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ABSTRACT

The last five decades observed an increasing use of fiber reinforced polymer
(FRP) composites as alternative construction materials for aerospace and infrastructure.
The high specific strength of FRP attracted its use as non-corrosive reinforcement.
However, FRP materials were characterized with a relatively low ductility and low shear
strength compared with steel reinforcement. On the other hand, carbon nanotubes (CNTs)
have been introduced in the last decade as a material with minimal defect that is capable
of increasing the mechanical properties of polymer matrices.

This dissertation reports experimental investigations on the use of multi-walled
carbon nanotubes (MWCNTSs) to produce a new generation of FRP composites. The
experiments showed significant improvements in the flexure properties of the
nanocomposite when functionalized MWCNTs were used. In addition, MWCNTs were
used to produce FRP composites in order to examine static, dynamic, and creep behavior.
The MWCNTs improved the off-axis tension, off-axis flexure, FRP lap shear joint

responses. In addition, they reduced the creep of FRP-concrete interface, enhanced the

vi



fracture toughness, and altered the impact resistance significantly. In general, the
MWCNTs are found to affect the behaviour of the FRP composites when matrix failure
dominates the behaviour. The improvement in the mechanical response with the addition
of low contents of MWCNTs would benefit many industrial and military applications
such as strengthening structures using FRP composites, composite pipelines, aircrafts,

and armoured vehicles.
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CHAPTER 1. INTRODUCTION

1.1 Problem Statement

The use of fiber reinforced polymer (FRP) composites has increased in last two
decades in civil infrastructure, aerospace, and military applications. The distinguished
properties of the FRP composites, such as the low weight-to-strength ratio and corrosion
resistance, made them excellent materials in structural design. However, there are several
shortcomings reported in the mechanical behavior of FRP composites. One of the major
challenges is the inter fiber fracture that occurs due to matrix micro-cracking or
debonding of fiber-matrix interface. The inter fiber fracture affects the mechanical
performance of the composites due to inadequate shear stress transfer among the
individual fibers, leading to premature failure of the composite. The delamination of
layered composite is widely reported due to lack of interlaminar shear strength (ILSS).
The matrix mirco-cracks occur due to transverse or cyclic loading where a noticeable
reduction in stiffness is usually observed. In addition, freeze and thaw cycles in aerospace
or civil infrastructure cause matrix micro-cracks due to the development of thermal
stresses. The thermal stresses occur as a consequence of the difference in coefficient of

thermal expansion between the fibers and the surrounding matrix.

The brittleness of FRP composites is also a limiting factor in structural design due
to the lack of physical warnings such as yielding and excessive deformations prior to
failure. Moreover, appropriate ductility becomes critical parameter in high strain rate

events such as blast and impact. Finally, the creep of adhesives at the FRP concrete



interface is recently reported by many scientists as a critical challenge in FRP
strengthening systems subjected to sustained stresses. The large creep deformations at the
interface would cause inappropriate stress transfer to the FRP components. This makes
the strengthening system inefficient after several months from installation. Such
challenges in the mechanical response of FRP composites resulted in the use of relatively
high factor of safety in design. These challenges also become considerable in structural

applications where shear strength of composites is crucial.

1.2 Motivation

Nanotechnology has been one of the promising fields in the 21st century for many
research areas and applications such as chemistry, material science, and medical
treatments. One important branch of this technology is the manufacturing and processing
of nanocomposites including ceramic, metal, or polymer matrix nanocomposites. Carbon
nanotubes (CNTs) were discovered in 1991 and identified as a very useful material due to
their extraordinary mechanical, thermal, and electrical properties. What distinguish their
properties is that they are orders of magnitude higher than the standard materials used in
construction today. Since their discovery, CNTs have been target for polymer
nanocomposite research with outstanding results. Dispersion and interfacial bond are
reported as major challenges in manufacturing functional CNTs-polymer
nanocomposites. Various techniques were successfully introduced in the last decade to
overcome these challenges (Zhu et al., 2003, Geng et al., 2008). However, the use of

CNTs in making macro-scale structural elements such as FRP composites is not yet well



investigated or totally understood. Therefore, there arises the need for examining the use

of CNTs in structural composites.

1.3 Study Objectives

This study aims at giving insight on possible improvements of the mechanical
response of FRP composites by incorporating CNTs. The mechanical response of FRP
composites includes static, long term, and dynamic behaviors. The improvement in the
FRP composite is beneficial to several structural applications. Examples of these
applications include reinforced concrete (RC) column retrofit, FRP strands anchors,
multi-axially loaded composite laminates, FRP shear studs and FRP bolts, epoxy
adhesives for anchors and tie backs, and multi-layered composites subjected to impact
and blast. The shear strength of the composites was reported to be a critical design
parameter for these applications. In the light of the problem statement, the following

objectives were selected:

* Manufacturing and testing of functional CNTs-epoxy nanocomposites including

static and dynamic tests.

* Manufacturing and performing static tensile and flexure tests on multi-layered

FRP composites laminates incorporating CNTs.

* Examining the significance of CNTs on the lap splice length of the FRP

composites in common FRP concrete strengthening systems.

* Investigating the durability of epoxy adhesives with CNTs used in common FRP

concrete strengthening systems.



* Examining the interlaminar fracture toughness of FRP composites enhanced with

CNTs.

* Examining the impact response of FRP composites enhanced with CNTs. The
impact test is going to shed light on the effect of CNTs on the high strain rate

behavior of FRP composites.

1.4 Dissertation Layout

This research will include testing of CNTs-epoxy nanocomposites and CNTs-FRP
composites with the aim of characterizing and understanding the effect of incorporating
CNTs. In addition to the introductory Chapter 1, this proposal consists of the following

chapters:

Chapter (2): This chapter reports the available literature addressing the shortcomings of
FRP composite mechanical response and the advantages of using CNTs in

nanocomposites and FRPs.

Chapter (3): This chapter presents the details of several fabrication techniques for
manufacturing CNTs-epoxy nanocomposites including the use of pristine
and chemically functionalized CNTs. The mechanical characterization of the
nanocomposite including flexure, dynamic shear rheometer (DSR),
differential scanning calorimetry (DSC), and thermogravemteric analysis
(TGA) tests are examined. Morphological investigation is performed by

scanning electron microscopy (SEM).



Chapter (4):

Chapter (5):

Chapter (6):

Chapter (7):

Chapter (8):

This chapter discusses the on-axis and off-axis tension behavior of CNTs-
FRP composites in the light of two approaches. The first approach is
performed by growing the CNTs on the macrofibers while the second is
performed by producing CNTs-epoxy nanocomposite prior to the fiber

impregnation.

