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Abstract

Fiber and matrix-dominant properties of fiber-reinforced polymer composites are important in
many advanced technological fields, such as aviation, aerospace, transportation, energy industry,
etc. Still, pre-mixing the polymer matrix with nanoparticles may enhance the through-thickness or
matrix-dominant properties, and surface treatment of fiber reinforcements with nanoparticles, on
the other hand, may improve the in-plane or fiber-dominated properties of laminated composites,
as well as interfacial adhesion. A novel manufacturing method that combines a spraying process
with nanoparticle/epoxy mixture technique was introduced to incorporate carbon nanoparticles for
enhancement of thermal properties of multiscale laminates. Several graphene-based nanomaterials
including graphene oxide (GO), reduced graphene oxide (rGO), graphene nanoplatelets (GNPs)
and multi-walled carbon nanotubes (MWCNTs) were employed to modify the epoxy matrix and
the surface of glass fibers. Multiscale glass fiber-reinforced composites were fabricated from
unmodified and modified epoxy, as well as fibers, using the vacuum-assisted resin transfer
molding (VARTM) process. The composites obtained combined improvements in both the fiber
and matrix- dominant properties, resulting in superior composites. The morphological,
rheological, thermal and mechanical properties of the glass fiber-reinforced multiscale composites
were investigated. The thermal properties of the epoxy/nanoparticle composites were studied
through differential scanning calorimetry (DSC), thermo-gravimetric analysis (TGA) and thermal
conductivity measurements. The tensile, bending, vibration, interlaminar shear strength (ILSS)
and thermal characterization results indicated that the introduction of GNPs, GO, rGO, and
MWCNTs enhanced the themo-mechanical properties. The fracture surfaces of the fiber-
reinforced composites were examined by scanning electron microscopy (SEM) and the

micrographs were analyzed to comment on the mechanical results.
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Chapter 1

1. Introduction



Foreword

This dissertation is divided into three major sections: introductory material, results and analysis in
the form of peer reviewed publications, and a general discussion and conclusions section. The
introduction contains a brief motivation for this research as well as the material needed to
understand the analysis: an introduction to carbon nanomaterials, multiscale composites and
characterization. The subsequent chapters are each devoted to a single peer reviewed publication
and contain their own introduction, discussion and conclusions, as well as a foreword to create a
more continuous flow and to explain how the publication fits into the dissertation (several of these
forewords contain references of their own, which are listed at the bottom of the foreword section).
Relevant prior research is addressed on a chapter-by-chapter basis. The general discussion ties all

of the chapters together and provides a unifying summary and conclusion to the dissertation.



1.1 Background and significance

Nanocomposite materials reinforced with low density carbon nanomaterials (such as carbon
nanotubes and graphene) and microscale high strength fibers are a new generation of
multifunctional, high-performance engineering composites that have attracted considerable
attention in recent years due to their outstanding mechanical properties and excellent electrical and
thermal conductivities [1-3]. While conventional polymer composite materials reinforced by
continuous fibers are strong in in-plane directions, they are usually weak against matrix-dominated
failures. Graphene nanomaterials such as single- and multi-walled carbon nanotubes (SWCNTs
and MWCNTs), graphene nanoplatelets (GNPs), graphene oxide (GO) and reduced-graphene
oxide (rGO) are light nano-sized allotropes of carbon with excellent thermo-electro-mechanical
properties. When conventional fiber-reinforced laminates are modified with graphene
nanomaterials, new materials with improved mechanical, thermal and electrical properties may be
developed [1,4-8]. Carbon nanotubes are an allotrope of sp2 hybridized carbon with one or several
tubes in concentric cylinders. GNPs are composed of several layers of graphene and are considered
as smart reinforcing fillers [4,9]. GNPs’ properties can be influenced by their manufacturing
methods. GNPs were also noted as a probable substitute to carbon nanotube in terms of cost and
better targeted properties [ 10]. Graphene oxide is a compound of carbon, oxygen, and hydrogen in
variable ratios. It can be synthesized by exfoliating layered graphite oxide (graphite with strong
oxidizers) [11,12]. Graphene oxide does not require functionalization as it consists of graphene
sheets with hydroxyl, carboxyl, and epoxide groups. Reduced-graphene oxide can be obtained as
a powder form by reducing GO using several methods such as microwave, laser, electrochemical,

or hydrazine vapor treatment.

1.2 Mathematical modeling

The problem of effective material properties and mechanical behavior of laminated composite
structural members such as beams and plates has drawn a significant amount of attention over the
last decades. A review of composite beam theories can be found in the book by Hodges [13]. The
advent of advanced composite materials has been a strong stimulus for such developments.
Moreover, their incorporation is likely to expand the use and capabilities of beam structures. The
new and stringent requirements imposed on aeronautical/aerospace, turbomachinery and shaft

structural systems will be best met by such new types of material structures. An intrinsic



formulation developed by Hodges and his co-workers [ 14—16] covers anisotropic beams with large
deformations and small strains. The approach, extracted from a three-dimensional elasticity
formulation, provides two streams of analyses: one stream is concerned with the cross section,
providing elastic constants that might be used in a suitable set of beam equations, and the other
stream being the beam equations themselves. Thin-walled composite beams have been extensively
investigated by Librescu and Song [17,18] and their co-workers, e.g. [19-24]. These authors
developed and refined thin-walled beam models for an arbitrary, closed or open cross-section. A
number of non-classical effects such as the anisotropy and heterogeneity of constituent materials,
transverse shear, primary and secondary warping phenomena (Vlasov effect) are considered in
their works, with the assumption that the cross-section is rigid in its own plane. In the analysis
performed on rotating systems [17], the effects of the centrifugal and Coriolis forces were taken
into account as well. Furthermore, the importance of shear effects in composite material was
emphasized. The nonlinear response of multiscale nanocomposites beams and beam-type
structures has also been investigated in the literature. Examples are: large amplitude free vibration
[25], buckling and post buckling [26] and energy harvesting [27] analyses in piezoelectric two-

phase nanocomposite beams.

1.3 Processing, manufacturing and characterization

A literature review reveals that there are two approaches to fabricate fiber reinforced polymer
multiscale composites: a) by dispersing nanotubes within a polymeric matrix and, subsequently,
impregnating the conventional fibers with this nanodispersed resin system, and b) incorporating
nanotubes within fibers, followed by their impregnation with a pure matrix. In this dissertation, a
novel low cost manufacturing method, combining surface treatment of fibers with matrix
modification techniques, was devised to incorporate nanoparticles for the simultaneous

reinforcement of matrix and fibers. A schematic of this approach is shown in Fig. 1-1.
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1.3.1 Processing and fabrication

Several graphene-based nanomaterials, including graphene oxide (GO) and its thermally reduced

version (rGO), graphene nanoplatelets (GNPs), and multi-walled carbon nanotubes (MWCNTs)

were employed to modify the epoxy matrix and the surface of glass fibers. Fig. 1-2 shows a general

schematic of the method for the preparation of the multiscale nanocomposites.
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Fig. 1-2. Fabrication process of multiscale fiber glass/epoxy composites modified with

graphene-based nanoparticles.

The vacuum assisted resin transfer molding (VARTM) method was used to manufacture
multiscale composites (Fig. 1-3). VARTM is a composite manufacturing technique in which
vacuum is used to draw a liquid resin through dry fibers that are laid on a flat surface. This
technique was selected due to its flexibility and low tooling cost for large composite part
manufacturing; it is successfully used for manufacturing nanocomposites. The mold tooling
system typically consists of a solid open mold, flow distribution network (i.e., resin inflow gates,
resin distribution medium layer, flow channels and vents (or vacuum ports)), a peel ply layer, and
a vacuum bag. By utilizing the pressure difference between the environmental pressure and the

vacuum pressure applied through the vent, the dry fabric encapsulated between the vacuum bag



and the solid mold is compressed against the mold surface. Then, the resin is infused into the fabric
due to the relatively higher pressure in the resin reservoir. A flow distribution medium layer is
commonly applied on the top of the fabric to assist with the flow of resin across the flow
distribution medium and simultaneously infusing into the preform in the thickness direction. Once
the resin infusion is completed, one may close the resin inflow gate to allow the excess resin to be
removed though the vent before the resin becomes too viscous to flow. The full cure cycle is then

completed and the final part can be demolded.

Vacuum Bagging Breather/Absorption
Film Fabric
\\

&

Vacuum
Peel Ply

Sealant Tape

Release Film Release Coated Laminate
(Perforated) Mold Fabric

Fig. 1-3. Vacuum-assisted resin transfer molding (VARTM) lay-up illustration [6].

1.3.2 Characterization

The viscosity of the epoxy matrix containing carbon nanomaterials was measured using a
rheometer. Additionally, the dispersion of carbon nanomaterials in the epoxy matrix before and
after the curing reaction was analyzed by using an optical image analyzer, a scanning electron
microscope (SEM) and a transmission electron microscopy (TEM). The mechanical and thermal
properties of multiscale composites were studied in this dissertation. Mechanical characterization
including tensile, bending, short beam shear, and vibration tests was carried out to investigate the

effect of carbon nanomaterials on the mechanical properties of the multiscale composites.

1.4 Summary

The overall goal of this work was the modeling, processing, fabrication and characterization of
carbon nanomaterials-reinforced polymer composites. Specifically, the dissertation is focused on
the development of a multiscale material model that can predict the effective material properties

of graphene-reinforced composites (Objective #1). The developed effective material properties
7



were used to perform the analysis of the cross-section and then the global behaviors of
nanocomposite beams and blades (Objective #2). Such nanocomposite materials were then
manufactured using the low cost method of VARTM (Objective #3). Finally, extensive material
characterizations were proposed to investigate the effect of carbon nanomaterials on the

thermomechanical properties of multiscale nanocomposites.

This first chapter introduced the background information useful to understand the results that will
be presented in the main body of this dissertation which includes seven chapters, each devoted to

a single peer-reviewed publication.

A comprehensive review of previous studies on the subject of advanced composite materials and
beam-type structures is presented in Chapter 2. The review addresses analytical, semi-analytical
and numerical studies dealing with dynamical problems involving adaptive/smart/intelligent
materials (e.g. piezoelectric materials, electrorheological fluids, shape memory alloys, etc.),
damping and vibration control, advanced composite materials (e.g. functionally graded materials
and nanocomposites), complicating effects and loadings (e.g. added mass, tapered beams, initial
curve and twist, etc.), and experimental methods. In Chapter 3, a computational model is developed
to study the nonlinear steady state static response and free vibrations of thin-walled carbon
nanotubes/fiber/polymer laminated multiscale composite beams and blades. Chapter 4 addresses
with the cross-sectional design and analysis of fiber-reinforced multiscale composite beams of
general cross-sectional shape and arbitrary anisotropic material properties and investigates the
effect of carbon nanotubes on their stiffness properties. In Chapter 5, a mathematical model is
developed to predict the effective material properties of graphene nanoplatelets/fiber/polymer
multiscale composites. The large deflection, post-buckling and free nonlinear vibration of
graphene nanoplatelets-reinforced multiscale composite beams are studied through a theoretical
analysis. The vibration and damping characteristics of epoxy composites reinforced by pristine
and functionalized multi-walled carbon nanotubes are then investigated experimentally in Chapter
6 for potential use as integral passive damping elements in structural composite applications. In
Chapter 7, a novel low cost manufacturing method, combining surface treatment of fibers with
matrix modification techniques, is introduced to incorporate nanoparticles for the simultaneous
reinforcement of matrix and fibers. The thermal conductivities of the epoxy/fiberglass/nanoparticle
composites are studied through differential scanning calorimetry (DSC), thermo-gravimetric

analysis (TGA) and thermal conductivity measurements.
8
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Foreword

This chapter provides a comprehensive review of scholarly published articles about rotating
composite beams and blades. The review addresses analytical, semi-analytical and numerical
studies dealing with dynamical problems involving adaptive/smart/intelligent materials (e.g.
piezoelectric materials, electrorheological fluids, shape memory alloys, etc.), damping and
vibration control, advanced composite materials (e.g. functionally graded materials and
nanocomposites), complicating effects and loadings (e.g. added mass, tapered beams, initial curve
and twist, etc.), and experimental methods. Moreover, the influence of Vlasov or restrained
warping, out-of-plane warping, transverse shear, arbitrary cross-sectional geometry, trapeze
phenomena, swept tip, size-dependent effect, as well as other areas that have been considered in
research, were reviewed in depth. The chapter concludes with a presentation of the remaining

challenges and future research needs.
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ARTICLE INFO ABSTRACT

Rotating composite beams and blades have a wide range of applications in various engineering structures such as
wind turbines, industrial fans, and steam turbines. Therefore, proper understanding of such structures is of a
great importance. As a result, the behavior of rotating composite beam structures has received a lot of attention.
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geview' This paper presents a comprehensive review of scholarly articles about rotating composite beams as published in
V};nartr}lcs the past decades. The review addresses analytical, semi-analytical and numerical studies dealing with dynamical
1bration . . . . . . . . . . .
problems involving adaptive/smart/intelligent materials (e.g. piezoelectric materials, electrorheological fluids,
Control

shape memory alloys, etc.), damping and vibration control, advanced composite materials (e.g. functionally
graded materials and nanocomposites), complicating effects and loadings (e.g. added mass, tapered beams,
initial curve and twist, etc.), and experimental methods. Moreover, the influence of Vlasov or restrained
warping, out-of-plane warping, transverse shear, arbitrary cross-sectional geometry, trapeze phenomena, swept
tip, size-dependent effect, as well as other areas that have been considered in research, are reviewed in depth.

The review concludes with a presentation of the remaining challenges and future research needs.

1. Introduction

Over the last few decades, rotating beams and blades made of
composite materials have been increasingly used in a variety of
industrial areas due to their high stiffness and strength-to-weight
ratios, long fatigue life, resistance to electrochemical corrosion, and
other superior material properties of composites. The advantages of
composite materials, coupled with the ability to tailor their designs
to specific purposes, have given them a competitive edge when
compared with normal engineering materials and led to their ex-
tensive use in rotary applications. Therefore, a thorough under-
standing of their structural dynamic behavior is required.

The number of research articles pertaining to various structural
dynamics and vibration control aspects of rotating composite beams
and blades, as published in English language Science Citation Index
(SCD) journals, have steadily increased since 1990, as shown in
Fig. 1. In response to the growing interest in this area, the present
article aims to present a comprehensive review of the state-of-the-
art. However, to limit the scope of the review, the emphasis has
only been placed on the vibrations, dynamics and control aspects of
rotating beams and blades. Publications directly related to other
aspects of rotating composite beams and blades, such as damage
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mechanics and structural health monitoring, static bending, de-
flection and torsional analyses, cross-section design and optimiza-
tion, have been excluded from this review.

Some surveys of structural dynamics and vibration suppression
of rotating composite beams and blades can be found elsewhere.
Review articles [1-3] covered much of the research done on the
rotor blades dynamic characteristics and strategies for vibration
reduction prior to the early 1990s. It should be mentioned that
journal papers and books [4-9] treated some review aspects of
composite rotor blades dynamics. However, to the best of the au-
thors’ knowledge, there has not been a comprehensive review of the
structural dynamics and vibration control of rotating composite
beams and blades in the literature.

In this review, the beam theories for rotating composite beams
and blades that have emerged from prior research efforts are sum-
marized first. Then, analytical, semi-analytical and numerical
methods are comprehensively reviewed. Adaptive/smart/in-
telligent rotating composite beams, and damping and vibration
control of such structures will be presented next. The application of
advanced composite materials such as functionally graded mate-
rials and nanocomposites on the rotating beams will be discussed.
Complicating effects, including the effect of tip mass, nonuniform
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Fig. 1. Recent English language Science Citation Index journal papers directly related to
structural dynamics and vibration control of rotating beams and blades made of com-
posite materials.

cross-section, initial curvature/twist, swept tip, and size-dependent
properties on the dynamics and vibration reduction of rotating
composite beams will be addressed. Attention will also be given to
experimental studies in the last section. The paper will conclude
with recommendations for future research directions.

It should be noted that, in this review, multiple citations might be
observed for a publication. For instance, a paper in which both a nu-
merical model and an experimental study are presented will be cited in
the “Numerical approaches” as well as the “Experimental investiga-
tions” sections.

2. Beam theories

Beams are three dimensional (3D) bodies in which one dimension is
large compared to the other two. According to the current state-of-the-art,
the theoretical framework around composite rotating beams and blades is
quite advanced. The models based on 3D Finite Element Analysis (FEA)
possess significant computational advantages. However, beam or one-di-
mensional (1D) models play an important role in structural analysis because
they have smaller dimensionality and provide the designer with simple tools
to analyze numerous problems. One-dimensional beam models can be in-
vestigated using classical or refined theories (See Fig. 2) in both
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geometrically linear and nonlinear regimes that feature different levels of
accuracy to evaluate the static and dynamic characteristics. An extensive
discussion of various linear beam theories can be found in [10].

2.1. Elementary beam theories

2.1.1. Euler-Bernoulli beam theory (EBBT)

The Euler-Bernoulli beam theory (EBBT) is the most elementary
one; it underestimates deflections and overestimates the natural
frequencies because it disregards the transverse shear deformation
and rotary inertia effects. The Euler-Bernoulli assumptions are: 1)
The cross-section is infinitely rigid in its own plane; 2) the cross-
section of a beam remains plane after deformation; 3) the cross-
section remains normal to the deformed axis of the beam [11].
These assumptions are usually reasonably justified for isotropic
homogeneous slender beams featuring simple cross-sections; how-
ever, they become questionable for beams of complex geometry
made of general anisotropic, heterogeneous materials, such as
composite rotor blades, especially at higher frequency. The
shearing forces may be approximated as the derivatives of bending
moments. Approximate bending and shear stresses may be re-
covered over a cross section.

Let us assume that u, v, and w are the elastic displacements of a
point along x, y, and z-axes, respectively (right-hand axes system).
The x-axis is aligned with the neutral axis of the beam (longitudinal
direction), the y-axis is along the width of the beam (lateral di-
rection), and the z-axis is aligned along the thickness direction
(transverse direction). For such a beam, the Euler-Bernoulli ap-
proximation of axial displacement and strain can be defined as

u(x, z) = up(x) + z¢.(x),  w(x, z) = wo(x),

3¢, (x)
x )

(1a)

&(x, 2) = g (x) z( )
where up(x) and wo(x) are longitudinal and vertical displacements
at the neutral axis and ¢, (x) is the rotation of the transverse normal
about the y-axis cane defined as — ow(x)/dx and d¢,(x)/dx is the
bending curvature. The axial strain at the neutral axis can be de-
fined as &,(x) = duy(x)/0x and e,(x) = dug(x)/dx + 1/2(Owq(x)/0x)?
in geometrically linear and nonlinear (von-Kédrman hypothesis) re-
gimes, respectively.

2.1.2. Classical beam theory (CBT)

If the beam is twisted, the cross section will be warped and
cannot remain plane after deformation in general. For this reason,
Saint Venant relaxed the second Euler-Bernoulli assumption and
derived the classical beam theory to recover the shear stresses that
contribute to the torsional moment. Fig. 3 depicts the concept of
different types of warpings associated with the Saint Venant theory
of torsion (free warpings). Fig. 4 shows the influence of warping on
the tip twist of bending-torsion coupled symmetric lay-up canti-
lever box-beams subjected to a unit tip torque. For composite
beams, because of anisotropy, asymmetry of the cross-section, and
non-uniform distribution of Poisson's ratio over the cross-section,
all stresses and strains other than the ones along the span of the
beam are non-zero. Hence, in-plane and out-of-plane warpings need
to be known in order to obtain accurate structural stiffness values
and account for 3D stress effects [12,13].

2.2. Refined beam theories

The most significant difference between the classical and refined
beam theories is the inclusion of transverse shear deformation on
the predicted bending deflections and natural frequencies. Fig. 5
shows a typical result for the effect of shear deformation on mod-
eling of a composite box beam. These results clearly demonstrate
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Fig. 3. Major types of cross-sectional warpings of a beam: (a) six
stress resultants, (b) extension-induced in-plane warping, (c)
bending-induced warping, (d) torsion-induced out-of-plane
warping, and (e) shear-induced out-of-plane warping [230].
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Fig. 4. Influence of warping on the tip twist of bending-torsion coupled symmetric lay-up
(top and bottom (), sides (6/-6)3) cantilever box-beams subjected to a unit tip torque
(G and G, are the effective inplane shear stiffnesses for horizontal and vertical walls of
the box section, respectively) [53].
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how elementary theories underpredict the bending of a typical
composite box beam.

2.2.1. First order shear deformation theory (FSDT)

The next theory in the hierarchy of beam theories is the Timoshenko
beam theory, or first order shear deformation theory, that includes
refined effects such as rotary inertia and shear deformation [14]. The
Timoshenko model is a major improvement for non-slender beams and
for high-frequency responses where shear or rotary effects are not
negligible. Since the FSDT violates the zero shear stress conditions on
the top and bottom surfaces of the beam, a shear correction factor is
required to account for the discrepancy between the actual stress state
and the assumed constant stress state. This shear correction factor de-
pends not only on the material and geometric parameters, but also on
the loading and boundary conditions [15].

For the Timoshenko theory, the general form of axial and bending
displacements are same as Eq. (1) with ¢, = du(x)/dz as an independent
variable. Thus, we require three variables (ugp,w, @) to determine the
strain at any point, where

& (x, 2) €x0 (%)

_ )
| e A R

The shear strain at the neutral axis can be defined as
Yoo (X) = Ow(x)/0x + ¢, for both geometrically linear and nonlinear
regimes.

(2)

2.2.2. Higher-order shear deformation theory (HSDT)

Timoshenko's theory fails to account for changes in shear strains due
to the variation of material properties of each layer and has limitations
when applied to composite beams. A number of theories have been
proposed where a non-uniform shear stress distribution is taken into
account. These limitations of CBT and FSDT, and the need for better
predictions of the response of composite beams, led to the development
of higher order shear deformation theories. Notable among them are
the third-order theory [15,16], the sinusoidal theory [17], the hyper-
bolic theory [18], the exponential theory [19], and the unified for-
mulation of Carrera [20]. These higher order shear deformation the-
ories do not need the use of a shear correction factor.

The displacement field equations for the beam using higher order
shear deformation theory ([16,21]) at any point through the thickness
are presented by:
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2.2.3. Layerwise theories

Previously discussed classical and refined beam theories amount
to replacing the heterogeneous laminate with a statically equivalent
(in the integral sense), single, homogeneous layer namely called
equivalent single layer (ESL) theories. To study the behavior of
laminates at the global or laminate level, ESL theories provide
simple and computationally inexpensive solutions. However, these
theories suffer from a lack of accuracy when the behavior of lami-
nates at the ply level or fiber/matrix level is intended, and they do
not satisfy interlaminar equilibria for transverse shear. For an ac-
curate calculation of local stresses at the level of individual la-
minae, and for thick laminated beams, more refined theories are
necessary. Layer wise shear-deformable theory (LWSDT) [22,23],
for instance, can capture these effects but increases the number of
degrees of freedom. In this theory, the laminate is divided into a
number of sublayers that are perfectly bonded. In each layer, the in-
plane displacement is assumed to be piece-wise linear along the z
direction. The beam displacements for the k' ply are given by

u®(x, z) = ufPe) + 28, WP, 2) = wo(x),

(€]

where ¢)Ek) represents the rotations of the cross section of the kth
layer. Note that for the case of a single-layer laminate, this layer-
wise formulation reduces to FSDT. Even though the strains are as-
sumed uniform in each layer, there is a variation from layer to
layer.

e®(x, 7) B (x) R
= ox s
1P ) | v 2) 0 (5)

2.2.4. Vlasov or restrained warping effect

Restrained warping was introduced by V.Z. Vlasov in the context
of a torsion theory [24]. This theory is also called “warping torsion”
or “non-uniform torsion” while the torsion theory of Saint Venant is
called “circulatory torsion” or “uniform torsion”. In the theory of
Vlasov, the specific torsion is not constant along the axis of the
beam span. The effect of restrained warping is particularly im-
portant for beams with thin-walled, open cross sections [5]. Fig. 6
depicts the influence of restrained warping on the frequencies of
composite I-beams. Fig. 6a shows the effect of restrained warping
on the torsional frequencies of graphite-epoxy I-beams for different
slenderness ratios. Fig. 6b demonstrates the effect of constrained
warping on the natural frequencies of a bending-torsion coupled
graphite-epoxy I-beam. It can be observed that constrained warping
increases the natural frequencies of torsion-related modes via an
increase in torsional stiffness; the increase is larger for higher
modes.

2.3. Adequate modeling of composite rotor blades

Composite rotor blades are generally complicated engineering
structures and require adequate models for analysis. Such models
should include at least the following characteristics: geometric and
material nonlinearities, shear deformations, warping torsion,
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Fig. 6. Effect of restraint warping on a) Torsional frequencies of graphite-epoxy I-beams
of different Slenderness ratios. b) natural frequencies of a bending-torsion coupled gra-
phite- epoxy I-beam [221].
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arbitrary cross-sectional geometry and material properties, initial
curve and twist, trapeze effect and inexpensive computation. We
describe each of these characteristics briefly in Table 1.

3. Analytical and semi-analytical approaches

Since beams have one dimension that is much larger than the
other two, the warping deformations are much smaller than the
deflections of the elastic axis. This enables the separation of the 3D
problem into two parts: a 2D local deformation field of the cross-
section that is used to calculate the section properties and a 1D
global deformation field that is used to calculate the response of the
blade. The cross-sectional properties can be obtained using either
ad hoc assumptions or asymptotic methods. As detailed next, while
the ad hoc models rely on assumptions about the displacement or
stress field, the asymptotic methods take into account a number of
small parameters [5].

3.1. Ad hoc modeling of cross-section

Most of the classical and refined beam theories use ad hoc as-
sumptions or additions to simpler theories about the displacement
field, and usually ignore shear deformation or warping displace-
ments, or their couplings. These models can lead to serious errors
[25,26]. It is sometimes challenging to adjust assumptions for new
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Table 1

Composite rotor blades characteristics, challenges and solutions.
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Characteristic

Problem/challenge

Solution/required model

Geometric nonlinearity

Material nonlinearity

Shear deformation

Torsional warping restraint

Arbitrary cross-sectional
geometry

Arbitrary material properties
(anisotropy)

Couplings among all types of
deformation

Initial curve and twist

Size dependent analysis

Trapeze effect

Centrifugal stiffening effect

Coriolis effect

Inexpensive computational
effort

Bending slopes and twist in rotating composite blades are not sufficiently
small for linear analysis (even at small strain) due to large axial force
generated by the rotation of the rotor and the size of transverse
deflections.

The material nonlinearity in terms of plastic deformations might also
occur and change the mechanical behavior.

CBT is not adequate in providing accurate solutions when the thickness-
to-length ratio of the beam is relatively large. This is because the effect of
transverse shear strains and rotary inertia, neglected in the classical
theory, becomes significant in deep beams.

This effect is particularly important for beams with thin-walled, open
cross sections.

Modeling of rotor blades involves beams with arbitrary cross-sectional
geometries

Composites are nonhomogeneous materials and as a whole might exhibit
anisotropic behavior.

Anisotropy can also be used to introduce elastic couplings between
extension, torsion, bending and shear.

Many composite rotor blades are initially twisted in their undeformed
state and may be initially curved as well.

Composite rotor blades can be used in micro/nano-electro-mechanical
system (MEMS/NEMS) and atomic force microscopes (AFMs). Since the
classical and refined elasticity theories do not include a material length
scale, they are unable to account for the size effect.

The trapeze effect is a coupling in beams between tension and torsion,
resulting in an increase in effective torsional stiffness from axial tensile
force [5].

It is known that the first 2-3 vibration modes are effected by centrifugal
stiffening and the higher modes are primarily governed by flexural
bending [237]. In particular, the fundamental mode shows a very strong
influence of the centrifugal force which becomes very important for high
speed rotating beams such as those used in turbomachinary [238].

In rotating beams, the assumption that the beam deforms only in bending
is restrictive, since the coupling between the axial deformation and the
lagwise motion can be significant (especially at high rotational speed)
due to the Coriolis effects [64,122,242]. However, most studies
neglected the Coriolis effects in the literature.

3D finite element models are computationally expensive. Computational
inefficiency is a concern in multidisciplinary design and optimization
where sufficient accuracy is needed as quickly as possible.

A geometrically nonlinear model to account for large deformations is
required.

A nonlinear model addressing at least an elasto-plastic or preferably
visco-elasto-plastic behavior is required.

Shear deformation theories provide more accurate solutions than the
classical theory.

nonuniform warping takes into account the Vlasov effect of torsional
warping restraint.

Therefore, the ability of a chosen beam theory to handle arbitrary
cross-sectional geometries is of a great importance

The model should be capable of taking arbitrary material properties
into account.

Theories for composite beams must be able to exhibit couplings
among all types of deformation.

the theory should be able to model initially curved and/or twist rotor
blades.

a size-dependent continuum theory that can capture size effect is
essential in the composite rotor blade model.

To be accounted for in the beam constitutive law.

Centrifugal stiffening effect is essential for accurate prediction of the
fundamental mode in rotating beams as it shows a strong influence of
rotational speed on the predominant mode of natural movement for a
structure.[238-241]

In order to take into account this coupling the introduction of the
Coriolis force becomes mandatory.

A general purpose composite rotor blade theory should have
relatively few degrees of freedom and little complexity.

configurations. Therefore, they might not be appropriate for pro-
blems with advanced cross-sectional geometry and/or non-
homogeneous materials. Nevertheless, they are the most common
theories used to model rotating composite beams in the literature.

Librescu and his coworkers [7,27-38] developed a refined beam
theory [7,27] and studied several aspects of rotating composite
beams. This refined beam theory [27] was first used to study the
free vibration of thin-walled composite rotating beams with arbi-
trary closed cross-sections. A number of non-classical features, such
as the anisotropy and heterogeneity of constituent materials,
transverse shear, primary and secondary warpings and the effects of
the centrifugal and Coriolis force fields, were included in their
work. Main assumptions were as follow [7]:

(a) The displacements u and v in the x and y direction, respectively, are
small and finite, while the twist ¢ of the cross-section can be ar-
bitrarily large.

(b) The displacement w is much smaller than u or v so that products of
the derivatives of w can be neglected in the strain-displacement
relations.

(¢) Strains are small so that a linear constitutive law can be used to
relate the second Piola-Kirchhoff stress tensor to Green-Lagrange's
strain tensor.
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(d) The shape of the cross-section and all its geometrical dimensions
remain invariant in its plane. This implies that the beam cross-
sections are assumed rigid in their own planes (i.e. that e, = &, =
&y, = 0), but are allowed to warp out of their original planes. For
thin-walled beam structures (such as aircraft wings and fuselage
and ship hulls), the original cross-sectional shape is maintained by a
system of transverse stiffening members (ribs or bulkheads). These
are considered rigid within their plane but perfectly flexible with
regard to deformation normal to their own plane, so that the
adoption of this assumption leads to a reasonable mathematical
model for the actual physical behavior.

(e) The transverse shear strains are uniform over the beam cross-sec-
tion, and

(f) The ratio of the wall thickness to the radius of curvature at any
point of the beam wall is negligibly small compared to unity. It is
evident that this assumption is actually exact for prismatic thin-
walled beams composed of linear segments, and very accurate for
shallow curved surfaces as well.

By using Hamilton's variational principle of the 3D elasticity theory,
the equations of motion of rotating elastic blades can be expressed in
terms of displacement quantities as [7]
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fixed on the cross-section [49].
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ovp

Swy :
86, :
80, :

6p

up, v, and wy are displacement components of the beam axis in x, y and 2
directions, 6,, 6, and ¢ are rigid body rotations about the x, y axis and
the twist about the z-axis, T,, Q., and Q, denote the axial and shear
forces (in the x and y directions), M,, M,, and M,, and B, denote the
moments (about the X, y, and z-axes), and the bimoment global quan-
tities, respectively. Here p,(z, t), p,(2, 1), p,(z, t), m.(z, t), my(z, t), m,(z,
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t), Ar (2, t), my(z, t) and their counterparts identified by a circumflex
represent equivalent line loads due to the effective external and body
forces and couples, measured per unit span of the undeformed beam,
and due to the tractions on the longitudinal edges of an open cross-
section beam, respectively. The tracer §; takes the values O or 1 de-
pending on whether the beam has closed or open cross-section, re-
spectively. Boundary conditions, and all other terms appearing in Eq.
(6) were defined in Ref. [7].

This refined beam theory [22] was a basis for much of Librescu's
later research. For instance, it was extended to account for carrying a
tip mass and incorporating adaptive capabilities using a system of
piezoactuators with further application to vibration control [28]. In
another study, the effects of a steady temperature gradient on a rotating
pre-twisted composite beam were investigated [31]. Validations of
these works against experimental, analytical, or numerical predictions,
obtained within other thin-walled beam models, were provided in a
publication co-authored by Qin and Librescu [30]. The effect of active
feedback control [29], was also taken into account by Librescu and his
coworkers using higher-order shear formulation [32], flapping-lagging-
transverse shear coupling, ply-angle, pre-twist and presetting [35],
forced vibration [33], functionally graded materials for tapered beams
[34,39], blast loading [37] and solar radiation thermal loading [38].
This line of research served as a basis for many other works [38,40-48].

Pai and Nayfeh [49-51] generalized the set of 3D nonlinear equa-
tions derived by Crespo da Silva and Glynn [52] to study the free and
forced extensional-flexural-flexural-torsional vibration of rotating
nonuniform composite beams. By using the Newton's second law, they
developed the nonlinear equations describing the extensional-flexural-
flexural-torsional vibrations of slewing or rotating metallic and com-
posite beams as follows:
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where & — 5 — ¢ is the local coordinate system (See Fig. 7), m mass per
unit length, u(s, t), v(s, t), and w(s, t) are the components of the elastic
displacement vector of the centroid at an arbitrary location s, along the
inertial axes x, y, and 2, and J, J,, and j; are the rotary intertias per
unit length of the beam, and all other terms are defined in Pai and
Nayfeh [49].

The equations derived by Pai and Nayfeh [49] contain structural
coupling terms and quadratic and cubic nonlinearities due to curvature
and inertia. Pai and Nayfeh [49] investigate the response of an in-
extensional, symmetric angle-ply graphite-epoxy beam exhibiting
bending-twisting coupling and a two-to-one internal resonance sub-
jected to a harmonic base-excitation along the flapwise direction. In
their second paper, Pai and Nayfeh [50] used a combination of the
fundamental-matrix method and the method of multiple scales to derive
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four first-order ordinary-differential equations to describe the time
variation of the amplitudes and phases of the interacting modes with
damping, nonlinearity, and resonances. Hopf bifurcations, symmetry-
breaking bifurcations, period-multiplying sequences, and chaotic solu-
tions of the modulation equations were studied. The results showed that
the motion could be nonplanar although the input force was planar.
Their third paper [51] focused on the chordwise excitations of a sym-
metrically laminated graphite-epoxy composite beam.

Smith and Chopra [53] developed a direct analytical beam for-
mulation for predicting the effective elastic stiffnesses and corre-
sponding load deformation behavior of tailored composite box-beams.
Using the displacement formulation, also called the stiffness formula-
tion, Chandra and Chopra [54] studied the linear free vibration of ro-
tating composite box beams theoretically and experimentally. The
theoretical results were obtained using Galerkin's method. The stiffness
formulation was based on suitable approximations to the displacement
field of the shell wall. Since the displacement modes do not satisfy the
equations of equilibrium of the shell wall, this approach leads to an
overestimation of the beam stiffnesses. Chopra and his coworkers later
developed a refined beam formulation for rotating composite beams
with open- or closed-section. Their theory uses a mixed variational
approach and accounts for the effects of elastic coupling, shell-wall
thickness, warping, warping restraint, and transverse shear deforma-
tions. Their analysis was validated against experimental data and other
analytical results [55,56].

Kim and Dugundji [57,58] studied the large amplitude free vibra-
tion and aeroelastic behavior of composite helicopter blades for ro-
tating [58] and nonrotating [57] cases. Their model includes transverse
shear and warping deformation; it is based on the Euler angle for-
mulation of the basic large deflection equations together with the
harmonic balance, finite difference, and Newton- Raphson technique.
They indicated that the nonlinear stall is dominant at moderate am-
plitudes, but that nonlinear static-dynamic couplings in the structure,
which bring a softening effect into the general aeroelastic behavior,
could be equally important at large amplitudes.

The Euler-Bernoulli beam theory was used in a number of studies
including free vibration of rotating FGM beams for linear [59,60] and
nonlinear [61] analyses, nonlinear free vibration of laminated compo-
site beams [62], vibration damping using embedded carbon nanotubes
(CNTs) [63], transient response of a multilayered composite rotating
airfoil [64] and free vibration of the rotating composite beams with a
delamination [65].

In the past few years, the Timoshenko beam theory was also ex-
tensively used to study rotating composite beams, especially in the
context of linear [65-77] and nonlinear [78,79] free vibration of ro-
tating composite beams of made of either laminated composites
[65-68,71,72,74,78,79] or FGMs [69,70,73,75-77].

