic laminate. Thus it can be said that

nanoclay significantly improves vibration damping property.

Flexural fatigue tests were done on cross-ply and quasi-isotropic laminate to see the

effect of nanoclay on flexural fatigue behavior. A low amplitude flexural fatigue test was
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designed so that fatigue could be attributed from vibration and free from thermal effect.
Test results show that nanoclay significantly improves flexural fatigue life. Flexural
fatigue life of cross-ply laminate was increased by 66% and 133% at only 1 and 2 wt.%
nanoclay incorporation respectively. This improvement might be attributed from the
improvement in vibration damping due to nanoclay incorporation. It may also be
attributed from the improved fracture toughness and improved strength of resin system
due to addition of nanoclay. Nanoclay and nanoclay aggregate can easily interact with a
growing crack front and distort its direction of propagation. Thus the presence of
nanoclay makes crack propagation more difficult compared to the laminate without
nanoclay. The SEM images of cross-section of fatigued sample indicate that nanoclay
addition successfully reduce micro-crack formation within the laminate thus improving

its fatigue life.

6.2 Contributions

This study has the following contributions.

e Demonstrated the effect of addition of nanoclay on the improvement of vibration
damping of glass/epoxy composites.
e Demonstrated the effect of addition of nanoclay on the improvement of flexural

fatigue lives of glass/epoxy composites.
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6.3 Future work

This project could lead to following further investigations.

e Log decrement tests were carried out in air thus test results include air damping.
To get exact material damping property, the test can be done in vacuum to avoid
the effect of air damping.

e The experiments can be done on actual parts (i.e. helicopter yoke, blade etc.) to

see the effect of nanoclay on actual components.
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