This chapter presents a study on time dependant creep behavior of CNTs-
epoxy nanocomposites at FRP concrete interface. Double shear creep
specimens are performed and discussed to study the effect of CNTs. In
addition, rheological models are developed to predict the creep behavior.

The effect of CNTs content on the model parameters is also reported.

This chapter discusses experimental investigation for FRP lap splices
reinforced with CNTs. Single and double lap shear joints are manufactured
with epoxy adhesives and tested. The results report the effect of the CNTs

on the bond strength and the deformation of the joints.

This chapter presents fracture toughness tests using double cantilever beams
(DCB) to extract mode I fracture toughness of the CNTs-epoxy
nanocomposites. In addition, a finite element (FE) simulation is performed
to further investigate the delamination growth of the nanocomposites. The
effect of CNTs on the governing stress-displacement relationship at the

interface is investigated.

This chapter examines the behavior of woven fabric composite plates under
out-of-plane biaxial impact loading. The effect of CNTs on the impact

properties such as velocity, energy, and deformations are reported. On and



off-axis flexure static tests are performed to further explain the impact test

results.

Chapter (9): This chapter summarizes the findings obtained in the previous Chapters.
Emphasis is placed on the significance of the research work and the

associated limitations. Recommendations are also proposed herein.



CHAPTER 2. LITERATURE REVIEW

2.1 Overview

This chapter starts with an introduction for the FRP composites and their
industrial applications. The major challenges on the mechanical behavior of the
composites are addressed. These challenges include: 1) the inter fiber fracture due to
transverse loads and thermal stresses, 2) Delamination between the composite layers as a
result of weak interlaminar shear strength, and 3) the creep of adhesives at the FRP
concrete interface. Nanotechnology is introduced as a relatively new field in structural
applications. Because of their distinguished properties, emphasis is placed on carbon
nanotubes. Various production techniques and chemical treatments of CNTs and their
nanocomposites are also discussed. Furthermore, a summary of recent research on the

mechanical response of CNTs-FRP composites is reported.

2.2 Fiber Reinforced Polymer Composites

FRP composites are formed by impregnating fibers in resin matrices. Different
types of fibers such as carbon, glass and aramid can be used. Resins can be either
thermosets or thermoplastics. Polyester, epoxy, and Vinyl ester are thermoset resins while
nylon and polyethelene are examples for thermoplastic resins. The role of the fibers in the
FRP composites is to carry 70-90% of the load, provide stiffness, thermal stability, and
electrical conductivity. The matrix binds individual fibers together to work as one unit,

provide shear resistance and ductility (ACI440.2R, 2006, Mazumdar, 2002). FRP



composites are manufactured in the industry in several forms such as bars, strands, uni-

or multi-directional sheets or pultruded sections. The use of FRP composites has

increased in the last few decades due to their outstanding physical and mechanical

properties (ACI440.2R, 2006, Hyer, 1997, Mazumdar, 2002). These advantages include:

High specific strength and specific stiffness in fiber direction (~ 3 to 5 times

steel).

Provide in-service monitoring using embedded fiber optic sensors “Smart

Materials”.

Good fatigue strength (up to 90% of the static strength) compared to steel.

High corrosion resistance.

Low coefficient of thermal expansion (CTE).

Good flexibility for producing complex geometries.

Good flexibility in design such as a laminate with undirectional plies

manufactured in a desired stacking sequence.

However, some of the major disadvantages are listed below:

Expensive: composites cost 8 — 40%/lbs “although cheap when long term

maintenance is considered” while steel and aluminum are ~ 1.0$/1bs.
Temperature resistance is limited by matrix thermal stability.

Complexity and non-linearity in predicting the failure behavior because of fiber

random distribution and multiple failure modes.



* Brittle failure, which is a major challenge when structural applications are

considered.

* Orthogonality in the mechanical response, which involves weak behavior in

transverse direction.

FRP composites are widely used in several civil and military applications. In civil
applications, they are used as a construction material in buildings and highway structures.
They also have been utilized extensively in aircraft/aerospace, automotive and marine
industries. Reinforced concrete (RC) structures designed and constructed in the 1950s-
1970s suffered different levels of deterioration in the last two decades. Such structures
are currently being externally strengthened using FRP sheets. Internal FRP reinforcement
bars and tendons are now replacing the traditional steel reinforcements of RC and
prestressed concrete elements especially in corrosive environments. Other civil
applications also include the use of pultruded FRP sections in composite decks. Gas
pipelines and composite turbine blades for wind mills are other examples for using FRP
composites in applications that require long-term durability. Deployable aerospace
structures are made from FRP composite with the advantage of being packed in very
small volumes, sent and deployed in the space without any structural damage. Sandwich
composite panels are also used in military tanks against blasts. The FRPs production rate
reached 6.3 Billion dollars in 1999 (Mazumdar, 2002). Transportation and construction

applications represented the majority of the FRP production as shown in Figure 1.
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Figure 1. The use of FRP composites in the United States (Mazumdar, 2002)

Although FRPs are widely used in the industry, their strength analysis is very
complex and non-linear, especially when multi-layer laminates are considered. Failure
behavior of FRPs depends on the loading nature, fabrication quality, and structure of the
laminate. Typical failure modes of FRPs include the fiber fracture, matrix fracture, fiber-
matrix interface debonding, and delamination between layers in a laminate (Hyer, 1997,
Knops, 2008). The fiber fracture is the most desirable failure mechanism in design;
however, it occurs in certain conditions such as: the fibers are oriented in the loading
direction, and the fabrication is high quality with no fiber “ondulation”. The cohesive
matrix fracture and adhesive fracture of the fiber/matrix interface are known as inter fiber
fracture (Knops, 2008). Figure 2 shows inter fiber fracture of a unidirectional layer in a

multi-layer laminate.
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(a) (b)

Figure 2. Inter fiber fracture of FRP composite (a) one layer and (b) multiple layers

(Knops, 2008)