The ad hoc cross-sectional analyses are not generally applicable to
all types of rotating composite blades. They generally invoke assump-
tions that do not hold in the general case. Some of these assumptions
are: ignoring the hoop stress or hoop moment, or ignoring shell bending
measures.

3.2. Asymptotic modeling of cross-section

As reported by Atilgan and Hodges [80], Berdichevskii [81] appears
to be the first to split a 3D geometrically nonlinear elasticity analysis for
beam-like structures into a nonlinear 1D analysis and a (usually) linear
2D analysis, leading to the determination of the cross-sectional stiffness
constants. Analytical analyses are available for simple geometries,
however, arbitrary cross-sections require numerical analysis such as
FEA. One of the most common FEA-based tools is the Variational
Asymptotic Beam Section (VABS)[82-84].

In response to the quest for a theory adequate for rotor blade ana-
lysis, Hodges and his coworkers developed theoretical foundations for
the analysis of rotating anisotropic composite beams based on the
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variational asymptotic method (VAM) [5,8,12,80,82,83,85-92]. The
methodology presented by Hodges and his coworkers includes most of
the characteristics explained in Table 1 for composite rotor blades,
except the material nonlinearity and small scale size-dependent mod-
eling. Providing an accurate cross-sectional analysis, strain and stress
recovery [91], this approach yields geometrically exact canonical
equations of motion for beams [5].

The nonlinear, intrinsic, mixed equations for the dynamics of a
general (nonuniform, twisted, curved, anisotropic) beam undergoing
small strains and large deformations can be written as follows based on
the generalized Timoshenko beam model [5]:

F+XK+®F+f=P+ QP (8a)
M+&+®M+ @& +7F+m=H+ OH + VP (8b)
V+E+OV+@E+PQ=7 (8¢)
Q+EK+R)Q=x (8d)

where the prime denotes the partial derivative with respect to the un-
deformed beam reference line defined by curvilinear coordinate x, the
over dot denotes the partial derivative with respect to time t; and in-
ternal forces F = [F; F, F5]7, internal moments M = [M; M, Ms]7,
generalized force strains y [y11 2y12 2v13]", generalized moment
strains k¥ = [k Ky k3]", generalized curvatures K = [K; K, K3]", linear
momentums P = [P; P, P3]", angular momentums H = [H; H, H5]",
linear velocities V = [V; V, V517, angular velocities Q = [ Q; Q, Q317
and external forces f = [f; f> f5]7; and external moments m = [m; m,
ms]Y; 11 is the extensional strain measure, and 2y, and 2y3 are the
transverse shear measures; and, finally, the tilde over certain terms
denotes a skew-symmetric matrix (pseudovector) of the components of
the column matrix of the same name, namely,

0 -K Kk
K=k+%=| K 0o -K]|
-kK K 0 )

All measure numbers are calculated in the deformed cross-sectional
frame. k = [k; ky k3]"; ky is the initial twist, k, and ks are the initial
curvatures of the beam, and e; [1 0 0]". For given boundary con-
ditions, Egs. (8) may be solved using semi-analytical methods such as
the Galerkin method [93-96] or numerical methods such as the finite
difference method [9,97,98] or the generalized differential quadrature
method [99].

To ensure that the prediction of elastic constants from a cross-sec-
tional analysis based on ad hoc assumptions is correct, it has to be
asymptotically correct in terms of a small parameter [5]. Berdichevsky
et al. [100] developed a variationally and asymptotically consistent
theory to derive the governing equations for anisotropic thin-walled
beams with closed sections. Their theory is aymptotically correct to the
first order. This theory was further extended by Armanios and Badir
[101] to the free vibration analysis of anisotropic thin-walled closed-
section beams using Hamilton's principle. These derivations have be-
come the underlying basis for the work of some researchers [102-105].
The applicability of these analytical models is limited to simple geo-
metries and conceptual models such as those used in preliminary de-
sign.

Many researchers extended the research done by Hodges [12,86] to
study the dynamics and vibration control of rotating composite beams.
For instance, Traugott et al. [106] developed a set of nonlinear, in-
trinsic equations describing the dynamics of beam structures under-
going large deformations of active helicopters blade. Their active
structural model could be coupled with a suitable aerodynamic model
for aeroelastic simulation and aeroelastic control design. Ghorashi and
Nitzsche [97] studied the nonlinear dynamic response of an accel-
erating composite rotor blade using perturbations. In another study,
Ghorashi [98] also investigated the elasto-dynamic response of a
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rotating articulated blade. He used the linear VAM cross-sectional
analysis, together with an improved damped nonlinear model for the
rigid-body motion analysis of helicopter blades in coupled flap and
lead-lag motions.

Patil and Althoff [93] presented an energy-consistent, Galerkin ap-
proach for the nonlinear dynamics of beams using intrinsic equations.
The Galerkin approach gives accurate results with fewer degrees of
freedom as compared to low-order finite-element formulation. Their
reduced-order model is able to capture the dominant nonlinearities in
the system and would be ideal for aeroelasticity, preliminary design,
and control synthesis. Some researchers used this approach to study the
control design [94], forced vibration [96], bifurcation analysis [107]
and the steady state response and free vibration [95] of rotating com-
posite beams. The later work focused on the application of CNTs-re-
inforced composites in rotating composite beams and blades.

4. Numerical approaches

The most extensively used numerical technique for modeling the
dynamics and vibration control of rotating composite beams is the finite
element method (FEM). The continuum in FEM is divided into a finite
number of non-over-lapping regions called elements. The equilibrium
requirements of each element are specified in terms of a finite number
of state variables. The final solution of the entire system is obtained by
assembling the results of the individual elements. To date, the most
comprehensive and accurate finite element modeling of composite rotor
blades seems to be the work of Hodges et al. [92] known as RCAS
(Rotorcraft Comprehensive Analysis System), Yu and Blair [108] known
as GEBT (Geometrically Exact Beam Theory), Bauchau [109] known as
DYMORE and Johnson [110] known as CAMRAD II. Their formulations
are based on a rigorous, asymptotic approximation of three-dimen-
sional, geometrically nonlinear, anisotropic elasticity. The concept of
VAM of splitting the original 3D analysis into a 2D cross-sectional
analysis and 1D beam analysis was employed in RCAS, GEBT and DY-
MORE for nonlinear analysis. The computer program VABS was used
for determining the cross-sectional elastic constants. General beam
analysis procedure of RCAS and GEBT are shown in Figs. 8 and 9.

Many finite elements for the analysis of rotating composite beams
have been proposed. For convenience in this review, we grouped the
main developments in FE for rotating composite beams into the three
following categories.

4.1. Line elements

Most of the FE research lies in this category. The number of works
based on the classical beam theories is limited in the literature
[65,111-116]. Linear free vibrations of rotating electrorheological (ER)
composite beams composed of three layers with ER fluids sandwiched
between two elastic layers were studied by Wei et al. [111]. They used a
two-node element and each node has four degrees of freedom. Their
results indicated that the ER materials layer have a significant effect on
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Fig. 9. Beam analysis procedure using GEBT [108].

the vibration suppression of rotating composite beam when subjected to
an electric field. Their work was an underlying basis for some other
researchers. For instance, it led to the analysis of variable speed and
acceleration [112], the application of functionally graded materials
[115] and the optimal parameters estimation [116] in composite
beams. A two-noded element was used by Zarrinzadeh et al. [113] to
study the free vibration of rotating, axially functionally graded tapered
beams. Deepak et al. [114] developed a comparative study between
carbon nanotubes-reinforced polymer composite beams and laminated
composite beams using spectral finite elements.

While the number of investigations of the vibration behavior of
rotating composite beams using classical theories has been limited, the
majority of FEA research paid more attention to shear deformable line
elements. Most investigated linear free vibrations [117-123]; however,
forced vibrations [124,125] were also considered. Nonlinear vibrations
[92,108,126-128], vibration attenuation [119,128-130], and dynamic
stability [121,131-133] were also reported on in the literature. Epps
and Chandra [134] developed a finite element model to correlate the
results with their experimental model for vibration of rotating compo-
site helicopter blades with swept tips.

Lee and Kim [135] developed a FE formulation that allows arbitrary
warping for isotropic beams of complicated cross section, taper, and
twist. In their formulation, a shear-flexible beam was used with a small
warping displacement superimposed over the cross-sections in the de-
formed configuration. This work was further extended to the FE mod-
eling of thin-walled composite beams [136], large deflections or finite
rotations using the fixed or total Lagrangian descriptions [137], and
vibrations of rotating and non-rotating composite beams [138]. Jeon
and Lee [139] presented an FE approach using a large-deflection-type
beam theory for the aeroelastic analysis of composite rotor blades in

Fig. 8. Beam analysis procedure using RCAS [92].
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Fig. 10. Left: General configuration of Active Fiber Composite, Right: SEM photo of the cross section of AFC [103].

forward flight. Their composite rotor blade was idealized as a laminated
thin-walled box beam and effective 6 X6 elastic constants were ob-
tained from the refined cross-sectional FE method.

4.2. Surface elements

Another approach to the modeling of rotating composite beams and
blades consists in using surface elements such as plane or shell
[140-142] elements. Kee and Kim [140] investigated the vibration
characteristics of initially twisted rotating shell type composite blades.
The blade was assumed to be a moderately thick open cylindrical shell
that included the transverse shear deformation and rotary inertia, and
was oriented arbitrarily with respect to the axis of rotation to consider
the effects of disc radius and setting angle. Using an isoparametric nine-
node of a degenerated shell element with the Reissner-Mindlin's as-
sumptions, the FE method was used for solving the governing equa-
tions. Lin and Tsai [141] used a geometrically nonlinear degenerate
shell element [143] to study the free vibration characteristics of a
composite marine propeller blade. In their research, rotational effects
and added mass were considered and composites with symmetric, ba-
lanced and unbalanced stacking sequences were analyzed. Their ana-
lysis indicated that the natural frequency of the blade in water was
much lower than in air, and the mode shapes of the blade were almost
the same in air as in water. They also concluded that the rotational
effects can be ignored because the marine propeller rotates slowly. Very
recently, Qiu and Xu [142] investigated the vibration control of a ro-
tating two-connected flexible beam using chattering-free sliding mode
controllers. Four-node rectangular plate elements were adopted to
analyze the model of the rotating two-connected flexible beam by using
the FEM.

4.3. Solid elements

The 3D solid-based finite element formulations may be chosen for
their accuracy and robustness in large deformation nonlinear analyses
of rotating composite beams. However, the number of studies using 3D
solid elements is very limited. Three-dimensional finite elements were
applied by Chattopadhyay et al. [144] to study the vibration reduction
in rotor blades using active composite box beam including both in-
plane and out-of-plane warpings. Kee and Shin [145] developed an
eighteen-node solid-shell finite element to model the geometrically
nonlinear blade structures. The incremental total Lagrangian approach
was adopted to allow estimations on arbitrarily large rotations and
displacements. The resulting nonlinear equilibrium equations were
solved by applying the Newton-Raphson method combined with load
control. The obtained numerical results were compared to several
benchmark problems, and the results showed a good correlation with
the experimental data and other FE analysis results.
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5. Adaptive/smart/intelligent structures

Intelligent or smart or adaptive structures are a subset of active
structures that have highly distributed actuator and sensor systems with
structural functionality; in addition, they feature a distributed control
function and computing architecture [146,147]. Some authors defined
each of these terms distinctly [147,148]. A review of the state of the art
about smart actuators, sensors, and integrated systems has been pre-
sented by Chopra [149]. Ganguli et al. [150] investigated the concepts
of active trailing edge flap and active twist rotor blade for the helicopter
vibration reduction problem.

Different types of adaptive materials for composite rotor blades
have been described in the literature, such as piezoelectric materials,
electrorheological fluids, and shape memory alloys. These materials are
discussed and reviewed in below.

5.1. Piezoelectric materials

One of the most well-known type of adaptive materials is piezo-
ceramics. Many actuators, accelerometers and other sensors are made
of piezoceramics. However, monolithic piezoelectric materials (such as
lead zirconate titanate: PZT) are brittle in nature, which makes them
vulnerable to damage. Besides, their conformation to curved surfaces
can be problematic. To overcome these drawbacks, piezoelectric fiber
based sensors and actuators such as active fiber composites (AFC)
[151], macro fiber composites (MFC) [152] and piezoelectric fiber re-
inforced composite (PFRC) [153] have been introduced. AFCs utilize
interdigitated electrode poling and piezoelectric fibers embedded in an
epoxy matrix (See Fig. 10), resulting in a high-performance actuator
laminate. The disadvantages of AFCs are cost, difficulty of processing
and handling during fabrication, and high voltage requirement. MFCs
are also composed of piezoelectric fibers organized together in an epoxy
matrix and interfaced with polyimide electrodes [154] (See Fig. 11).
The major benefits of MFCs are the orthotropic and anisotropic actua-
tion capabilities,which allow more independent and direct control of
twist, bending, and extension [148]. Some authors used piezoelectric
materials and their composites as an additional layer or patch to the
structure in absence of sensing or actuation
[54,68,97,103,104,124,125,134,155].

5.2. Electrorheological (ER) fluids

ER fluids are smart materials whose rheological properties can be
rapidly varied when subjected to an electrical field. Working principle
of ER fluids is shown in Fig. 12. These unusual properties enable ER
fluids to be used in numerous potential engineering applications. For
the application of rotating composite beams, Wei and his coworkers
investigated the dynamic response [111] and vibration control
[111,112,120] of rotating ER sandwich beams. The results of numerical
simulations showed that the model loss factor of rotating ER beam can
be substantially increased when an electric field is applied. The ER
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Fig. 11. MFC actuator: a) photo [231] and b) schematic [232].

materials had a significant effect on the vibration suppression of the
rotating composite beam. Allahverdizadeh and his coworkers extended
these investigations to the application of functionally graded [115] and
optimal viscoelastic layer identification [116].

5.3. Shape memory alloys (SMAs)

Shape-memory alloys can remember their original shapes to the
effect that they can return to their pre-deformed shapes when heated.
Singh et al. [156] developed the design, analysis, and testing of an
improved SMA-based tracking tab actuator. This actuator provided in-
flight tracking capability for a helicopter rotor to attenuate the vibra-
tion due to rotor dissimilarities. Their theoretical model of the actuator
was developed based on Brinson's thermomechanical model, and was
used to predict the behavior of the actuator under external loading. It
was further applied as a design tool to identify optimal actuator para-
meters. The modeling and free vibration behavior of rotating composite
thin-walled closed-section beams with SMA fibers was also presented by
Yongsheng et al. [102].

6. Damping and vibration control
Vibration in rotating beams and blades arises from a variety of

sources and leads to damage of structural components and inefficiency
of the systems. Consequently, vibration reduction strategies in rotating

(a)

E=0

a—

Diclectne particles

E=0 SV mm

«
[

¥
Ly

Flectrodes

E= AN

composite blades have received considerable attention. Commonly used
methods to suppress vibrations are active, passive, semi-active and
hybrid vibration control systems. However, for the application of ro-
tating beams and blades, active and semi active methods seem to be the
most common ones.

6.1. Active vibration control

Friedmann and Millot [3] presented a survey of the state of the art for
the vibration reduction in rotorcraft using active controls. They described
higher harmonic control, individual blade control, vibration reduction using
an actively controlled flap located on the blade, and active control of
structural response. Giurgiutiu [157] reviewed the smart-materials actua-
tion solutions for the aeroelastic and vibration control. Alkhatib and Gol-
naraghi [158] provided a review of active vibration control techniques, with
examples from mechanical to civil engineering applications. A concise re-
view of the active control approaches for vibration reduction in rotorcraft
was also presented by Friedmann [159]. The hierarchy of active control
approaches for helicopter vibration suppression is illustrated in Fig. 13. It is
worth noting that both Higher Harmonic Control (HHC) and pitch link
actuated Individual Blade Control (IBC) are based upon the idea of oscil-
lating the whole helicopter blade at its root with fairly high frequencies. For
hingeless and bearingless rotor configurations, however, vibration reduction
using smart materials such as Actively Controlled Flaps (ACF) and Active
Twist Rotor (ATR) are logical.

Fig. 12. Working principle of ER fluids. a) ER is fluid like when
no electric field is applied and becomes solid like when an electric
field is applied. b) in case of no electric field keeps flowing and
solidifies when the electric field is applied on ER fluid by em-
bedded parallel plate electrodes [233].
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Fig. 13. Hierarchy of active control approaches in rotorcraft [159].

6.1.1. PID Control

Proportional-integral-derivative (PID) control has been widely used in
rotating beam applications [28,29,37,41,119,128-130,144,160-162]. The
PID controller attempts to minimize the error over time by adjustment of a
control variable u(t), such as the position or velocity of the midpoint of the
cross section of the beam at a distance from the root of the beam, to a new
value determined by a weighted sum:

u(t) = Kpe ) + Ki [ e@dr + Ky dz(t[), .

(10

where Kp, K; and Ky, all non-negative, denote the coefficients for the pro-
portional, integral, and derivative terms, respectively.

Song and Librescu [28] used a combined velocity and acceleration
feedback control law relating the piezoelectrically induced bending
moment at the beam tip with the kinematical response quantities to
investigate its beneficial effects upon the closed-loop eigenvibration
characteristics. Librescu and his coworkers [37] implemented the ve-
locity feedback control to control the free and forced vibration of ro-
tating beams of nonuniform cross section, operating in a temperature
field and impacted by a blast. Vibration control methodology was based
on the piezoelectric strain actuation. The results revealed, in both cases
of existence and nonexistence of temperature field, that the control
appeared very efficient. In another work, Song et al. [29] adopted two
feedback control law strategies namely the proportional control law
and the velocity control to reduce the vibration of pretwisted rotating
anisotropic thin-walled beams. The results revealed that proportional
feedback control strategy does not provide any substantial advantage
compared to velocity feedback control. In addition, with that control
methodology, there is no possibility to induce damping. Using a velo-
city feedback control law Shim and Na [163] developed a structural
dynamic model of rotating composite beam of tapered cross-sections
and assessed the effect of the taper ratio. The control was achieved
through the piezoelectrically-induced flapwise bending moments at the
tip of the beam. The obtained results revealed that, via this control
capability, it was possible to conveniently tune the eigenfrequencies of
the system, and consequently, to modify in a beneficial and predictable
way the dynamic response characteristics of the structure.

Chattopadhyay et al. [144] studied the vibration reduction in rotor
blades using active composite box beams. Their model was used to
investigate the reductions in hub dynamic loads using closed-loop
control. In the closed loop analysis, feedback actuator voltage was de-
fined with the help of the current developed from the electric charge. A
finite element formulation was used to implement the coupled theory.
Vibration reduction up to 50% was achieved in vertical shear force for a
typical case. The control results were also compared with and without
the application of closed-loop control. It was observed that the
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convergence of collective flap fundamental response with time was
faster with closed-loop damping.

As discussed earlier, to overcome the drawbacks of monolithic
piezoelectric materials, piezoelectric fiber based sensors and actuators
are attracting the attention of researchers. Numerous advantages of
MEFC sensors and actuators having over monolithic piezoelectric mate-
rials are discussed in the work of Park and Kim [164]. Using MFC ac-
tuators and monolithic piezoelectric sensors, Choi et al. [41,161]
modeled a first-order shear deformation theory of rotating thin-walled
beams. In their study, the negative velocity feedback control algorithm
was used to suppress vibrations. Experimental study of vibration con-
trol of a rotating cantilevered beam using piezoactuators was also
carried out by Choi and Han [160]. A constant amplitude controller was
used in their study.

Thakkar and Ganguli [129] developed an active twist model by
using induced-shear-based piezoceramic actuation to analyze the effect
of piezoelectric material PZT-5H on vibration reduction of helicopter
blades. An isotropic two-cell box beam with surface-bonded piezo-
electric actuators was used to represent the cross-section of the blade.
Such a blade was then studied in a forward flight condition and the
reductions in vibration of the hub loads and moments due to induced
shear actuation were investigated. A reduction of 51.4% in vibration
was obtained by using the nonlinear law in the open loop case at an
amplitude of 300 V. mm ! for the applied sinusoidal field. A closed loop
algorithm was also developed based on the feedback of time rate of
change of strain and hence calculating sensed voltage from the fed
value, enabling actuation to the rotor blade. A reduction in overall vi-
bration at the hub of approximately 43% was obtained for an advance
ratio of 0.3.

Using a PID control law, Baz and Ro [119] demonstrated the vi-
bration attenuation capabilities of actively controlled constrained layer
damping (ACLD), an approach that will be detailed further in Section
6.3.1. The resonant vibration control of rotating beams was presented
by Svendsen and Hggsberg [162]. Vibrations in their study were re-
duced by using a collocated sensor-actuator system governed by a re-
sonant controller. The objective of the controller was to extract energy
from the selected mode by imposing a specifically tuned resonant force
to the structure. They showed that a collocated resonant controller,
used for an active strut with acceleration feedback, was effective and
robust in providing a specified level of modal damping for a selected
mode. Furthermore, they showed that it is possible to position and tune
multiple controllers with associated sensor/actuator pairs for effective,
simultaneous damping of multiple modes. Using PID feedback con-
trollers, the complex closed loop eigenvalue problem of rotating beams
with combined active constrained layer damping and stressed layer
damping treatment was developed and solved numerically. Experi-
mental investigations have also been carried out to prove the effec-
tiveness of their technique. Velocity feedback control law was also used
in the work of Ray and Biswas [128]. The authors addressed the ACLD
of geometrically nonlinear vibrations of rotating composite beams using
1-3 piezoceramics. The results showed that the damping characteristics
of the overall rotating beam-ACLD system increased with the increase
in the thickness of the viscoelastic layer while it decreased with the
increase in the thickness of the 1-3 piezoceramic constraining layer.
The effect of control gain on the nonlinear transient response of a
clamped-free non-rotating ACLD-beam system is shown in Fig. 14.

6.1.2. Optimal control

An optimal control is a set of differential equations describing the
paths of the control variables that minimize the cost function while
maintaining a desired system state and minimizing the control effort.
The most basic and commonly used optimal controller is the linear
quadratic regulator (LQR). For structural control applications, the ac-
ceptable range of structure displacement and acceleration is considered
as the cost function that is to be minimized.

Chandiramani et al. [36] studied the optimal control problem via
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Fig. 14. Influence of control gain on the nonlinear transient response of a clamped-free
non-rotating ACLD-beam system (symmetric cross ply—0°/90°/0°) [128].

the classical and instantaneous LQR methods. Their results revealed
that structural tailoring can yield a lower steady-state response at the
expense of increased settling time. Increasing the patch length beyond a
limit proved ineffective. The instantaneous LQR control algorithm
provided a reduced response, involving through-thickness shear strain
variation. The optimal vibration control of a rotating composite pre-
twisted single-celled box beam, exhibiting transverse shear flexibility
and restrained warping, was analyzed by Shete and Chandiramani
[165]. In another study, Chandiramani [43] carried out the optimal
control of a thin-walled rotating composite beam using HSDTs. The
optimal LQR control with state feedback was used to obtain the control
input. Chattopadhyay et al. [166] developed a finite element model for
the analysis of the smart box beam using the hybrid displacement field
theory. The addition of a Kalman filter to a LQR control strategy leads
to what is termed as Linear Quadratic Gaussian (LQG). They designed a
LQG controller based on the transformation matrix and compared its
performance with results of the open loop and the passive control
systems. Their numerical results showed that the use of LQG control
was efficient in stabilizing the unstable aeromechanical rotor response.

The vibration analysis and optimal control of rotating pre-twisted
thin-walled beams using MFC actuators and sensors were studied by
Vadiraja and Sahasrabudhe [167]. The optimal control problem was
solved using LQG control algorithm. The controlled and uncontrolled
tip displacement response of bending vibration using LQG control al-
gorithm with four MFC sensors and actuators are shown in Fig. 15. A
very good performance of MFC actuators for vibration suppression can
be seen from the graph.

Traugott et al. [106] designed a multiple-input and multiple-output
(MIMO) controller based on full-state optimal control (LQR approach)
and optimal state estimation (Kalman filter) to add vibrational damping
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Fig. 15. Controlled and uncontrolled tip displacement of a rotating composite beam
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to the weakly damped system. Using analytical analysis and simulation
runs of the closed loop, they showed that significant vibrational
damping can be provided to the structure.

6.1.3. HHC and pitch link control

A study of the combined helicopter blade-vortex interaction noise
and vibration reduction problem was conducted by Patt et al. [168].
Their simulation tool fully coupled aeroelastic and aeroacoustic phe-
nomena. Their HHC control algorithm appeared to be an excellent al-
gorithm for vibration and noise reduction, after some modifications to
improve robustness and compensate for the highly nonlinear flight re-
gime. In another study, Liu et al. [169] conducted a computational
study of helicopter vibration and rotor shaft power reduction using
actively controlled trailing-edge flaps (ACFs), implemented in both
single and dual flap configurations. Their results indicated that the ACF
system implemented either in a single or dual flap configurations was
capable of simultaneously reducing vibration and enhancing rotor
performance.

Using smart springs, Nitzsche et al. [170-174] studied the vibration
control of rotor blades. They showed that smart springs are capable of
significant reduction in the vibratory loads transmitted to the fuselage
through the pitch link.

6.1.4. . Other active control methods

A nonlinear fuzzy logic system based control structure and adaptive
algorithm (See Fig. 16) suitable for driving non-linear feedforward ac-
tive vibration control systems was presented by Wenzhong et al. [243].
Numerical simulation results showed that the feedforward fuzzy active
control method achieves better results than the conventional filtered-X
LMS (Least Mean Square) algorithm for the composite beam. Using
optimal tracking control method, Cai and Lim [244] investigated the
control model of a flexible hub-beam system based on the assumed
mode discretization approach. Their simulation results indicated that
their model is valid for describing the dynamics of flexible hub-beam
system and the vibration of beam may be suppressed effectively by this
controller. The application of the nonlinear saturation control strategy
for vibration suppression of the rotating hub-beam structure was pro-
posed by Warminski and Latalski [245]. It has been shown that the
proposed control strategy is effective if the frequency of the controller is
precisely tuned to the half of the full structure natural frequency. In
addition, properly chosen gains of the control signal are required.

6.2. Semi-active vibration control

Semi-active control devices often possess the advantages of active
control and passive control devices and have been proposed for vibra-
tion control of rotating composite beams applications. These devices
may include controllable fluids, electro-rheological fluid and magneto-
rheological fluids.

Wei et al. [112] proposed the electrorheological sandwich structure
for the vibration control of rotating flexible beams with variable speed/
acceleration. In another study [111], they studied the vibration re-
duction of rotating sandwich beams filled with electrorheological
fluids. They showed that the damping loss factors and natural fre-
quencies of the rotating beam increased as the applied electric field
strength was raised. However, the gain in the damping loss factor was
much more than that in natural frequency. Allahverdizadeh et al. [116]
optimally estimated the complex shear modulus of an ER adaptive
sandwich beam to model the system for vibration control.

The design, analysis, and testing of an improved SMA-based tracking tab
actuator was presented by Singh et al. [156]. The advantage of using a SMA
actuator is the relatively large output force and deflection angle capability
that ensures a simple actuator design with a minimum number of moving
parts. Their test results revealed that although the system was highly non-
linear, it could be accurately controlled using only a simple single input,
single output (SISO) PID controller with constant gains.
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Fig. 16. Fuzzy control flow diagram for a composite beam [243].
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6.3 Passive vibration control

In active vibration control, some sort of sensor is required to mea-
sure the displacement or force or acceleration etc. of the structure that
is vibrating and an actuator is powered to generate a force to resist the
unwanted motion. Passive vibration control, however, does not need
any sensors or actuators and does not consume any power. Instead, it
relies on the damping properties of materials used in its design. Passive
control approaches such as the use of vibration absorbers have con-
ventionally been pursued and widely implemented in rotating beams.
However, the passive approach suffers from the major drawback of
being ineffective at low frequencies [112]. While they cannot match
active vibration reduction system in terms of versatility, adaptability,
and optimum performance at diverse conditions, it is difficult to argue
against their simplicity [175].

Austruy et al. [175] examined the effectiveness of a rotor-blade-
embedded spanwise Coriolis absorber in reducing the in-plane vi-
bratory hub loads. Their simulations showed that in high-speed flight,
over 85% reductions in both 4/rev longitudinal and lateral hub shears
could nominally be achieved using an absorber mass 3% of the blade
mass situated at 60% span, oscillating at 3/rev with an amplitude of
about 0.03 ft.

DeValve and Pitchumani [63] presented a numerical model to de-
scribe the effects of carbon nanotubes-based damping in a rotating
fiber-reinforced composite beam. The simulations revealed that a di-
mensionless Coulomb damping factor on the order of 103, which can
be achieved with 1-2% by weight of CNT, can reduce the vibration
settling time of a rotating composite beam by an average of 40-60%. A
passive twist control was proposed by Peng et al. [176] as an adaptive
way to maximize the overall efficiency of the small-scale rotor blade for
multifunctional aircrafts.

6.3.1. Active constrained layer damping

The concept of active constrained layer damping (ACLD) treatment
has been investigated by many researchers in the context of vibration
control [177]. In constrained layer damping technique, a viscoelastic
layer is sandwiched between the host and the constraining layer and
vibration damping is attributed to the shear deformation of the vis-
coelastic layer. With ACLD treatment, an active piezoelectric material
layer controls the shear deformations of the viscoelastic layer and
thereby actively controls the damping of the structure. As the control
effort required to cause transverse shear deformations in the viscoe-
lastic constrained layer is compatible with the low control capability of
the piezoelectric material, it has been found that the piezoelectric
materials perform much better to attenuate the vibrations of smart
structures when used as the constraining layer of the ACLD treatment
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rather than when they are used as standalones [177]. Vibration control
of rotating beams with active constrained layer damping has been
studied by Baz and Ro [119]. Chattopadhyay et al. [166] investigated
the use of segmented constrained layer damping treatment and closed-
loop control for improved rotor aeromechanical stability. Theoretical
and experimental vibration analyses of rotating beams with combined
ACLD and stressed layer damping treatment were presented by Kumar
and Kumar [130]. Biswas and Ray [128] carried out an analysis for
ACLD of rotating composite beams undergoing geometrically nonlinear
vibrations. The Golla-Hughes-McTavish method was employed to
model the constrained viscoelastic layer of the ACLD treatment in the
time domain. The numerical responses revealed that the ACLD treat-
ment with 1-3 piezoelectric composite constraining layers efficiently
enforced active damping of geometrically nonlinear vibrations of the
rotating composite beams.

7. Advanced composite materials
7.1. Functionally graded materials (FGMs)

Traditional laminated composites are being extensively used in
various industries because of their flexibility in design and capacity to
achieve desired strength and stiffness. However, since the laminates
may tend to de-bond, cracks are likely to initiate at interfaces and
propagate into the weaker material section. Furthermore, the difference
in thermal coefficients of the materials may result in residual stresses.
These problems can be mitigated by replacing conventional laminated
composites with functionally graded materials where the material
properties are gradually varied at the microscopic scale in the thickness
direction (See Fig. 17). The present section concentrates on the appli-
cation of FGM materials within rotating beams.

One of the early application of FGMs in rotating beams was im-
plemented by Oh et al. [34]. Ceramic-metal based FGMs were used in
the context of the vibrations and thermoelastic analysis of turbo-
machinery thin-walled rotating blades. In the work of Fazelzadeh et al.
[42], the vibrations of rotating thin walled-blade made of FGMs oper-
ating under high temperature supersonic gas flow were studied. FGMs
were also used by several other researchers
[39,59,70,75,126,178-180]. Tapered rotating FGM beams were re-
ported in the literature as well [60,61,69,73,77,113,181]. Among these
refrences, Zarrinzadeh et al. [113], Kumar and Mitra [61] and Fang and
Zhou [77] used functionally graded materials graded along the span-
wise direction.

7.2. Nanocomposites

Rotating composite blades have become critical structural elements.
Therefore, there is a strong need for the development of stronger and
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lighter materials to enable the manufacture of rotating blades into more
efficient rotors. In addition, manufacturers of rotating blades generally
seek longer lifetimes for these products. To extend the working lifetime
of blades, it is necessary to design and optimize blade materials to be
much stiffer, stronger, and exhibit better fatigue resistance than the
currently used ones. Nanocomposite materials can be an interesting
choice in this regard. They are multifunctional, high-performance en-
gineering composites that have attracted considerable attention in re-
cent years due to their unique properties [95,182-184]. Thostenson and
Chou [183] researched multi-walled carbon nanotube (MWCNT)-re-
inforced composites, which are based on a polystyrene matrix. They
observed that with embedded nanotubes, the tensile modulus, yield
strength and ultimate strengths of the composites are improved. Ad-
ditionally, an improvement in elastic modulus with the aligned nano-
tube composite, which was five times greater than the improvement of
the randomly oriented composite, was observed as shown in Fig. 18.
Deepak et al. [114] conducted a comparative study between CNT
reinforced polymer and laminated rotating composite beams using
spectral finite elements. A micromechanics model was used for calcu-
lating the properties of CNT based polymer composites in which the
CNTs could be either uniformly or randomly aligned with the tensile
loading direction. It was observed that CNT reinforced rotating beams
were superior in performance compared to laminated composite ro-
tating beams. DeValve and Pitchumani [63] studied the vibration
damping effects of CNTs embedded in the matrix of fiber-reinforced
composite materials used in rotating beams. The authors showed that a
dimensionless Coulomb damping factor on the order of 102 could be
achieved with 1-2% by weight of CNT. A micromechanics and struc-
tural dynamics analysis of the inherent damping exhibited by re-
presentative hybrid nanocomposite beams under axial strains was
presented by Glaz et al. [185]. The results indicated that hybrid na-
nocomposites with nanoinclusions show significant potential for con-
tributing to vertical lift capabilities by augmenting rotorcraft aero-
mechanical stability margins of hingeless/bearingless rotors. Very
recently, Rafiee et al. [95] used the concept of CNTs/fiber/polymer
laminated multiscale composite materials (See Fig. 19) to predict the
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Fig. 17. Schematic of continuously graded microstructure with
metal-ceramic constituents. (a) Smoothly graded microstructure,
(b) enlarged view, and (c) ceramic—metal FGM [234].
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Fig. 18. Static stress—strain of polymer films under constant loading rate [183].

vibration behavior of rotating and nonrotating beams. Halpin-Tsai
equations and fiber micromechanics were used to predict the bulk
material properties of the multiscale nanocomposite. The carbon na-
notubes were assumed to be uniformly distributed and randomly or-
iented through the epoxy resin matrix. The natural frequencies were
found to be significantly influenced by a small percentage of CNTs. It
was also found that the SWCNTs reinforcement produced more pro-
nounced effects than MWCNTSs on the nonlinear steady-state static re-
sponse, and the natural frequencies of the composite beams.

8. Complicating effects & loadings

In this section, various complicating effects and loadings are dis-
cussed separately. These complicating effects include, but are not lim-
ited to: added mass, initially curved and twisted beams, swept tip,
nonuniform beams and size-dependent analysis.
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8.1. Added mass

Tip masses can be utilized in many rotary beam applications. They
can modify the vibration frequency of components such as helicopter
rotors; they can also increase the airflow, as in the case of a dynamic
inducer in a wind turbine, or increase the flexing motion of the blades
in flexible-blade auto cooling fans [186,187].

Lai [188] considered the geometrically nonlinear transient analysis
of a rotating beam structure carrying a static payload. The influence of
the payload on the system nonlinearity was significant in his study. The
contribution was more than one hundred percent for a payload
equivalent to 10% of the beam mass. Song and Librescu [28] in-
vestigated the dynamical behavior of rotating composite thin-walled
blades carrying a tip mass. The tip mass in their study exerted a great
influence on the mode shapes. The problem of determining the influ-
ence of a tip mass on the dynamic analysis of a flexible hub-beam
system was studied by Cai et al. [189]. Their simulation and compar-
ison studies using both the traditional zeroth-order model and the
proposed first-order model showed that even a small tip mass may
significantly affect the dynamic characteristics of the system, which
may result in increasing the vibrating amplitude and decreasing the
vibrating frequency of the beam, and may affect the end position of the
hub-beam system as well. Chandiramani [43] studied the active control
of a pre-twisted, doubly-tapered, piezo-composite rotating beam with a
tip rotor. Their results showed that as the tip rotor mass was increased,
centrifugal stiffening dominated the gyroscopic softening behavior.

8.2. Tapered beams

Rotating composite beams, such as wind turbine blades, may be
made of tapered cross-sections. Consequently, the determination of
their dynamics and vibration control are of prime interest to analysts
and designers. Unlike the case of rotating composite uniform beams, the
number of published results for rotating composite tapered beams is
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quite limited. A schematic of a rotating tapered beam can be seen in
Fig. 20. Both single-tapered beams and double-tapered beams have
been investigated in the literature.

As shown in Fig. 20b, for a double-tapered cantilever rotating beam
of length L, the cross-sectional area reduces from Ay at the root of beam
to A at the free end according to equation (11c), due to the decrease in
the height and breadth of beam according to Egs. (11a) and (11b). The
general equations for cross-sectional area A(x), height h(x), breadth b
(x), and moment of inertia I,(x) of the beam are given by [60]

b(x) = b0(1 - cb%)m

(11a)
hx) = ho(l - ch%)s (11b)
A(x) = Ao(l - cb%)m(l - ch%)s (11¢)
LG = yo(l - cb%)m(l - ch%)gs 11d)

8.2.1. Single-tapered beams

The single-tapered configuration is a simpler version of double-tapered
beams. Das et al. [190] studied the free vibration dynamic behavior of ro-
tating single-tapered beams in elastic and post-elastic regimes. They showed
that the taper parameter can significantly affect the axial distribution of
centrifugal force and the distribution of beam mass with respect to the root.
The large amplitude, free vibration of axially functionally graded non-uni-
form rotating beams was presented by Kumar and Mitra [61]. Three dif-
ferent types of taper profiles were considered in their analysis. They con-
cluded that there is almost no effect of taper on the first natural frequencies
for all the cases, but the natural frequencies for other higher modes tend to
decrease with increasing taper. Moreover, the extent of decrease in the
natural frequencies were greater for higher modes.
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(b) Double-tapered beam

Fig. 20. Schematic of a rotating beam with (a) single tapered [61] and (b) double tapered [60] configurations.

8.2.2. Double-tapered beams

Shim and Na [163] developed a model to study the vibration control
of rotating thin-walled composite beams of double-tapered cross-sec-
tions. The blade was considered to be tapered both in width and depth.
Geometric configuration of a similar rotating blade is shown in. Fig. 21.
The linear distribution of chord c() and height b(s) of the mid-line
cross-section profiles along the beam span was considered as

cm) _ Cr
(b(n)) =1 -0 —-U))[bR]

They showed that the effects of taper ratio o is much stronger for the
lagging frequencies (second and third), than for their flapping frequencies
counterparts. A similar beam configuration was also considered in the work
of Na et al. [37]. The authors presented a model of rotating tapered beams
characterized by decoupled flapping and lagging motions, exposed to a
temperature field of a given spanwise distribution and to a time-dependent
pressure field. The infuence of the taper ratio on the open/closed-loop dy-
namic response has been highlighted. The results revealed that the un-
controlled tapered beam featured smaller oscillation amplitudes than the
uniform beam counterpart. However, for the controlled beam, an opposite
effect was experienced. This trend was attributed to the fact that the tapered
beam featuring a larger bending stiffness is more difficult to control than the
uniform one, which experienced a lower bending stiffness. Thermally in-
duced dynamic response of rotating composite double-tapered beams under
solar radiation was presented by Na et al. [38]. The effect of taper ratio on
the first coupled flap-lag bending frequency for different rotating speed and
ply angles was investigated and is shown in Fig. 22. It can be seen that the
taper ratio and ply angle can be chosen to structurally tailor helicopter and
tilt rotor aircraft blades for improved dynamic responses.

Chandiramani [43] developed a model for a rotating, doubly
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Fig. 21. Geometric configuration of a tapered rotating blade ( ¢ > 1) [38].
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tapered, pretwisted, composite blade, with piezoelectric sensors-ac-
tuator pairs, and a tip rotor. The time response amplitude increased
with taper, i.e., a uniform cross-section beam had the lowest response,
due to its bending rigidity being uniformly higher over the span.
However, the attenuation rate also increased with taper, resulting in
comparable settling times for all taper values. The free vibration of a
rotating tapered composite thin-walled beam with closed cross-section
featuring flap-twist coupling was presented by Sina et al. [44]. It was
shown that taper profile and taper ratios have significant effects on the
natural frequencies and eigenmodes.

Several researchers used the doubly-tapered configuration to study
the dynamics and vibration control of rotating FG beams
[60,69,73,77,191,192]. The effect of taper ratios on the chordwise
bending natural frequency of FG double-tapered rotating beams was
examined by Maganti and Nalluri [69]. The results showed that, in the
case of single-tapered beams, the fundamental frequencies increased
with increasing width taper ratio while the higher-order frequencies
decrease. Height taper ratio had an increasing effect on all of the fre-
quencies. The uniform rotating beam, as compared to the tapered beam,
exhibited lower magnitude in respect to fundamental frequency, while
the opposite was observed for higher-order frequencies. The beam with
higher width ratio exhibited predominant influence on frequencies.
Ebrahimi and Hashemi [60] studied the vibrations of a rotating FG
double-tapered beam with the effect of porosities. The geometry of the
system under their consideration is shown in Fig. 20b and the equation
describing cross-sectional area A(x), height h(x), breadth b(x), and
moment of inertia I,(x) of the beam are given in (11). It was concluded
that the fundamental frequency of tapered FG beams increases as the

w_ (rad/s)

0 1 1 1 1 1 Il 1
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Q (rad/s)
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Fig. 22. Effect of taper ratio on the first coupled flap-lag bending frequency for different
rotating speed and ply angles [38].
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breadth and the height taper ratio increase, with the increase in the
breadth taper ratio being the more significant effect.

8.3. Initially twisted/curved beams

In many applications, rotor blades are initially twisted in their un-
deformed state and may be initially curved as well. Song et al. [31]
studied the dynamics of pre-twisted rotating thin-walled beams oper-
ating in a temperature environment. It was shown that the pre-twist
effect induces supplementary couplings beneficial to the response be-
havior. Song et al. [29] extended this work to investigate the vibration
of pre-twisted adaptive rotating blades modeled as anisotropic thin-
walled beams. The vibrations of higher-order-shearable pre-twisted
rotating composite blades were studied by Chandiramani et al. [33].
The increase in pretwist had a softening effect on the first two eigen-
frequencies and a stiffening effect on the third one. The differences
between results from the three models were significant and increased
with increasing pretwist, in the case of the first and third coupled
modes. For the second coupled modes, these differences diminished but
remained significant throughout the range of pretwist considered. Kee
and Kim [140] analyzed the vibration characteristics of initially twisted
rotating shell type composite blades. For an initially twisted non-ro-
tating blade, the bending frequencies tended to decrease, whereas the
twisting frequencies increased with increasing initial twist. In the case
of a rotating blade, when the initial twist of a blade increased the rate of
increase in frequency parameters changed dramatically. The ax-
ial-torsional vibrations of rotating pre-twisted thin walled composite
beams were investigated by Sina and Haddadpour [45]. The pretwist
angle was assumed to vary linearly along the blade span = fo(z/L).
The results showed that the pretwist angle affect the torsional fre-
quencies of the composite blade. The significance of this effect largely
depended on the magnitude of pretwist, the rotational speed and fiber
angle. For instance, Fig. 23 depicts the variation in fundamental tor-
sional natural frequency of a rotating thin-walled beam versus the
pretwist angle at different rotational speeds. As one can see, at higher
rotational speeds, the fundamental natural frequency has a local
minimum which can be treated as a tradeoff between centrifugal stif-
fening and softening terms. Arvin and Lacarbonara [79] developed a
fully nonlinear dynamic formulation for pre-twisted rotating composite
beams. The effect of pretwisting angle, however, was not investigated
in the numerical results.

Some researchers studied the vibration control of initially twisted
rotating composite beams [41,43,167]. Vibration control of pre-twisted
rotating composite thin-walled beams with piezoelectric fiber compo-
sites was investigated by Choi et al. [41]. Vadiraja and Sahasrabudhe
[167] presented the structural modeling of rotating pre-twisted thin-
walled composite beams with embedded MFC actuators and sensors
using HSDT. The optimal control of an initially twisted thin-walled
rotating beam was researched by Chandiramani [43].

Pre-twisted composite beams made of FGMs have also been dis-
cussed in the literature. Oh et al. [34] investigated the vibration of pre-
twisted and tapered thin-walled beams, rotating with a constant an-
gular velocity and exposed to a steady temperature. Fazelzadeh et al.
[42] presented the vibration analysis of a rotating thin-walled blade
made of FGMs operating under high temperature supersonic gas flow.
The dynamics of advanced rotating blades made of FGMs and operating
in a high-temperature field were also studied Librescu et al. [39].

Unlike for pre-twisted rotating composite beams, published results
for curved rotating beams are quite scarce. Based on a geometrically
nonlinear finite element analysis, Hodges et al. [193] studied the
nonlinear static deformation and linearized free vibration of initially
curved and twisted composite beams.

8.4. Presetting angle (angle of attack)

The angle of attack (AOA) defined as the geometrical angle between
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Fig. 23. Effect of pretwist angle and rotational speed on the first fundamental torsional
natural frequency of a rotating thin-walled beam [236].

the flow direction and the chord is a 2D concept used in aero-elastic
engineering models for airfoil shaped cross-section blades. For non-
airfoil shape cross-sections, however, the term “setting angle”, “pre-
setting angle” or “pitch angle” is often used (See Fig. 24).

Lin [194] studied the effect of setting angle on the instability and
vibration of rotating beams with arbitrary pretwist and an elastically
restrained root. Baz and Ro [119] investigated the effect of presetting
angle on the modal damping ratio of a rotating beam with active con-
strained layer damping closed-loop system. They concluded that de-
creasing the setting angle results in increasing the modal damping ratio.
In a number of studies [131,132,195], the influence of the setting angle
on the dynamic stability of rotating composite beams having a con-
strained damping layer [131,132] and a viscoelastic core [195] was
studied by Lin and Chen. They showed that the resonant frequencies
decrease and the modal system loss factor increase as the setting angle
increases. But, it was observed that the changes in the second mode for
the resonant frequency and in the modal system loss factor due to
setting angle were very small [131]. Hosseini and Khadem [196] in-
vestigated the effect of the presetting angle on the vibration and re-
liability of a rotating beam with random properties under random ex-
citation (See Fig. 25). The setting angles were W =0, W=45° and
W=090°. The authors showed that the natural frequency decreases as
the setting angle increases (Fig. 25b). Lin et al. [155] and Vadiraja and
Sahasrabudhe [167] drew the same conclusion for rotating piezo-
electric beams. The setting angle was also considered in the work of Na
et al. [197], Yao et al. [46], and Georgiades [47]; however, no nu-
merical results are given regarding its effect on the dynamical behavior
of a rotating beam.

8.5. Swept tip

Tip sweeps are used in helicopters to improve their performance in
terms of noise and vibration reduction, and to enhance aeromechanical
stability [134]. Very few investigations of the effect of swept tip design
on the dynamic characteristics of rotor blades exist in the literature.
Yen [198] studied the effects of blade tip shape on dynamics, cost,
weight, aerodynamic performance, and aeroelastic response of rotor
blades. His results indicated that, in high-speed flight, the swept/ ta-
pered tip reduced pitch-link loads, blade beam bending, and 4/rev hub
moments, but had insignificant effect on blade chord bending and
aerodynamic performance. Epps and Chandra [134] presented an ex-
perimental-theoretical investigation on the influence of tip sweep on
the natural frequencies of rotating aluminum and composite
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Fig. 24. Schematic of (a) a rotating thin-walled beam and (b)
cross section of the blade with setting angle 6 [207].

(b)

solid-section beams. The theoretical frequencies were calculated using a
finite element structural model in which the beam had one elastic axis
for the straight portion and another elastic axis for the swept portion.

8.6. Restrained/Elastic root

Rotating structures have inherent lateral flexibility as well as axial
rigidity. The flexibility of the root was shown to have a significant effect
on the stability of such structures and on their positioning control
[199]. A soft base in combination with a high setting angle and high
rotating speeds can make the fundamental frequency become ima-
ginary, leading to a divergence instability [200,201]. Therefore, a
model that accounts for the effect of inherent flexibility of the
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supporting base is in high demand. However, all the studies related to
restrained and elastic roots are limited to isotropic rotating beams.
Abbas [199] investigated the effects of rotating speed and root
flexibilities on the static buckling loads and on the unstable region of a
Timoshenko beam by the finite element method. His study idealized the
flexible root as translational and rotational elastic springs and in-
troduced two flexibility parameters: translational and rotational where
translational relates the total deflection to the shear force and rotational
relates the bending slope to the bending moment. He showed that the
increase in the rotational root flexibility makes the beam more sensitive
to periodic excitation while the translational root flexibility has no ef-
fect on the static buckling load. The free vibration behavior of a rotating
non-uniform pre-twisted beam having an elastically restrained root and

——W¥=0
—— ¥ =45°
—B— ¥ =90°

100 200 300 400 500 600
Rotational speed (rad/s)
©

Fig. 25. (a) Schematic of a rotating composite beam, (b) influence of setting angle ¥ and rotating speed on the fundamental natural frequency a rotating composite beam [196].
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a tip mass have been investigated by Lee et al. [202]. Lee et al. [203]
studied the in-plane free vibration behavior of a rotating curved beam
with an elastically restrained root. With a similar approach as Abbas
[199], the elastically restrained root was mounted in a hub and re-
presented by translational and rotational springs. They concluded that
the natural frequencies of the curved beam increase as the values of the
translational and rotational spring constants are increased. Of the two
spring constants, the translational spring constant has a significantly
greater effect on the natural frequency of the beam. Given a sufficiently
low value of the translational spring constant, a divergent instability
effect was induced in the rotating curved beam even at large values of
the hub radius.

Yardimoglu et al. [204] studied the coupled bending-bending-tor-
sion vibration of a rotating pre-twisted beam with airfoil cross-section
and modeled the elastic root of the blade by using the continuum model
approach (See Fig. 26). The authors employed the same finite element
model formulation derived for a blade to determine the stiffness and
mass matrices of elastic root. The influence of the root flexibility on the
natural frequencies was studied in their work. Employing eight ele-
ments for the pre-twisted part and one element for the root part of the
blade, the natural frequencies found for a non-rotating blade with rigid
and elastic roots were in good agreement with the results reported by
Montoya [205] in Table 2.

8.7. Hub inertia

Rotating composite blades are often mounted onto a hub. The in-
ertia of the hub can be large and might have significant effects on the
natural frequency of the hub-beam system especially at relatively large
angular speeds. Nevertheless, the effect of hub inertial has been ignored
in many studies.

The dynamics of a slewing Euler-Bernoulli isotropic beam with a tip
load was studied by Low [206]. The mass and inertia of the tip load as
well as the total inertia of the hub and flexible beam assembly were
taken into account. The author investigated the effect of the combined
hub and beam inertia and concluded that the system frequencies de-
crease as the inertia of the combined hub-beam system increases. The
author also showed that the combined inertia of the hub-beam as-
sembly influenced the eigenvalues much more than the tip mass.
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Table 2
Effect of root flexibility on the natural frequencies (Hz) of a nonrotating composite blade
[204].

Source Rigid root Elastic root
Fundamental  First Fundamental  First
harmonic harmonic

Montoya 83.4 184.8 82.25 174

(Experimental)

[205]
Montoya (FEM) [205] 80.3 185.5 80.25 181.75
Yardimoglu and Inman ~ 79.70 183.27 78.98 179.2

(FEM) [204]

The hub inertia was also taken into account in the work of Latalski
et al. [207]. They studied the coupled bending—shear—twist vibrations
of a thin-walled rotating cantilever beam made of composite material. It
has been shown that the hub-beam assembly has to be considered as a
whole system since the hub mass moment of inertia has an essential
impact on the natural frequencies of the structure. The first natural
frequency of the system was located close to the natural frequency of
the separated cantilever beam only in relatively large hubs.

8.8. Nonconstant rotating speed

For composite rotor blades, a varying angular velocity rate
would not only be more general but more physically realistic due to
external perturbations such as aerodynamic excitation. However,
research on rotating beams with time-dependent rotating speeds
has been very limited. A nonconstant angular velocity seems to
have been first considered by Kammer and Schlack [208] for an
Euler-Bernoulli beam mounted parallel to the axis of rotation. Yang
and Tsao [209] presented an analytical model to investigate the
vibration and stability of a pretwisted blade under nonconstant
rotating speed. The time-dependent rotating speed led to a system
with six parametric instability regions in primary and combination
resonances. Their analyses showed that the combination resonance
at about twice the fundamental frequency was the most critical
aspect and was sensitive to system parameter variation. An

VY Fig. 26. Rotating blade under consideration from
i L Yardimoglu and Inman [204], (a) geometry and fi-
E > nite element modeling and (b)Fir-tree root of the
blade.
0
\
element 1
(b)
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electrorheological sandwich structure was proposed in the work of
Wei et al. [112] for vibration control of the rotating flexible beams
with variable speed/acceleration. The experimental results of their
study demonstrated that the vibrations of the beam caused by the
rotating motion at different rotating speed and acceleration could
be quickly suppressed by applying an electric field to the ER beam.
Kallesge [210] extended the blade model developed by Hodges and
Dowell [211] to take pitch action, rotor speed variations and
gravity into account. The non-linear coupled longitudinal and
bending vibrations of a variable speed rotating beam were modeled
and analyzed by Younesian and Esmailzadeh [212]. The multiple
time scales method was used to obtain the exact first-order solution
for both the stationary and non-stationary rotating speeds in two
cases: a) damped beam with accelerating angular velocity in the
form of Q(z)=ar, and b) undamped beam with accelerating and
decelerating angular velocities in the form of Q(z) =Qy + ar ac-
celerating angular velocity where 7 is time, a is a control parameter
and Q is steady-state rotating speed. The method of multiple time
scales was also used by Yao et al. [46,213] to study the nonlinear
dynamic response of rotating blade with varying rotating speed
under high-temperature supersonic gas flow. The blade was as-
sumed to be rotated at a varying rotating speed Q(t) about its polar
axis. The time-dependent rotating speed Q (t) was represented as a
periodic perturbation fcos Q,t about steady-state rotating speed 2,
i.e., Q(t) = Qo + fcos Qqt. The effects of the periodic perturbation
speed on the frequency-response curves were investigated. It was
found from numerical results that the frequency-response curves
begin to bifurcate into two separated branches when the pertur-
bation speed was larger than the critical value f = 2.1. Therefore,
the system became more unstable when the amplitude f of the
perturbation speed exceeded the critical value. Using a 3D geome-
trically nonlinear beam model, Stoykov and Ribeiro [214] in-
vestigated the moderately nonlinear vibrations of 3D beams with
rectangular cross sections and that rotate about a fixed axis using
the p-version finite element method. A linearly varying speed of
rotation was considered and the transient responses were presented
for different accelerations. It was verified that large vibration am-
plitudes can be caused by the acceleration that precedes a constant
rotation speed. The equations of motion of composite Timoshenko
beam experiencing variable angular velocity using a fully linear
strain field were derived by Georgiades et al. [47]. Their work was
further extended by Latalski et al. [207] considering higher-order
terms in the strain field to study the coupled bending-shear—twist
vibrations of a thin-walled rotating cantilever beam made of com-
posite material. Cases of forced vibrations of the system were ex-
amined, where the driving torque was considered as the sum of a
constant (mean value) and a periodic component. Their simulations
showed that the rotation of the structure, as defined by the constant
component of the forcing torque, shifted the resonance zones and
entailed an involved pattern of beam oscillation amplitudes.

8.9. Size-dependent effect

With the development of material technology, composite rotor
blades can be employed in micro/nano-electro-mechanical system
(MEMS/NEMS). The size effect plays a significant role in mechan-
ical response of small scaled structures [215]. On the other hand,
the classical elasticity theory is unable to account for the size effect
for lack of a material length scale. In this regard, Shafiei et al. [192]
studied the size dependent vibration behavior of rotating tapered
FG Timoshenko and Euler-Bernoulli microbeams based on the
modified couple stress theory. Their results confirmed the sig-
nificant role of small-scale parameters on the vibration response of
composite microscale beams.
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9. Experimental investigations

A vast literature is available on the mathematical modeling of ro-
tating composite beams and blades; however, experimental investiga-
tions are quite scarce. Friedmann [159] reviewed the theoretical and
experimental studies on the active vibration reduction in rotorcraft.
Experiments and an analysis of dynamics of composite blades under
large deflections were produced by Minguet and Dugundji [216]. Sri-
nivasan et al. [217] performed an experimental and analytical study to
investigate the structural dynamic behavior of a rotor system subjected
to inertial and structural loads without any aerodynamic loads.

Rand [218] experimentally studied the structural dynamic char-
acteristics of rotating thin-walled composite helicopter rotor blades
undergoing periodical excitation. An experimental method for de-
tecting the natural frequencies of helicopter-like thin-walled rotating
composite blades was presented by Rand [219].

Chandra and Chopra [220] experimentally performed a structural
analysis of two-cell composite rotor blades. Two-cell composite rotor
blades with foam core were fabricated using a matched-die molding
technique. Chandra and Chopra also studied the vibration character-
istics of rotating composite box beams [54] and I-beams [221]. In an-
other study, Epps and Chandra experimentally investigated the influ-
ence of tip sweep on the natural frequencies of rotating aluminum and
composite solid-section beams.

Baz and Ro [119] studied the vibration control of rotating beams
with active constrained layer damping. Choi and Han [160] presented
the vibration control of a rotating cantilevered beam using piezo-
actuators. Using ER materials, Wei et al. [112] investigated the vibra-
tion control of the rotating flexible beams with variable speed/accel-
eration. The design and manufacturing of an active twist rotor blade for
vibration reduction in helicopters were discussed by Shin et al. [222].
Kumar and Kumar [130] considered the theoretical and experimental
vibration analysis of rotating beams with combined ACLD and stressed
layer damping treatment. The numerical modeling and experimental
study for piezoelectric vibration damping control of rotating composite
fan blades were performed by Min et al. [223]. Qiu et al. [224] pre-
sented experiments on fuzzy sliding mode variable structure control for
vibration suppression of a rotating flexible beam. Truong et al. [225]
discussed the structural dynamics modeling of rectangular rotor blades
with experimental validation. Allahverdizadeh et al. [116] mathema-
tically and experimentally studied the vibration control of a viscoelastic
adaptive sandwich beam incorporating an electrorheological fluid
layer. Detection of cracks in aircraft engine fan blades using vi-
brothermography nondestructive evaluation was performed by Gao
et al. [226]. Kumar and Cesnik [227] presented the development of a
mixed-variable optimization framework for the design of composite
rotor blades with active flaps in order to maximize the control authority
for vibration reduction. Vibration control of a rotating two-connected
flexible beam using chattering-free sliding mode controllers was studied
by Qiu and Xu [142]. Their experimental results demonstrated that the
designed fast terminal sliding mode (FTSM) and fuzzy fast terminal
sliding mode (FFTSM) algorithms could significantly improve the vi-
bration reduction performance and eliminate the chattering phenom-
enon effectively. The concept of deicing of a rotorcraft blade using a
low-energy piezoelectric actuated system was presented by Villeneuve
et al. [228]. Deicing was achieved using frequency sweeps of the ac-
tuator array to excite multiple resonant frequencies in the blade to
weaken, crack, and debond the ice at multiple locations.

10. Discussion, evaluation and future directions

With the recent advances in the various theories of rotating com-
posite beams and blades now reviewed with a focus on dynamics and
vibration control, there are some areas which, in the authors’ opinion,
would benefit from further investigation



M. Rafiee et al.

10.1. Large amplitude response

Rotating composite beams and blades often exhibit nonlinear be-
havior. However, only few studies exist that are related to the nonlinear
free and forced vibration and dynamics response of rotor blades. A
systematic approach should be followed to examine the effects of
nonlinearity on vibration and dynamic responses of rotating composite
beams and blades.

10.2. 3D FEA

The versatility and flexibility of FEA are quite considerable com-
pared to analytical methods. Yet, more studies are warranted to identify
the level of sophistication required in modeling composite rotor blades
especially in the case of warping functions.

10.3. Material nonlinearity

The above literature review revealed that all studies of dynamics of
rotating composite beams are based on an assumed elastic behavior.
Specialized theoretical and experimental studies should be conducted
in the post-elastic domain to generate detailed data when the external
loading induces yielding in the rotating components.

10.4. Size-dependent analysis

The size effect plays a significant role in the mechanical response of
small scaled structures. While theoretical studies of the phenomenon
are scarce, no experimental data can be found in the literature.
Research opportunities exist for theoretical and experimental in-
vestigations of the characterization, performance and designs of mi-
croscale and nanoscale rotating composite beams and blades.

10.5. Intelligent/smart/adaptive structures and vibration control

Both distributed and piecewise induced-strain actuators have been
used to take advantage of smart materials in aeroelastic and vibration
control. While the distributed induced-strain actuation has only had
partial effectiveness [157], piecewise distribution seems to be more
effective. Investigations of vibration control with multidisciplinary
optimization of actuators location are expected to come to fruition in
the coming years.

10.6. Damping

The material damping has a considerable influence on reduction of
noise and vibration. This influence is more significant in the medium to
high frequency range and is limited to an operating temperature range
of 10-30 °C [229]. There is an explicit need for novel methodologies to
increase damping characteristics of composite rotor blade materials to
overcome these limitations.

10.7. Advanced composite materials

Even though significant progress has been made to develop CNT/
polymer nanocomposites, their applications in composite rotor blades
are still in the early stage of realization. CNT/polymer nanocomposites,
which can be utilized either as a matrix or as a coating for fiber, have
great potential to make blade materials much stiffer, stronger, and have
better fatigue resistance.
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Foreword

In this chapter, a mathematical model describing the effective material properties of MWCNTs-
reinforced multiscale laminated composites was used to study the nonlinear steady state static
response and free vibrations of nonrotating and rotating composite beams. Being analytical, the
proposed model allows for convenient parametric analyses and is less expensive than a finite
element model. However, it does not resort to one-dimensional governing equations, and therefore,
it is expected to be more accurate than theories assuming a-priori knowledge of the cross-sectional

deformation.
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A computational model was developed to study the nonlinear steady state static response and free vibra-
tion of thin-walled carbon nanotubes/fiber/polymer laminated multiscale composite beams and blades. A
set of nonlinear intrinsic equations describing the response of rotating cantilever composite beams
undergoing large deformations was established. The main assumptions were small local strains and local
rotations, large deflections and global rotations. Halpin-Tsai equations and fiber micromechanics were
used to predict the bulk material properties of the multiscale nanocomposite. The carbon nanotubes
(CNTs) were assumed to be uniformly distributed and randomly oriented through the epoxy resin matrix.
Discretized by the Galerkin approximation, eigenvalues and vectors and nonlinear steady state static
response of the nanocomposite beams and blades were calculated. The volume fraction of fibers, weight
percentage of single-walled and multi-walled carbon nanotubes (SWCNTs and MWCNTSs) and their aspect
ratio were investigated through a detailed parametric study for their effects on the nonlinear response of
nanotubes-reinforced moving beams. It was found that natural frequencies are significantly influenced by
a small percentage of CNTs. It was also found that the SWCNTSs reinforcement produces more pronounced
effect in comparison with MWCNTSs on the nonlinear steady state static response and natural frequencies

of the composite beams.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nanocomposite materials reinforced with high aspect ratios and
low density carbon nanotubes and microscale high strength fibers
are a new generation of multifunctional, high-performance engi-
neering composites that have attracted considerable attention in
recent years due to their unique properties [1-8]. The most impor-
tant characteristics of carbon nanotubes are their extremely high
strength combined with excellent resilience. Therefore, the intro-
duction of carbon nanotubes into polymeric composites may
improve their applications in the fields of reinforcing composites,
electronic devices and more. With carbon nanotubes, the change
in reinforcement scale relative to carbon fibers offers an opportu-
nity to combine the potential benefits of nanoscale reinforcement
with those, well-established, of fibrous composites to create multi-
scale hybrid micro/nanocomposites.

The problem of modeling thin-walled laminated composite
beam, or beam-like slender structures having an open or closed

* Corresponding author.
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cross-section, using one dimensional condensed beam elements
has drawn a significant amount of attention over the last decades.
A number of investigations have been carried out to study different
aspects of this problem [1-3,9-54]. The advent of advanced com-
posite materials has been a strong stimulus for such developments.
Moreover, their incorporation is likely to expand the use and capa-
bilities of thin-walled beam structures. The new and stringent
requirements imposed on aeronautical/aerospace, turbomachinery
and shaft structural systems will be best met by such new types of
material structures.

An intrinsic formulation developed by Hodges and his co-
workers [9,10,16,20] which covers the anisotropic beams with
large deformations and small strains. The approach extracted from
a three-dimensional elasticity formulation provides two streams of
analyses: one stream is concerned with the cross section, providing
elastic constants that might be used in a suitable set of beam equa-
tions, and the other stream being the beam equations themselves.
Kim and Dugundji [11] studied the nonlinear large amplitude
vibration of composite helicopter blade under large static deflec-
tion. Their model is based on the use of Euler angles, harmonic bal-
ance, and the finite difference solution of the basic large deflection
equations. Thin-walled composite beam have been extensively
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investigated by Librescu and Song [13,14,21] and their co-workers,
e.g. [17-19]. These authors developed and refined thin-walled
beam models of an arbitrary, closed or open cross-section. A num-
ber of non-classical effects such as the anisotropy and heterogene-
ity of constituent materials, transverse shear, primary and
secondary warping phenomena (Vlasov effect) are considered in
their works, with the assumption that the cross-section is rigid
in its own plane. In the analysis performed on rotating systems
[14], the effects of the centrifugal and Coriolis forces were taken
into account as well. Furthermore, the importance of shear effects
in composite material was emphasized. A complete theory for free
torsion and bending of anisotropic thin-walled beams with closed
cross-sectional contours was developed by Johnson et al. [15] using
the stress formulation. Fazelzadeh et al. [22] performed the vibra-
tion analysis of functionally graded thin-walled rotating blades
under high temperature supersonic flow using the differential
quadrature method. Ghorashi and Nitzsche [23] studied the non-
linear dynamic response of an accelerating composite rotor blade
using perturbations. Shooshtari and Rafiee [24] developed a math-
ematical model to study the nonlinear free and forced vibration
analysis of clamped functionally graded beams. The nonlinear
analysis of the dynamics of articulated composite rotor blades
was performed by Ghorashi et al. [25]. Patil and Althoff [26] and
Althoff et al. [27] developed a nonlinear model based on the Galer-
kin method to investigate the nonlinear response of rotating com-
posite blades using intrinsic equations. Allahverdizadeh et al. [28]
investigated the effects of electrorheological fluid core and func-
tionally graded layers on the vibration behavior of a rotating com-
posite beam. Deepak et al. [29] presented a comparative study
between CNT-reinforced polymer composite beams and laminated
composite beams in dynamic analysis using spectral elements.
Arvin and his coworkers [30,31,40] presented a geometrically exact
approach to the overall dynamics of elastic rotating blades. In
another set of studies, Arvin and Bakhtiari-Nejad [32,33] studied
the nonlinear vibration analysis of rotating composite Timoshenko
beams. Bekhoucha et al. [34] investigated the nonlinear forced
vibrations of rotating anisotropic beams. Rafiee et al. [35,36] stud-
ied the nonlinear free and forced thermo-electro-aero-elastic
vibration and dynamic response of piezoelectric functionally
graded laminated composite shells. Large amplitude, free and
forced oscillations of functionally graded beams were analyzed
by Hosseini et al. [37]. Sinha [38] studied the transient response
of a multilayered composite rotating airfoil under slicing-impact
loading. The equations of motion for a rotating composite beam
with a nonconstant rotation speed and an arbitrary preset angle
were derived by Georgiades et al. [39]. Sina and Haddadpour [41]
analyzed the axial-torsional vibrations of rotating pre-twisted
thin-walled composite beams.

The nonlinear response of multiscale nanocomposites and CNT-
reinforced non-rotating composite beams and beam-type struc-
tures is also reported in the literature. A significant contribution
in this area was made by Rafiee and his coworkers [1-3,42-48].
For example, they investigated the large amplitude free vibration
[42,43], buckling and post buckling [44]| and energy harvesting
[45] in piezoelectric two-phase nanocomposite beams. They also
considered large deformation and stress [1,46], post-buckling
[46], nonlinear vibration [3,46], nonlinear dynamic stability [47]
and piezoelectric power scavenging [48] in shear deformable
piezoelectric laminated nanocomposite plates. Recently, He et al.
[2] developed a study to investigate the large amplitude vibration
of fractionally damped viscoelastic CNTs/fiber/polymer multiscale
composite beams.

Even though the nonlinear analysis of rotating composite
beams made of advanced materials is of a great importance, to
date, no mathematical model has been available for the nonlinear
deformation of CNTs-reinforced rotating composite beams or

blades. Three dimensional finite-element methods (FEM), while
possible, would be expensive. Ad hoc theories (e.g. von Karman
and inextentional beam theories) based on the assumption of some
a priori cross-sectional deformation, on the other hand, may lack
accuracy [9] owing to one dimensional governing equations.

In the present work, we investigate the nonlinear steady state
static response and vibration of CNTs/fiber/polymer laminated
multiscale composite beams. A set of nonlinear, intrinsic equations
describing the response of rotating cantilever composite beams
undergoing large deformations is established. The main assump-
tions relate to small local strains and local rotations, large deflec-
tions and global rotations. The Halpin-Tsai equations and fiber
micromechanics are used in hierarchy to predict the bulk material
properties of the multiscale nanocomposite. The carbon nanotubes
were assumed to be uniformly distributed and randomly oriented
through the epoxy resin matrix. The nanocomposite beams and
blades were discretized by the Galerkin approximation, and their
eigenvalues, eigenvectors and nonlinear steady state static
response calculated. The volume fraction of fibers, the weight per-
centage of single-walled and multi-walled carbon nanotubes
(SWCNTs and MWCNTSs), and their aspect ratio were investigated
through a detailed parametric study for their effects on the nonlin-
ear response of nanotubes-reinforced moving beams.

2. Theoretical formulation

The nonlinear, intrinsic, mixed equations for the dynamics of a
general (nonuniform, twisted, curved, anisotropic) beam (See
Fig. 1) undergoing small strains and large deformations are given
below based on the generalized Timoshenko beam model [9]:

F’+(R+k)F+f:P+§P (1a)
M’+<f+ic)M+(é1+§))F+m=H+§zH+\7P (1b)
v+ (fc+ic>v+(é1 PR =7 (1¢)
@+ (k+ k)@ =k (1d)

where the prime denotes the partial derivative with respect to the
undeformed beam reference line defined by the curvilinear coordi-
nate x, the over dot denotes the partial derivative with respect to

the time t; and internal forces F = [F; F, F3]T, internal moments
M = [M; M, Ms]", generalized force strains 7 = [7;,271,27:]%

X,

Fig. 1. General configuration of a nanocomposite beam with arbitrary cross-
section.
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generalized moment strains k¥ = [K; K K3]T, generalized curvatures
K = [K; K5 K5, linear momentums P =[P; P, P;s]", angular
momentums H = [H; H, H3]", linear velocities V= [V; V, Vs,
angular  velocities Q=[Q; Q, Qs]', and external forces
f=1[f, f, f3]"; and external moments m = [m; m, ms]"; y,, is the
extensional strain measure, and 2y,, and 2y,, are the transverse
shear measures; and, finally, the tilde over certain terms denotes
a skew-symmetric matrix (pseudovector) of the components of
the column matrix of the same name, namely,

0 -K; Ko
K=k+ik=|Ks 0 -K]|. (2)
K, Ky 0O

All measure numbers are calculated in the deformed cross-
sectional frame. k = [k; k» k3]T,k1 is the initial twist, k, and ks
are the initial curvatures of the beam, and e; = [1 0 0]".

2.1. Constitutive equations

The generalized forces are related to the generalized strains via

Y11 Ri Rz Riz S Sz S| (Fa

2Y12 Riz2 Ry Rz Sy Sn Saz | | F2

213 | _ |Riz Rz Rsz S31 S Su| ) Fs . 3)
K1 St Su Sut Ty Tip Tz || My

L%} Si2 S22 S Tiz T Tas M,

K3 S13 Sp3 Sz Tiz To3 T3zl U Ms

The coefficients Riq;Ry2,..., T33 are cross-sectional flexibility
coefficients that can be obtained using the analytical thin-walled
theory [15] or computational finite-element analysis [12,55] for
general configurations. Being linear, the present material law is
only valid for small local strains, which can, however, lead to large
global deformations.

The generalized momenta are related to the generalized veloc-
ities via the cross-sectional beam inertia,

Py u 0 0 0 UX3  — Xz Vi
P, 0 u 0 —uxs O 0 V,
Py | 0 0 u Uy 0 0 V3
H [ 0 —UX3 WXy ip+i3 O 0 Q
H, UX3 0 0 0 ip ix3 Q,
Hs; — X 0 0 0 in3 i3 Q3

(4)
where p(x) is the mass per unit length, X, and X3 are offsets from the
reference line of the cross sectional mass centroid; and i,, i3, and i3

are cross-sectional mass moments and product of inertia. Egs. (3)
and (4) may also be written as

(el =ls wlfmb s
{uf =L 1l{at )

2.2. CNTs/fiber/polymer multi-scale composite material model

The key constituents of the three-phase CNTFPC multiscale
beam are the isotropic matrix (epoxy resin), CNTs and fibers
(E-Glass) with different alignment for each lamina through the
thickness. The carbon nanotube composites are regarded as isotro-
pic, as the CNTs are assumed to be uniformly distributed and ran-
domly oriented through the matrix. It is further assumed that: (1)
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the CNT-matrix bonding and the CNT dispersion in the matrix are
perfect; (2) each CNT has the same mechanical properties and
aspect ratio; (3) all CNTs are straight rods; (4) there is no void in
the matrix; and (5) fiber-matrix bonding is perfect. The
constituent materials are finally assumed to be linear elastic
throughout the deformation.