2.2.1 Inter Fiber Fracture

The inter fiber fracture is a macro-damage starts by matrix micro-cracks occur
due to the shrinkage of the matrix during the curing and the differential coefficient of
thermal expansion between the fiber and the matrix. Once the FRP is loaded, these micro-
cracks propagate through the respective layer to form macro cracks. Micro-cracks are
always more prominent in the off-axis loading (Nairn, 2000). The off-axis loading is
referred to laminate loaded not parallel to the fiber orientation. If the laminate is one
layer, the inter fiber fracture would cause a complete failure of composite. However, if
the laminate consists of multiple layers, the interlaminar shear stresses will be re-
distributed around the macro-cracks and the laminate will continue carrying the load until

failure of the adjacent layers takes place.
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Several research groups investigated the failure mechanism of composites.
(Hobbiebrunken et al., 2006) performed experimental and numerical studies to
investigate the failure behavior of multilayer carbon fiber/epoxy composites. In-situ
bending test was performed to continuously observe the progress of the failure with
scanning electron microscope (SEM). The normal traction at the fibers matrix interface
was found to govern the failure initiation of FRPs when loaded transverse to fiber
direction (Figure 3). In the numerical study, micro/macro scales finite element model was
performed to investigate the interfacial failure. The same research group extended their
numerical investigation to study the effect of the non-uniform distribution of the fibers on
the failure and stresses (Hobbiebrunken et al., 2008). Random sequential-addition (RSA)
algorithm is used to generate various fibers arrangements within the epoxy matrix. The
observations showed that the fiber distribution has significant effect on the interfacial
strength of a unit cell. In addition, there is significant difference between the irregular
arrays and the periodic arrays. (Kelly & Hallstrom, 2005) investigated the failure of
composite laminate subjected to transverse load. The damage was found to initiate at 20-
30% of the ultimate strength with interlaminar shear cracks at the matrix. The

interlaminar shear cracks propagate to form a network of cracks.

(Katerelos et al., 2008) studied the effect of matrix cracking on the behavior of
cross-plies and unbalanced symmetric GFRP laminates under in-plane tension. The
longitudinal stiffness obtained by experiments was compared to the predicted values
using equivalent constraint model (ECM) which takes into account reduction in stiffness
due to matrix cracking. The experimental stiffness was obtained by laser Raman

spectroscopy (LSR). The good agreement between the theoretical and predicted stiffness

12



indicates the effectiveness of using ECM in predicting the degradation of stiffness in
composites loaded off-axis. (Knops & Bogle, 2006) investigated the gradual failure of
composites due to the inter fiber fracture. The authors raised a controversial discussion
regarding which approach should be used in describing the degradation model, which
describes the stiffness loss due to inter fiber fracture. Three approaches were discussed;
fracture mechanics, damage mechanics, and phenomenological model. The authors
suggested the phenomenological model by (Puck & Schurmann, 1998) to be the best for
describing a degradation model. (Rebiere & Gamby, 2008) proposed an energy approach
to describe the initiation of damage in composites. Their analyses were based on
computing the strain energy release rate for three different matrix damage mechanisms:
transverse cracks, longitudinal cracks, and delamination and identifying which

mechanism governs.

Loading direction

Figure 3. SEM images for fiber-matrix debonding crack initiation and propagation

in CFRP composites (Hobbiebrunken et al., 2006)
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2.2.2 Delamination and Debonding

Delamination is separation between the individual layers or plies in FRP laminate
due to out-of-plane tensile stresses and/or interlaminar shear stresses. It represents lack of
shear strength of matrix in between the individual layers or plies. FRP layer here is
multiple FRP plies that have the same fiber orientation. In many occasions, inter fiber
fracture propagates to the layers boundaries and initiates the delamination (Figure 4).
Delamination also occurs more frequently in regions with geometrical discontinuity.
Many efforts were directed in modeling the delamination phenomenon of FRPs. Basic
assumption made in most of these modeled is called effective modulus theory (EMT). In
the EMT, it is assumed that composite consists of multiple layers and the delamination
occurs at their interfaces. However, in reality the interfaces represent a thin layer of

matrix with relatively low stiffness and strength (Pagano & Schoeppner, 2000).
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Figure 4. Delamination of composite laminates (Pagano & Schoeppner, 2000)

(Xiao et al., 2007) studied the failure behavior of multi-layer S2 GFRP plates
under quasi-static punching shear load experimentally and numerically. They observed
that the delamination and fiber fracture in tension are the dominant failure mechanisms.

The authors used the finite element software package LS-DYNA® for numerical analysis.
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They calibrated the material properties of the element type MAT 162 using the response
of part of the experimental results and used these parameters to predict and verify the rest
of the experiments. Overall, the predicted failure behavior was in a good agreement with
the experiments. Figure 5 shows comparison between the experimental and numerical
failure behavior at different penetration levels. (Ye, 1989) investigated the use of two
types of matrices in enhancing the resistance to the FRPs delamination growth under
quasi-tension test. The two types of matrices were 648/BF3 MEA (mono-ethyl-amine)
and 634/DDS epoxy resins. The author proved that the epoxy resin 648/BF3 MEA with
relatively high ductility improved the resistance to delamination of FRPs twice the other
type. Furthermore, Ye developed a simple energy release rate approach to describe the
delamination phenomenon by constructing delamination resistance curve similar to the

crack resistance R-curves. The model showed a good agreement to the experiments.

15



Figure S. Fiber tensile/shear failure at different punch displacements for 25.4 mm
span (a) Experiment: A-0.7 mm, B-1.27, C-3.39, D-5.71, E-22.86. (b) Simulation: A-

0.6 mm, B-1.20, C-4.80, D-9.00, E-14.00 (Xiao et al., 2007)

(Aslan & Sahin, 2009) conducted experimental investigation to study the effect of
delamination sizes on the buckling behavior of GFRP composites. They introduced the
delamination by placing 100 pum polytetrafluoroethylene (PTFE) film during the
fabrication of the composites. They also developed finite element model (FEM) using
ANSYS 11" to predict the delamination behavior. The results show that the location and
the area of the delaminations affect the buckling and the compressive failure loads
significantly. (Tamuzs et al., 2003) developed experimental setup based on double

cantilever beam (DCB) technique to examine the effect of low percentages of transverse
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fibers (translaminar reinforcement) on the delamination resistance of 3-D woven carbon
and glass fiber composites. The energy release rate was computed and R-curves are
developed. The experiment showed that the transverse reinforcement did not delay the
crack initiation. However, the crack propagation resistance increased significantly at the

steady-state propagation when transverse reinforcements were provided.

Furthermore, several researchers introduced cohesive zone model (CZM) as
interface elements to describe the delamination of composite laminates especially for
DCB. (Chandra, 2002) provided comprehensive evaluation of using CZM in describing
the crack propagation for various composite materials. The author emphasized on the
difficulty of assuming or extracting the appropriate interfacial properties even when
experimental data is available. Depending on the composite material, it is important to
use the correct form (exponential or bilinear) of CZM in order to obtain useful results.
(Wang, 2007) used CZM to describe the behavior of FRP-concrete interface under mixed
mode loading. New unified traction separation model was introduced. The new model
shows good agreement in the crack initiation and propagation with the experimental
studies. (Hu et al., 2008) proposed a new CZM, known as adaptive cohesive model
(ACM), which includes pre-softening zone ahead of the existing softening zone with
relatively higher stiffness and strength. The proposed model overcomes the convergence

problems usually associated with the use of CZM especially when coarse mesh is used.