The effective material properties of the three-phase CNTs/fiber/
polymer multiscale laminated composite (CNTFPC) can be pre-
dicted according to a combination of the Halpin-Tsai and
micromechanics schemes [1-3] via two steps in the hierarchy as
shown in Fig. 2. The effective material properties of the CNTFPC
beam are assumed to be orthotropic and thus, can be predicted
by [1-3]

Eiin= VFE‘; + VMNCEMNCa (6a)
Ve, Vine
Epn  E), EMNC

2 pMNC |/ oF 2 oF [ pMNC F 1 MNC
% VEETT /By + VineE /ETT — 2V

- VF VMNC

6b
VFE§2 + VMNCEMNC (6b)
1 Ve Vune
LT (6¢)
Gian G, G
Vion = VEVE + Ve vMNe (6d)
Pn = Vep© + Vinep"™ (6e)

where Ef, E5, GY,.vF and pFf are the fibers’ Young’s moduli, shear
modulus, Poisson’s ratio and mass density, respectively, and
EMNC GMNC yMNC and pMNC represent the corresponding properties
of the isotropic matrix of nanocomposite. Vi and Vync refer to the
volume fractions of the fibers and the nanocomposite matrix,
respectively.

According to the Halpin-Tsai equation, the tensile modulus of
nanocomposites can be expressed as [1-3]

O [5 (1 + 2/5ddeN) s (1 +2(4) ﬁleCN>] 7a

8 1 - BVan 1—BaVen

with

@) ™

Two-phase
nanocomposite

=0
=
57
L7}
'Ho
2= =y
= =
E o
80
< B
L=
oE
Q-
o =g
E«s
=

Fig. 2. Hierarchy of the three-phase CNTs/fiber/polymer multiscale composites [1].
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(3]
=

() - (2)
4tN

(BN () 79
(i) + (8)

where EX, Vey, (N, d™ and t™ are the CNTs’ Young's modulus, vol-
ume fraction, length, outer diameter and thickness, respectively,
and Ve and EMR indicate the volume fraction and Young’s modu-
lus of the isotropic epoxy resin matrix, respectively.

The volume fraction of CNTs can be expressed as [1-3]

ﬁdd =

WCN
= wCN + (pCN/pMER) _ (pCN/pMER)WCN ’

where w™ is the mass fraction of the carbon nanotubes, p™N and
PMER are the mass densities of the carbon nanotube and epoxy resin
matrix, respectively.

The Poisson’s ratio and mass density p can be expressed as

Ven 8)

YMNC _ | MER (9a)

)

pMNC _ VCNpCN 4 VMERpMER (gb)

where V/ER is Poisson’s ratio of the epoxy resin matrix. As the
amount of CNTs is assumed to be small (equal or less than 10%),
the Poisson’s ratio of the carbon nanotube composite was assumed
to be the same as that of the epoxy, 0.33 ([1-3]).

2.3. Equations of motion

A cantilever CNTFPC multiscale composite beam of length L is
considered here. The associated boundary conditions for a given
hinge-less fixed-free beam whose root (x = 0) is on the axis of rota-
tion, the boundary conditions at the root and the tip are:

V(0,t) =V°, Q(0,t) =9 (10a)

F(L,t) =F, M(L,t)=M" (10b)

2.3.1. Discretization

The equations of motions (1a,b), the intrinsic kinematical Egs.
(1c,d) and the boundary conditions (10a,b) are discretized by
expanding V, ©, F and M using the shifted Legendre polynomials
W;(x) as trial functions as follows:

ne ne

V(x,t) =Y PEV(D), Qxt) =Y ¥xO(t),

ey i i ey i i

ne . (11)
F(x,t) =Y WF(D), Mxt)=> ¥,

-1 ' i1 !

where v (t),0 (t),F(t) and M (t) are three-component unknown
1 1 1 1

vectors of time, and n, is the number of trial functions used and
1 00 1 00

(f)fo 1 o|=2@|0 1 o] (12)
0 0 1 0 0 1

The shifted Legendre polynomial of degree i is denoted by = (¢)

(defined on the interval (0, L) ) and may be generated by the recur-
rence formulae

= 2+1 = i = :
ﬁ(g)* i+1 (2;—1)7(5)—i+1:](g), i=12,., (13)
=(9=15(0)=@:-1)

Multiplying the Eqgs. (1a-d) by the shifted Legendre functions
and integrating over the domain, we obtain the following system
of coupled nonlinear ordinary-differential equations in state space
form:

k=1

/OLE"‘:\},()(){GEH[:‘?(X)\;’(Q + [kzm:‘?(x)(j)(t) - ( ‘F()ﬁ(i)(t))
j=1 i=1 i=1

e+ (Ri\g(ﬁ;(t)) + (s Y \g(x%gun))i‘y(xﬂg(t)—m}dx
1

k=1

ne ne . e
+ ‘;’(L) (Z?(L)m(t) -M > =0, (14b)

i=1 !
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After simplification, one may obtain
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It can be shown that for quadratic nonlinearity, the Newton-
Raphson method leads to a converged solution.

v (t) v (b)
1Aﬁ ]Bj' 0 0 l 0 0 —]Ej' 0 i
2Ai 2B 0 0 S0 N 0 0 Ui —E; o
0 0 3Aj,‘ 1Bj' [1F(t) _3Eji _2Uj' 0 0 ”l:(t)
0 0 A B g 0 B 0 0 [l
1
1Gii © (1) 1Dy O (t) —1 Wiy F (£) — 1 X M () 0 v (t)
k k k k v
2Nji (,? () + 1Cjki":7 (t) leki‘Z (t) + 2Lj (’? ()  —20p [/E (t) = 2Qui 9£2 (t) —1Wijg [;F (t) — 1 Xji *Jgt (t) G:) (t) (15)
+ ~ - - -
—1 Wi F (t) — 1 X ‘Jgi (t) —20 E (t) = 2Qy %J’gt(t) 0 0 [iF(t)
0 —1Wiki [;F (t) - 1Xﬂ<f‘12? (t) 0 0 m)
Y, 0 0 07(f Z 0 0 O07(F
0 1Yj 00 m 0 —1Zj 0 0 ML
+ + 0 =0
0 0 0O 0 0 0 3z 0 V
L 0O 0 0 o0]lo 0 0 0 3Z]\Q°

where coefficient matrices are known values obtained by Eqs. (14).
The general set of Eqs. (15) can be written in the following
form:

r]jiAi + sz,-Al- + l"gﬁkAiAj + F4ﬁf + F5ﬁm + ngiﬁ{ =0 (16)
where
A
Ay T
r=o o ={r e E Y A
Ap,
(17)

The nonlinear steady-state solution is calculated by canceling
the time dependent coefficients in Eq. (16)

ToiAi + TajcAiAj + Ty + Tsm + TR = 0 (18)

where A refers to the steady-state solution due to steady-state forc-
ing f, m and ®. The Newton-Raphson method is used as an iterative
process to approach the solution for the given boundary conditions.
The Jacobian required for the iteration can be easily calculated as

3 = Tyji + Taji Ak + Tajri A (19)

.~ g
h typ. % .
I

X
———.

r

Fig. 3. The cross-sections of the two beams studied in the examples.

(a) Strip (b) Box
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Let the total applied force and the corresponding solution be
given by

f+m+R=Ff+m+R+Ff(t)+m(t) + R(0), (20a)

A=A+A(t). (20b)

Substituting those in the equations of motion, the linear natural
frequencies of the nanocomposite beam can be obtained by using
the linearized eigenvalue problem in steady state:

flji/\i + fzjiAi + f4jif + ijiﬁl + fsﬁ‘j? =0 (21)
where
[ji = Ty, (22)

[y = Doji + DgieAr + TajaA.

3. Numerical results and discussions

In this section, we analyze the eigenvalues and nonlinear steady
state static response of rotating CNTs/fiber/polymer laminated
multiscale composite beams. The numerical results to be presented
are for the laminated beams having two different types of cross-
sections: Strip and Circumferentially Uniform Stiffness (CUS) Box.
These cases are shown in Fig. 3. Typical geometric parameters,
material properties and loading conditions are listed in Tables 1
and 2 unless otherwise specified. The material properties for
CNTs-reinforced strip and box profiles are calculated using the
Variational Asymptotic Beam Sectional Analysis program (VABS)
[55]. The material properties for the active twist rotor (ATR) profile
in Table 2 are from Ref. [27]. Results are presented for the case of
n,= 6 where all the variables are essentially approximated using
quadratic polynomials leading to a total of 72 degrees of freedom.

To validate the proposed theory, the results for the linear natu-
ral frequencies of the ATR, for non-rotating and rotating cases, are
compared to those from Bekhoucha et al. [34], which were
obtained using the Galerkin method for nonlinear intrinsic and
geometrically exact equations of motion. The geometric parame-
ters and material properties for the ATR are listed in Table 2, and
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Table 1
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Typical material properties of nanocomposite beam used in examples unless otherwise specified [1].

Source Symbol Value Unit Description
Geometric and loading parameters
h 10 x 1073 m Thickness of profile
a 100 x 1073 m Length of profile
b 60 x 1073 m Height of profile
L 1.3970 m Length of the blade
(03 10 rad/s Rotational speed
Single-walled carbon nanotubes
N 0.34 x 107° m Thickness of carbon nanotubes
dN 1.4 x107° m Outer diameter of carbon nanotubes
(N 25x107° m Length of carbon nanotubes
weN 5 % Weight percentage of carbon nanotubes
pN 1350 kg/m> Mass density of carbon nanotubes
EN 640 x 10° kg/m? Young’s modulus of carbon nanotubes
oy 3.4584 x 107 1/K Thermal expansion coefficient
vy 0.33 - Poisson’s ratio of carbon nanotubes
Multi-walled walled carbon nanotubes
tCN 0.34 x 107° m Thickness of carbon nanotubes
dN 20 x 107° m Outer diameter of carbon nanotubes
N 50 x 107 m Length of carbon nanotubes
wlN 0 % Weight percentage of carbon nanotubes
pN 1350 kg/m? Mass density of carbon nanotubes
ESN 400 x 10° kg/m? Young’s modulus of carbon nanotubes
vey 0.33 - Poisson’s ratio of carbon nanotubes
Epoxy resin polymer matrix
PMER 1200 kg/m> Mass density of epoxy resin matrix
EMER 2.72 x 10° kg/m? Young’s modulus of epoxy resin matrix
oMER 45 x 107 1/K Thermal expansion coefficient of epoxy resin matrix
yMER 0.33 - Poisson’s ratio of epoxy resin matrix
E-Glass fibers
of 1200 kg/m? Mass density of E-Glass fibers
£, 69 x 10° kg/m? Young’s modulus of E-Glass fibers
vE 0.2 - Poisson’s ratio of E-Glass fibers
vF 03 - Volume fraction of E-Glass fibers
Table 2
Structural parameters for different profiles.
Section Ry 0 O 0 0 Si3 T 0 O Other
R=| 0 Ry O S=10 0 O T=|0 T, O
0 0 Rs3 S31 0 0 0 0 T3
h typ. Ry; =3.7190 x 1078 S13 ~ S31 ~0 Ty = 4.4860 x 1073 1=95269 x 107!
u Ry, = 1.6862 x 1077 Ty =4.1073 x 1073 Xy =X3=i3=0
. Rs3 = 2.8754 x 1077 T3 = 4.4631 x 107° iy =7.9391 x 10°°
e i3 =7.9391 x 107
a Ri1 = 6.4375 x 1077 S13~S31~0 Ti = 4.4873 x 107 MU =26675
Ryy = 4.9262 x 1076 Ty, = 2.7009 x 107> Xy =X3 =13 = 073
- . Rs3 = 4.4389 x 107° T33 = 1.1274 x 107° i; =1.3084 x 10

i3 =3.1375 x 1073

Ry =6.4375 x 1077
Ry =4.9262 x 1076
Ri3 = 4.4389 x 10>

Si3 =5.5420 x 1076
S31 =1.8621 x 1074

Ty1 = 2.9056 x 1072
Ty = 2.5038 x 1072
T33 = 9.2640 x 104

1=6.9310 x 107!
X; = —6.9240 x 1074
X3 =1i3=0

i = 6.4630 x 10°°
i3 =3.7018 x 1074

Table 3

Comparison of the linear natural frequencies of the ATR, for non-rotating and rotating cases.
Mode Q3 =0rad/s Q3 =10rad/s Q3 =20rad/s

[34] Present [34] Present [34] Present

1st/z 13.64 13.65 17.44 16.97 25.53 24.20
sty 70.60 70.60 70.73 70.73 71.10 71.10
2nd/z 84.40 84.46 88.13 88.12 98.47 98.26
3rd/z 232.0 234.5 235.5 238.22 246.5 248.92
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Table 4
Effect of SWCNTs weight percentages w™ on the fundamental natural linear
frequency of the cantilever rotating and non-rotating CNTFPC blades.

Case Q3 =0rad/s Q3 =10rad/s
woN woN
0% 5% 10% 0% 5% 10%
Strip  24.2744 28.7979 32.4403  26.4403 30.6478  34.0946
[18.63%]" [33.64%] [15.91%] [28.95%]
Box 154.9875 210.5126 232.879 155.3577 210.788  233.116
[35.83%] [50.26%] [35.68%] [50.05%]

* [X%]: X% =100% Freq Juswant —Fred losswent |

Freq.Josswent

Table 5
Effect of volume fraction of fibers V* on the fundamental natural linear frequency of
the cantilever rotating and non-rotating CNTFPC blades.

Case yF
Q3 =0rad/s Q3 =10rad/s
0.3 0.4 0.5 0.3 0.4 0.5
Strip 24.2744 31.7515 342376  26.4403 33.4297 35.7965
[30.80%]" [41.04] [26.43%] [35.39%]
Box 1549875 226.5541 240.592 155.3577 226.810 240.833
[46.18%]  [55.23%] [45.99%] [55.02%]

* [X%]: X% = 100% T etlvras,
the results obtained are listed in Table 3. It can be observed that
the results from the proposed theory are in excellent agreement
with the reference results.

The effect of SWCNTs weight percentages w™ on the funda-
mental linear natural frequency of the cantilever rotating and
non-rotating CNTFPC blades was investigated and the results are
listed in Table 4. Our findings suggest that a small amount of
single-walled carbon nanotubes (5%) can significantly increase
the natural frequencies of the fiber reinforced laminated composite
beams. For instance, an increase of 18.63% was obtained in the case
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of non-rotating strip beams with 5% contribution of carbon nan-
otubes or 15.91% in the case of rotating strip beams at
Q3 = 10 rad/s with the same 5% contribution. Another observation
can be made from the results presented in Table 4 that the rise
in fundamental natural frequency of beams due to addition of CNTs
is more significant in nonrotating rather than the rotating cases.
This could be predicted because the stiffness of the structure is
increased upon rotation, and therefore, the addition of CNTs
becomes less noticeable. Our findings also confirm that beams with
the CUS Box profile produce higher increase in fundamental natu-
ral frequency in comparison with the strip cross-section. For exam-
ple, there was a 35.83% increase in fundamental natural frequency
of a CUS box beam, versus 18.63% for the strip profile, by addition
of 5% of weight percentage for single-walled carbon nanotubes.
Our simulations also show that the increase in fundamental natu-
ral frequencies of nanocomposite beams is not linearly dependent
on the weight percentage of SWCNTs.

Table 5 illustrates the effect of volume fraction of fibers V" on
the fundamental linear natural frequency of the cantilever rotating
and non-rotating CNTFPC blades. While the baseline amount of
30% for volume fraction of fibers is considered in this study, it
can be seen that a higher value of fibers volume fraction can dras-
tically increase the stiffness of the system and therefore the funda-
mental natural frequency. However, this increase is more
noticeable in nonrotating rather than in rotating blades. It can be
seen that the CUS box profile stiffness benefits more from an
increase in volume fraction of fibers rather than the strip profile.

The influence of aspect ratio and type of the nanotubes on the
fundamental natural linear frequency of the cantilever rotating
and non-rotating CNTFPC blades is illustrated in Table 6. One can
observe that the fundamental natural frequency of the CNTFPC
beams increases with an increase in CNT percentage and this
increase is more significant in SWCNTs than MWCNTSs. In other
words, single walled carbon nanotube reinforced composite beams
exhibit better resistance to flexural deflection and vibration in
comparison with multiwalled carbon nanotube reinforced beams.

Table 6
Effect of aspect ratio and type of the nanotubes on the fundamental natural linear frequency of the cantilever rotating and non-rotating CNTFPC blades.
Case [CN/dCN Q3 =0rad/s Q3 =10rad/s
SWCNTs MWCNTs Difference SWCNTs MWCNTs Difference
Strip 100 26.6496 24.5043 [-8.05%]" 28.6383 26.6530 [-6.93%]
10,000 28.7794 24.5128 [-14.83%] 30.6304 26.6608 [-12.96%]
Box 100 187.0501 159.0431 [-14.97%] 187.3596 159.4047 [-14.92%]
10,000 2103223 159.1685 [-24.32%] 210.5982 159.5299 [-24.25%]
* [X%]: X% = 100% Freq \M\]/E\/rce»gs‘:;zzl‘-\swcwrs'
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Fig. 4. Effect of weight percentages of SWCNTs on the dimensionless (a) Axial force F;, and (b) Moment M3 of the cantilever rotating CNTFPC blades with strip profile.
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profile.

The influence of volume fraction of fibers and addition of carbon
nanotubes on the nonlinear steady state response of the multiscale
nanocomposite beam is shown in Figs. 4-6. Forces and moments in
these graphs are nondimensionalized as follows:

- FKRI* — MI* Ri1
F= i Mi=-—s5 Un=pg—g; 23
Ullh Ullh ’ ( )
ST T

It can be observed that higher percentage of the volume fraction
or the addition of carbon nanotubes, especially in high aspect ratio
SWCNTs, can significantly improve the mechanical response of the
system and lead to a stiffer design. As shown in Fig. 6, the aspect
ratio in MWCNTSs did not significantly change the steady state sta-
tic response of rotating blades. This confirms the observation
already made about the fundamental natural frequency of the
blades discussed earlier. The results presented in Figs. 4-6 may
be used to help design rotating blades made of nanocomposite
materials.

4. Conclusions

A set of nonlinear, intrinsic equations describing the response of
rotating multiscale nanocomposite blades undergoing large defor-
mations has been developed. The governing equations of motions
were discretized by the Galerkin method, and the natural

frequencies and nonlinear steady state static response of the
nanocomposite blades were determined. Being analytical, the pro-
posed model allows for convenient parametric analyses and is less
expensive than a finite element model. However, it does not resort
to one-dimensional governing equations, and therefore, it is
expected to be more accurate than theories assuming a priori
knowledge of the cross-sectional deformation. Numerical results
showed that the natural frequencies significantly increase with a
small content of CNTs. It was also found that the SWCNTs reinforce-
ment produces more pronounced effect on the natural frequencies
of the beam in comparison with MWCNTSs. This may be attributed to
the defect-free structure of SWCNTs. The results also confirmed
that low aspect ratio CNTs in laminated composite beams bring
about less significant improvement in nonlinear steady state
response and natural frequencies of the composite beams. Another
finding was that the rise in fundamental natural frequency of
beams due to addition of carbon nanotubes is more significant in
nonrotating condition than rotating one. The results and tools pre-
sented in this study may assist in the design of a new generation of
rotating blades made of nanocomposite materials.
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Foreword

This chapter differs from the previous chapter in the sense that it is not focused on mechanical
behaviour, but is instead focused on the effect of MWCNTSs on the cross-sectional properties of
beam-type structures. Based on the variational asymptotic method (VAM), the governing
equations of 3D elasticity can be rigorously split into a 1D problem and a complementary 2D
problem over the cross-sectional plane. The former governs the global deformation, while the latter
provides cross-sectional elastic constants and stress/strain recovery relations over the cross-

section.

A structure should be slender to be modeled as a beam. The structure should satisfy a//«1 and
a/R«1, where a is the characteristic length of the cross-section, / is the characteristic wavelength
of the deformation along the axial direction, and R is the characteristic radius of initial curvatures
and twist of the beam. We have assumed both the 3D strain field and the 1D strain field to be small

as we are only interested in a geometrically nonlinear, but material linear theory.

The 2D cross-sectional analysis for simple geometries can be done using analytical methods.
However, for complicated geometries and anisotropic material properties, numerical methods such
as finite element analysis (FEA) is needed. VABS (Variational Asymptotic Beam Sectional
Analysis) [1] is a code implementing the cross-sectional analysis based on the concept of VAM.
VABS takes a finite element mesh of the cross section, including all the details of geometry and
material as inputs, to calculate the sectional properties, including structural properties and inertial
properties. In this chapter, VABS was used to calculate the cross-sectional properties of the
nanocomposite beams and blades. The same effective material properties as in Chapter 3 were

used to calculate the cross-sectional properties of multiscale composites.

References:

Cesnik, Carlos ES, and Dewey H. Hodges. "VABS: a new concept for composite rotor blade cross-

sectional modeling." Journal of the American helicopter society 42.1 (1997): 27-38.
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The present work addresses with the cross-sectional design and analysis of fiber-reinforced
multiscale composite beams of general cross-sectional shape and arbitrary anisotropic
material properties and investigates the effect of carbon nanotubes (CNTs) on their
stiffness properties. The three-dimensional strain field was formulated in terms of one-
dimensional strains and a three-dimensional warping displacement. The bulk material
properties of the multiscale composite were predicted using Halpin—Tsai equations and
fiber micromechanics. The carbon nanotubes were assumed to be uniformly distributed
and randomly oriented throughout the polymer matrix. The variational asymptotic beam
section (VABS) was used to numerically evaluate the stiffness and mass matrices of four
test cases: strip, circular pipe, box beam and airfoil. The influence of CNTs weight
percentage and volume fraction of fibers was investigated through a detailed parametric
study. The numerical results indicate that the inclusion of a small weight percentage of
carbon nanotubes in the polymer matrix is sufficient to induce a significant improvement
in stiffness properties.

Keywords: Carbon nanotubes; multiscale composites; cross-section design; fiber-
reinforced nanocomposite; VABS; airfoil section.

1. Introduction

Beams are three-dimensional (3D) bodies in which one dimension is large compared
to the other two. This enables the separation of the 3D problem into two parts: a 2D

*Corresponding author.
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local deformation field within the cross-section that is used to calculate the section
properties and a 1D global deformation field that is used to calculate the response of
the beam [Rafiee et al., 2017]. A comprehensive review of composite beam theories
can be found in Rafiee et al. [2017]. The cross-sectional properties can be obtained
using either ad hoc assumptions [Jung et al., 2002; Pai and Nayfeh, 1990; Rafiee
et al., 2017; Song and Librescu, 1997] or asymptotic methods [Berdichevsky et al.,
1992; Cesnik and Shin, 2001; Hodges, 2003; Rafiee et al., 2017; Rafiee et al., 2016]. In
general, a fully populated matrix of cross-sectional stiffness properties is expected
[Hodges, 2006]. Analytical analyses are available for simple geometries; however,
arbitrary cross-sections require numerical solutions such as finite element analysis
(FEA). One of the most common FEA-based tools is the Variational Asymptotic
Beam Section (VABS) [Cesnik and Hodges, 1997; Yu, 2011; Yu et al., 2012]. The
mathematical basis of VABS is the variational asymptotic method (VAM). VAM
allows one to replace a three-dimensional structural model with a reduced-order
model in terms of an asymptotic series of certain small parameters inherent to
the structure [Berdichevsky et al., 1992]. Based on this method, Hodges and his
coworkers developed theoretical foundations for the analysis of anisotropic com-
posite beams [Cesnik et al., 1996; Danielson and Hodges, 1987; Hodges, 2003, 2006,
2015; Hodges et al., 2007; Yu et al., 2012; Yu et al., 2002]. Many researchers extended
the research done by Hodges [1990, 2003] to study the statics and dynamics of com-
posite beams. For instance, Traugott et al. [2006] developed a set of nonlinear,
intrinsic equations describing the dynamics of beam structures undergoing large
deformations of active helicopters blade. Their active structural model could be
coupled with a suitable aerodynamic model for aeroelastic simulation and aeroe-
lastic control design. Ghorashi and Nitzsche [2009] studied the nonlinear dynamic
response of an accelerating composite rotor blade using perturbations. In another
study, Ghorashi [2012] also investigated the elasto-dynamic response of a rotating
articulated blade. He used the linear VAM cross-sectional analysis, together with an
improved damped nonlinear model for the rigid-body motion analysis of helicopter
blades in coupled flap and lead-lag motions. Very recently, Rafiee et al. [2016] pre-
sented a computational model to investigate the static and vibration response of
rotating and non-rotating nanocomposite beams and blades based on VAM.
Multiscale composites containing reinforcing elements from different length
scales (i.e., macro, micro and/or nano) are a class of innovative and high-
performance materials with a wide range of applications in the high-end indus-
trial sectors [Bekyarova et al., 2007; Diez-Pascual et al., 2011; Hosseini et al., 2017;
Kim et al., 2009; Nejad et al., 2017; Nejad et al., 2016; Rafiee et al., 2014b, 2014c,
2014d; Rafiee et al., 2016; Rana and Fangueiro, 2016; Wang et al., 2011]. The most
important characteristics of carbon nanotubes are their extremely high strength
combined with excellent resilience. Therefore, the introduction of carbon nanotubes
into polymeric composites may improve their applications in the fields of reinforc-
ing composites, electronic devices and more. With carbon nanotubes, the change
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in reinforcement scale relative to carbon fibers offers an opportunity to combine
the potential benefits of nanoscale reinforcement with those, well-established, of
fibrous composites to create multiscale hybrid micro/nanocomposites. To date, mul-
tiscale composites have been developed using different types of nanomaterials. The
most common are the nanomaterials with high aspect ratios such as nanotubes.
There are two approaches of fabricating fiber reinforced polymer (FRP) multiscale
composites: (a) by dispersing nanotubes within a polymeric matrix and, subse-
quently, impregnating the conventional fibers with this nanodispersed resin sys-
tem, and (b) incorporating nanotubes within fibers, followed by their impregnation
with a pure matrix as shown schematically in Fig. 1. Some researchers investigated
the effect of carbon nanotubes-reinforced composite materials on the static and
dynamic behavior of beams and plates [He et al., 2014; Rafiee et al., 2014a, 2014b,
2014c, 2014d; He et al., 2015; Rafiee et al., 2015; Rafiee et al., 2013a, 2013b; Rafiee
et al., 2016]. Geometrically nonlinear analysis of piezoelectric nanocomposite energy
harvesters under principle parametric resonance in pre-buckling and postbuckling
domains were studied by He et al. [2014]. Based on Halpin—Tsai equations and fiber
micromechanics, Rafiee et al. [2016] investigated the statics and dynamics of carbon

Folymer matrix

N [ +
0

I \ CNTs/polymer Tiber CNTs/fiber/polymer
\ \\"\ THITHRCHT POl multiseale composite CNTspalvmer
- - nanocomposiie
CNTs
(a)
S !
Radial CN1s
] 00\ -
Fiber “» o e n O O'Q'
' ; » (007
'~ e
. \ ! iz -
- I / / Fiber grafted with  Polyvmer matrix CMNTsffiber/polymer
- radially-aligned CNTs multiscale composile Fiber
~N “'\.\
/ /
CNTs

(b)

Fig. 1. Two different approaches of manufacturing multiscale CNTs/polymer nanocomposites:
(a) dispersing CNTs in polymer matrix and (b) grafting CNTs on the surface of fibers.
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nanotubes reinforced composite cantilever beams. The large amplitude vibration of
rectangular cross-section beams made of multiscale composites was also studied by
He et al. [2015].

Although multiscale composites have been studied and the research efforts on
this topic are increasing, modelling and simulation techniques to predict the stiffness
properties of beams made of multiscale composites are still needed toward the design
of composite structures with targeted sets of properties.

This work addresses with cross-sectional design and investigates the effectiveness
of carbon nanotubes reinforcements on the cross-sectional properties of beams and
blades made of multiscale composite materials. Halpin—Tsai equations and fiber
micromechanics were used in hierarchy to predict the bulk material properties of
the multiscale composite. The carbon nanotubes were assumed to be uniformly
distributed and randomly oriented through the epoxy resin matrix. We use VABS
approach for numerical calculation of mass and stiffness matrices for four different
cross-sections: strip, circular pipe, box beam and airfoil. The volume fraction of
fibers, the weight percentage of single-walled and multi-walled carbon nanotubes
(SWCNTs and MWCNTSs) were investigated through a detailed parametric study
for their effects on the stiffness properties of composite beams and blades.

2. Mathematical Modeling

As mentioned earlier, VAM enables the separation of the 3D problem into two parts:
a 2D analysis at each cross-section with curvilinear coordinates xs and z3 and a 1D
analysis along the reference line with coordinate z1. The final 3D elastic field can be
recovered by combination of the results of the two sub-problems as shown in Fig. 2

I =Ty +Tee +Trd + o’ (1)

where w is the warping function, ¢ is the 1D strain and matrices I',, s, ', and T’y
are

[0 0 0 1
0
— 0 0 _ _
0Cs 10 =G ¢
9 0 G 0 0
0Gs 10 ¢ 0 0
Ip = o ;o Te=— ,
0 — 0 ORI 0 0
0C2
0 0 0 0
)
s 9 10 0 0 0|
0
0 0 —
L 0¢3 |
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1D analysis

acements

tructural solution

Fig. 2. Hierarchy of solution for a 3D structural problem.
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In Eq. (2), /g = 1 — x2k3 + x3ky, where k, are the initial curvatures and
the notation tilde (~) forms an antisymmetric matrix from a vector according to

()7 = —eijk()r using the permutation symbol e;;, with () = %. The internal
energy density is defined by the strain energy associated with this strain field
2U = (T7DT) (3)

where D is the 6 x 6 symmetric material matrix and the notation

(o) = /S o /gdrodrs = h? /S /gdC2dCs. (4)

The characteristic size of the domain S is denoted by h and the dimensionless
coordinates ¢ = {(o = x2/h, (3 = x3/h} are introduced.

2.1. Discretization

The dimensional reduction from the original 3D structure to a 1D beam model can
only be done approximately. As demonstrated in various applications, VAM can
be used to construct a 1D formulation with minimum accuracy loss in comparison
with the original 3D formulation. In order to deal with the arbitrary cross-sectional
geometry and anisotropic materials, we need to turn to a numerical approach, such

1850032-5
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as the finite element method (FEM), to find the warping functions. Therefore, we
discretize the warping field using the finite element method at the cross-sectional
level. By doing this, the unknown warping field is reduced to the displacements at
the nodes of the mesh,

w(l‘l,l‘Q,l‘g) = 5(332,333)‘/(331), (5)

with S(x2,x3) representing the element shape functions and V' as a column matrix
of the nodal values of the warping functions over the cross-section. Substituting
Eq. (5) into Eq. (1) and then into Eq. (3), we obtain

20 = (%)2 V([0 S]DITAS])V

+ (%) 2VT(<[F;LS]DF5>E + <[FhS]D[FRS]>V + <[FhS]D[F[S]>V/)

+ (L7 DT)e + VT[T S| DT RSV 4+ V([ S|D[T,S])) V'
+2VT([LRS]D[Ic))e + 2V ([0 S]D[Tc))e + 2V ([TrS]D[T,S)) V. (6)

2.2. Stiffness matriz

Depending on how we consider the displacement field component V', a specific form
of strain energy can be derived. Here, we will assume that there is a known compo-
nent of the warping, which corresponds to a set of non-classical degrees of freedom
(d.o.f.) in the final beam model. If ¥, is the column matrix with these assumed
deformation modes, the decomposition of the warping field can be written as

V =V.q(x) + W(x). (7)

The vector of modal amplitudes, ¢, is a column matrix of one or more new unknown
functions, and W is the new warping to be found. Through integration by parts,
the potential of the generalized Timoshenko model can be written as

_ T - I -
Y11 St Sz Sz S S5 Sis Y11

2712 So1 Saa Saz Sos Sas Sos| |2712
2 S S. S. S. S. S 2

o — Y13 31 32 33 34 35 36 ’713. (8)
K1 Sa1 Siz Saz Saua Sas Sue K1
K2 Ss1 Ss2 Ssz3 Ssa Sss Sse K2

K3 Se1 Se2 Sez Sea Ses  See K3

3. Material Model
3.1. CNTs/fiber/polymer multi-scale composite material model
The three-phase multiscale composites considered herein comprised of isotropic

matrix, CNTs and fibers and were assumed to be fabricated by dispersing nanotubes
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within an isotropic polymeric matrix and, impregnating the conventional fibers with
this nanodispersed resin system. The alignment of fibers could be different for each
lamina through the thickness. The CNT's were assumed to be isotropic and uniformly
distributed and randomly oriented through the matrix. It was also assumed that the
bonding between CNTs and matrix and the CNTs dispersion in the matrix are per-
fect; each CNT has the same mechanical properties depending on the aspect ratio;
all CNTs are straight rods; there is no void in the matrix; fiber-matrix bonding was
assumed to be perfect. The constituent materials were assumed to be linear elastic
throughout the deformation. The effective material properties of the three-phase
CNTs/fiber/polymer multiscale laminated composite can be predicted according to
a hierarchical combination of Halpin-Tsai and micromechanics approaches via two
steps as shown in Fig. 3.

The effective material properties of the multiscale composite were assumed to
be orthotropic and can be predicted by [Rafiee et al., 2014c]

Eip = Ve EY + Vinc EMNC, (9a)

L _ Ve | Vunc
Eoyn  EY,  EMNC

2 mMNC | oF 2 F ) nMNC F, MNC
vk /B3 + viincEaa/E —2v'v

—VrV, 9b
1 _ Yk Vunc (9¢)
G12h sz GMNC
vian = Vvt + Vigner™N¢ (9d)
pn = Vip" + VanepMNe (9e)
where BT, B, GL,, v and p!" are the Young’s moduli, shear modulus, Poisson’s
ratio and mass density of fibers, respectively, and EMNC GMNC [y MNC gnq pMNC

Two-phase
nanocomposite

L)
-
o=
n
(=]
=
=
[=]
Q
Lo
—_
[
J
=
=
=
=
=]
L]
=z
=]
o
L)
o
E

Polymer

Fig. 3. Hierarchy of the three-phase CNTs/fiber/polymer multiscale composites [Rafiee et al.,
2014c].
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represent the corresponding properties of the isotropic matrix of nanocomposite. Vg
and Vs ne refer to the volume fractions of the fibers and the nanocomposite matrix,
respectively.

According to the Halpin—Tsai equation, the tensile modulus of nanocomposites
can be expressed as [Gojny et al., 2004; Peeterbroeck et al., 2007; Thostenson and
Chou, 2003]

4ON
guve _ BMER (1+2mﬂ@N> ; 1+2(3W)@m@N o
8 1 — BaaVen 1 — BaVen
oN
5dl = ECN /0N (10b)
( 11 ) _|_(
EMER 570N
oN
(5r) - ()
de = ( E1clN ) N (dCN ) . (IOC)
EMER 2tCN

where EGN, Ve, (°N, d°N and are the Young’s modulus, volume fraction, length,
outer diameter and the thickness of carbon nanotubes, respectively, Vi;pr and
EMER indicate the volume fraction and Young’s modulus of the isotropic epoxy
resin matrix, respectively.

The volume fraction of carbon nanotubes can be expressed as [Rafiee et al.,

2014c]

WwCN
Ven = wCN | (pON [ )MER) _ (,CN ] ;MERYy,ON’ (11)
where w®N is the mass fraction of the carbon nanotubes, p®N and pMF% are the

mass densities of the carbon nanotube and epoxy resin matrix, respectively.
Poisson’s ratio and mass density p can be expressed as
VMNC — VMER (12&)

pMNC _ VCNPCN + VMERPMER (12b)

MER are mass densities of the carbon nanotubes and matrix and is

where p°N, p
Poisson’s ratio for the epoxy resin matrix, respectively. As the amount of CNTs was
small, Poisson’s ratio for the CNT composite was assumed to be the same as that

of epoxy, 0.33 [Rafiee et al., 2014c].

4. Numerical Study

Four different cross-sectional shapes were considered in this study: strip and cir-
cumferentially uniform stiffness (CUS) box, circular pipe, and Bell540 airfoil. These
test cases are shown in Fig. 4. Their geometric parameters, material properties
and stacking sequences are listed in Tables 1-3 unless otherwise specified. The
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1,

[
htyp.r

(a) Strip (b) Pipe (¢) Box

Fig. 4. The cross-sections of the (a) strip, (b) pipe and (c¢) box beams studied in the examples.

Table 1. Typical material properties of nanocomposite beam used in examples unless otherwise
specified [Rafiee et al., 2014c].

Source Symbol Value Unit Description
Single-walled carbon nanotubes
tON 0.34 x 1079 m Thickness of carbon nanotubes
d®N 1.4 x 1079 m Outer diameter of carbon nanotubes
LN 25 x 1076 m Length of carbon nanotubes
wCN 1 % Weight percentage of carbon nanotubes
pCN 1350 kg/m3 Mass density of carbon nanotubes
ESN 640 x 109 kg/m2 Young’s modulus of carbon nanotubes
alclN 3.4584 x 10~ 1/K Thermal expansion coefficient
VlcQN 0.33 — Poisson’s ratio of carbon nanotubes
Multi-walled carbon nanotubes
tON 0.34 x 1079 m Thickness of carbon nanotubes
d®N 20 x 1079 m Outer diameter of carbon nanotubes
LCN 50 x 10~6 m Length of carbon nanotubes
wCN 0 % Weight percentage of carbon nanotubes
pCN 1350 kg/m3 Mass density of carbon nanotubes
ESN 400 x 109 kg/m2 Young’s modulus of carbon nanotubes
VlcQN 0.33 — Poisson’s ratio of carbon nanotubes
Epoxy resin polymer matrix
pMER 1200 kg/m3 Mass density of epoxy resin matrix
EMER 2.72 x 109 kg/m2 Young’s modulus of epoxy resin matrix
oMER 45 x 1076 1/K Thermal expansion coefficient of epoxy
resin matrix
yMER 0.33 — Poisson’s ratio of epoxy resin matrix
E-Glass fibers
pF 1200 kg/m3 Mass density of E-Glass fibers
Efl 69 x 109 kg/m2 Young’s modulus of E-Glass fibers
vt 0.2 — Poisson’s ratio of E-Glass fibers
vE 0.5 — Volume fraction of E-Glass fibers
Foam (For airfoil test case)
EFoam 72.4 x 109 kg/m2 Young’s modulus of airfoil foam
ploam 160 kg/m3 Mass density of airfoil foam
pFoam 0.3 — Poisson’s ratio of airfoil foam
1850032-9
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Table 2. Properties of CAS box-beam.

Geometry Lay up Material properties
a=0:953in. Right wall: [15°/—15°]3  FE11 = 20 : 59 x 106 psi
b=0:53in. Left wall: [-15°/15°]3 Fao = E33 = 1:42 x 106 psi
h =0:03 in. Upper wall: [-15°]¢ Gi2 = 8: 7 x 106 psi
Lower wall: [15°]¢ G13 = Ga23 = 6: 96 x 109 psi
v12 = v13 = 0:42

Table 3. Properties of beams cross-sections studied in the examples.

Case Geometry Lay-up
Strip a=0.1m [—45°/45°]3
h =0.012m
Circular Pipe Outer diameter a = 0.05 [—45°/45°]
h =0.012m
CUS a=0.1m Right wall: [45°]¢
b=0.06 m Left wall: [45°]6

Upper wall: [45°]¢
Lower wall: [45°]¢

Airfoil See Fig. 5 See Fig. 5
A3
0334354 Lc —= Fairing
— — | [0°/90°/0°]
Cambered Region >—</—__\ :
[0°/90°/0°/0°]s i .
Web
r=— 0.230092 Lo —== [90°/90°/0°/0°]s
Lc=0.8124m |

Fig. 5. Profile of the Bell540 airfoil blade and ply-up.

theoretical development presented in the previous section was numerically imple-
mented in VABS and some of the numerical predictions were validated against
available measurements.

Not all stiffness components are shown since the stiffness matrix is symmetric.
All results are given at the area centroid and the 6 x 6 stiffness matrix is arranged as
1: extension; 2: chordwise transverse shear; 3: flatwise transverse shear; 4: torsion;
5: flatwise bending; and 6: chordwise bending. It should be noted that stiffness
components with relatively small values compared to the others are neglected in
the tabular data and figures.

4.1. Validation

To validate the theory and implementation, a circumferentially asymmetric stiffness
(CAS) configuration was studied. The geometry and ply lay-up is shown in Fig. 4

1850032-10
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Table 4. Stiffness for CAS box-beam (results are given at the area centroid) — 1: extension;
2: chordwise transverse shear; 3: flatwise transverse shear; 4: torsion; 5: flatwise bending; 6:
chordwise bending (i ~ 1.08kg/m, Zo = &3 = 0, i2 = 1.296 x 1075 kgm, i3 = 9 x 10~% kgm,

io3 = O kgm).
Stiffness Popescu et al. [2000] Yu et al. [2002] NABSA Giavotto et al. Present
[1983]

S11(N) 0.137 x 107 0.137 x 107 0.137 x 107 1.3668 x 106
S22(N) 0.883 x 10° 0.884 x 10° 0.885 x 10° 8.8300 x 10%
S33(N) 0.775 x 10% 0.389 x 10° 0.387 x 10° 3.8613 x 10%
S44(Nm?) 0.174 x 10° 0.170 x 10° 0.170 x 10° 1.6913 x 10*
S55(Nm?) 0.608 x 10° 0.591 x 10° 0.591 x 10° 5.9056 x 10%
See(Nm?) 0.143 x 106 0.141 x 108 0.141 x 108 1.4115 x 10°
S12(Nm) —0.184 x 108 —0.184 x 108 —0.184 x 108 —1.8395 x 10°
S13(Nm) —0.176 x 103 —0.131 x 103 —0.150 x 103 1.2864 x 102
Sa23(N) —0.842 x 102 0.719 x 102 0.803 x 102 —8.0210 x 10t
Sa5(Nm) 0.180 x 10° 0.176 x 10° 0.176 x 10° 1.7599 x 10*
S16(Nm) —0.362 x 103 —0.351 x 103 —0.349 x 103 3.5501 x 102
S56(Nm?) —0.372 x 103 —0.371 x 103 —0.371 x 103 3.7115 x 102

and Table 2. The results presented in Table 4 clearly show the excellent agree-
ment between the results from the present work and those of Popescu et al. [2000],
Giavotto et al. [1983] and Yu et al. [2002].

4.2. Strip

To illustrate how CNTs affect the 6 x 6 stiffness matrix, we first investigated a
beam with thin rectangular cross-section called Strip (see Fig. 4(a) and Table 3 for
geometry and lay-up configuration). The cross-section meshed with 100x 12 8-noded
quadrilateral elements (7,650 d.o.f. in total). Stiffness results are listed in Tables 5-7
and Fig. 6. The symmetric lay-up of [—45°/45°]3 introduced extension-torsion (S14)
and chordwise transverse shear-flatwise bending (S25) couplings.

The effect of SWCNTs weight percentages wN on the stiffness properties per
unit length of strip configuration (u ~ 1.08kg/m, To = T3 = 0, ia = 1.296 X
10~° kgm, i3 = 9x 10~* kgm, i3 = 0 kgm) is shown in Table 5. One can observe from
Tables 5 and 6 that the inclusion of a small weight percentage of carbon nanotubes
was sufficient to significantly improve the stiffness properties. This improvement
is more substantial with SWCNTs than with MWCNTs. This may be because of
the lower specific surface area and defect structure of MWCNTs [Rafiee et al.,
2014c; Rafiee et al., 2016]. Table 5 shows that adding 1% of SWCNTSs improved the
extension-extension coupling by 59.6% and the flatwise transverse shear coupling
by 195%. However, addition of 1% and 2.5% of SWCNTSs decreased the coupling
between the chordwise transverse shear and the flatwise bending by —4.6% and
—15.9%, respectively.

The influence of volume fraction of fibers on the stiffness properties per unit
length of strip configuration (Zo = 3 = 0, ia3 = 0kgm) is also shown in Table 7.
As one would expect, the stiffness components increased with the increase in the
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Fig. 6. Effect of CNTs structure on the stiffness properties per unit length of strip configuration
(wN = 1%, u =~ 1.08kg/m, Tz = T3 = 0, i2 = 1.296 x 1077 kgm, i3 = 9x 10~ % kgm, i23 = 0kgm).

volume fraction of fibers. This is consistent with earlier reports [He et al., 2015;
Rafiee et al., 2014a, 2014b, 2014c, 2014d; Rafiee et al., 2016]. From the results
shown in Table 7, one can see that the flatwise transverse shear coupling had the
most significant improvement.

4.3. Circular pipe

The next test case considered was a circular pipe beam. The geometry and stack-
ing sequence of this cross-section is shown in Fig. 4(b) and Table 3. The stiffness
results, using 2,320 8-noded quadrilaterals elements (14,848 d.o.f.) to discretize the
cross-section, can be found in Table 10 and Fig. 7. The ply-up of [—45°/45°] gen-
erated extension-torsion (Si4), chordwise transverse shear-flatwise bending (S25),
and flatwise transverse shear-chordwise bending (Ss¢) couplings.

As one can observe from the results, a small weight percentage of carbon nan-
otubes was also able to improve the stiffness properties of circular pipe cross-section.
The extension (S11), flatwise bending (S55) and chordwise bending (Sgs) compo-
nents of coupling received the most significant improvements. However, addition
of CNTs weakened the coupling between (a) extension-torsion (S14), (b) chordwise
transverse shear-flatwise bending (S25) and (c) flatwise transverse shear-chordwise
bending (S36). This could be used toward elastically tailoring circular pipe beams
to meet stability requirements. The stiffness components also increased with the
increase of the volume fraction of fibers (see Table 9).
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Fig. 7. Effect of CNTs structure on the stiffness properties per unit length of circular pipe con-
figuration (wN = 1%, u ~ 2.99kg/m, T2 = T3 = 0, iz = iz = 2.944 x 1073 kgm, 423 = 0 kgm).

4.4. CUS box

To exemplify the effects of CNTs and volume fraction of fibers on the stiffness of
composite beams, a CUS box-beam was also considered. The geometry and stacking
sequence of circular pipe beam cross-section is shown in Fig. 4(c) and Table 3. The
cross-section meshed with 1,920 8-noded quadrilateral elements (12,800 d.o.f. in
total). The lay-up in every wall was [45°]g, and the beam exhibited extension-
twist (S14) and shear-bending (Sa5 and Ss6) couplings. The results are presented in
Tables 11-13 and Fig. 8. When we reinforced the beam with CNTs, the values of
all stiffness components were significantly affected. Similarly to previous cases, this
improvement was more prominent with SWCNTs than with MWCNTs. The effect
of CNTs structure on the stiffness properties per unit length of CUS configuration
is shown in Fig. 8. From Fig. 8, one can see that the extension-twist coupling was
relatively stronger than shear-bending couplings.

4.5. Awrfoil

The last test case considered was a Bell540 airfoil-shape cross-section (see
Fig. 5). The complete blade had a span of 0.8124m (beyond the clamping area
at the root). The blade geometry and material properties are shown in Fig. 5. The
right cell of the airfoil was filled with foam. A finite element mesh with 9,885 6-noded
triangular elements (40,850 d.o.f.) was used. The predicted stiffness coefficients are
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Fig. 8. Effect of CNTs structure on the stiffness properties per unit length of CUS configuration
(u =~ 2.9376 kg/m, To = T3 = 0, i2 = 1.354 x 1073 kgm, i3 = 3.315 x 1073 kgm, iz3 = 0kgm).

given in Table 14 through 16 and Fig. 9. The beam exhibited extension-chordwise
bending (Si¢) and flatwise transverse shear-twist (S34) couplings. From the results,
one can see that the inclusion of the SWCNTS significantly stiffened the structure.
However, this improvement is more obvious in chordwise transverse shear coupling
(S92) with 19.4%, flatwise transverse shear coupling (S33) with 42.6% and flatwise
transverse shear-twist (Ss4) coupling as a result of adding 1% of SWCNTSs. The
same couplings were also significantly influenced as a result of adding 1% of MWC-
NTs. However, as in the previous cases, reinforcement achieved by MWCNTSs was
much lower than with SWCNTSs. Nevertheless, MWCNTs can still be an interesting
choice due to the higher cost of large scale use of using SWCNTSs in mass production
applications.

The effect of volume fraction of E-Glass fibers on the stiffness properties per
unit length of Bell540 airfoil configuration (zo = Z3 = 0, i3 = Okgm) is pre-
sented in Table 16. Based on these results, increasing the volume fraction of fibers
also improved the stiffness properties of airfoil cross-section studied (see Table 16).
However, an increase in fiber volume fraction weakened the flatwise transverse shear-
twist (534).

The effect of CNTs structure on the stiffness properties per unit length of
Bell540 airfoil configuration (wN = 1%, p ~ 2.9376kg/m, 7o = 23 = 0,
ip = 1.354 x 103 kgm, i3 = 3.315 x 1073 kgm, i3 = 0kgm). The results from Fig. 9
reveal that both of SWCNTs and MWCNT's brought about approximately the same
improvements. This is especially noticeable when we compare this test case with
the previous test cases. Figure 9 also shows that the most significant coupling terms
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Fig. 9. Effect of CNTs structure on the stiffness properties per unit length of Bell540 airfoil
configuration (wCeN = 1%, u ~ 2.9376 kg/m, T2 = T3 = 0, iz = 1.354 x 103 kgm, i3 = 3.315 x
1073 kgm, i23 = Okgm).

were extension (Si1), chordwise transverse shear (S22) and extension-chordwise
bending (Si6).

5. Conclusion

A finite-element-based, cross-sectional analysis for CNTs-reinforced multiscale com-
posite beams was formulated from geometrically nonlinear, 3D elasticity. The 3D
strain field was formulated in terms of 1D generalized strains and a 3D warping dis-
placement. The developed formulation was numerically implemented in the VABS to
compute the cross-section stiffness matrices and mass properties. Several numerical
test cases were used to support the validation and application of the proposed the-
ory. The results indicated that the inclusion of a small weight percentage of carbon
nanotubes in the polymer matrix was sufficient to induce a significant improvement
in stiffness properties. In some cases, however, CNTs may be used to weaken some
specific structural couplings. SWCNTs were shown to have more significant effects
than MWCNTSs on the stiffness properties. This may be due to lower specific sur-
face area and defect structure of MWCNTSs. Overall, CNTs can be used to tailor
the design of beams and blades for specific stiffness properties.
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Chapter 5

5. Modeling and mechanical analysis of multiscale fiber-reinforced graphene
composites: Nonlinear bending, thermal post-buckling and large amplitude
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Foreword

This chapter provides a mathematical model to predict the effective material properties of
GNPs/fiber/polymer multiscale composites. The large deflection, post-buckling and free nonlinear
vibrations of GNPs-reinforced multiscale composite beams were studied through a theoretical
study. The nonlinear bending and post-buckling equations were numerically solved by the Newton
method, and the multiple timescales method was used to study the nonlinear free vibrations and
dynamic response of laminated nanocomposite beam under two set of boundary conditions. A
parametric study was carried out. The numerical results investigated the effect of GNPs on the

central deflection, buckling load and natural frequencies of the multiscale composites.
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ARTICLE INFO ABSTRACT

Keywords:

Mathematical modeling

Graphene nanoplatelets

Multiscale laminated composites beam
Nonlinear bending

In this paper, a mathematical model was developed to predict the effective material properties of graphene
nanoplatelets/fiber/polymer multiscale composites (GFPMC). The large deflection, post-buckling and free
nonlinear vibration of graphene nanoplatelets-reinforced multiscale composite beams were studied through a
theoretical study. The governing equations of laminated nanocomposite beams were derived from the Euler—
Bernoulli beam theory with von Karmén geometric nonlinearity. Halpin-Tsai equations and fiber microme-
chanics were used in hierarchy to predict the bulk material properties of the multiscale composite. Graphene
nanoplatelets (GNPs) were assumed to be uniformly distributed and randomly oriented through the epoxy
resin matrix. A semi-analytical approach was used to calculate the large static deflection and critical buckling
temperature of multiscale multifunctional nanocomposite beams. A perturbation scheme was also employed to
determine the nonlinear dynamic response and the nonlinear natural frequencies of the beams with clamped-
clamped, and hinged-hinged boundary conditions. The effects of weight percentage of graphene nanoplatelets,
volume fraction of fibers, and boundary conditions on the static deflection, thermal buckling and post-buckling
and linear and nonlinear natural frequencies of the GFPMC beams were investigated in detail. The numerical
results showed that the central deflection and natural frequency were significantly improved by a small
percentage of GNPs. However, addition of GNPs led to a lower critical buckling temperature.

Thermal buckling and postbuckling
Nonlinear vibration

1. Introduction Graphene may be preferred over other conventional nanofillers (such

as sodium montmorillonite, carbon nanotube (CNT), carbon nanofiber

GNPs/fiber/polymer multiscale laminated composite materials con-
sist of high strength and modulus fibers, graphene nanoplatelets (GNPs)
and a polymer matrix. GNPs/fiber/polymer multiscale composites can
significantly reduce weight with the same or better performance than
that of metal materials and, as such, have drawn significant attention
in recent years. GNPs/fiber/polymer composites have been widely
used in many structural applications, such as aircrafts, space vehicles,
automotive industry, sporting goods, and marine industry in which
weight reduction is crucial for higher speeds and increased payloads.
GNPs are excellent candidates for nanoscale reinforcement toward
improvement of multifunctionality of fiber-reinforced composites. They
are expected to have extraordinary properties such as high thermal
conductivity, superior mechanical properties, and superb electronic
transport properties. These essential properties of graphene have gener-
ated huge attention for their possible application in several devices [1].

* Corresponding author.
E-mail addresses:

https://doi.org/10.1016/j.ijnonlinmec.2018.05.004

(CNF), graphite, and exfoliated graphite (EG)), due to high surface
area, aspect ratio, tensile strength, thermal and electrical conductivity,
electromagnetic interference (EMI) shielding ability, flexibility, trans-
parency, and low coefficient of thermal expansion [2].

The analytical Halpin-Tsai model can predict the material properties
of composite materials based on the geometry and orientation of
the filler and the elastic properties of the filler and matrix [3]. An
excellent survey of the research on different modeling techniques for
predicting the mechanical behavior of polymer composites was pre-
sented by Valavala and Odegard [4]. Thostenson and Chou [5] showed
that MWNT/polystyrene composite elastic properties are sensitive to
nanotube diameter by an approach based on the Halpin-Tsai microme-
chanical method. Mechanical properties of high-density polyethylene
composites reinforced with CNTs were presented by Kanagaraj et al. [6].
They employed both the Halpin-Tsai model and a modified form of
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(b)

Fig. 1. Configuration of a multilayered GNPs/fiber/epoxy multiscale laminated composite beam: (a) front view and (b) cross section.

the rule of mixture model to make a comparison between theoretical
and experimental results. Rafiee [3] used the Halpin-Tsai equations
and fiber micromechanics in hierarchy to predict the bulk material
properties of the multiscale composite. This approach was used fur-
ther to study the vibration of nanocomposite beams [7]. Recently,
Rafiee et al. [8] addressed the cross-sectional design and analysis of
fiber-reinforced multiscale composite beams of general cross-sectional
shape and arbitrary anisotropic material properties using Halpin-Tsai
equations and fiber micromechanics. The influence of CNTs weight
percentage and volume fraction of fibers was investigated in their work.

Most of the previous research regarding graphene-reinforced com-
posite materials has mainly focused on the characterization and model-
ing of two-phase composites. Reports on the experimental development
of advanced polymer composites reinforced by graphene and reduced
graphene oxide have been given in the literature [9-19]. There few
works devoted to the morphological and mechanical properties of multi-
scale multifunctional GFPMCs [20-24]. For instance, Kamar et al. [20]
investigated the ability of GNPs to improve the interlaminar mechan-
ical properties of glass-reinforced multilayer composites. Their results
showed that the impact-side damage area decreased with increasing
concentration of GNPs, while the back-side damage area increased.
Hsieh et al. [21] studied the effect of environmental aging on inter-
laminar properties of graphene nanoplatelets reinforced epoxy/carbon
fiber composite laminates. Their experimental results showed that
the composite laminates containing graphene nanoplatelets presented
appreciable improvement. Recently, Seretis et al. [24] investigated
the bending and tensile performance of hand lay-up produced glass
fabric/epoxy laminated composites after matrix reinforcement with pre-
dried graphene nanoplatelets (GNPs) up to 30% wt. content.

Structural modeling of CNTs and GNPs-reinforced laminated com-
posite beams has been a topic of active research in the recent years.
Among those available in the literature, Rafiee and his coworkers
developed a structural model for the analysis of three-phase multiscale
laminated CNTs-reinforced composite beams ([7,25,26]) and plates
([3,27,28]). For beam-type structures, they studied the bending [26]
and free vibration [7,26] of carbon nanotubes-reinforced multiscale
laminated composite beams. Static bending [3,27], and free vibra-
tion [27,28] were also investigated for carbon nanotubes-reinforced
laminated multiscale composite plates. Very few studies related to the
structural modeling of two-phase GNPs-reinforced composite beams are
available in the literature [29-31]. Modeling and analysis of thermal
postbuckling and nonlinear bending of graphene-reinforced composite
(GRC) laminated beams in a thermal environment and resting on elastic
foundations have been presented by Shen et al. [29]. Yang et al. [30]
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studied the buckling and postbuckling of functionally graded multi-
layer GNPs-reinforced laminated composite beams resting on an elastic
foundation from the perspective of a first-order shear deformation
theory. Feng et al. [31] investigated the linear and nonlinear free vibra-
tion behaviors of nanocomposite beams reinforced with non-uniformly
distributed GNPs within the framework of Timoshenko beam theory and
von Kérman nonlinear strain-displacement relationship. They found
that adding a very small amount of GPL to the polymer matrix can
significantly increase the natural frequency of the composite beam.

Despite the great importance of graphene multifunctional com-
posites, no mathematical model has been available for the sim-
ulation of bending, buckling and vibration response of graphene
nanoplatelets/fiber/polymer laminated multiscale composite beams.

To fill this gap, the nonlinear static, thermal bifurcation buckling
and postbuckling, and free vibration of GNPs/fiber/polymer laminated
composite beams were investigated in the present work. The governing
equations of the GFPMC multiscale laminated beam were derived from
the Euler-Bernoulli beam theory and the von Kédrmén geometric non-
linearity. Halpin-Tsai equations and fiber micromechanics were used to
predict the bulk material properties of the multiscale composite. The
GNPs were assumed to be uniformly distributed and randomly oriented
through the epoxy resin matrix. The Galerkin procedure yielded a time-
wise equation with cubic nonlinear terms. The method of multiple time
scales was employed to determine the dynamic response and nonlinear
natural frequencies of the beams with clamped—-clamped, and hinged—
hinged boundary conditions. The effects of weight percentage of GNPs,
boundary conditions, and volume fraction of fibers on large deflections,
critical buckling temperature and linear and nonlinear frequencies of the
GFPMC beams were investigated through a comprehensive parametric
study.

2. Governing equations
2.1. Material properties

A GFPMC beam of length L and thickness h is shown in Fig. 1.
The three-phase GFPMC multiscale beam was assumed to be made of
a mixture of isotropic matrix (epoxy resin), GNPs and fibers (E-Glass)
with different fiber alignment for each lamina through the thickness.
The graphene nanoplatelets composite was regarded as isotropic, as the
GNPs were assumed to be uniformly distributed and randomly oriented
through the matrix. It was also assumed that the GNPs-matrix bonding
and GNPs dispersion in the matrix were perfect, that each GNP had
the same mechanical properties and aspect ratio, that all GNPs were
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rectangular planes, that there was no void in the matrix, and that the
fiber-matrix bonding was also perfect. The constituent materials were
assumed to be linearly elastic throughout the deformation.

Fig. 2 illustrates the concept of a multiscale multifunctional compos-
ite employing graphene nanoplatelets and traditional fibers.

The effective material properties of the three-phase GNPs/fiber/
polymer multiscale laminated composite can be predicted according to a
combination of the Halpin-Tsai scheme and micromechanics approach
via two steps in the hierarchy shown in Fig. 3. The effective material
properties of the GFPMC were assumed to be orthotropic and were
predicted by

Eyy = VrE[| + Vine EMN, (1a)
1 _Vr  Vunc
Epn " EL BN VrVane
MNC MNC F MNC
v E /E MNC 22/E - 2vfy (1b)
VFE + Vane EMNC
v 12
1 _Zr, Pune (1c)
G G, GMNC
Vip = VevF 4 Ve v™NC ad)
p=Vpp" + Vane?™C (1e)

where E1F1’ Eze’ sz, vF and pf are the Young’s moduli, shear modulus,
Poisson’s ratio and mass density of fibers, respectively, and EMNC, GMNC,
VMNC and pMNC represent the corresponding properties of the isotropic
matrix of nanocomposite. V. and Vyc refer to the volume fractions of
the fibers and the nanocomposite matrix, respectively.

The thermal expansion coefficients in the longitudinal and transverse

directions were expressed as

MNC , MNC
_ VeEfaf, + VincE )
T T BT 4 Vg EMNC @

FE+ Vune
ay = (L+vOVeal, + 1+ MO Ved™C = vppay (2b)

where “1F1’ af and eMNC are thermal expansion coefficients, and v , and
vMNC gre P01sson s ratios, respectively, of the fibers and nanocomp051te
matrix.
According to the Halpin-Tsai equation, the Young modulus of
nanocomposites was expressed as [3]:
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Be = (3b)

EMER

EMER

(30)

where ESNP, Ve, Zonp, Manp and Agyp are the Young’s modulus, vol-
ume fraction, length, width and the thickness of graphene nanoplatelets,
respectively, and Vy;zx and EMER indicate the volume fraction and
Young’s modulus of the isotropic epoxy resin matrix, respectively.

The volume fraction of graphene nanoplatelets was expressed as

wCONP

1wGNP + (pGNP/pMER) — (pGNP/pMER)wGNP ’

4

Vonpe =

where wONP is the mass fraction of the graphene nanoplatelets, p°N? and
p°NP are the mass densities of the graphene nanoplatelets and epoxy
resin matrix, respectively.
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The mass density p, Poisson’s ratio v and thermal expansion coeffi-
cient @ were expressed as

MNC

p = Voo™ + Vargr MR (5a)
VMNC e VGNP g JMER (5b)
aMNC = b NP 1 aMER, (50)

2.2. Mathematical model

The constitutive equation with respect to the plane (laminate)
coordinates (x, y, ), was taken as

(6)

Oxxk = Q11rEk

where ¢ and o, are the strain and stress, and the transformed reduced
elastic modulus of each layer for the beam structures can be expressed

as:

)

where E, is the untransformed reduced elastic modulus of the kth layer
of whole structure and ¢, is the direction of the kth lamina.

The displacement fields for the Euler-Bernoulli beam theory denoted
by u(x, z,1) and w (x, z, t) respectively, were defined as

P 4
Q11 = Eycos” ¢y

u(x,z,t):uo(x,t)—z%, (8)
v(x,z,1) =0 )
w(x,z,t) = wqy (x,1) (10)

where it is assumed that the displacement in the y-direction is neglected
and u (x,1) is the displacements due to extension, wy (x,t) is the dis-
placement due to bending deformation and t is time. The von Kdrman
nonlinear strain-displacement relationship gives

2
) — a1 4T

It should be mentioned that the beam was initially stress-free at
T, (in Kelvin) and was subjected to a uniform temperature variation
AT =T - T,

Substituting Eq. (11) into Eq. (6) and integrating through the beam
thickness, one obtains the stress resultants

_ Oy

Pwy 1
Ey o +

" 9x2 _<

2

ow,
ox

(1)

1
N, =4y, [”,x*’iw,zx] +Bjw,, —NT, (12a)
M, =By, [“ +;W ]+D11WXX—MT» (12b)

Ay, By; and Dy; in Eq. (12) are the transformed stretching stiffness,
stretching—bending coupling stiffness and bending stiffness coefficients,
respectively, which are defined as

K

Ay = Zik (2k = 2zi1) s

13

and K is the total number of layers and z, is defined in Fig. 1b. Note
that z, = —h/2, zg = h/2.

Superscript “T” in Eq. (12) represents the thermal load, and N7, MT
are defined as

h/2 _ _
(NT MT)=./_h/2(Q“ka“AT 20,10y, 4T ) dz a4
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Microscale fibers ~10m
(Carbon fiber, glass fiber, etc.)

Multiscale multifunctional
Graphene/fiber/polymer
composites
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Nanoscale graphene nanoplatelets
~2um in length and width and one
atom (1nm) thick

Graphene nanoplatelets-reinforced
polymer matrix

Fig. 2. Concept of multiscale multifunctional graphene nanoplatelets-reinforced polymer composites.

Three-phase multiscale

{ multifunctional composite
| Fiber micromechanics model
Two-phase nanocomposite

’ Fiber

GNPs

Halpin-Tsai POlymer

model

Fig. 3. Hierarchy of the three-phase GNPs/fiber/polymer multiscale composites.

For beams with fixed ends, the governing equation of free vibration
for GNPs/fiber/polymer laminated multiscale composite beams can be
n-=

obtained as
Au Ji t [1(%)2
le L 0 2 6x

B.. 32 2
DUl g NT ) LY 0, =1
Ay ox ox

Bll

4
) rw
ox4

0w

o (15)

where Q, is the external transverse loading function on the beam and
the beam inertia I, is defined as

K
L= oy (2= 2) - 16)
k=1
Introducing the following dimensionless quantities
X o~ w H ~ I, t Ao
n=—, w=—, y=—, I1=— =—1/—.
L H L T L\ 1,
Fodu gront
Ao Aq10 N a7
~ B ~ D ~ ~ 2
5= _tu - _2u 70=D—B_~s
LAy L24yy0 A
_ Q.(xL?
0,(¢ )= “Hamg
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where A, and I, are taken as the values of A;; and I, of a homoge-
neous epoxy matrix beam of matrix material and neglecting the over-
tilde sign for w, Eq. (15) can be rewritten in dimensionless form as

2\ a4 L 7,2 2 32
(B_N_D>6_w+ / A_Y<0_W> - Lall P
A on* o | 2 \on on?
tw  ~ ~ 02w
X W+Qe(ﬂﬂ)zllﬁ- (18)

3. Solution methodology

To investigate the nonlinear behavior of GNPs/fiber/polymer mul-
tiscale laminated composite beam, calculation of the free natural vi-
bration is carried out first. The dimensionless governing equation for
linear free vibration of piezoelectric GFPMC beams can be obtained by
eliminating the nonlinear terms in Eq. (18), such that

Fw _grow _jow

b sw .
<A >an4 o o2

For linear free vibration, the solution of Eq. (18) considering the first
mode has the form

=2 A2
B _ 7w 19)

w,t)=Xn)g) =X (1), (20)

where w, = w; L+/1,y/ A is the dimensionless linear natural frequency
and w is the linear natural frequency.
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Substituting Eq. (20) into Eq. (19) and then solving the resulting
differential equation, one obtains

X (n) = ¢y sin (An) + ¢, cos (An) + 3 sinh (jin) + ¢, cosh (An) , (1)
where

1
2 p

(22a)

- ar . ar +< 110% )
“Tle(m-msa) ||2(5-5va)| \D-BUA

1

1\3
2 2
ar ar I, 0?
_ NON - + NHN _ <~ 1~() ~> (22b)
2(D—BZ/A) 2<D—B2/A> D-B2/A
and a, to a, are unknown constants to be determined from the boundary

conditions.
The boundary conditions are given by

o
Il

XO=xM=Xx"0=Xx"1)=0,
X0=X"0O=X1)=X"(1)=0,

(23a)
(23b)

for hinged-hinged and clamped-clamped beams respectively. Inserting
Eq. (20) into the boundary conditions of Egs. (23), one obtains a homo-
geneous matrix H (w,) whose determinant should be zero to guarantee
non-trivial solutions

det [H (a)o)] =0 @4

The characteristic equation for @, can be expressed as:
for hinged-hinged boundary conditions:

sin (1) = 0 (25)
and for clamped—-clamped boundary conditions:
T o2

aT . [}
— — QT sinh (A) sin (f1) — L
D, 2D, Dy

T o?
Io;

cosh (2) cos(f) =0 (26)

The Newton method was used to find the roots of this equation
in terms of natural frequency w,; the iterations were stopped when
the absolute value of the difference of the natural frequency obtained
between two successive iterations was less than 1075,

The linear mode shapes for a GFPMC beams can be solved from (19)
by

for hinged-hinged boundary conditions:

X () =sin (), 27)
and for clamped-clamped boundary conditions:

ficos A — Asinh

X (n) = sinh (fn) + cosh (fin) — ; sin (An)

(cosh fi = cos 2)

_peosA—Asinhp oo @8

(cosh fi — cos A)

The nondimensional transverse mechanical load can be expanded as

L2
0, (1) = cos (27) X (1) = Gy, c0s (27) X (1) (29)

InEq. (29), Q is the nondimensional frequency of the external forcing
function and coefficient ¢, for two types of external loads over the outer
surface of GFPMC laminated beam can be expressed as

lqO

Gom = —— (m= =1,3,5,...) for loads with uniform distribution  (30a)

dom = 4o (m = 1) for loads with sinusoidal distribution (30Db)

where g, is the amplitude of the forcing function.
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Substituting w (,7) from Eq. (20) into Eq. (18) and applying
Galerkin’s procedure yields a second order nonlinear ordinary differ-

ential equation for the free vibration of the system

§+08,8+6,8° +5.8° =8, cos(Q7), (31)

where a dot denotes differentiation with respect to time, and

4 2

: %(( >/X—dxd+ /X—dxdn>
B 2 Vi2x
S () ) [ e
4 \Jo dn o dn

A2 1 2 1 2
LSC:_A_}/ / Xd_an / <d_X> dn,

24 0 dn? 0 dn

1 1
5 =—l/ GomXde, A=1T, [ X2dn.
a 4 Jy 0

>
Il

=7
o
Il

(32)

=2
Note that §, = wj.

3.1. Nonlinear bending analysis

The nonlinear bending load-deflection relation for the problem in
the absence of in-plane loads can be obtained from Eq. (31) by dropping
the time-differentiated terms as

8,8 +68,8° +6,8° =6, (33)

Static deflection g can be calculated by solving Eq. (33) using the
Newton method and the nonlinear bending ratio can be obtained by
dividing terms in (33) by linear term 6,8

5, 6,
INL _ 4 Obgy Oep2 (34)
qr 511 5[1

3.2. Thermal buckling and post-buckling analysis

The post-buckling load-deflection relation for the problem in the
absence of transverse load (i.e., gy = 0) can be obtained from Eq. (31)
by dropping the time-differentiated terms as

R 2

8, + 5,5 +6.8% =07 / x X gy (35)
o dp?

where

- / X“_an (36)

3.2.1. Linear critical buckling
By neglecting the contribution of g and g terms in Eq. (35), the
critical buckling load can be determined using

5,+0 / X—dr/ = 37)
Eq. (37) may be used to determine the critical load as
J3A
er = oy o +T,. (38a)
_/0 X / hy2 Eadz
3.2.2. Post-buckling load—deflection relation
Using Eq. (35), the load—deflection relation can be written as
b+ 6y8 + 6,87
AT _ _a »E 24 . (39)

are ;

a

Knowing the applied temperature rise AT in the postbuckling range,
Eq. (39) can be solved for g. Thus, the unknown maximum deflection
corresponding to the post-buckling load can be determined. For the
specified maximum deflection, the post-buckling load can be determined
directly from Eq. (39).
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Table 1
Typical material properties of nanocomposite beam used in the examples unless otherwise specified.
Source Symbol Value Unit Description
General geometric parameters and loading conditions
h 2.4 x 1073 m Beam thickness
L 50 H m Length of the beam
9 1x10° N/m Applied distributed load
Graphene nanoplatelets
Agnp 1.5 x 1079 m Thickness of graphene nanoplatelets
RUINS 1.5x 10°° m Width of graphene nanoplatelets
£ GNp 2.5x107° m Length of graphene nanoplatelets
wONP 1 % Weight percentage of graphene nanoplatelets
NP 1062.5 kg/m? Mass density of graphene nanoplatelets
EGNP 1x10%2 kg/m? Young’s modulus of graphene nanoplatelets
alNP 5x10°° 1/K Thermal expansion coefficient
VNP 0.186 - Poisson’s ratio of graphene nanoplatelets
Epoxy resin polymer matrix
PMER 1072 kg/m? Mass density of epoxy resin matrix
EMER 3.355 x 10° kg/m? Young’s modulus of epoxy resin matrix
aMER 9.756 x 107 1/K Thermal expansion coefficient of epoxy resin matrix
YMER 0.2 - Poisson’s ratio of epoxy resin matrix
E-Glass fibers
a 2500 kg/m? Mass density of E-Glass fibers
E}, 69 x 10° kg/m? Young’s modulus of E-Glass fibers
af 5 x 10 1/K Thermal expansion coefficient of E-Glass fibers
vF 0.22 - Poisson’s ratio of E-Glass fibers
vE 0.5 - Volume fraction of E-Glass fibers

Table 2

Comparison of the fundamental frequency w, = w; L*/p/(4E,, H?) for a four-layer (0°/90°/90°/0°) moderately
thin hinged-hinged symmetric cross-ply beam (E;; = 144.8 GPa, E,, = 9.65 GPa, L/h = 30, v;, = 0.3, p = 1389.23

kg/m3, h = 0.5 m).