2.2.3 Failure Theories
Because of the complexity and non-uniformity of the FRP behavior, a lot of effort

was directed in the FRP composite field to develop various failure theories. The big
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challenges structural engineers usually face when designing FRP structures are because
of the lack of analytical tools that describes the FRP behavior to a reasonable or reliable
level. Therefore, a “Make and Test” approach combined with appropriate safety factors is
the common practice in FRP design. To further understand the failure behavior, a very
useful and comprehensive study, known as the world wide failure exercise (WWFE), was
introduced by (Hinton et al., 2004). The WWFE is a comprehensive international activity
organized to improve the foundation of the design theories or improve the prediction of
the deformations and the failures of FRP composites. The study includes the research
work of more than thirty experts from six countries on the field of FRP composites. The
idea of this exercise is to develop sufficient experimental database, evaluate various
failure theories, and produce appropriate recommendations for structural engineers to

follow during the design and construction of various FRP components.

In this assessment, 19 failure theories with various approaches were examined.
Some of them are based on interactive failure theories such as Tsai-Wu. Other theories
are based on physical failure of composite components such as fiber or matrix failures.
Industrial and standard code approaches such as US Mil Handbook and UK BS 4994 are
also evaluated in that report. Commercial finite element software packages such as
ABAQUS®, ANSYS®, and DYNA3D® are examined. Statistical prediction of failure was
also considered. The final chapter in the book represents a useful and comprehensive
guide for using various theories in predicting different characteristics in the FRP
behavior. Some of these characteristics are accurately predictable by several theories. For
instance, Puck, Cunte or Tsai theories can be used together to describe the strength of

unidirectional laminate under combined loading. On the contrary, all failure theories
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failed to predict many characteristics such as the initial strength of multidirectional
laminate. Although there is sufficient data available for design guides, yet no failure

theories are implemented effectively for design.

2.2.4 Creep of FRP Strengthened Structures

Retrofitting and strengthening of existing reinforced or prestressed concrete
structures have been a rapidly growing area in civil engineering in the last few decades.
Two reasons caused the researchers to develop advanced techniques for strengthening; 1)
infrastructure designed in the 1950s-70s are now experiencing serious deterioration due
to aging and serving in harsh environments and 2) the development of various design
codes to allow higher load-carrying capacities requires increasing the strength of existing
structure even if they are adequate. One of the excellent techniques developed over years
are strengthening using fiber reinforced polymer (FRP) composites due to their high
strength-to-weight ratio and good durability. Researchers and designers reported many
successful field applications where FRP was used successfully in new structures (Nanni,

2000) or in strengthening of existing structures (Reda Taha et al., 2003).

However, in many occasions this technique experiences premature failure due to
lack of shear transfer at the FRP-concrete interface and leads to debonding. Furthermore,
creep of viscoelastic adhesives at the interface was reported recently in many
investigations to be problematic when FRP strengthening systems aim to resist sustained
loads (Taha et al., 2010). Recent experiments by (Taha et al., 2010) on full-scale RC
beams showed that creep of the epoxy adhesive can result in off-loading the FRP strips

and thus late cracking of concrete. The double lap shear test, proposed by the Japanese
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Concrete Institute, is examined by (Ferrier & Hamelin, 2002) to study the creep behavior
of FRP-concrete interface as a function of time and temperature and estimate the
corresponding rheological model parameters. (Feng et al., 2005) studied creep behavior
of structural adhesives using accelerated creep tests. They concluded that the long-term
creep behavior of the epoxy structural adhesives can be reliably predicted using a set of

short term accelerated creep tests.

(Benyoucef et al., 2007) developed a closed form solution to describe shear creep
and shrinkage of adhesives at the FRP-concrete interface. From their theoretical
approach, they found that edge interfacial stresses decrease as the thickness of the
adhesive increases. It was also observed that creep of adhesives increases the bond length
of the FRP significantly (Wu & Diab, 2007). (Meshgin et al., 2009) performed extensive
study to examine the effect of different parameters on the creep response of epoxy at the
FRP-concrete interface using double shear test. It was found that the epoxy thickness,
curing time, and load level affect significantly the shear creep. In addition, (Majda &
Skrodzewicz, 2009) examined the creep of epoxy adhesive under tension and developed
rheological models. They showed that stress level has significant impact on creep model
parameters. Furthermore, (Hamed & Bradford, 2010) found that creep results in
developing significant shear and normal stresses in the adhesives at the edges. Recently,
(Ferrier et al.,, 2011) examined time-temperature principle on epoxy adhesives with
various glass-transition temperatures subjected to shear loading. They concluded that
shear modulus decreases due to creep and the creep behavior is correlated to the glass

transition temperature of epoxy.
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2.3 Nanotechnology

The definition of the nanotechnology involves controlling or manipulating
materials and creating devices and structures at the nano scale in order to enhance
material functions and characteristics, leading to considerable energy savings and
environmental load reduction. It also involves studying and understanding the
fundamental principles of molecules and structures with at least one dimension between
1-100 nm (Gasman, 2006). The first one to shed the light on the Nanotechnology was
Richard Feynman, Nobel Prize winner in physics 1965 in his famous talk entitled
“There’s plenty of room at the bottom” (Feynman, 1992). There are a lot of promising
directions and opportunities for the field of Nanotechnology in industry and business.
Most of these opportunities are oriented towards mechanical, electrical, and medical
applications. General examples of the mechanical applications are listed below (Gasman,

2006):

* Aecrospace industry such as nanocoating of aircraft components.

* Automotive industry such as using nanocrystalline ceramic liners and silicon

nitride in building engine cylinders and ball bearings respectively.

* Building materials such as aerogels, insulations, and smart windows.

In addition to the mechanical applications, electrical applications include batteries with
aerogels for separator plates, Televisions/monitors with enhanced CRTs resolution using
nano materials and nano electro mechanical systems (NEMS) devices. Medical
applications involve nano engineered materials to replace lost or damaged tissues. There
are two approaches in the design and manufacturing processes at the nano-level, top-

down and bottom-up approaches. The top-down approach involves processing the desired
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macro-materials and structures using special tools in order to create the nano-level
features. Famous example of this is the processing of semi-conductors to manufacture
smaller chips. The use of more advanced tools allows manufacturing smaller chips and
therefore achieves higher restoring capacity and better performance. On the other hand,
the bottom-up approach involves creating and processing the desired molecules at the
nano level (molecules) in order to obtain a functional micro and macro-structures.
Example of this approach is the fabrication and processing of nanocomposites (Gasman,

2006).