Source FSDT [33] FSDT1 [34] FSDT2 [34] Euler-Bernoulli (Present)
2.5023 2.4922 2.4952 2.6651
Difference (%) 6.51 6.94 6.81 -
Difference = 100% [(Present— Ref.)/Ref.]
3.3. Nonlinear vibration analysis where y is a constant.
The initial conditions considered in the current work were: 4. Numerical results and discussion
ow (L/2,0)
w(L/2,0) = tomyy ot =0 (40) The nonlinear bending, thermal buckling and post buckling, and
Such that the dimensionless initial conditions became large amplitude transverse vibration of GNPs/fiber/polymer laminated
w ow(1/2,0) multiscale composite beams were investigated under clamped-clamped
w(1/2,0) = % =Y ax 0— =0. (41) and simply supported boundary conditions. Typical geometric param-
T

Eq. (31) contains a quadratic nonlinear term due to the presence
of a bending-extension coupling effect in generally laminated beams
(i.e. B;;# 0). This term, however, vanishes for beams with a symmetric
stacking sequence, including no GNPs reinforcement, because §, = 0 in
this case. Then, Eq. (31) reduces to a Duffing equation.

Eq. (31) can be solved analytically using the method of multiple
scales in general. The approximate solution of Eq. (31) was assumed
as a second-order expansion in terms of a small positive parameter ¢,
which is a measure of the amplitude of the motion.

The expression for dimensionless circular frequency of the system
can be obtained as

) +0(5),

- 1082
Q=w,| 1+
is considered as the amplitude described in polar

95,5,

b 242
42
2452 “2)

max

where Y,

max
form [3,7,32].

Finally, the time history of the system in steady state motion as a
solution for Eq. (32) can be obtained as

2y2
3 Ymax

1)
> max7h (1 - % cos (Zwo‘r + 2(//0)) +0(%)

cos(wyT + ) — 25
(43)

g = gYmax
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eters, material properties and loading conditions are listed in Ta-
ble 1 unless otherwise specified. The laminate stacking sequence of
(0°/90°/90°/0°) was considered for the examples presented in this
section.

To validate the present analysis, the fundamental frequency w, =
@y L*\/p/(4E, H?) for a hinged-hinged four-layer (0°/90°/90°/0°)
symmetric cross-ply beam was calculated and shown in Table 2 and
compared with the finite element results of Subramanian [33] and
Chandrashekhara et al. [34] which are based on the first-order shear
deformation beam theory (FSDT). The geometric parameters and mate-
rial properties were E|; = 144.8 GPa, E,, = 9.65 GPa, L/h =30, v, = 0.3,
p = 1389.23 kg/m3, h = 0.5 m. All layers were assumed to have the same
thickness. From the results in Table 2, it can be observed that the present
results are within 7% of the published results, which constitutes a good
agreement.

Comparison of nonlinear frequency ratio for isotropic homogeneous
isotropic beams (v = 0.19, L/h = 20, T = 300 K, A = 100 mm, p = 1190
kg/m3, E = 2.5 GPa) at different vibration amplitudes are listed in
Table 3. The present results agree very well with those obtained by
Rafiee et al. [35] and Fu et al. [36].

Table 4 shows the effect of GNPs content, and the volume fraction of
fibers on the dimensionless nonlinear deflection, critical temperature
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Fig. 4. The dimensionless static central deflection of clamped-clamped and
hinged-hinged GFPMC beams for different uniform transverse mechanical loads.

Table 3
Comparison of nonlinear frequency ratio for an isotropic homogeneous beam
(L/h =20, h =100 mm, E = 2.5 GPa, p = 1190 kg/m®).

Source Wina /R

0.5 1 1.5 2 3
Present 1.00460 1.01833 1.04105 1.07249 1.15999
Ref. [36] 1.0058 1.0231 - 1.0892 1.1831
Ref. [35] 1.00460 1.01833 1.04105 1.07249 1.15999

difference and linear fundamental natural frequency of the GFPMC
beams with different boundary conditions. It can be observed that the
deflection of laminated composite beam significantly reduces with the
addition of a small amount of GNPs (See also Fig. 4). For instance, 11%
and 20% improvement can be seen with 0.5 wt% and 1 wt% of GNPs, re-
spectively (with V¥ = 0.4 and hinged-hinged boundary conditions). The
critical buckling temperature difference also significantly reduces with
a small addition of graphene content. This feature could be expected
because the addition of thermally conductive graphene sheets leads to
a more conductive structure and therefore more expansion undergoing
thermal load (See Fig. 5). Significant improvements can be also seen
for the fundamental natural frequencies. With V¥ = 0.4 and hinged—
hinged boundary conditions, 17% and 32% improvement can be seen

Table 4
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Fig. 5. Effect of GNPs weight percentage on the bifurcation diagram of GFPMC
beams for clamped-clamped and hinged-hinged boundary conditions.

by adding 0.5 wt% and 1 wt% of GNPs. Similar to the case of bending
deflection, the beam becomes stronger from GNP reinforcement. The
reduction in central deflection and buckling temperature and increase in
fundamental natural frequency, however, become less significant with
higher volume fractions of fibers under the same boundary conditions.
This is because higher volume fractions of fibers make the structure
stiffer and ¢ the resulting laminated composite beam is less sensitive
to reinforcement. For clamped-clamped GFPMC beams, similar trends
can be observed. Clamped boundary conditions result in smaller static
deflection, higher critical buckling temperature and higher natural
frequencies as could be expected.

The influence of graphene content on the nonlinear bending
(qn /491 F), critical temperature (AT /AT,,) and fundamental frequency
(£22/w,) ratios of the clamped GFPMC beams is presented in Table 5. Our
finding is that addition of GNPs does not affect the nonlinear bending,
critical temperature and fundamental frequency ratios of the clamped
fiber reinforced laminated composite thin beams. This could be expected
from the presence of 5, containing stiffness properties as a dividing term
in Eq. (34), (39) and (42).

Fig. 6 displays the curves for nonlinear to linear frequency ratio of
GFPMC beams for both clamped-clamped and hinged-hinged boundary
conditions. One can observe that small wt.% of GNPs result in higher

Effect of GNPs loading, and the volume fraction of fibers on the dimensionless nonlinear deflection, critical temperature difference and linear fun-
damental natural frequency of the GFPMC beams with different boundary conditions.

End condition VvF Nonlinear deflection Critical temperature difference Fundamental natural frequency
@ (41,) ()
0% 0.5% 1% 0% 0.5% 1% 0% 0.5% 1%
HH
0.4 1.4 1.24 1.12 66.64 26.29 19.62 0.139 0.163 0.183
-11% —20% —61% —-71% 17% 32%
0.5 1.3 1.18 1.09 81.9 37.67 27.91 0.147 0.164 0.18
—-9% —-16% —-54% —66% 12% 22%
0.6 1.21 1.13 1.07 94.87 53.46 40.65 0.152 0.165 0.176
7% —-12% —44% —57% 9% 16%
CC
0.4 0.568 0.457 0.381 274.7 108.4 80.88 0.316 0.369 0.416
—20% —-33% —61% -71% 17% 32%
0.5 0.496 0.421 0.365 337.6 155.3 115 0.333 0.373 0.409
—-15% —26% —54% —66% 12% 23%
0.6 0.439 0.39 0.35 391.1 220.4 167.6 0.345 0.374 0.4
-11% —20% —44% —57% 8% 16%
« Freq.|,o, onps — Freq-loys one
*[X%]: X%= 100% TS LESALY
Freq.|oy, nps
110
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Table 5
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Effects of graphene content on the nonlinear bending (qy, /g, 5), critical temperature (4T /AT,,) and fundamental

frequency (£2/w,) ratios of the clamped GFPMC beams.

wONP [g, AT,,, »,] Source Initial condition
0.1 0.2 0.3 0.4 0.5
0% ¢ =0.496 ayi/qir EQ. (34) 1.011 1.043 1.097 1.172 1.268
AT, =3376 AT/AT,, Eq. (39) 1.011 1.043 1.097 1.172 1.268
wy = 0.365 Q/w, Eq. (42) 1.001 1.005 1.012 1.021 1.034
0.5% g =0.421 ani/4qrr Eq. (34) 1.011 1.043 1.097 1.172 1.268
AT, = 1553 AT /AT,, Eq. (39) 1.011 1.043 1.097 1.172 1.268
w, =0.373 Q/w, Eq. (42) 1.002 1.006 1.014 1.024 1.038
1% g =0.365 ani/arr Eq. (34) 1.011 1.043 1.097 1.172 1.268
AT, = 1150 AT /AT,, Eq. (39) 1.011 1.043 1.097 1.172 1.268
, = 0.409 Q/w, Eq. (42) 1.002 1.007 1.015 1.026 1.041
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Foreword

This chapter is the first chapter in this dissertation that focuses on experimental results from
nanocomposites. In this chapter, an experimental study was carried out to study the vibrations and
damping of p-MWCNTs/epoxy and f-MWCNTs/epoxy two-phase nanocomposites. The
frequency response functions, coherence and phase diagrams of nanocomposites can explain the

vibration and damping behaviors of epoxy nanocomposites.
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ARTICLE INFO ABSTRACT

The vibration and damping characteristics of epoxy composites reinforced by pristine and functionalized multi-
walled carbon nanotubes (MWCNTSs) were investigated experimentally for potential use as integral passive
damping elements in structural composite applications. The MWCNTs were introduced into the acetone solvent
and then mixed with epoxy resin through a sonication process and mechanical stirring. The solvent was eva-
porated from the mixture by means of magnetic hot plate and the hardener was added once it was cooled down
to room temperature. The MWCMTs/epoxy mixture was then injected into a mold to form the nanocomposite
specimens. Nanocomposite specimens were fabricated for six different MWCNT loadings (0.02, 0.041, 0.061,
0.123, 0.25 and 0.37 wt%). Microstructural analysis, tensile and bending tests were carried out to examine the
effect of pristine multi-walled carbon nanotubes (p-MWCNTs) and functionalized multi-walled carbon nanotubes
(f-MWCNTSs). The frequency response functions (FRFs), coherence and phase diagrams of nanocomposites were
measured using a forced vibration technique. A periodic up-chirp signal was generated by a shaker to excite the
cantilever nanocomposite specimen at the base. The damped natural frequencies and damping ratios were ob-
tained for different loadings of MWCNTs. The experimental results indicated that the damped natural fre-
quencies of p-MWCNTs/epoxy and f-MWCNTSs/epoxy composites increased by adding MWCNTSs up to 0.12 wt.%,
and decreased at higher MWCNTs content. Addition of p-MWCNTs were improved the damping ratio of nano-
composites. While the damping ratios from f-MWCNTs at loadings of 0.02-0.06 wt.% were higher than those
from p-MWCNTs, they did not increase at higher CNTs contents for the first mode of vibration.

Keywords:

Polymer composite
Experimental vibration
Carbon nanotubes
Vibration damping
Functionalize CNTs
Epoxy nanocomposite

1. Introduction polyesters on mechanical properties of epoxy composites were studied

by Qi et al. [7]. Zhu et al. [8] reported 30-70% improvement in ulti-

The development of carbon nanotube-reinforced polymers has at-
tracted considerable interest due to the opportunity they afford to
modify the physicochemical (such as mechanical, electrical, and
thermal) properties of otherwise inert hosting polymers. Carbon na-
notubes (CNTs) composites have been studied by researchers and found
to improve such properties when mixed with polymer materials [1-4].

The two main challenges in using CNTs in composites are the pre-
vention of CNT clusters that tend to form, and the improvement of the
bond between the CNTs and the matrix, which is usually inadequate.
Chemical functionalization of CNTs is one of the ways to improve dis-
persion and strengthen the interfacial bonding strength between CNTs
and polymer matrix [5]. Montazeri et al. [6] used untreated CNT and
CNT-COOH to reinforce the diglycidyl ether bisphenol A epoxy resin.
Compared to the untreated CNT, CNT-COOH reinforced epoxy com-
posites showed higher Young's modulus values. Effects of noncovalently
functionalized multiwalled carbon nanotube with hyperbranched
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mate strength and modulus of epoxy composites with the addition of
only small quantities of single-walled CNT-NH,. Srikanth et al. [9]
explored amino functionalized MWCNT (MWCNT-NH,) to reinforce
carbon fiber/epoxy composites. Their results showed that mechanical
properties, such as flexural strength and interlaminar shear strength
(ILSS), were improved with the incorporation of MWCNT-NH, at a
loading of 0.5 wt.%. However, functionalized CNTs do not always im-
prove their matrices. Guadagno et al. [10] reported that the presence of
carboxyl-functionalized MWCNT (MWCNT-COOH) did not induce any
evident increase in the storage modulus of epoxy nanocomposites. On
the contrary, an almost constant or even decreased value with the in-
creasing content of MWCNT-COOH was observed. Cui et al. [11] found
that the tensile strength of MWCNT-COOH/epoxy composites tended to
degrade quickly with the increase of MWCNT-COOH content.
Investigation of the vibration and damping behavior of composites
with or without nanoparticles is an important issue in mechanical and
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Fig. 1. Fabrication process of MWCNTs/epoxy two-phase composites.

aerospace engineering. Many researchers have studied them both ex-
perimentally [12-21] and theoretically [1,15,22-30]. A state-of-the-art
review of vibration of composite beams and blades was presented by
Rafiee et al. [2]. Studies in the recent years have shown that carbon
nanotubes can introduce damping to attenuate the vibrations and noise
of two-phase [12-17] and three-phase [16-20] epoxy nanocomposites
by dissipating substantial amounts of vibration energy. Rajoria and
Jalili [12] studied the stiffness and damping properties of pristine
single-walled and multiwalled carbon nanotube-epoxy composites
through free and forced vibration. Up to 700% increase in damping
ratio was observed by using 5.0% wt.% MWCNTs in epoxy as compared
to plain epoxy. Jangam et al. [14] studied the influence of randomly
oriented and aligned pristine multi-walled carbon nanotubes on vi-
bration damping of epoxy nanocomposites at three different CNTs
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loadings (0.1, 0.2, and 0.3 wt%). Their results showed an improvement
by up to 37% in structural damping of aligned MWCNTs compared with
randomly oriented ones. Theoretical and experimental investigation of
vibration characteristics of carbon nanotubes-reinforced polymer
composite plate was performed by Mehar et al. [15]. Jamal-Omidi and
Shayanmehr [16] experimentally investigated the effects of adding
single-walled carbon nanotubes (SWCNTs) on the nonlinear free vi-
bration of neat resin and carbon fiber reinforced polymer composites
(CFRPs). Their results indicated that the nonlinear vibration behavior of
all models was close to homogenous materials with increasing SWCNTs.
The natural frequency and damping ratio of the p-MWCNTs-reinforced
epoxy composites were evaluated using free vibration tests by Her and
Yeh [13]. Their results showed that the natural frequency of the na-
nocomposite increased with the addition of MWCNTs, while the
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Table 1

Typical material properties of nanocomposite beam used in the examples unless
otherwise specified.

Source  Symbol Value Unit Description

General geometric parameters and loading conditions

h 3.175 mm Beam thickness
L 130 mm Effective length of the beam
b 12.7 mm Beam width
Multi-walled walled carbon nanotubes [32]
dCeN 9.5 x107° m Outer diameter of carbon nanotubes
£CN 1.5 x107° m Length of carbon nanotubes
N 60 kg/m®  Bulk density of carbon nanotubes
Epoxy resin polymer matrix (Part A + Part B) [33]
PER 1080 kg/m®  Mass density of epoxy resin matrix
EER 19.251 x 10° kg/m®  Young's modulus of epoxy resin
matrix
«FR 9.756 x 107°  1/K Thermal expansion coefficient of

epoxy resin matrix

damping ratio decreased. Vibrations of CNTs/fiber/polymer multiscale
composites were also reported on in the literature. The vibration
damping characteristics of nanocomposites and carbon fiber reinforced
polymer composites (CFRPs) containing multiwall carbon nanotubes
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(CNTs) were studied by Khan et al. [18]. Their methods included free
vibration by means of an imposed initial amplitude at the tip of the
beam, as well as forced vibrations by means of a shaker. The free vi-
bration test indicated that the damping ratio of the CFRP-CNTs com-
posites increased with increasing CNTs content. Their results also
showed a higher rate of increase in damping ratio than in the epoxy
nanocomposites. Johnson et al. [17] presented an experimental study to
quantify the structural damping in composites due to the addition of
CNTs to thermosetting resin systems with and without fiberglass re-
inforcement. Their results showed an increase in specific damping ca-
pacity with the addition of CNTs. The addition of fiberglass reinforce-
ment to composite samples was shown to reduce the effective damping
ratio compared to plain epoxy samples and CNT-filled epoxy samples.
Kim et al. [19] investigated the damping characteristics of woven
carbon fiber/epoxy composites using high loading of CNTs. The
damping ratio was improved by up to 12.3% (at the 1st natural fre-
quency) and 16.1% (at the 2nd natural frequency), in the 7 wt% dis-
persed CNT specimen. Khashaba [20] investigated the effect of
MWCNTs on the damping properties of glass-fiber reinforced epoxy
composites. They concluded that the addition of MWCNTs increased the
natural frequencies and damping ratio of multiscale composites. Rafiee
et al. [30] addressed the cross-sectional design and analysis of fiber-
reinforced multiscale composite beams of general cross-sectional shape

SCADAS Data
Aquisition System

20 Measurement

Accelerometers

<

Force s:sor signal

High speed
data cable

PC with LMS Test.lab

Fig. 3. Schematic diagram of the experimental procedure for vibration testing of MWCNTs-reinforced composites.
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Fig. 5. Three first mode shapes of cantilever composite beams calculated from Polymax module (a) Mode I, (b) Mode II, (¢) Mode III (accelerometers locations are
shown by solid squares and a number).

lerometers

o
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cantilever beam

£y .
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$ ¥

Fig. 6. Experimental set-up with (a) neat epoxy specimen, (b) nanocomposite specimen.

Table 2 and arbitrary anisotropic material properties and investigated the effect
Data acquisition details. of carbon nanotubes on their stiffness properties. In another study, they
Source Type developed a mathematical model to predict the effective material
properties of graphene nanoplatelets/fiber/polymer multiscale com-
Excitation signal Periodic Chirp (Chirp Sine or Sweep Sine) — up- posites. The numerical results showed that the central deflection and
) chirp natural frequency were significantly improved by a small percentage of
Sampling frequency 1024 Hz
Frequency range of interest 10-1000 Hz graphene nanoplatelets (GNPs).
Frequency resolution 0.125 As evident from the aforementioned literature references, no study
FRF estimator H1 has been reported on the vibration and damping characteristics of
functionalized MWCNTs-reinforced epoxy composites. The present re-
search aimed to understand the practical aspects related to the vibra-
tion and damping behavior of pristine and functionalized MWCNTs/
Table 3
Accelerometers specifications.
Location (See Fig. 5) Model Height (mm) Weight (g) Sensitivity Frequency Range ( + 5%) (Hz)
1 (Base) 352C22 3.6 0.5 9.6 1.0 to 10000
2 (Middle) 352C22 3.6 0.5 9.73 1.0 to 10000
3 (Tip) 352C22 3.6 0.5 9.26 1.0 to 10000
4 352A24 4.8 0.8 98.1 1.0 to 8000
5 352A24 4.8 0.8 100.7 1.0 to 8000
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Fig. 7. Optical micrograph of (a) p-MWCNTs/DGEBA and (b) f-MWCNTs/DGEBA at 0.123 wt.%.
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Fig. 9. Flexural stress-strain average curves of epoxy beams reinforced with (a) p-MWCNTs and (b) f-MWCNTs.

epoxy composites for potential use as integral passive damping ele-
ments in structural composite applications. In addition, the study was
also focused on evaluating the effect of MWCNTs functionalization on
the mechanical properties of two-phase epoxy resin composites.

2. Materials, processing and fabrication
2.1. Materials

The pristine multi-wall carbon nanotube (NC7000) and amine
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functionalized multi-wall carbon nanotube (NC7000-NH,) were ob-
tained from Nanocyl S.A., Belgium. They featured an average diameter
and length of 9.5 nm and 1.5 pum, respectively. MWCNTs were produced
via the Catalytic Chemical Vapor Deposition (CCVD) process with
carbon purity of 90%. The low viscosity diglycidyl ether of bisphenol-A
(DGEBA) epoxy resin PT-2712 Part A and the diethyltoluenediamine
(DETDA) curing agent PT-2712 Part Bl produced by PTM&W
Industries, Inc., USA were used. Epoxy resin Part A and B mixing weight
ratio was 100/22 as per manufacturer recommendation.
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Fig. 10. FRFs, coherence and phase diagrams for neat epoxy and p-MWCNTs (0.025, 0.050 and 0.075 DGEBA wt.%) reinforced composites.

2.2. Processing and fabrication of MWCNTs/polymer nanocomposites

The two-phase polymer matrix composites reinforced by pristine
multi-wall carbon nanotube (p-MWCNTSs) or functionalized multi-wall
carbon nanotube (f-MWCNTs) were prepared with nanotube loadings of
0.025, 0.050, 0.075, 0.15, 0.3 and 0.45 of DGEBA wt%. The equivalent
nanotube loadings with respect to total weight (DGEBA + DETDA)
were 0.020, 0.041, 0.061, 0.123, 0.246 and 0.369 wt%, respectively.
Fig. 1 shows a schematic of the method for the preparation of the
MWCNTs/epoxy nanocomposites. The MWCNTs were dispersed at a
ratio of 1 g of MWCNTs per each liter of acetone. This mixture was
sonicated using an ultrasonic probe (Q700 Sonicator, Qsonica LLC,
USA) for half an hour. To avoid any adverse high temperature effects,
sonication was performed by 20-sec ON pulses followed by 10-sec OFF
cycles. The mixture was then stirred by “high shear” laboratory shear
mixer at 400 rpm for 12h. During mixing, dispersion of CNTs takes
place in the resin. After this step, the mixture was simultaneously he-
ated and stirred by a Teflon-coated magnetic bar on a magnetic stir
plate for 4hat 70°C. The objective was to remove the acetone by
evaporation. To fully complete the acetone removal, the mixture was
placed in a vacuum chamber for half an hour. After this step, the slurry
of epoxy resin DGEBA and MWCNTs were allowed to cool to room
temperature before the curing agent was added, to avoid premature
curing during mixing. Low viscosity curing agent DETDA was added
with a curing agent to resin ratio of 22:100. The mixture was shear-
mixed at 800 rpm for 30 min using a mechanical stirrer with stainless
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steel axial impeller. The mixture was degassed in a vacuum chamber at
ambient temperature for about 30 min, and poured into aluminum
molds. The samples were cured at room temperature for 15 h followed
by a post cure of 1 °C/min ramp rate, held every 20 °C for an hour, then
continuing until a final hold of 3hat 100 °C to remove the possible
thermal history (See Fig. 2).

3. Characterization
3.1. Tensile and bending

The tensile and three-point bending tests were carried out using an
Instron 4482 machine at a crosshead speed of 1 mm/min according to
ASTM D638 and ASTM D70, respectively. Tensile specimens were of the
type I of ASTM D638 with the overall dimension
165 x 19 x 3.175mm> Advanced video extensometer was used to
measure the strain of the specimen. Three-point flexural specimen were
165 x 12.7 x 3.175 mm?®. Blue hill 2 software was used to run the test,
acquire and process the data to obtain the tensile and bending prop-
erties.

3.2. Vibration
The shaker vibration test was used to measure the natural fre-

quencies and damping factors of nanocomposites specimens in the form
of cantilever beams. The clamped-free beam was excited by a vibration
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Fig. 11. FRFs, coherence and phase diagrams for neat epoxy and f-MWCNTs (0.025, 0.050 and 0.075 DGEBA wt.%) reinforced composites.

shaker (Briiel & Kjer Sound & Vibration Measurement A/S, Denmark)
at the clamped end, and the response of the beam was tracked by means
of accelerometers and the computed frequency response functions
(FRFs) gave information about the natural frequencies of the composite
beam.

Rectangular specimens of 12.7 mm (0.5 in) wide, 3.175 mm thick
(1/8 in) and 152.4 mm long (6 in) were prepared for vibration tests
according to ASTM E756. The free beam length was defined as the
distance between the clamp and the specimen tip and was measured as
130 mm (See Table 1). Fig. 3 shows the schematic of instrumentation
used for vibration test. Acceleration was measured at a total of five
points by means of miniature lightweight accelerometers (See Table 3)
and a piezoelectric crystal force transducer (Quartz ICP° Force Ring,
PCB® Model 201B03, measurement range of 2.224kN) was used to
measure the excitation force exerted by the electrodynamic shaker (See
Fig. 6). A power amplifier was required to drive the shaker. Periodic
chirp excitation signals were used with a frequency bandwidth of
0-1024 Hz to guarantee high quality measurements. The tests were
performed using the LMS Test.Lab by Siemens’, which is an integrated
solution for experimental vibrational analysis including tools for data
acquisition (LMS SCADAS III with eight measurement channels and two
output channels), test execution and data processing (LMS Testing So-
lution Software). The LMS SCADAS III was used to acquire the signals
from the force sensor and the piezoelectric accelerometers and to
control the amplifier connected to the shaker, by means of a digital-
analog converter output. Spectral Testing module of LMS Testing So-
lution Software was used for the shaker test. The Modal Analysis
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module was then used to analyze the power spectral density (PSD) of
the excitation signal, the FRFs and the coherence functions, and to
calculate FRF sum functions (i.e. the sum of the five FRFs). Finally, the
PolyMAX frequency domain identification method [31], which is based
on a least squares fit, was used to identify the natural frequencies,
damping ratios and vibration modes of MWCNTSs/epoxy nanocompo-
sites. All measurements were acquired in the frequency range
10-1024 Hz, with a resolution of 0.125Hz. Each measurement was
averaged over 20 acquisitions. A list of data acquisition details is given
in Table 2.

There are many methods for measuring the damping of a vibration
system such as the logarithmic decrement (for damping measurement
in time domain) method and the bandwidth method (for damping
measurement in frequency domain). For the present study, the half-
power bandwidth method (also known as 3 dB bandwidth method and
cut off frequency method) was used in LMS Test.Lab for measurement
of damping factor (Q factor), damping ratio ({), and loss factor (i) (See
Fig. 4):

1
T == =2
n Qn n

_ M
3

)

@

where Afsgp is the difference between frequencies corresponding to 3 dB
points around the damped natural frequencies and n is the mode
number.
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Fig. 12. Magnification of FRFs, coherence and phase diagrams around fundamental resonance peak of MWCNTSs/epoxy.

4. Results and discussion

A ZEISS (AX10 model) optical microscopy was used to observe the
distribution of pristine and functionalized MWCNTs in epoxy resin at
room temperature. Fig. 7 shows the optical micrographs of p-MWCNTs
and f-MWCNTs dispersed in epoxy. Since the uniform dispersion state of
CNTs in epoxy resin is unstable at different times and temperatures, the
optical images were taken at a specific time and temperature (120 min
and room temperature in this case) after finishing the process of mixing
MWCNTs/acetone with DGEBA. The MWCNTs dispersion was obtained
by mixing both individual MWCNTs and micro MWCNTs aggregates
connected by MWCNTs in epoxy resin, as seen in Fig. 7.

4.1. Tensile and flexural properties

The effects of pristine and functionalized carbon nanotubes on
tensile and bending properties of MWCNTs/epoxy composite are shown
in Figs. 8 and 9. The curves were averaged from five specimens. It can
be observed that the incorporation of p-MWCNTs and f-MWCNTs in the
polymer matrix had significant effects on the tensile strength up to
0.06 wt.%. For instance, 0.02 wt.% of p-MWCNTs and f-MWCNTSs im-
proved the strength of nanocomposite by 22.2% and 6.3%, respectively.
At higher loading of MWCNTSs, the material exhibited brittle behavior
and both the elongation and strength became lower than those of neat
€poxy.

Bending test results also showed the effects of pristine and
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functionalized MWCNTs on the strength and elongation of nano-
composite specimens (Fig. 9). The maximum bending strength of p-
MWCNTs and f-MWCNTs were observed at 0.06 and 0.02 wt.%, re-
spectively. A significant increase in ultimate strain can be seen in p-
MWCNTs (145.8% at 0.25 wt%) while the maximum increase in f-
MWCNTs was 58.0% at the loading of 0.37 wt.%.

4.2. Vibration and damping results

Damped natural frequencies, frequency-response functions (FRFs),
phase diagram, coherence, and damping ratios about the first three
vibration modes were obtained and shown in Fig. 10 through 15. We
can see from Table 4, Figs. 12 and 13 that the damped natural fre-
quencies of p-MWCNTs/epoxy and f-MWCNTs/epoxy composites in-
creased by adding CNTs up to 0.12wt.% and decreased with higher
MWCNTs content. The maximum improvements happened at 0.02 wt%,
and reached 9.4% in f-MWCNTs/epoxy composites compared to 7.2%
in p-MWCNTs/epoxy. It was also observed that the improvement in
fundamental natural frequency was more pronounced than that for
higher natural frequencies. For instance, addition of 0.02% of f-
MWCNTs improved the fundamental, second and third damped natural
frequencies by 9.4%, 7.5% and 6.3%, respectively.

The effects of pristine and functionalized carbon nanotubes on the
damping ratios of epoxy-based composite beams were investigated and
depicted in Figs. 14 and 15, Fig. 15, respectively. As one can observe
from Fig. 14, the damping ratios dropped by 18% till loading of 0.06 wt.
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Table 4

Comparison of linear damped frequencies of pristine and functionalized MWCNTSs/epoxy composites.

Polymer Testing 69 (2018) 385-395

MWCNTs type Damped natural MWCNTs wt.%
frequency
0 0.02% 0.04% 0.06% 0.12% 0.25% 0.37%
(Neat Epoxy) (0.025 DGEBA wt. (0.05 DGEBA wt.  (0.075 DGEBA wt. (0.15 DGEBA wt. (0.3 DGEBA wt.  (0.45 DGEBA wt.
%) %) %) %) %) %)3
p-MWCNTs fa 38.34 41.09 41.09 41.09 39.133 37.798 36.323
7.2%" 7.2% 7.2% 2.1% -1.4% -5.3%
fao 247.504 259.459 259.459 259.459 250.974 239.104 247.836
4.8% 4.8% 4.8% 1.4% —3.4% 0.1%
fi3 661.378 687.777 687.777 687.777 669.42 641.225 659.76
4.0% 4.0% 4.0% 1.2% —3.0% —-0.2%
f-MWCNTs fa 38.34 41.945 39.824 40.028 38.086 39.601 37.464
9.4% 3.9% 4.4% -0.7% 3.3% -2.3%
f4 247.504 266.099 256.355 255.538 244.302 245.216 251.815
7.5% 3.6% 3.2% -1.3% —0.9% 1.7%
fas 661.378 702.979 678.869 675.292 654.476 647.509 667.917
6.3% 2.6% 2.1% -1.0% -2.1% 1.0%
a xo = 100% Freq .y I\;IJWCNTS — Freq.|Neat epory
7eq |Neat epoxy
% and then improved by adding the p-MWCNTSs in the composites for Acknowledgements

the first vibration modes. For instance, a 46% improvement in damping
ratio in p-MWCNTs/epoxy composite can be seen at a loading of
0.37 wt.%. In f-MWCNTSs/epoxy composites, a relatively monotonous
decrease in damping ratio can be observed. While the damping ratios
from f-MWCNTs at loadings of 0.02-0.06 wt.% were higher than those
from p-MWCNTs, they did not increase at higher CNTs contents for the
first mode of vibration.

For the second mode of vibration, both pristine and functionalized
multiwalled CNTs improved the damping characteristics of nano-
composite beams. For instance, an over 40% improvement was re-
corded in damping ratio of p-MWCNTs/epoxy composites at 0.25 wt.%
loading. A maximum improvement by 36.5% in damping ratio of f-
MWCNTs/epoxy composites was observed at 0.37 wt.% loading.
Damping ratio results of third mode of vibration showed no significant
improvements.

5. Conclusion

The experimental vibration and damping of p-MWCNTSs/epoxy and
f-MWCNTs/epoxy nanocomposites were studied. Nanocomposite spe-
cimens were fabricated for six different MWCNT loadings (0.02, 0.041,
0.061, 0.123, 0.25 and 0.37 wt%). Microstructural analysis, as well as
tensile and bending tests were carried out to examine the effects of p-
MWCNTs and f-MWCNTs. The frequency response functions, coherence
and phase diagrams of nanocomposites were measured using periodic
up-chirp forced vibration technique. The experimental results indicated
that the damped natural frequencies in p-MWCNTs/epoxy and f-
MWCNTs/epoxy composites increased with MWCNTs loading up to
0.12 wt.% and decreased at higher MWCNTSs content. Another finding
was that the improvement in fundamental natural frequency was more
pronounced than at higher natural frequencies. The forced vibration
test confirmed the beneficial effect of p-MWCNTs on the damping ratio
of nanocomposites for the first and second vibration modes. However, a
decrease in damping ratio was observed in f-MWCNTs/epoxy compo-
sites. For instance, a 46% improvement in damping ratio for the fun-
damental vibration mode was observed at a loading of 0.37 wt.% in p-
MWCNTs/epoxy composite. While the damping ratios from f-MWCNTSs
at loadings of 0.02-0.06 wt.% were higher than those from p-MWCNTs,
they did not increase at higher CNTs contents for the first mode of vi-
bration.
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Chapter 7

7. Simultaneous reinforcement of matrix and fibers for enhancement of

mechanical properties of graphene-modified laminated composites

This chapter is based on an article that is under review for possible publication in the journal

Polymer Composites.
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Foreword

This chapter covers a novel fabrication method that combines a nanoparticle spraying process with
nanoparticle/epoxy mixture to incorporate nanoparticles for enhancement of mechanical properties
of laminated multiscale epoxy composites. Several graphene-based nanomaterials including
graphene oxide, reduced graphene oxide, graphene nanoplatelets, and multi-walled carbon
nanotubes are employed to modify the epoxy matrix and the surface of glass fibers. The
morphological, rheological, and mechanical properties of the glass fiber-reinforced multiscale

composites are investigated.
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Abstract

Fiber and matrix-dominant properties of fiber-reinforced polymer composites are important
in many structural applications. Pre-mixing the polymer matrix with nanoparticles could enhance
the through-thickness or matrix-dominant properties. Surface treatment of fiber reinforcements
with nanoparticles, on the other hand, could improve the in-plane or fiber-dominated properties of
laminated composites, as well as interfacial adhesion. In this paper, a novel low cost manufacturing
method, combining surface treatment of fibers with matrix modification techniques, was devised
to incorporate nanoparticles for the simultaneous reinforcement of matrix and fibers without
increasing the viscosity of the epoxy matrix. Several graphene-based nanomaterials, including
graphene oxide (GO) and its thermally reduced version (rGO), graphene nanoplatelets (GNPs),
and multi-walled carbon nanotubes (MWCNTs) were employed to modify the epoxy matrix and
the surface of glass fibers. Unmodified and modified epoxy and fibers were used for fabricating
multiscale glass fiber-reinforced composites following the vacuum-assisted resin transfer molding
(VARTM) process. The composites obtained combined improvements in both the fiber and matrix-

dominant properties, resulting in superior composites. We investigated the morphological,

104



rheological and mechanical properties of the glass fiber-reinforced multiscale composites. The
results from testing for tensile properties and interlaminar shear strength (ILSS) of the glass fiber
reinforced composites indicates that the introduction of graphene nanoplatelets, graphene oxide,
reduced-graphene oxide, and multi-walled carbon nanotubes enhanced mechanical properties. In
particular, addition of 0.1, 1 and 0.01 wt.% of graphene nanoplatelets, graphene oxide, and
reduced-graphene oxide leads to 6.8, 14.6 and 8.2% improvement in ultimate load capacity of the
glass fiber reinforced composite, respectively. Compared with the control neat epoxy/fiberglass
composite, the average ILSS value of multiscale nanocomposites increases up to 15.4, 8.9, 13.3
and 10.7% with 0.15, 0.2,1.0 and 0.042 wt.% of MWCNTs, GNP, GO and rGO, respectively. The
fracture surfaces of the fiber-reinforced composites were examined by scanning electron

microscopy (SEM) and we used the micrographs to explain the tensile and ILSS results.

Keywords: polymer composite; graphene nanoplatelets, graphene oxide, multiscale

nanocomposite, matrix and fiber treatment.

7.1 Introduction

There is a need for developing new manufacturing methods to fabricate polymer resins
enhanced with carbon nanomaterials for applications where weight, stiffness and strength are
critical, and to assess the nanoparticle reinforcement achieved compared to conventional laminates
such as glass fiber and carbon fiber reinforced polymer composites. Multiscale nanocomposites
are a novel class of multifunctional composite materials that have received special attention
because of their improved properties at very low loading levels compared with conventional filler
composites [1,4-6]. While conventional polymer composite materials reinforced by continuous
fibers are strong in in-plane direction, they are usually weak against matrix-dominated failures.
Graphene nanomaterials such as single- and multi-walled carbon nanotubes (SWCNTs and
MWCNTs), graphene nanoplatelets (GNPs), graphene oxide (GO) and reduced-graphene oxide
(rGO) are light nano-sized small materials with excellent thermo-electro-mechanical properties.
When conventional fiber-reinforced laminates are modified with graphene nanomaterials, new
materials with improved mechanical, thermal and electrical properties may be developed [1,4-8].
Carbon nanotubes are an allotrope of sp2 hybridized carbon with one or several tubes in concentric
cylinders. GNPs are composed of several layers of graphene and are considered as smart

reinforcing fillers [4,9]. GNPs’ properties can be influenced by their manufacturing methods.
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GNPs were also observed as a probable substitute to carbon nanotube in terms of cost and better
targeted properties [10]. Graphene oxide is a compound of carbon, oxygen, and hydrogen in
variable ratios. It can be synthesized by exfoliating layered graphite oxide (graphite with strong
oxidizers) [11,12]. GO does not require functionalization as it consists of graphene sheets with
hydroxyl, carboxyl, and epoxide groups. Reduced-graphene oxide (rGO) can be obtained as a
powder form by reducing GO using several methods such as microwave, laser, electrochemical,

or hydrazine vapor treatment.

Typical manufacturing methods to fabricate laminates composite parts are vacuum-assisted
resin transfer molding (VARTM) [6,56], autoclave molding [6], compression molding (including
hot pressing) and hand lay-up [57]. A review of some of the techniques for manufacturing of
multiscale composite and challenges can be found in the work of McCrary-Dennis and Micah [6].
Due to minimal pressures, ambient temperature and low-cost tooling involved, VARTM is the
method of choice for large, complex parts like boat hulls or large transportation parts like bus
bodies. Fiber reinforcements are placed in a one-sided mold, like fiberglass, metal or even wood,
and the layup is sealed using vacuum bagging materials to create a vacuum-tight seal. Resin is
infused into the fiber reinforcements (preform) at strategically-placed ports and is drawn by the

vacuum pump throughout the layup.

Pre-mixing the polymer matrix with nanoparticles could enhance the through-thickness or
matrix-dominant properties [8,52]. In pre-mixed polymer infusion, nanoparticles are initially
dispersed in the resin to form a nanoparticle-resin mixture that is then infused into the preform to
manufacture the final composite part. The limitations of this approach arise from agglomeration,
self-filtration and viscosity issues. For instance, at CNT loadings higher than 0.075% wt.% of
epoxy, high viscosity of the mixture does not allow the resin to be infused throughout the fabrics
and leads to self-filtration. Filtration effects can be minimized by using low loading fractions
(generally <0.1 wt.% of epoxy matrix) and short CNTs (generally <I um); however, these

approaches, in turn, reduce the potential for significant mechanical reinforcement.

Surface treatment of fiber reinforcements with nanoparticles, on the other hand, could
improve the in-plane, fiber-dominant properties of laminated composites as well as interfacial
adhesion. Some examples of surface treatment are chemical grafting [58], electrochemical method

[59,60], plasma treatment [61], and sizing method [62,63]. Surface treatment allows for higher
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loadings of nanoparticles and alleviates the problem of agglomeration commonly observed when
nanoparticles are freely dispersed in a matrix. However, matrix-dominant properties such as

structural damping could not be improved with this approach.

A review of the literature reveals that multiscale fiber reinforced composites are
manufactured by either modifying the resin matrix or the fiber reinforcement. While the
simultaneous enhancement of fiber and matrix could benefit the material properties of laminated
composites, to the best of authors’ knowledge, no study has considered the manufacture and
assessment of the mechanical properties of hierarchical multiscale laminated composites produced

following such an approach.

In this paper, we investigate the processing, fabrication and characterization of graphene
nanomaterials-modified fiberglass/epoxy composites. A novel method combing spraying and
nanoparticle-resin mixture techniques was devised to incorporate different nanoparticles for
simultaneous reinforcement of matrix and fibers without increasing the viscosity of the epoxy
matrix. Several panels were manufactured using the VARTM method incorporating carbon
nanomaterials. The mechanical, and rheological and morphological characteristics of the resulting

multiscale hierarchical composites were studied experimentally.

7.2 Materials, processing and fabrication

7.2.1 Materials

The pristine and amino-functionalized graphene nanoplatelets (p-GNPs and f-GNPs) were
obtained from Cheap Tubes Inc., U.S.A. They were made by exfoliating graphite down to 5-15
atomic layers and featured an average thickness and diameter of 1.5 nm and 5 pm, respectively.
Their bulk density was 0.21 g/cm®. The single layer graphene oxide (GO) with bulk density of 1
g/cm® was received in the form of powder from Abalonyx, Norway. Reduced graphene oxide
(rGO) produced by thermal reduction of graphene oxide was also obtained from Abalonyx,
Norway. The rGO had a carbon content of about 86 % atomic or about 82 wt.% and its bulk density
was 0.01 g/cm®. The pristine multi-wall carbon nanotubes (NC7000-MWCNTSs) were obtained
from Nanocyl S.A., Belgium. They featured an average diameter and length of 9.5 nm and 1.5 pm,
respectively. The unidirectional E-glass fabrics with an average fiber diameter of 20 um was
provided by NMG, China. The low viscosity diglycidyl ether of bisphenol-A (DGEBA) epoxy

resin PT-2712 Part A and the diethyltoluenediamine (DETDA) curing agent PT-2712 Part B1 were
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produced by PTM&W Industries, Inc., USA. Epoxy resin Part A and B mixing weight ratio was
100:22 as per manufacturer recommendation. The typical material properties for the materials used

in this study are listed in Table 1.

Table 7-1. Typical material properties for the materials used in this study.

Source Symbol Value Unit Description

Graphene nanoplatelets

h 1.5x10° m Average thickness of graphene nanoplatelets
d 5%10°¢ m Average diameter of graphene nanoplatelets
wONP 1 % Weight percentage of graphene nanoplatelets

pGNP 1062.5 kg/m’ Mass density of graphene nanoplatelets
ESNP 1x10'2 kg/m? Young’s modulus of graphene nanoplatelets

Epoxy resin polymer matrix (Part A+ Part B) [54]

P 1080 kg/m’ Mass density of epoxy resin matrix
JEER 19.251x10° kg/m*  Young’s modulus of epoxy resin matrix
/K Thermal expansion coefficient of epoxy resin
a™ 9.756 x10° )
matrix

7.2.2  Processing and fabrication of multiscale nanocomposites

7.2.2.1 Two-phase epoxy/nanoparticle composites

The two-phase polymer matrix composites modified with MWCNTs, GNPs, GO and rGO
were prepared with different loadings of nanoparticles as indicated in Table 2. The nanoparticle
loadings were calculated with respect to epoxy (DGEBA), epoxy and hardener
(DGEBA+DETDA), and total fiber reinforced composite. Fig. 1 shows a schematic of the method
for the preparation of the multiscale nanocomposites. As mentioned in the Introduction section,
when manufacturing nanocomposite laminates by VARTM, a filtration effect was observed for
CNTs loading higher than 0.075 wt.% of DGEBA. Therefore, part of the nanoparticle/acetone
mixture was used for sizing of fabrics while the rest of the mixture was kept for preparation of the
infusion epoxy as indicated in Fig. 2. Table 3 lists the different loadings of carbon nanomaterials

that were sprayed on fabrics as well as the percentage that was used for infusion of the epoxy.
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Fig. 7-1. New route for fabricating multiscale nanocomposite.

Table 7-2. Loadings of nanoparticle used for modification of fiberglass/epoxy composites.

wt% of total

wobof | voltof (LR Commar  (QGEBAT opg,
DETDA) DETDA) bers) DETDA-+Hibers)
MWCNT 0.075 1.38 0.06 1.1 0.02 0.55
0.15 2.75 0.12 2.2 0.04 1.1
0.3 5.5 0.25 4.4 0.07 2.2
GNP 0.1 0.55 0.08 0.44 0.02 0.22
0.2 1.1 0.16 0.88 0.05 0.44
0.4 2.2 0.33 1.76 0.1 0.88
1 5.5 0.82 4.4 0.25 2.2
GO 1 1.1 0.82 0.88 0.25 0.44
2 2.2 1.64 1.76 0.5 0.88
rGO 0.01 1.1 0.008 0.88 0.002 0.44
0.03 33 0.025 2.64 0.007 1.32
0.042 4.6 0.034 3.7 0.010 1.85
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Fig. 7-2. Fabrication process of multiscale fiber glass/epoxy composites modified with

graphene-based nanoparticles.

The nanoparticles were dispersed at a concentration of one gram of nanoparticles per liter of
acetone. For the sizing of fabrics, the nanoparticle/acetone mixture was mixed with the desired
amount of epoxy (See Table 3) and then was sonicated using an ultrasonic probe (Q700 Sonicator,
Qsonica LLC, USA) for half an hour. To avoid any adverse high temperature effects, sonication
was performed by 20-sec ON pulses followed by 10-sec OFF cycles. The desired amount of
mixture was used for the sizing of fibers via a spraying process. The ratio of epoxy per square
meter of fabrics (both fabric sides) was 14. A laboratory mixer stirred the remainder of the mixture
at 400 rpm for 12 hours to ensure good dispersion of nanoparticles in the epoxy resin. After this

step, the mixture was placed on a magnetic hot plate stirrer, using a Teflon-coated magnetic bar,
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to mix the solution for 4 hours at 70°C. The objective was to remove the acetone by evaporation.
To ensure the complete removal of acetone, the mixture was placed in a vacuum chamber for 30
minutes. The slurry of epoxy resin DGEBA and GNPs was allowed to cool to room temperature
before the curing agent was added, to avoid premature curing during mixing. Low viscosity curing
agent DETDA was added to give a curing agent to resin ratio of 22:100. The mixture was mixed
at 800 rpm for 30 minutes using a mechanical stirrer with stainless steel axial impeller. The mixture
was degassed in a vacuum chamber at ambient temperature for about 30 minutes. The mixture was

used as an infusion epoxy for manufacturing of laminates, which is explained in the next section.

Table 7-3. Weight and volume percentile of nanoparticle used for spray process and infusion of fiber-
glass/epoxy composites.

wt.% of DGEBA vol.% of DGEBA Sprayed vol. % Infusion vol.%
MWCNT 0.075 1.38 0.69 0.69
0.15 2.75 1.37 1.38
0.3 5.5 4.12 1.38
GNP 0.1 0.55 0.275 0.275
0.2 1.1 0.55 0.55
0.4 2.2 1.1 1.1
1 5.5 4.4 1.1
GO 1 1.1 0.55 0.55
2 2.2 1.1 1.1
rGO 0.01 1.1 0.55 0.55
0.03 3.3 2.2 1.1
0.042 4.6 3.5 1.1

7.2.2.2  Three-phase laminated composites

We fabricated multiscale fiber reinforced laminated composites with the nanoparticle-filled
epoxy resin through a VARTM process. The reinforcement was three layers of unidirectional glass

fabrics in cross ply form [0°,90°,0°] where 0° was the main direction of testing.

After the infusion of the nanoparticle/epoxy dispersions, the laminates were cured at room
temperature for 15 hours. A post curing step was then performed where the temperature of the
laminates was ramped at a rate of 1°C/min, held constant every 20°C for an hour, then continuing

until a final hold of three hours at 100°C to remove the possible thermal history. The vacuum
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bagging system combined with the two-stage degassing process can achieve a low void content
for thermoset composites. The composite coupons were 1.9 £ 0.1 mm in thickness, and cut by

water jet for testing.

The fiber volume fraction, V%, for each laminate configuration, was calculated in accordance

with ASTM D 3171 as

_A4,xN (1
pth

Vf

where Ay is the fabric areal weight, N is the number of plies, pris the fiber density and 4 is the
laminate thickness. The approximate calculated values of E-glass fibers volume and weight

fractions were 50% and 70%, respectively.

7.3 Characterization

7.3.1 Morphology

The morphology of nanoparticles, as well as two-phase and three-phase composites were
observed through A ZEISS (AX10 model) optical microscopy. Since the dispersion of CNTs in
epoxy resin is unstable at different times and temperatures, the optical images were taken at a
specific time and temperature (120 minutes and room temperature in this case) after finishing the
process of mixing MWCNTs/acetone with DGEBA. The dispersion of the carbon nanoparticles
was also investigated by TECNALI Spirit transmission electron microscopy (TEM) operated at 120
kV. The analysis of fracture surfaces was done using Zeiss EVO10 SEM scanning electron

microscope (SEM) at 5kV accelerating voltage.

7.3.2  Rheology

Several tests were also performed to investigate the rheological behavior of the epoxy resin
(DGEBA) containing different loading of nanoparticles. Experiments were carried out on a
rotational rheometer (MCR 301) from Anton Paar Inc. Steady shear tests were performed to
measure the viscosity over the range of shear rates between 0.1 to 100 s™'. All rheological

measurements were carried out at room temperature.
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7.3.3  Mechanical properties

7.3.3.1 Tensile test

The tensile tests were carried out using an Instron 4482 mechanical testing machine with a
calibrated 100 kN load cell at a crosshead speed of 1 mm/min according to ASTM D3039. The
overall dimension of the tensile specimens were 150 x 25 x 3 mm?®. An Advanced Video
Extensometer was used to measure the strain of the specimens. Blue Hill 2 software was used to
run the tests, acquire and process the data to obtain the tensile properties. Five specimens of each

type of material were tested.

7.3.3.2  Short beam shear test

Interlaminar shear strength (ILSS) was determined by short beam shear (SBS) test according to
ASTM D2344. SBS tests were carried out on an Instron 4482 test machine at room temperature
with a cross-head speed of 1 mm/min. The specimens were prepared with outer dimensions of 3
mm x 6 mm X 24 mm and a span of 18 mm. Five specimens of each material type were tested.
Interlaminar shear strength was calculated by 0.75Pw/(bh) where Pr, is the maximum load observed
during the test in Newtons, and b and / are the measured specimen width and thickness in

millimeters, respectively.
7.4 Results and discussion
7.4.1 Morphology of nanoparticles, epoxy and fibers

7.4.1.1 TEM micrographs

Fig. 3 (a—h) present TEM micrographs of materials fabricated in this investigation: (a-b)
MWCNTs, (c-d) GNPs, (e-f) Go, and (g-h) rGO. Occasional localizations of carbon nanotubes and
graphene aggregates can be observed in the TEM images, which suggest the existence of van der

Waals forces and interactions between GNPs, GO and rGO sheets.
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a - MWCNTs | b-MWCNTs|

Fig. 7-3. TEM images of nanoparticles: (a-b) MWCNTs, (c-d) GNPs, (e-f) GO, and (g-h) rGO.
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7.4.1.2  Optical micrographs

Fig. 4 shows the optical micrographs of GNPs and MWCNTs dispersed in epoxy matrix. Optical
micrographs were obtained at different magnification levels for the nanoparticle/epoxy
suspensions. Micrographs for the GNP/epoxy suspensions (Fig. 4 a-b) show relatively
homogenous distributed aggregates due to favorable GNP interactions with the epoxy matrix [64].
At high magnification, the presence of large size GNP aggregates can be observed, primarily due
to van der Waals forces and strong n—m interactions between the GNP sheets [65]. By contrast, the
MWCNTs/epoxy suspensions (Fig. 4 c-d) show more loosely packed isolated aggregates of carbon
nanotubes, resulting in a relatively inhomogeneous suspension. Such aggregates form due to CNT
unfavorable interactions with the epoxy matrix [66] and van der Waals attraction forces between

the CNTs.

Fig. 7-4. Optical micrograph of (a) GNPs 0.2%, (b) GNPs 1.2%, (c) MWCNTs 0.075%, and (d)
MWCNTs 0.3% in DGEBA.
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7.4.1.3  SEM micrographs

The surface morphology of glass fibers coated with nanoparticles at different magnifications was
observed by SEM. Fig. 5 shows the SEM micrographs of rGO-coated glass fibers at different
magnifications. As can be seen from these images, the coverage of nanoparticles coating is uniform

on the outer layer yarns.

W ow
= )

Fig. 7-5. SEM micrographs of fiber surfaces coated with nanoparticles (rGO) at different
magnifications: (a) 50, (b) 500 and (c) 2000X.

7.4.2  Viscosity

Steady shear viscosity of nanoparticles/epoxy dispersion was investigated to determine the impact
of nanoparticle loading. Fig. 7-6 shows the variations in the steady shear viscosity with shear rate
for neat epoxy and nanoparticle/epoxy dispersions. The steady shear viscosity profile for both
MWCNTs and GNPs demonstrated a shear-thinning (shear viscosity decreases sharply with
increasing the shear rate) behavior, which is an important non-Newtonian fluid phenomenon. This
phenomenon is more obvious for functionalized nanoparticles than pristine ones. Besides,
MWCNTs exhibited stronger non-Newtonian behavior than the other nanoparticles considered.
The viscosity versus shear rate curve for the p-MWCNTs/epoxy and f-MWCNTs dispersions (Fig.
7-6 a-b) with content beyond 0.075 wt.% suggest that they would be problematic to use as
nanocomposite matrix for VARTM manufacturing process. Indeed, at MWCNT loadings higher
than 0.075 wt.% of epoxy, high viscosity of the mixture does not allow the resin to be infused
throughout the fabrics and leads to self-filtration. The results from GNPs viscosity confirmed that
at least to loadings up to 1.2 wt% of DGEBA, pristine and functionalized GNPs can be used for
infusion-based manufacturing methods such as VARTM. Similar to GNPs, GO and rGO are

expected to have lower viscosities for the same vol. % of nanoparticles.
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Fig. 7-6. Steady shear viscosity of nanoparticle/epoxy dispersion as a function of shear rate.

For pure epoxy resin, which is a Newtonian fluid, the viscosity value was almost equal to 1
Pa.s and the observed shear-thinning behavior from the nanoparticle/epoxy mixture was caused by
the break-down of the percolated structure. The viscosity increased as the concentration of
nanoparticles increased. The space between nanoparticles decreased, reducing the mobility and
increasing the dispersion’s resistance to flow. Fig. 6 a-d reveals that the increase was more
pronounced at lower shear rates than that at higher shear rates. The noticeable shear thinning effect
was also nanoparticle loading-dependent. The gap in viscosities between different nanoparticle

concentrations narrowed dramatically as shear rate increased.
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7.4.3 Tensile characteristics

7.4.3.1 Morphology

The morphology of fiber pullout on the fracture surface of fiberglass/epoxy composites was
observed after the tensile tests to investigate the quality of interfacial bonding. In Fig. 7 a, a glass
fiber was pulled out from the neat epoxy matrix and very little epoxy resin matrix remained on the
surface of the fiber. The edge of holes left by the fiber pullout was round and the sidewall was
smooth, indicating that stresses did not uniformly transfer between carbon fibers and the resin
matrix under tensile load. By contrast, in Fig. 7 b, it can be observed that there were no gaps
between the graphene-coated glass fibers and the epoxy matrix containing nanoparticle
reinforcements, suggesting a strong interfacial bound between fibers and matrix. The more
cohesive structure could help to increase the absorption of rupture energy and achieve an effective
load transfer between fiber and polymer matrix. The edges of holes were irregular and the sidewalls
were rough, indicating the destruction of the resin matrix around the fibers due to the improved

interfacial cohesion after adding the nanoparticle reinforcements.

Fig. 7-7. SEM images of the failure surface with the hole left by the fiber pullout in composite

specimens after tensile test: (a) fractured conventional glass fiber/ neat epoxy composite; (b)
fractured nanoparticle-sized glass fiber in nanocomposite epoxy composite; The top insets show
simplified models for the anchoring effect of nanoparticle reinforcements at the interface under

tensile load.
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7.4.3.2  Tensile properties

Figs. 8 through 11 show the tensile test results of graphene-coated glass fiber composites
with different epoxy matrices. The ultimate tensile load capacity and elongation of nanocomposite
beams reinforced with graphene nanoplatelets, graphene oxide, and reduced-graphene oxide are
shown in Fig. 8 and Fig. 9, respectively. It can be seen that the combination of glass fiber/neat
epoxy exhibited a tensile load capacity of 8.63+0.9 kN, while the nanocomposite specimens
modified with graphene nanoparticles exhibited higher load capacities, indicating improved
ultimate tensile load capacities of nanocomposite specimens. For instance, nanocomposite beams
reinforced with 0.1 wt.% of graphene nanoplatelets underwent 9.224+0.48 kN before failure, which
indicates an enhancement of 6.8%. Likewise, specimens with 1 wt. % of GO and 0.01 wt.% of

rGO exhibited 14.6% and 8.2% improvements in ultimate load capacity, respectively.
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Fig. 7-8. Ultimate tensile load capacity of nanocomposite beams reinforced with (a) graphene

nanoplatelets (GNP), (b) graphene oxide (GO), and (c) reduced-graphene oxide (rGO)
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Fig. 7-9. Total elongation (ultimate total strain) of nanocomposite beams reinforced (a) graphene

nanoplatelets (GNP), (b) graphene oxide (GO), and (c) reduced-graphene oxide (rGO)
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Fig. 9 shows an increase in elongation at break (ultimate strain) of nanocomposite specimens
at lower nanoparticle loadings. The enhancement in the tensile load capacity may be due to strong
bonding between the epoxy matrix and graphene nanoparticles, which leads to good dispersion of
nanoparticles in the nanocomposites. These well-dispersed nanoparticles may serve as physical
cross-linking points, and thus increase the tensile properties. A good interfacial bonding between
the nanoparticles and the epoxy is quite vital for a material to withstand stresses. Under tensile
load, the matrix distributes stresses to the nanoparticles which carry most of the applied load. When
the concentration (loading) of nanoparticles is higher than the optimum amount, the nanoparticles
cannot disperse well in the epoxy matrix and agglomerate into big clusters because of the surface
energy of nanoparticles, causing a decrease in load capacity and elongation. It is an indicator of
the material flexibility, which shows that the inclusion of nanoparticles makes the epoxy stronger

but more brittle.
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Fig. 7-10. Longitudinal (a-c) and transverse (e-g) tensile moduli of nanocomposite beams
reinforced with (a,e) pristine graphene nanoplatelets (GNPs), (b,f) graphene oxide (GO) and (c,g)
reduced graphene oxide (rGO).

Tensile and tensile chord moduli of elasticity and Poisson’s ratio of nanocomposite coupons

for different nanoparticle content are presented in Figs. 10-11 and Table 4. The longitudinal
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modulus (Young’s modulus) remained almost unchanged for the loadings of nanoparticles studied
in this investigation. The longitudinal modulus of the composite laminates in the direction of the
unidirectional carbon fibers is a fiber-dominated property. There is a large difference between the
matrix properties and fiber properties, and thus, a slight improvement in matrix property had no
visible effect on the overall laminate longitudinal modulus. It is worth mentioning that a significant
volume fraction of glass fibers (68% of total fibers) were aligned in the longitudinal direction.
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Fig. 7-11. Transverse stress-strain curves of nanocomposite beams reinforced with (a) graphene

nanoplatelets (GNP), (b) graphene oxide (GO), and (c) reduced-graphene oxide (rGO)

On the other hand, the tensile chord modulus of elasticity showed significant improvement.
The higher weight fraction of nanoparticles exhibited the greatest improvement. The best results
were obtained when 1 wt.% GNPs, 1 wt.% GO and 0.01 wt.% rGO were present throughout the
composites. The improvement in tensile chord modulus of elasticity was about 85.7%, 82.0% and
83.6% for specimens associated with the three weight fractions, respectively. The numerical values

of tensile and tensile chord moduli of elasticity and Poisson’s ratio are shown in Table 4.
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Table 7-4. Effective tensile material properties of nanocomposite specimens for different

nanoparticle content (Tensile and tensile chord moduli of elasticity and Poisson’s ratio)

Effective material properties

Material Tensile modulus of elas-  Tensile chord modulus of Poisson ratio (ver)
ticity (Eijem) x10° elasticity (ECtord) x10° eff
Neat epoxy/fiber 21.86+0.86 66.14+3.89 0.33+0.00
GNPs0.1%/epoxy/fiber 21.39+1.00 107.08+17.01 0.20
[-2.1%]" [61.9%] [-39.5%]
GNPs0.2%/epoxy/fiber 21.06+0.73 117.22+11.40 0.18
[-3.6%] [77.2%)] [-45.7%]
GNPs0.4%/epoxy/fiber 20.96+0.27 122.79+£19.53 0.17
[-4.1%] [85.7%] [-48.5%]
GNPs0.6%/epoxy/fiber 20.73£0.89 106.41+15.47 0.19
[-5.1%] [60.9%] [-41.5%]
GNPs1.0%/epoxy/fiber 21.72+2.31 122.16+39.60 0.17
[-0.6%] [84.7%] [-47.5%]
GO 1%/epoxy/fiber 22.38+0.54 120.35+14.41 0.16+0.01
[2.4%] [82.0%] [-51.3%)]
GO 2%/epoxy/fiber 21.29+0.29 100.84+5.17 0.21+0.01
[-2.6%] [52.5%] [-35.1%)]
rGO 0.01%/epoxy/fiber 21.55+0.96 121.41£10.64 0.18+0.01
[-1.4%] [83.6%] [-45.8%]
rGO 0.03%/epoxy/fiber 21.85£1.36 118.55+14.27 0.19+0.00
[0.0%] [79.2%)] [-43.0%]
rGO 0.042%/epoxy/fiber 22.17+1.44 107.58+16.53 0.23+0.01
[1.4%] [62.6%] [-29.1%]
*[X%]: [100% Properties n% nanoparticle - PrOpertieS Neat epoxy
P roperties Neat epoxy

7.4.4  Interfacial characteristics

7.4.4.1 ILSS characterization

The SEM images of the interphase regions in the nanocomposites following ILSS tests are shown
in Fig. 12. It can be observed that the failure surfaces of the glass fiber composites showed different

122



micro-morphology patterns. In Fig. 12 (a), the composites involving neat epoxy matrix were
destroyed from the fiber surface during the ILSS testing due to a weak interfacial bonding, and the
smooth fiber surface was exposed after material fracture. However, in Fig. 12 (b-e), with the
addition of nanoparticle reinforcements, the glass fibers were well covered in the matrix after

interlaminar fracture and the surface was rough.
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Fig. 7-12. SEM images of the interphase region in composite specimens after ILSS test: (a)
glassfiber/neat epoxy composite; (b) MWCNTs-modified glassfiber/epoxy composite; (c) GNPs-
modified glassfiber/epoxy composite; (d) Go-modified glassfiber/epoxy composite; and (d) rGO-

modified glassfiber/epoxy composite
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The influence of incorporated graphene nanomaterials on the load-deflection and
interlaminar shear strength (ILSS) from Short Beam Shear (SBS) tests of glass fiber composite
laminates are depicted in Figs. 13 and 14. The load-deflection curves confirm the improvements

in the interlaminar shear strength of glass fiber nanocomposite laminates.
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Fig. 7-13. Load-deflection curves for measurement of interlaminar shear strength (ILSS) from
Short Beam Shear (SBS) test of glass fiber composite laminates modified with: (a) pristine
MWCNTs, (b) graphene nanoplatelets (GNPs), (¢) graphene oxide (GO), and (d) reduced-

graphene oxide (rGO)

Compared with the control material, the average ILSS value of neat epoxy/fiberglass

composite was 51.6 MPa and increased up to 15.4, 8.9, 13.3 and 10.7% with the 0.15, 0.2,1.0 and
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0.042 wt.% of MWCNTs, GNP, GO and rGO, respectively. However, the ILSS slightly decreased
with a further increase in the GO and GNP contents.
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fiber composite laminates modified with: (a) multi-walled carbon nanotubes (MWCNTs), (b)

graphene nanoplatelets (GNP), (c) graphene oxide (GO), and (c) reduced-graphene oxide (rGO)

7.5 Conclusion

A novel fabrication method that combines the spraying process with nanoparticle-resin mixture
techniques was used to incorporate nanoparticles for simultaneous reinforcement of matrix and
fibers without increasing the viscosity of the epoxy matrix. Several graphene-based nanomaterials
including graphene oxide, reduced graphene oxide, graphene nanoplatelets, and multi-walled
carbon nanotubes were employed to modify the epoxy matrix and the surface of glass fibers. The
morphological, rheological and mechanical properties of the glass fiber-reinforced multiscale
composites were investigated. The shear viscosity was Newtonian for dilute suspensions, as shown
by pure epoxy, and became non-Newtonian for semi-dilute suspensions, as shown by
MWCNT/epoxy. The viscosity results confirmed that viscosity is a serious issue for
MWCNTs/epoxy suspension as filtration of nanoparticles in VARTM process occurs with
nanotube loadings higher than 0.075 wt. % of DGEBA. However, the viscosity of graphene
suspension for infusion into glass fabrics did not seem to be an issue. As a result, loadings for
MWCNTs in the epoxy matrix can reach up to 0.075 wt. %, and for GNP, GO and rGO, can be
decided according to the intended applications. The tensile properties and interlaminar shear
strength (ILSS) of the glass fiber reinforced composites was studied and the results indicated that
the introduction of graphene nanoplatelets, graphene oxide, reduced-graphene oxide, and multi-
walled carbon nanotubes enhanced the mechanical properties. In particular, the addition of 0.1, 1
and 0.01 wt. % of graphene nanoplatelets, graphene oxide, and reduced-graphene oxide led to 6.8,
14.6 and 8.2% improvements in ultimate load capacity of the glass fiber reinforced composite,
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respectively. Compared with the neat epoxy/fiberglass composite control results, the average ILSS
value of multiscale nanocomposites increased by up to 15.4, 8.9, 13.3 and 10.7% with the 0.15,
0.2,1.0 and 0.042 wt.% of MWCNTs, GNP, GO and rGO, respectively. Micrographic
examinations showed that the tensile loading capacity and interlaminar shear properties
enhancements were most likely attributable to the improvements in resin toughness and the
adhesion between glass fibers and epoxy resin being enhanced by the introduction of carbon

nanoparticles.
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Chapter 8

8. Thermal properties of doubly reinforced fiberglass/epoxy composites with

graphene nanoplatelets, graphene oxide and reduced-graphene oxide

This chapter is based on an article that is under review for possible publication in the journal

of Composites Part B: Engineering.
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Foreword

This chapter is the extension of the previous chapter and is mostly focused to investigate the
thermal properties of multiscale laminates. Thermal conductivity is one of the key thermal
characteristics of polymer composites. Glass fibers and most polymer matrix materials have low
thermal or electrical conductivity on their own, limiting their applications in many fields. Carbon
nanomaterial fillers which show very high thermal conductivity have been considered as promising
candidates to enhance the thermal conductivity of polymers. The thermal properties of the
epoxy/nanoparticle composites were studied through DSC, TGA and thermal conductivity

measurements.
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Abstract

A novel manufacturing method that combines a spraying process with nanoparticle/epoxy
mixture technique was used to incorporate carbon nanoparticles for enhancement of thermal
properties of multiscale laminates. Several graphene-based nanomaterials including graphene
oxide (GO), reduced graphene oxide (rGO), graphene nanoplatelets (GNPs) and multi-walled
carbon nanotubes (MWCNTs) were employed to modify the epoxy matrix and the surface of glass
fibers. The morphological, rheological and thermal properties of the resulting glass fiber-
reinforced multiscale composites were investigated. The thermal properties of the
epoxy/nanoparticle composites were studied through differential scanning calorimetry (DSC),
thermo-gravimetric analysis (TGA) and thermal conductivity measurements. The thermal
characterization results indicated that the introduction of GNPs, GO, rGO, and MWCNTs
enhanced thermal conductivity. Compared with the neat epoxy/fiberglass composite control
results, improvement in thermal conductivity of fiberglass/epoxy modified with MWCNTs 0.3%,
GNPs 1%, GO 2% and rGO 0.042% were 8.8, 12.6, 8.2 and 4.1%, respectively. It was concluded
that for the same volume fraction of nanoparticles, the thermal conductivity improvement in
graphene nanoplatelets-modified composites is more pronounced compared with other
nanoparticles. A better dispersion of nanoparticles and a better interfacial interaction between
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nanoparticles and epoxy are essential in enhancing the thermal conductivity of nanocomposite

materials.

Keywords: polymer composite; graphene, thermal properties, thermal conductivity, multiscale

composite laminates.

8.1 Introduction

Glass fiber-reinforced polymer (GFRP) composites have been widely used in a variety of
engineering applications such as aircraft, marine, chemical processing, civil infrastructure, wind
turbine blades, and electronics. Thermal conductivity is one of the key thermal characteristics of
polymer composites. Glass fibers and most polymer matrix materials have low thermal or electrical
conductivity on their own, limiting their applications in many fields. Recently, carbon
nanomaterial fillers which show very high thermal conductivity have been considered as promising
candidates to enhance the thermal conductivity of polymers. The superior thermal conductivity of
these carbon allotropes arises from their strong covalent sp2 bonds of carbon atoms that favor
phonon transport through the lattice plane [67]. Among the large number of carbon nanomaterials,
graphene and its derivatives have attracted intensive interest in many fields due to their exceptional
physical and chemical properties. Graphene materials such as graphene nanoplatelets (GNPs),
graphene oxide (GO) and reduced-graphene oxide (rGO) are available as very light nano-sized
particles with excellent thermo-electro-mechanical properties. GNPs are composed of several
layers of graphene and are considered as smart reinforcing fillers [9]. GNP properties can be
influenced by their manufacturing methods. GNPs were also identified as a probable substitute to
carbon nanotubes in terms of superior target properties and lower cost [10]. Graphene oxides are
compounds of carbon, oxygen and hydrogen in variable ratios. They can be synthesized by
exfoliating layered graphite oxide (graphite with strong oxidizers). GO does not require
functionalization as it consists of graphene sheets with hydroxyl, carboxyl, and epoxide groups.
Reduced-graphene oxide can be obtained by reducing GO using several methods such as
microwave, laser, electrochemically, and hydrazine vapor treatment [68]. GNPs [10,69-81], GO
[82—-88] and rGO [84,88-94] have been shown to improve the thermal conductivity of two-phase
epoxy resins [17,18]. Wang et al. [10] studied the thermal conductivity of GNP/epoxy
nanocomposites. A marked improvement in thermal conductivity was measured with the

incorporation of larger GNPs size reaching 115% at 5 wt% loading. GNPs were also used in the
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work of Zhu et al. [81] for enhancing the thermal conductivity of GNP/epoxy resin composites. In
another study, the influence of GNPs and carbon black on the thermal properties of epoxy
nanocomposites was studied by Krieg et al. [73]. Gao et al. [85] reported a simple and efficient
method to prepare three-dimensional graphene oxide (3DGO) networks by freeze drying, and
investigated the effect of 3DGO networks on the thermal properties of epoxy composites. The
thermal conductivity value of epoxy composite in their work, with 1.3 wt% 3DGO was increased
by 148% in comparison with that of the neat epoxy. A thermally conductive epoxy polymer
composite comprising copper nanowires and reduced graphene oxide as hybrid fillers was
prepared and tested by Li et al. [95]. The authors showed that the combination of those fillers not
only improves interfacial interaction between fillers and the resin matrix, but it also improve the
thermal conductivity of composites. Thermal conductivity of multiscale laminates modified with
MWCNTs were also reported in the literature [96,97]. For instance, Li et al. [96] manufactured
multiscale GFRP modified with functionalized MWCNTs. MWCNTs were deposited on
insulating woven glass fibers through an Electrophoretic deposition (EPD) method. The authors
showed that the thermal conductivity of MWCNTSs composites were significantly improved

compared with that of pure GFRP.

Glass transition temperature is another thermal characteristics of polymer composites.
Differential scanning calorimetry (DSC) is a thermoanalytical technique that can be employed to
study the glass transition temperature of epoxy composites. The DSC of two-phase epoxy
composites modified with GNPs [79,84,98], GO [99-101] and rGO [99,102,103] composites were
reported in the literature. For instance, Monteserin et al. [99] studied the effects of graphene oxide
and chemically reduced graphene oxide on the curing kinetics of epoxy amine composites using
DSC. Experimental and modeling results demonstrated that the presence of the GO slightly
improved the glass transition temperature of epoxy/GO cured nanocomposites. This improvement

was also reported by some other researchers [98,104—106].

Thermal stability or the ability of polymers to retain their useful properties at elevated
temperatures is of great importance as well. The measurement of thermal stability can be
performed with thermo-gravimetric analysis (TGA) which is a characterization technique where a
mass of a material is monitored as a function of temperature and time as a specimen is subjected
to a set temperature program under controlled atmosphere. Researchers studied the weight loss of

epoxy nanocomposites modified with GNPs [107,108], GO [99,109] and rGO [89,99,110] aiming
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at elevating thermal stability. For instance, TGA analysis in the work of Liu et al. [109] indicated
that the introduction of GO up to 1.5 wt% did not have obvious effects on the thermal stability of
epoxy/GO nanocomposites. The thermal stability of the rGO/epoxy composites appeared to

decrease with increasing rGO content in the work of Olowojoba et al. [89].