Nanocomposite or nanomaterial is an advanced branch of material science. A
general definition of nanocomposites, reported by (Shaffer & Sandler, 2007), is a multi-
phase or composite material where at least one of the dimensions of one of its constituent
is in the nanometer size scale. This definition implies the synthesis of composite with two
or more different materials with different properties in order to obtain a distinctive micro
or macro-properties including mechanical, electrical, thermal properties. Polymer,
ceramics, or metallic matrix composites are the famous types of nano composites
investigated by researchers and produced in the industry. Several reinforcing nano
particles are introduced for the polymer nanocomposites in the literature such as carbon

nanotubes, rubber, clay, and silicate.

2.4 Carbon Nanotubes
Beside the carbon nanotubes, carbon based structure are found in many forms
such as Diamond, graphite, and fullerene. Diamond has crystalline structure where sp’

hybridized carbon atoms are bonded to four others in a tetrahedral arrangements. The
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crystalline structure gives the diamond its unique properties specifically the hardness.
Planer sheets of sp” hybridized carbon atoms boneded together in a hexagonal network
create graphite structures. Each carbon atom in the graphite structure is bonded only to
three others. Fullerene is a spherical or soccer ball like structure with sp” hybridized
carbon atoms. Figure 6 shows the various types of carbon structures (O'Connell, 2006).
Carbon nanotubes can be visualized by concentrically rolled single graphene sheet or
multiple sheets to form tubular structures with sp® hybridized carbon atoms similar to
fullerene. In terms of length scale, carbon nanotubes represent the intersection or the

transition between fullerene family and the traditional carbon fibers as shown in Figure 7.
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Figure 6. Carbon based structures adapted from (O'Connell, 2006)
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Figure 7. Comparison between various carbon fiberous structures (Shaffer &
Sandler, 2007)

CNTs were first introduced in 1991 by lijima when he found tubular structures of
carbon at the nano scale (Iijima, 1991). The first CNTs found consisted of multiple shells
of graphitic structure and were known later as Multi-walled carbon nanotubes
(MWCNTs). Approximately two years later, lijima discovered single graphitic shell
CNTs which were later called as Single-Walled Carbon nanotubes (SWCNTSs) (Iijima &
Ichihashi, 1993). Although lijima was credited for the discovery of the nanotubes, there
are earlier reports in the literature about the nanotubes. Roger Bacon reported
troublesome carbon nanowhiskers under SEM investigation when he used electric arc
method to produce graphite whiskers (Bacon, 1960). Later, Endo imaged the nanotubes

using high-resolution transmission electron microscope (HRTEM) and reported the
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synthesis of tubular carbon structure using hydrocarbon decomposition (Oberlin et al.,

1976).

The orientation of rolling a graphene sheet determines the structure or the
geometrical properties of the SWCNTs (Loiseau et al., 2006). The rolling orientation can
be characterized by describing a unit vector on the graphene sheet as shown in Figure 8.

Similarly, the unit vector can be described using a pair of integers (n,m). This pair defines

the so-called the chiral vector C which can be computed by

C =na, +ma, (2.1)

where g, and a, are constants equal in length and called graphene basis. C represents the

circumference of nanotubes and describes implicitly another parameter called the chiral

angle 6 where
0= arctan(\/gm /(2n + m)) (2.2)

The unit cell is defined by C and T where T is given perpendicular to C in the
longitudinal axis of the nanotube and it is also a function of m and n. The unit cell is
repeated in the direction of 7 to form the nanotubes. Based on the chiral parameters,
many unique structures of the nanotubes exist. Examples of this structure are presented in
Figure 9 (O'Connell, 2006). Armchair structure is formed when n equals m while zigzag

like structure is formed when n or m is zero.
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Several methods were developed over the last two decades to produce CNTs. The
synthesis of CNTs is usually performed providing the required energy to break the
graphite feedstock and produce the nanotubes. This process is performed under specific
conditions of inert atmosphere with high pressure and temperature. This energy can take
the form of electrical, light, heat/chemical energies such as the arc discharge, laser
ablation, and chemical vapor deposition (CVD) techniques. In most cases, metallic
catalyst is required for the synthesis or growth process. Ijima first used arc discharge
method to synthesize MWCNTs (Iijima, 1991). In this method, a low-voltage (~12 to 25
V), high current (50 to 120 amps) power supply is used to produce an arc across a 1-mm
gap between two graphite electrodes 5 to 20 mm in diameter. The synthesis is performed
under the atmosphere of inert gas such as Helium or Argon at a pressure of 100 to 1000
Torr. The MWCNTs are formed on the cathode. The laser ablation technique produces
large quantities of SWCNTSs (Thess et al., 1996). This technique uses pulse or continuous
laser waves stroke a graphite source and a cobalt/nickel metal catalyst in a 1200°C quartz
furnace under pressure of 500 Torr. In the CVD method, the carbon source is a
hydrocarbon gas flow that is directed to metallic catalyst placed in a furnace with
medium temperature (550-1200°C). Other techniques provide heat/chemical energy

include flame synthesis and Plasma Enhanced CVD (O'Connell, 2006).

Since their discovery at 1991, scientists spent a lot of effort to investigate various
properties of CNTs and to develop methods for increasing the production capacity. As
per 2006, the worldwide production of single and multi-walled CNTs reached 7 and 300
tons/year respectively (Eklund et al., 2007). China, USA, Korea, and Japan are among the

countries that produce the highest capacities of CNTs. In 1992, only nine papers were
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published relevant to the CNTs. The number of publications exceeded 10,000 papers by
2006 with a big portion related to CNTs-polymer composites. The big effort spent on the
CNTs research is attributed to their distinguished mechanical, electrical, and thermal
properties. Table 1 presents a comparison of the mechanical properties between CNTs
and other materials. The mechanical properties of CNTs are one or more order of
magnitude higher than the other materials. Typically, the price of SWCNTs is
approximately $500/gm while the price of MWCNT $10/gm (O'Connell, 2006). The
price of SWCNTs is much higher than the MWCNTs because of the cost of the synthesis
process. In spite of being relatively expensive, the significantly low volume of CNTs
used in polymer composites (typically less than 3%) makes small addition to cost.
Moreover, the cost of large quantities showed to be much cheaper than the above noted

cost.

Table 1. Mechanical properties of different materials (Eklund et al., 2007)

Material Youn%’(s}fl)\;[)odulus Tensi(lé S;r)ength geélrsnlt%
SWCNT ~1000 ~100-200 ~0.7-1.7
High tensile steel 210 1.3 7.8
Toray carbon fibers 230 3.5 1.75
Kevlar 60 3.6 1.44
Glass fibers 22 34 2.6

The only route to scale up the production capacities of the CNTs is through
successful industrial applications. Currently, there are limited applications for the CNTs

with the majority being the mechanical and electrical applications (Eklund et al., 2007).
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The mechanical applications include polymer, metal and ceramic matrix composites for
improving strength, toughness, and stiffness and thin film composite coatings. Examples
of electro-mechanical applications include scanning probe tips, compliant interconnects,
and contact devices for MEMS devices. Other promising applications in the optical,
electrical, or medical fields include electrodes and additives for batteries, single tip

electron guns for SEM and TEM systems, and cancer cell targeted radiation absorbers.

2.5 CNTs-Polymer Composites

Although great portion of CNTs research is directed to the production and
performance of CNTs-polymer nanocomposites, yet the behavior is not well understood.
The aim of incorporating stiff nano reinforcement in the soft polymers is to enhance their
mechanical response. Conceptually, once the nanocomposite is loaded, the matrix
transfers the load via shear to the CNTs. The large length-to-diameter (aspect) ratio of the
CNTs would provide sufficient interfacial area for the load transfer and subsequently the
CNTs compensate for the low modulus of the soft matrix, leading to an enhanced

mechanical response for the nanocomposite.

Several types of polymers were used along with the CNTs to fabricate enhanced
nanocomposites including thermosets, elastomeric, and thermoplastic polymers. In this
dissertation, emphasis is placed on thermosetting polymers. Although incorporating the
CNTs in polymer matrix seems to enhance the mechanical properties, three challenges

are addressed by (Advani & Fan, 2007) while processing the nanocomposites as follows:

(1) Uniform dispersion of CNTs within the polymer matrix is necessary to obtain

homogenous nanocomposites. The good dispersion would guarantee the
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maximum surface area of the CNTs for the composite action between the CNTs

and polymer to take place.

(2) Creation of strong interfacial bond between the CNTs and the polymer matrix
through various types of chemical treatments. The interfacial bond will not only
enhance the chemical interaction between the two materials, but also helps

obtaining a good dispersion.

(3) Alignment or orientation of CNTs using mechanical, electrical and magnetic

fields.

Over the years, many techniques were developed to overcome the aforementioned
challenges. Mechanical or magnetic stirring, extruder, and ultrasonic agitation are the
most popular mechanisms used to exfoliate the CNTs agglomerations and improve the
dispersion. Surface functionalization is also used to improve the interfacial bond between
the polymers and the CNTs. Different types of functionalizations are addressed in the

following section.

2.6 Functionalization of Carbon Nanotubes
2.6.1 Surfactant Treatment of CNTs

The surfactant treatment is also known as non-covalent functionalization. The
addition of surfactants was found to improve the dispersion of CNTs in polymers and
water. The surfactant in this case works as dispersing or coupling agent for the nanotubes
in the epoxy resin. There are many types of surfactants addressed in the literature. These

types include anionic, non-anionic, and cationic surfactants (Sahoo et al., 2010).
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Common surfactants used with CNTs are polyoxyethylene octyl phenyl ether (Triton-
X100), sodium dodecylbenzene sulfonate (SDS), hexadecyltrimethylammonium bromide
(CTAB), sodium dodecylbenzene sulfonate (NADDBS), and Polyoxyethylene 8 lauryl
(C12EO8) (Islam et al., 2003). Figure 10 shows various surfactants’ adsorption on

nanotubes surface.

NaDDBS SDS Triton X-100
CiaHas—~{_)—S05 Na*  CHy(CH,),,0505 Na* O(CH,CH;0)H—L )~ CaHy7
N=approx. 9.5

Figure 10. Adsorption of surfactant on CNTs surface (Islam et al., 2003)

The use of surfactant provides a non-covalent chemical interaction through
coulombic attraction between the nanotubes and the surrounding matrix. This interaction
takes place due to the surfactant bridging action between the incompatible hydrophilic
polymers and hydrophobic nanotubes. The bridging effect is achieved because surfactants
comprise of two parts: the hydrophilic region of the molecule or the polar head group;
and the hydrophobic region or the tail group that usually consists of one or few
hydrocarbon chains. The non-polar tail of the surfactant tends to get attracted to the
CNTs surface creating non-reactive functional groups while the polar part interact with
the polymer chains through Hydrogen bond. As a result, they overcome the

incompatibility between the hydrophobic surface of the CNTs and the hydrophilic epoxy
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resin. In addition, the dispersibility of CNTs increases via the electrostatic repulsion

between the surfactant.

The distinct structural feature of a surfactant originates from its “duality”.
Surfactants are classified according to the charge of their head groups, thus cationic,
anionic, nonionic or zwitterionic are known. The uniform dispersion of CNTs in polymer
matrices showed the ability to alter polymer microstructure and enhance thermal stability
of polymers such as Poly methyl methacrylate (PMMA) (Alexandre & Dubois, 2000,
Coleman et al., 2006, Lau et al., 2006). (Fukushima et al., 2003) reported a strong
physical interaction with the 7 electrons of the nanotubes with ionic liquids. The
exfoliation of MWCNTs in the polymer composites depends on the Hydrophilic-
Lipophilic balance (HLB) of the used surfactants. This is because; the best result has
been obtained with a combination of electrostatic (anionic surfactant) and steric (nonionic

surfactant) stabilization (Tillier et al., 2003).

The HLB value represents the tendency of an emulsifier (surfactant) to act as an
oil-soluble or as a water-soluble type of emulsifier (Becher, 1966). It can be determined
by calculating values for the different regions of the molecule, as described by Griffin in
(Davies, 1957, Griffin, 1949, Griffin, 1954). Griffin's method that is applicable for non-

ionic surfactants is described in 1954 as follows:
HLB = 2o(ﬂ) 2.3)
M

where My, is the molecular mass of the hydrophilic portion of the molecule, and M is the
molecular mass of the whole molecule, giving a result on an arbitrary scale of 0 to 20. A

low HLB, e.g. 1-9, indicates an oil soluble substance, while a high HLB, e.g. 11-20,
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suggests a water-soluble compound. Lipophilic emulsifiers are typically nonionic, such as
sorbitan trioleate (HLB = 1.8) or propylene glycol monolaurate (HLB = 4.5), as well as
the saturated and unsaturated fatty acids such as palmetic acid. On the other hand,
hydrophilic emulsifiers are typically ionic, such as soaps of alkyl or aryl sulfuric acids,
e.g. sodium lauryl sulfate or sodium dodecyl sulfate, or soaps of alkyl or aryl sulfonic
acids, e.g. sodium dodecyl benzene sulfonate (HLB = 11.7). Moreover, for nonionic
surfactants, the HLB value is also related to the ethoxylation level of the surfactant,
namely the ethylene oxide content, which represents the water-soluble portion of the
surfactant molecule. Consequently, more ethylene oxide units lead to a higher water-

solubility and a higher HLB value.