Studies of the thermal properties of graphene-based epoxy nanocomposites, such as through-
the-thickness thermal conductivity, mainly focused on either two-phase epoxy/nanoparticle or
three-phase MWCNTs/GFRP composites. While the thermal properties of laminated multiscale
GFRP nanocomposites modified with conductive graphene nanoparticles are important in many
applications such as electronics, to the best of authors’ knowledge, no study was devoted to

investigating them.

In this paper, the thermal properties of graphene nanomaterials-modified fiberglass/epoxy
composites was investigated. A novel manufacturing method based on Vacuum Assisted Resin
Transfer Molding (VARTM) was devised to incorporate different carbon nanoparticles
(MWCNTs, GNPs, GO and rGO) for simultaneous modification of matrix and fibers without
increasing the viscosity of the epoxy matrix. The thermal characteristics of the resulting multiscale

hierarchical composites were studied experimentally.

8.2 Materials, processing and fabrication

8.2.1 Materials

Single layer GO (product number 1.8) with approximate bulk density of 1 g/cm® was
received in the form of powder from Abalonyx, Norway. Reduced graphene oxide (product
number 2.1) produced by thermal reduction of graphene oxide was also obtained from Abalonyx,
Norway. The rGO had a carbon content of about 86% atomic or about 82 wt% and its bulk density
was approximately 0.01 g/cm?. The pristine and amino-functionalized graphene nanoplatelets (p-
GNPs and f~-GNPs) were obtained from Cheap Tubes Inc., U.S.A with product number of 050111
and 050114, respectively. They were made by exfoliating graphite down to 5-15 atomic layers and
featured average thickness and diameter of 1.5 nm and 5 um, respectively, as per the manufacturer
datasheet. The bulk density was 0.21 g/cm*for both materials. Unidirectional E-glass fabric with
average fiber diameter of 20 um and surface density of 0.78 kg/m? was supplied by NMG, China.
Low viscosity diglycidyl ether of bisphenol-A (DGEBA) infusion epoxy resin PT-2712 Part A and

the diethyltoluenediamine (DETDA) curing agent PT-2712 Part B1 were produced by PTM&W
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Industries, Inc., USA. The viscosity of mixed Part A and Part B1 at room temperature was 1 Pa.s
and the pot life at room temperature was approximately two hours, as per the manufacturer
datasheet. Epoxy resin Part A and B mixing weight ratio was 100:22 as per the manufacturer

recommendation.

8.2.2 Experimental

8.2.2.1 Two-phase epoxy/nanoparticle composites

Table 8-1 shows the different loadings of nanoparticles used for preparing two-phase epoxy
matrix composites modified with MWCNTSs, GNPs, GO and rGO. Nanoparticle loadings were
calculated relative to epoxy (DGEBA), epoxy and hardener (DGEBA+DETDA), and total fiber
reinforced composite. Fig. 8-1 shows a general schematic of the method for the preparation of the
multiscale nanocomposites whilst a detailed description is provided in Fig. 8-2. As mentioned in
the Introduction, when manufacturing nanocomposite laminates by VARTM, a filtration effect
was observed in this study for MWCNTs loading higher than 0.075 wt% of DGEBA. Therefore,
part of the nanoparticle was used for sizing fabrics while the rest of the mixture was kept for
preparation of the infusion epoxy as indicated in Fig. 8-2. Table 8-2 lists the different loadings of
carbon nanomaterials that were sprayed on fabrics as well as the percentage that was used for

infusion of the epoxy.
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Fig. 8-1. New route for fabricating multiscale nanocomposite.

Table 8-1. Loadings of nanoparticle used for modification of fiberglass/epoxy composites.

0
Wil owAC e et DRU e
DETDA) DETDA) bers) DETDAfibers)
MWCNT 0.075 1.38 0.06 1.1 0.02 0.55
0.15 2.75 0.12 22 0.04 1.1
0.3 5.5 0.25 4.4 0.07 2.2
GNP 0.1 0.55 0.08 0.44 0.02 0.22
0.2 1.1 0.16 0.88 0.05 0.44
0.4 272 0.33 1.76 0.1 0.88
1 5.5 0.82 4.4 0.25 2.2
GO 1 1.1 0.82 0.88 0.25 0.44
2 22 1.64 1.76 0.5 0.88
rGO 0.01 1.1 0.008 0.88 0.002 0.44
0.03 3.3 0.025 2.64 0.007 1.32
0.042 4.6 0.034 3.7 0.010 1.85
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Acetone was used to disperse nanotubes because of its low boiling point, low toxicity, good
dispersion of carbon nanoparticles [8] and less destructive effect on mechanical performance of
the composites during the pre-curing process of the composites [111]. A dosage of one gram of
nanoparticles per liter of acetone was used for dispersion of the nanoparticles in the acetone
solvent. For the sizing of fabrics, the nanoparticle/acetone mixture was mixed with the desired
amount of epoxy (Table 8-2) and was then sonicated using an ultrasonic probe (Q700 Sonicator,
Qsonica LLC, USA) for 90 minutes including on and off pulse cycles. To avoid any adverse high
temperature effects, sonication was performed by 20-sec ON pulses followed by 10-sec OFF
cycles. The desired amount of mixture (as per Table 8-2) was used for sizing fibers via a spray gun
inside a fume hood. The fabrics were kept in fume hood for 24 hours to ensure the evaporation of
solvent on the fabrics. The ratio of epoxy per square meter of fabrics (both sides) was 14 grams.
A laboratory mixer was used for stirring the remainder of the mixture at 400 rpm for 12 hours to
ensure good dispersion of nanoparticles in the epoxy resin. After this step, the mixture was placed
on a magnetic hot plate stirrer, using a Teflon-coated magnetic bar, to stir the solution for 4 hours
at 70°C. The objective was to remove the acetone by evaporation. Complete removal of acetone
was ensured by placing the mixture in a vacuum chamber for 30 minutes. The slurry of epoxy resin
DGEBA and GNPs was allowed to cool to room temperature before the curing agent was added,
to avoid premature curing during mixing. The low viscosity curing agent DETDA was added with
a curing agent to resin ratio of 22:100. The mixture was mixed at 800 rpm for 30 minutes using a
mechanical stirrer with stainless steel axial impeller. The mixture was degassed in a vacuum
chamber at ambient temperature for about 30 minutes. The mixture was then used as an infusion

epoxy for the manufacturing of laminates, as explained in the next section.
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Fig. 8-2. Fabrication process of multiscale fiber glass/epoxy composites modified with

graphene-based nanoparticles.

8.2.2.2 Three-phase laminated composites

The VARTM process was used to fabricate the multiscale fiber reinforced laminated
composites with the nanoparticle-filled epoxy resin. The reinforcement was made of three layers
of unidirectional glass fabrics in cross-ply form [0°, 90°, 0°] where 0° was the main direction of

testing.

After the infusion of the nanoparticle/epoxy dispersions, laminates were cured at room
temperature for 15 hours, followed by a post cure at 1°C/min ramp rate, held every 20°C for an
hour, then continuing until a final hold of three hours at 100°C. The vacuum bagging system
combined with the two-stage degassing process can achieve extremely low void content for

thermoset composites. Composite coupons with thickness of 1.9 = 0.1 mm were cut by water jet
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for testing. The approximate fiber volume and weight fraction were calculated for each laminate

configuration in accordance with ASTM D 3171 standard as 50% and 70%, respectively.

Table 8-2. Weight and volume percentile of nanoparticle used for spray process and infusion of fiber-
glass/epoxy composites.

wt% of DGEBA vol.% of DGEBA Sprayed vol. % Infusion vol.%
MWCNT 0.075 1.38 0.69 0.69
0.15 2.75 1.37 1.38
0.3 5.5 4.12 1.38
GNP 0.1 0.55 0.275 0.275
0.2 1.1 0.55 0.55
0.4 2.2 1.1 1.1
1 5.5 4.4 1.1
GO 1 1.1 0.55 0.55
2 2.2 1.1 1.1
rGO 0.01 1.1 0.55 0.55
0.03 3.3 2.2 1.1
0.042 4.6 3.5 1.1

8.3 Characterization

8.3.1 Morphology

The morphology of nanoparticles, two-phase and three-phase composites were observed
through a ZEISS (AX10) optical microscope. Since the dispersion of CNTs in epoxy is unstable
at different times and temperatures, the optical images were taken at room temperature and 120
minutes after finishing of mixing nanoparticles/acetone with DGEBA. The dispersion of carbon
nanoparticles was also investigated using a TECNAI Spirit transmission electron microscope
(TEM) operated at 120 kV. The analysis of fracture surfaces was done using Zeiss EVO10 SEM

scanning electron microscope (SEM) at 5 kV accelerating voltage.

8.3.2 Rheology

Several tests were also performed to investigate the rheological behavior of the epoxy resin
(DGEBA) containing different loading of nanoparticles. Experiments were carried out on a

rotational rheometer MCR 301 from Anton Paar Inc. Steady shear tests were performed to measure
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the viscosity over the range of shear rates between 0.1 to 100 s™'. All rheological measurements

were carried out at room temperature.

8.3.3  Thermal properties

8.3.3.1 Differential scanning calorimetry

A Q2000 differential scanning calorimeter from TA instruments was used to measure the
glass transition temperatures (73) of cured epoxy/nanoparticle composites. The measurements
were conducted in a dry atmosphere, under nitrogen constant flow of 50 ml/min at temperature
ranging from 50 to 250°C and a heating rate of 15°C/min. Samples ranging from 7 to 10 mg were
weighted in aluminum pans. The glass transition temperatures were defined as the midpoint of the

heat capacity change.

8.3.3.2 Thermogravimetric analysis

Thermogravimetric analyses were carried out using a TGA Q50 from TA instruments, from
ambient temperature to 550°C, at a heating rate of 30°C/min. and under a constant nitrogen flow

of 50 ml/min. Crucibles used in this analysis were made of alumina with a 90 mL volume.

8.3.3.3  Thermal conductivity

A THASYS through-the-thickness thermal conductivity measurement device from
Hukseflux Thermal Sensors was used for experimental data collection. THASY'S is equipped with
a thin heater apparatus (THAO1) and a measurement and control unit (MCU) and requires two flat
samples measuring approximately 70 x 110 mm. Samples were immersed in glycerol to reduce
contact heat transfer resistance. Through-the-thickness thermal conductivity, 4, was determined by
measuring the heat flux, @, derived from heater power, the differential temperature, A7, through

the samples and the effective sample thickness, Hest:

eff
1 n 1 2)
H

samplel sample?2

where Hsampler and Hsampiez are the thicknesses of samples 1 and 2 respectively. The

instrument can accommodate samples ranging from 1 to 6 mm in thickness.
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8.4 Results and discussion

8.4.1 Morphology of nanoparticles, epoxy and fibers

8.4.1.1 TEM micrographs

Fig. 3(a—h) present TEM micrographs of materials fabricated in this work: (a-b) MWCNTs,
(c-d) GNPs, (e-f) Go, and (g-h) rGO. Occasional localizations of carbon nanotubes and graphene
aggregates can be observed in the TEM images, suggesting the existence of van der Waals forces

and interactions between GNPs, GO and rGO sheets.

a - MWCNTs b- MWCNTs (i

Fig. 8-3. TEM images of nanoparticles: (a-b) MWCNTs, (c-d) GNPs, (e-f) GO, and (g-h) rGO.

8.4.1.2  Optical micrographs
Optical micrographs of GNPs and MWCNTs dispersed in epoxy matrix appear in Fig. 8-4.

Optical micrographs were obtained at different magnification levels for the nanoparticle/epoxy
suspensions. Micrographs for the GNP/epoxy suspensions (Fig. 8-4a-b) show relatively
homogenous distributions aggregates due to favorable GNP interactions with the epoxy matrix
[64]. At higher magnification, the presence of large size GNP aggregates can be observed,
primarily due to van der Waals forces and strong n—m interactions between the GNP sheets [65].
By contrast, the MWCNTs/epoxy suspensions (Fig. 8-4c-d) show more loosely packed and

isolated aggregates of carbon nanotubes, resulting in a relatively inhomogeneous suspension. Such
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aggregates form due to CNT unfavorable interactions with the epoxy matrix [66] and van der

Waals attraction forces between the CNTs.

Fig. 8-4. Optical micrograph of (a) GNPs 0.2%, (b) GNPs 1.2%, (c) MWCNTs 0.075%, and (d)
MWCNTs 0.3% in DGEBA.

84.1.3 SEM micrographs

The surface morphology of glass fibers coated with nanoparticles at different magnifications
was observed using SEM. Fig. 8-5 shows the SEM micrographs of rGO-coated glass fibers at
different magnifications. As seen from these images, the coverage of nanoparticles coating on the

outer layer yarns is uniform.

Fig. 8-5. SEM micrographs of fiber surfaces coated with nanoparticles (rGO) at different
magnifications: (a) 50, (b) 500 and (c) 2000X.

8.4.2  Rheology

The steady shear viscosity of nanoparticles/epoxy dispersions and the effect of nanoparticle
loading was studied. Fig. 8-6 shows relations between steady shear viscosity and shear rate for
neat epoxy and nanoparticle/epoxy dispersions. Steady shear viscosity profiles for MWCNTs and
GNPs demonstrate a shear-thinning behavior where shear viscosity decreases sharply with
increasing the shear rate. This phenomenon is more obvious for functionalized nanoparticles
compared with pristine ones. Besides, MWCNTs lead to stronger non-Newtonian behavior than

the other nanoparticles considered in this work. Viscosity versus shear rate curve for the p-
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MWCNTs/epoxy and -MWCNTs dispersions (Fig. 8-6a-b) with content beyond 0.075 wt%
suggest that they would be problematic to use as nanocomposite matrix for VARTM
manufacturing. Indeed, at MWCNT loadings higher than 0.075 wt% of epoxy, high viscosity of
the mixture does not allow it to be infused through fabrics, and leads to filtration. Results from
GNPs viscosity confirmed that at least up to loadings of 1.2 wt% of DGEBA, pristine and
functionalized GNPs can be used for infusion-based manufacturing methods such as VARTM.
Similar to GNPs, GO and rGO was observed to have lower viscosities for the same vol.% of

nanoparticles in the experiments.
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Fig. 8-6. Steady shear viscosity of nanoparticle/epoxy dispersion as a function of shear rate.

For pure epoxy resin, which behaves as a Newtonian fluid, the viscosity was equal to 1.0
Pa.s and the shear-thinning behavior observed from the nanoparticle/epoxy mixture was caused by

the break-down of the worm-like percolated structure of MWCNTs clusters by shear. Viscosity
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increased as the concentration of nanoparticles increased. The space between nanoparticles
decreased, reducing the mobility and increasing the dispersion’s resistance to flow. Fig. 8-6a-d
reveals that the increase was more pronounced at lower shear rates than at higher shear rates. The
noticeable shear thinning effect was also nanoparticle loading-dependent. Gaps in viscosities

between different nanoparticle concentrations narrowed dramatically as shear rate increased.

8.4.3 Thermal properties

8.4.3.1 Glass transition temperature

DSC curves for cured neat epoxy (DGEBA+DETDA) and its nanocomposites modified with
MWCNTs and GNPs are shown in Fig. 8-7a-b. Compared with the cured neat epoxy, the
nanocomposite sample reinforced with MWCNTSs or GNPs shows a lower Ty, indicating that the
epoxy matrix in the nanocomposites has less cross-linking degree than the neat DGEBA+DETDA.

However, the reduction in 7 is small.
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Fig. 8-7. DSC (a and b) and TGA (c and d) curves of cured epoxy/nanoparticle composites.
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8.4.3.2  Thermal stability

Fig. 8-7c-d depicts weight loss curves for cured neat epoxy (DGEBA+DETDA), and its
nanocomposites modified with MWCNTs and GNPs, respectively. TGA results for thermal
degradation indicate a structural modification of the epoxy system. The MWCNTs and GNPs
influence the thermal degradation profile, particularly the temperature at which the degradation
rate is maximum, which is lower for cured nanocomposite epoxy than for cured neat epoxy. This

is likely due to reduced crosslinking in the presence of nanoparticles.

8.4.3.3  Thermal conductivity

Results obtained from thermal conductivity measurements of two-phase and three-phase
composites appear in Fig. 8-8 and Fig. 8-9, respectively. Clearly, thermal conductivities increases
with an increase in the weight percentage of nanofillers. However, the improvement in thermal
conductivities does not vary linearly with nanoparticle loading. For the same volume fraction,
GNPs result in the highest increase in thermal conductivity while GO results in the lowest relative
increase when compared with other nanoparticles investigated in this study. This is probably due
to the presence of large quantities of oxygen groups in the GO. The presence of oxygen groups
can act as scattering points for the phonons through the graphene layers that weaken the interfacial

connection between nanoparticles and epoxy.
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Fig. 8-8. Thermal conductivity of epoxy modified with different loading of MWCNTSs and
GNPs with respect to DGEBA.

MWCNTs are generally very good thermal conductors along the tube, but good insulators
lateral to the tube axis. This property makes MWCNTs less effective compared to GNPs for
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enhancement of thermal conductivity of their composites. Another reason for less improvement of

thermal conductivity in MWCNTs/epoxy may be due to poor dispersion of the MWCNTs in the

epoxy compared with other nanoparticles.
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Fig. 8-9. Thermal conductivity of glass fiber composites modified with different loading of

carbon nanoparticles.

The thermal conductivity of two-phase epoxy/nanoparticle composites (Fig. 8-8) were
improved up to 3.4 and 6.0% for MWCNTs and GNPs, respectively. We speculate that the higher
loading of MWCNTs and GNPs in resin led to agglomeration and bad dispersion. Thermal
conductivity improvement in carbon nanotubes is relatively less pronounced in compared with
GNPs. This could be due to weaker conductivity of nanotubes through their cross-section.

Maximum thermal conductivity improvement in GFRP modified with MWCNTs 0.3%, GNPs 1%,
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GO 2% and rGO 0.042% are 8.8, 12.6, 8.2 and 4.1%, respectively (Fig. 8-9). It seems that larger
size, better exfoliation degree, and better dispersion of nanoparticles and better interfacial
connection between nanoparticles and epoxy are important factors in enhancing the thermal

conductivity of nanocomposite samples.

8.5 Conclusion

Simultaneous reinforcement of matrix and fibers was carried out via a novel method that
combines a nanoparticle spraying process with nanoparticle/epoxy mixture to incorporate
nanoparticles for enhancement of thermo-mechanical properties of laminated multiscale epoxy
composites. Several graphene-based nanomaterials including graphene oxide, reduced graphene
oxide, graphene nanoplatelets, and multi-walled carbon nanotubes were employed to modify the
epoxy matrix and the surface of glass fibers. The morphological, rheological, and thermal
properties of the glass fiber-reinforced multiscale composites were investigated. Increased epoxy
viscosity, due to the addition of MWCNTs, is not suitable for VARTM or other types of relatively
low pressure infusion processing. On the other hand, the viscosity of epoxy / GNPs did not increase
dramatically by addition of nanoparticles up to 1 wt% of GNPs in DGEBA. Based on the
experiments performed in this study, MWCNTs loading in the epoxy matrix can reach up to 0.075
wt% to avoid filtration by fabrics, and for GNP, GO and rGO, loadings can be tailored according

to the intended applications.

Thermal properties of epoxy/nanoparticle composites were also studied. The results
indicated that the introduction of GNPs, GO, rGO, and MWCNTs enhance thermal conductivity.
The thermal conductivity of two-phase epoxy/nanoparticle composites was increased by up to
6.0% for 1.2 wt% of GNPs in DGEBA. Compared with the neat GRFP control results, thermal
conductivity improvement in fiberglass/epoxy modified with MWCNTs 0.3%, GNPs 1%, GO 2%
and rGO 0.042% were 8.8, 12.6, 8.2 and 4.1 %, respectively. It was concluded that for the same
volume fraction, GNPs exhibit more improvement to thermal conductivity compared with other
nanoparticles studied. Controlling dispersion of nanoparticles and interfacial interaction between
nanoparticles and epoxy are critical factors essential to optimally enhancing the thermal

conductivity of nanocomposite materials.
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9.1 Summary of results

Before discussing the general implications of the work contained in this dissertation or discussing
how the results fit together with one another and the big picture, this section briefly summarizes

the previous chapters.

Chapter 2 reviewed the previous studies on the subject of advanced composite materials and
beam-type structures. The review addressed analytical, semi-analytical and numerical studies
dealing with dynamic problems involving adaptive/smart/intelligent materials (e.g. piezoelectric
materials, electrorheological fluids, shape memory alloys, etc.), damping and vibration control,
advanced composite materials (e.g. functionally graded materials and nanocomposites),
complicating effects and loadings (e.g. added mass, tapered beams, initial curve and twist, etc.),
and experimental methods. Chapter 3 introduced a computational model to study the nonlinear
steady state static response and free vibrations of thin-walled carbon nanotubes/fiber/polymer
laminated multiscale composite beams and blades. Chapter 4 addressed the cross-sectional design
and analysis of fiber-reinforced multiscale composite beams of general cross-sectional shape and
arbitrary anisotropic material properties and investigated the effect of carbon nanotubes on their
stiffness properties. In Chapter 5, a mathematical model was developed to predict the effective
material properties of graphene nanoplatelets/fiber/polymer multiscale composites. The large
deflection, post-buckling and free nonlinear vibrations of graphene nanoplatelets-reinforced
multiscale composite beams were studied through a theoretical study. The vibration and damping
characteristics of epoxy composites reinforced by pristine and functionalized multi-walled carbon
nanotubes were investigated experimentally in Chapter 6 for potential use as integral passive
damping elements in structural composite applications. In Chapter 7, a novel low cost
manufacturing method, combining surface treatment of fibers with matrix modification
techniques, was introduced to incorporate nanoparticles for the simultaneous reinforcement of
matrix and fibers. Finally, Chapter 8 looked at the thermal conductivities of the
epoxy/fiberglass/nanoparticle composites. The DSC, TGA and thermal conductivity

measurements were also performed for two-phase epoxy/nanoparticle mixtures.

9.2 General discussion

This section serves the purpose of uniting many of the ideas presented in this dissertation (and

summarized above). The following discussion builds upon the conclusions from each chapter,
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brings them together and discusses some other results from this dissertation that are not necessarily
the focus of any of the preceding chapters, such as the experimental methods that were developed
over the course of this research. Furthermore, several broad conclusions are drawn from all of the

above results.

9.2.1 Mathematical modeling

In this dissertation, structural models have been specifically developed to investigate the effects of
both CNTs and GNPs on the mechanical behavior of nanocomposite structures. Nonlinear steady
state response and linear free vibrations of rotating and non-rotating beams and blades made of
CNTs-reinforced multiscale laminates were studied. Being analytical, the proposed models allow
for convenient parametric analyses and are less computationally expensive than finite element
models. However, they do not resort to one-dimensional governing equations, and therefore, they
are expected to be more accurate than theories assuming a priori knowledge of the cross-sectional
deformation. SWCNT reinforcement was found to produced more pronounced effect on the natural
frequencies of the beam compared to MWCNT reinforcement. This may be attributed to the defect-
free structure of SWCNTSs. The results also confirmed that low aspect ratio CNTs in laminated
composite beams bring about less significant improvement in nonlinear steady state response and
natural frequencies of the composite beams. Another finding was that the rise in fundamental
natural frequency of beams due to addition of carbon nanotubes is more significant in nonrotating
conditions than rotating ones. The results and tools presented in this study may assist in the design

of a new generation of rotating blades made of nanocomposite materials.

Mathematically, this dissertation also detailed the incorporation of graphene nanoparticles
on the effective material properties and nonlinear mechanical analysis of the multiscale laminates.
Large deflections, thermal post-buckling and nonlinear free oscillation of GNPs/fiber/polymer
multiscale composite beams were studied within the framework of the Euler—Bernoulli beam
theory, with a von Karman-type displacement—strain relationship. The nonlinear bending and post-
buckling equations were numerically solved by the Newton method, and the multiple timescales
method was used to study the nonlinear free vibrations and dynamic response of laminated
nanocomposite beam under two sets of boundary conditions. The numerical results showed that
the central deflection, and natural frequency significantly improved with a small percentage of

GNPs. However, addition of GNPs led to lower critical buckling temperatures. The results also
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confirmed that GNPs in laminated composite beams produce less improvement when combined

with higher volume fractions of fibers.

Another mathematical investigation introduced was the formulation of a finite-element-
based, cross-sectional analysis for CNTs-reinforced multiscale composite beams from
geometrically nonlinear, 3D elasticity. The 3D strain field was formulated in terms of 1D
generalized strains and a 3D warping displacement. The developed formulation was numerically
implemented in tVABS to compute the cross-section stiffness matrices and mass properties. The
results indicated that the inclusion of a small weight percentage of carbon nanotubes in the polymer
matrix was sufficient to induce a significant improvement in stiffness properties. In some cases,
CNTs may also be used to weaken specific structural couplings. SWCNTs were shown to have
more significant effects than MWCNTSs on the stiffness properties. This may be due to the defect
structure of MWCNTs. Overall, CNTs can be used to tailor the design of beams and blades for

specific stiffness properties.

9.2.2 Experimental investigation

Simultaneous reinforcement of matrix and fibers was carried out via a novel method that combined
a nanoparticle spraying process with nanoparticle/epoxy mixture to incorporate nanoparticles for
the enhancement of thermo-mechanical properties of laminated multiscale epoxy composites.
Several graphene-based nanomaterials including graphene oxide, reduced graphene oxide,
graphene nanoplatelets, and multi-walled carbon nanotubes were employed to modify the epoxy
matrix and the surface of glass fibers. The morphological, rheological, thermal and mechanical
properties of the glass fiber-reinforced multiscale composites were investigated. Increased epoxy
viscosity, due to the addition of MWCNTs, is not suitable for the VARTM process or other types
of relatively low pressure infusion processes On the other hand, the viscosity of epoxy / GNPs did
not increase dramatically by addition of nanoparticles up to 1 wt% of GNPs in DGEBA. Based on
the experiments performed in this study, MWCNTs loading in the epoxy matrix can reach up to
0.075 wt% to avoid filtration by fabrics, and for GNP, GO and rGO, loadings, can be tailored

according to the intended applications.

Thermal properties of epoxy/nanoparticle composites were also studied. The results
indicated that the introduction of GNPs, GO, rGO, and MWCNTs enhanced thermal conductivity.

The thermal conductivity of two-phase epoxy/nanoparticle composites was increased by up to
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6.0% for 1.2 wt% of GNPs in DGEBA. Compared with the neat GRFP control results, thermal
conductivity improvement in fiberglass/epoxy modified with MWCNTs 0.3%, GNPs 1%, GO 2%
and rGO 0.042% were 8.8, 12.6, 8.2 and 4.1 %, respectively. It was concluded that, for the same
volume fraction, GNPs exhibit more improvement to thermal conductivity than the other
nanoparticles studied. Controlling dispersion of nanoparticles and interfacial interaction between
nanoparticles and epoxy is critical to optimally enhancing the thermal conductivity of

nanocomposite materials.

The tensile properties and interlaminar shear strength (ILSS) of the glass fiber reinforced
composites were investigated and the results indicated that the introduction of graphene
nanoplatelets, graphene oxide, reduced-graphene oxide, and multi-walled carbon nanotubes
enhanced the mechanical properties. In particular, the addition of 0.1, 1 and 0.01 wt. % of graphene
nanoplatelets, graphene oxide, and reduced-graphene oxide led to 6.8, 14.6 and 8.2%
improvements in ultimate load capacity of the glass fiber reinforced composite, respectively.
Compared with the neat epoxy/fiberglass composite control results, the average ILSS value of
multiscale nanocomposites increased by up to 15.4, 8.9, 13.3 and 10.7% with the 0.15, 0.2,1.0 and
0.042 wt.% of MWCNTs, GNP, GO and rGO, respectively. Micrographic examinations showed
that the tensile loading capacity and interlaminar shear properties enhancements were most likely
attributable to the improvements in resin toughness and the adhesion between glass fibers and

epoxy resin being enhanced by the introduction of carbon nanoparticles.

The experimental vibration and damping behaviors of p-MWCNTs/epoxy and f-
MWCNTs/epoxy nanocomposites were also studied. Nanocomposite specimens were fabricated
for six different MWCNT loadings (0.02, 0.041, 0.061, 0.123, 0.25 and 0.37 wt%). The frequency
response functions, coherence and phase diagrams of nanocomposites were measured using
periodic up-chirp forced vibration technique. The experimental results indicated that the damped
natural frequencies in p-MWCNTs/epoxy and f- MWCNTs/epoxy composites increased with
MWCNTs loading up to 0.12 wt.% and decreased at higher MWCNTs content. Another finding
was that the improvement in fundamental natural frequency was more pronounced than at higher
natural frequencies. The forced vibration test confirmed the beneficial effect of p-MWCNTSs on
the damping ratio of nanocomposites for the first and second vibration modes. However, a decrease
in damping ratio was observed in f-MWCNTs/epoxy composites. For instance, a 46%

improvement in damping ratio for the fundamental vibration mode was observed at a loading of
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0.37 wt.% in p-MWCNTs/epoxy composite. While the damping ratios from f-MWCNTs at
loadings of 0.02-0.06 wt.% were higher than those from p-MWCNTs, they did not increase at

higher CNTs contents for the first mode of vibration.

9.3 Conclusions

To summarize, the main conclusions from this dissertation are:

1.

The state of the art in rotating composite beams and blades was investigated and a presentation
of the remaining challenges and future research needs was provided.

The nonlinear steady state static response and free vibrations of CNTs/fiber/polymer laminated
multiscale composite beams was studied and it was found that the SWCNTs reinforcement
produces more pronounced effect in comparison with MWCNTs on the nonlinear steady state
static response and natural frequencies of the composite beams. Another finding was that the
rise in fundamental natural frequency of beams due to addition of carbon nanotubes is more
significant in nonrotating conditions than in rotating ones.

The effective material properties of multiscale graphene-modified composite laminates were
developed analytically and insightful information about the effect of the GNPs on the large
deflection, buckling and post-buckling and nonlinear free vibration of multiscale composite
laminates was obtained. The results confirmed that GNPs in laminated composite beams
produce less improvement when combined with higher volume fractions of fibers.

A finite-element-based, cross-sectional analysis for CNTs-reinforced multiscale composite
beams was formulated from geometrically nonlinear, 3D elasticity. The results indicated that
the inclusion of a small weight percentage of carbon nanotubes in the polymer matrix was
sufficient to induce a significant improvement in stiffness properties. In some cases, however,
CNTs may be used to weaken specific structural couplings. SWCNTs were shown to have
more significant effects than MWCNTs on the stiffness properties. This may be due to lower
specific surface area and defect structure of MWCNTs. Overall, CNTs can be used to tailor the
design of beams and blades for specific stiffness properties.

The morphology of carbon nanomaterials-modified composites provide insightful information.
TEM results gave information about the particle size and shape. Optical micrographs
demonstrated the dispersion state and agglomeration of nanoparticles dispersed in the epoxy

matrix. At higher loadings of nanoparticles, the presence of large size nanoparticle aggregates
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was observed, primarily due to van der Waals forces between the nanoparticles. The surface
morphology of glass fibers coated with nanoparticles was observed by SEM and a relatively
uniform coating was observed. The fracture surfaces of the fiber-reinforced composites were
examined by SEM and the micrographs was used to explain the tensile and ILSS results.
Steady shear viscosity profiles for MWCNTs and GNPs demonstrate a shear-thinning behavior
where shear viscosity decreases sharply with increasing the shear rate. This phenomenon was
more obvious for functionalized nanoparticles than pristine ones. Besides, MWCNTs led to
stronger non-Newtonian behavior than the other nanoparticles considered in this dissertation.
This increased viscosity, due to the addition of MWCNTs, is not suitable for VARTM or other
types of relatively low pressure infusion processes. On the other hand, the viscosity of
epoxy/GNPs did not increase dramatically by addition of nanoparticles up to 1 wt% of GNPs
in DGEBA. Based on the experiments performed in this study, MWCNTs loading in the epoxy
matrix can reach up to 0.075 wt% to avoid filtration by fabrics, and for GNPs, loadings can be
tailored according to the intended applications.

The tensile properties and interlaminar shear strength (ILSS) of the glass fiber reinforced
composites was studied and the results indicated that the introduction of graphene
nanoplatelets, graphene oxide, reduced-graphene oxide, and multi-walled carbon nanotubes
enhanced the mechanical properties. Micrographic examinations showed that the tensile
loading capacity and interlaminar shear properties enhancements were most likely attributable
to the improvements in resin toughness and the adhesion between glass fibers and epoxy resin
being enhanced by the introduction of carbon nanoparticles. The composites involving neat
epoxy matrix were destroyed from the fiber surface during the ILSS testing due to a weak
interfacial bonding, and the smooth fiber surface was exposed after material fracture. However,
with the addition of nanoparticle reinforcements, the glass fibers were well covered in the
matrix after interlaminar fracture and the surface was rough. This indicated better bonding
between fibers and matrix compared with neat GFRP composite.

The experimental vibration results indicated that the damped natural frequencies in p-
MWCNTs/epoxy and f- MWCNTs/epoxy composites increased with MWCNTs loading up to
0.12 wt.% and decreased at higher MWCNTs content. Another finding was that the
improvement in fundamental natural frequency was more pronounced than at higher natural

frequencies. The forced vibration test confirmed the beneficial effect of p-MWCNTSs on the
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damping ratio of nanocomposites for the first and second vibration modes. However, a
decrease in damping ratio was observed in f-MWCNTs/epoxy composites.

9. Thermal conductivity of two-phase and three-phase composites increased with an increase in
the weight percentage of nanofillers. However, the improvement in thermal conductivities did
not vary linearly with nanoparticle loading. For the same volume fraction of nanoparticles,
GNPs resulted in the highest increase in thermal conductivity while GO resulted in the lowest
relative increase when compared with other nanoparticles investigated in this study. This was
probably due to the presence of large quantities of oxygen groups in GO. The presence of
oxygen groups can act as scattering points for the phonons through the graphene layers that
weaken the interfacial connection between nanoparticles and epoxy. MWCNTs are generally
very good thermal conductors along the tube, and good insulators perpendicularly to the tube
axis. This property makes MWCNTs less effective compared to GNPs for enhancement of
thermal conductivity of their composites. Another reason for less improvement of thermal
conductivity in MWCNTs/epoxy may be due to poor dispersion of the MWCNTs in the epoxy

compared with other nanoparticles.

The structural problems mathematically studied hereininclude the nonlinear static
deflections of non-rotating and rotating cantilever beams and blades; the free vibrations of non-
rotating and rotating cantilever beams and blades; the nonlinear static, large-amplitude free
vibrations and post-buckling analyses of simply-supported and clamped beams. In the context of
structural mechanics, these are important analyses to describe the behavior of composite beams

and to provide guidance on how to optimize such structures.

The experimental processing techniques, and concepts proposed in this dissertation will
assist others in the development of multiscale nanocomposite materials and will aid them by
providing directions fortheir research to produce composites tailored to their specific intended
applications. The results and conclusions of this dissertation represent a step toward an optimized
processing and fabrication, and toward a future where carbon nanomaterials-reinforced multiscale

composites are fully understood, with many exciting potential applications turning into reality.

9.4 Recommendations for future work

Based on the observations from the current research, the following recommendations are

suggested for future work:
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Mathematical models have been developed to determine the effective material
properties of GFRP composites reinforced with GNPs and CNTs. It would be worth
investigating mathematical models that can also handle the incorporation of GO and
rGO toward the prediction of the effective material properties.

Halpin-Tsai model is unable to account for agglomeration and local debonding of
nanoparticles. Therefore, a rigorous mathematical model that can account for both
agglomeration and local debonding is needed.

The mathematical models developed in this dissertation are based on the assumption
of uniformly distributed nanoparticles within the epoxy matrix. Because some level
of agglomeration exists in the epoxy/nanoparticle mixture,
mathematical/computational models to take this agglomeration into account are
required for better understanding and prediction of nanocomposites.

All mathematical models available in the literature are based on pristine
nanoparticles. Our literature review reveals that the influence of functionalization on
the effective material properties has not been investigated numerically. Therefore,
mathematical models that can take into account the effect of nanoparticle
functionalization are needed.

The present study focused on low content graphene-modified nanocomposite
laminates. However, it would be interesting to explore the trend of the results at
higher wt% of nanoparticles for both epoxy and fiber reinforced epoxy composites.
This dissertation focused on MWCNTSs, GNPs, GO and rGO. Carbon nanothread is
a new allotrope of carbon discovered in 2015. It would be worth investigating the
effect of this new allotrope on the thermo-mechanical properties of nanocomposite

materials.
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