In this dissertation, emphasis is placed on surfactants compatible with epoxy
resins. In this context, (Gong et al., 2000) examined the use of Polyoxyethylene 8 lauryl
(C12EO8) surfactant with MWCNTs in epoxy composites. The major findings from the
study was that the addition of 1.0% wt. of nanotubes along with surfactant increased the
glass transition temperature (Tg) and storage modulus (G') drastically. However, the
addition of nanotubes alone yielded moderate or limited enhancement in G' and Tg by 26
and 40% respectively. Furthermore, the addition of surfactant alone resulted in a
noticeable reduction in G' and no effect on Tg. The scanning electron microscope (SEM)
micrographs revealed better dispersion for the nanotubes when surfactant is used. (Geng
et al., 2008) investigated the effect of Triton X100 surfactant treatment on the thermal,
mechanical, and electrical properties of CNTs epoxy nanocomposites. It was reported
that the addition of 0.1% wt. surfactant treated CNTs increased storage modulus, flexural

strength, flexural stiffness and glass transition temperature significantly. The
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improvement is attributed to the improvement in the interfacial bond between the

nanotubes and the surrounding polymer.

2.6.2 CNTs’ Covalent Functionalization

The covalent functionalization on the other hand involves impregnating function
groups on the surface of the nanotubes. The functional groups have two roles. The first
function is it helps the dispersion of the CNTs due to the positive or negative charge that
counteract the van der Waal interaction. The second function is that it chemically reacts
with the epoxy components (either the resin or the hardener) forming a strong covalent
chemical bond which increases the interfacial bond considerably (Advani & Fan, 2007).
One of the earliest functionalization process is reported by (Zhu et al., 2003) who used
mixture of sulfuric, nitric, and hydrochloric acids to attach carboxyl (COOH) groups at
the ends of SWCNTs. They also performed fluorination in order to attach fluorine (F)
functional groups on the sidewalls of the nanotubes. The carboxyl groups are expected to
react with the resin while the fluorine groups are expected to react with the hardener, thus
the interfacial bond increases. Figure 11 shows a schematic for the covalent

functionalization process.
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Figure 11. Covalent functionalization (Zhu et al., 2003)

Since the discovery of the CNTs functionalization process in 2003, many

scientists directed their effort to examine the behavior and the capability of various
functional groups in enhancing the CNTs-polymer nanocomposites. Examples of other
functionalizations include UV/ozone treatment or plasmas (Seo et al., 2005, Sham &
Kim, 2006) amine (Gabriel et al., 2006, Sham & Kim, 2006) , silane (Ma et al., 2006) and
fluorine treatments (Lee et al., 2003). The functionalized CNTs have been found to

enhance the mechanical response of CNTs-epoxy nanocomposites. For example, solution
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mixing 1.0% wt flourinated SWCNTs increased the tensile strength and Young’s
modulus by 18 and 30% respectively (Zhu et al., 2003). In addition, simple mixing of
6.0% wt oxidized MWCNTs reduced the tensile strength by 25% and increased the
Young’s modulus by 32% (Breton et al., 2004). Moreover, shear mixing of 0.5% wt
NH2-modified double walled carbon nanotubes (DWCNTSs) increased the tensile
strength, Young’s modulus, and toughness by 10%, 15%, and 45% respectively (Gojny et
al., 2005). Furthermore, solvent mixing of 0.25 % wt Copolymer modified MWCNTs
increased the tensile strength and Young’s modulus by 50% (Li et al., 2004). It seems
that the functionalized CNTs mechanical enhancement is very sensitive to the chemical

process, type and content of CNTs.

In general, the two approaches of functionalizations were found to be effective in
improving the mechanical response of CNTs-polymer nanocomposites. The major

advantages and disadvantages of the two approaches are as follows:

1) The non-covalent functionalization are particularly attractive because the physical
adsorption seldom damages the structure of CNTs, nor disturbs the inherent =-
bonds of CNTs and thus maintains the intrinsic properties of the individual
nanotubes un-affected (Gong et al., 2000, Grossiord et al., 2006, Kim et al., 2007,
Vaisman et al., 2006). On the contrary, the covalent functinaliozation is
aggressive especially the oxidation process using mixture of concentrated acids
(Kim et al., 2005, Park et al, 2005), thus they generate structural defects

deteriorating the intrinsic properties of CNTs.

2) The strong bond, created by the covalent functionalization, enhances significantly

the mechanical response due to the distinguished stress transfer between the
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relatively soft polymers and the stiff nanotubes. The non-covalent interaction
between the surfactant and the nanotubes has moderate effect in enhancing the
interfacial bond achieved by the non-covalent bond. This can be noticed from the

range of mechanical enhancement both approaches could achieve for the same

type of polymer.

2.7 CNTs-FRP Composites

Few articles have addressed the use of CNTs to enhance the mechanical
properties of composites in the last decade. However, these studies showed good
enhancements in mechanical response when CNTs-epoxy nanocomposites are used in the
fabrication of FRP composite. For instance, (Qiu et al., 2007) examined the tensile and
shear behavior of glass fiber reinforced polymer (GFRP) composites. With 1.0% by
weight functionalized MWCNTs, they reported 14% and 5% increase in on-axis tensile
and shear strengths respectively. They also reported a 20% and 8% increase in Young’s
and short beam moduli. (Seyhan et al., 2008) investigated mode I & II fracture toughness
of GFRP composites using double cantilever beam (DCB) test. They observed 8%
increase in mode II fracture toughness when 0.1% wt functionalized MWCNTs were

added.

Compressive shear tests were performed to determine the interlaminar shear
strength (ILSS) of glass woven fabric composites with different dispersion techniques.
The statistical analysis showed no enhancement in ILSS due to the addition of 0.5% by
weight MWCNTs (Chandrasekaran et al., 2010). The surfactant treatment of as-received

and functionalized MWCNTs was used to improve the electrical resistance and
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mechanical response of GFRP composites. The use of surfactant with CNTs improved
the on-axis tensile and impact response (Yesil et al., 2010). A major conclusion can be
drawn from most of the above investigations is that MWCNTSs might produce a slight
increase in the on-axis strength and stiffness of FRP composites (< 10%). This limited
enhancement cannot justify the use of CNTs with an expected increase in cost of

composite fabrication.

2.8 Summary

Although fiber reinforced polymer (FRP) composites have been widely used in
many civilians and military applications, there exist many shortcomings on their
structural behavior. The inter fiber fracture due to transverse, fatigue loadings, and
thermal stresses is addressed as a major problem that causes the initiation and
propagation of micro cracks. Furthermore, creep of adhesive’s bond lines is recognized
recently as a major challenge when reinforced or prestressed concrete structures are
strengthened against sustained loads. On the other hand, the use of CNTs in polymer
nanocomposites increased rapidly in the last few years as one of the promising
applications of Nanotechnology. Recent studies showed a good improvement in the
mechanical response of FRP composites when CNTs are incorporated. However, these
studies are limited to few mechanical tests and CNTs content. Therefore, further
investigations on static, long term, and dynamic behavior of FRP composites

incorporating CNTs are required.
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CHAPTER 3. CNTS-EPOXY NANOCOMPOSITE:
FABRICATION AND CHARACTERIZATION

3.1 Overview

This chapter presents detailed investigation on the fabrication and testing of
CNTs-epoxy nanocomposites, which are used for further investigations with FRP in the
subsequent chapters. In particular, various approaches including physical and chemical
treatments of CNTs are described. Mechanical characterization was performed to extract
various mechanical properties through flexure and dynamic shear rheometer (DSR) tests.
Thermal analyses are also performed using differential scanning calorimetry (DSC) and
thermo gravimetric analysis (TGA). Furthermore, the microstructure of the
nanocomposites is investigating via scanning electron microscope (SEM). Therefore, this
chapter is divided to two main sections. The first section reports the treatment of CNTs in
epoxy while the second section reports the mechanical, thermal, microstructure

characterization of the produced CNTs-epoxy nanocomposite.

3.2 CNTs Treatment in Epoxy

This section deals with various approaches implemented to fabricate different CNTs-
epoxy nanocomposites. The main goal from introducing several fabrication approaches is
to evaluate the mechanical properties of the CNTs-epoxy nanocomposite produced by
each approach and investigate their effect on the FRP mechanical performance. The

major difficulties usually arise when fabricating the CNTs-epoxy nanocomposite is to
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overcome the formation of agglomerated CNTs which reduce the mechanical properties
of the nanocomposite. In general, two methods are introduced in the following sections:
physical and chemical methods. The physical method is performed by mixing the CNTs
as received in the epoxy resin and is denoted as “Pristine”. The chemical methods include
performing non-covalent or covalent functionalization while processing the CNTs in the

epoxy resin.

The CNTs used in this study were supplied by Cheap Tubes, Inc. Based on the
manufacturer’s specifications, the CNTs were multi-walled with outer diameter (OD) of
20-30 nm, inner diameter (ID) of 5-10 nm, length of 10-30 um, and aspect ratio of 500 to
1000. The bulk density of the MWCNTs is 0.21 gm/cm’ and the specific surface area is
110 m*/gm. The nanotubes are manufactured using catalytic chemical vapor deposition
(CCVD) technique with purity greater than 95% by weight. Table 2 shows elemental

analysis of the MWCNTs.

Table 2. Elemental Analysis of MWCNTSs (Ohama, 1995)

Component Content (%)
C 98.35
CI 0.45
Fe 0.26
Ni 0.94

The epoxy used in fabrication of the nanocomposite is EPOTUF® 37-127 epoxy
system supplied by U.S. Composites, Inc. The epoxy resin is diluted liquid based on

Bisphenol-A contains Diglycidyl ether (DGEBPA) while the hardener is aliphatic Amine.
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The epoxy resin is low viscosity 100% reactive diluted liquid based on Bisphenol-A
containing glycidyl ether. The resin viscosity at room temperature is 600 cps. The
hardener is Aliphatic Amine EPOTUF® 37-614. The resin to hardener mixing ratio is 2:1,
pot life is 30-45 minute at 26.7 °C, setting time is 5-6 hours, and curing time of 24-28
hours. The tensile strength and elongation at failure are 68.9 MPa and 2.5% respectively.

The chemical structures for the resin and the hardener are shown in Figure 12.
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Figure 12. Chemical structure of the epoxy system (a) resin and (b) hardener
3.2.1 Physical Approach

This approach involves incorporating the pristine CNTs into the epoxy resin using
ultrasonic agitation and magnetic stirring. Ultrasonic waves are sound waves transmitted
at frequencies generally beyond the range of human hearing. The ultrasonic bath used in
the process is supplied by Misonix, Inc. with a tank capacity and maximum input power

0.5 gal and 80 Watt, respectively. It is also operating at frequency of 40 kHz.

The ultrasonication mechanism is explained in Figure 13. During the sonication, the
sound waves from the transducer radiate through the solution in the tank causing

alternating high and low pressures. During the low-pressure stage, millions of

41



microscopic bubbles form and grow for a process known as "cavitation". During the
high-pressure stage, the bubbles collapse or implode releasing enormous amounts of
energy (Misonix™). The magnetic stirring was performed using 610-HPS standard hot
plate stirrer supplied by VWR International. The hot plate operates on temperature range
of 30 to 500°C and magnetic speed range of 60-1600 rpm. The ceramic top plate provides
even heating surface and good chemical-resistant. The microprocessor control in the hot

plate regulates heat and speed to accuracy within £ 2%.

(a) Transducers radiate ultra sonic waves (b) Low pressure stage induces bubbles

(c) High pressure stage collapsing the bubbles and releasing the energy

Figure 13. Mechanism of ultrasonic bath in dispersion process (Misonix®)

In this study, the dispersion was performed by adding the required CNTs content
to the epoxy resin. The CNTs contents of 0.45, 0.9, and 1.35 gm were added to 60 gm

epoxy resin to obtain CNTs percentages of 0.5, 1.0, and 1.5% by weight of epoxy. The
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CNTs-resin mixture was sonicated in the ultrasonic bath for 1.0 hour at room temperature
(Figure 14). Magnetic stirring was then applied to the dispersion for 30 minutes followed
by 15 minutes sonication. Thirty grams of hardener was added to the CNTs-resin

composite with 5 minute mechanical stirring and the nanocomposite is ready to use.

3.2.2 Chemical Approach

The chemical approaches are introduced at this study to examine the improvement
of the fabrication and the mechanical response of the CNTs-epoxy composite. These
approaches provide the solution of many challenges arise when CNTs are physically
dispersed in the epoxy. The chemical approach consists of three categories: non-covalent,
covalent, and combined functionalization. The term “functionalization” implies
introducing functional groups on the surface of the CNTs to improve the chemical

interaction between the CNTs and the surrounding epoxy matrix.

Figure 14. Ultrasonication of CNTs in epoxy resin
3.2.2.1 Non-Covalent Functionalization
There are two types of non-covalent functionalization introduced in the literature:

surfactant assistance and polymer wrapping. In this study, we will examine the use of

43



surfactant assistance in fabricating the CNTs-epoxy nanocomposite. The well-known
non-ionic surfactant Triton X-100 is used [molecular formula is C;4H,O(C,H40),].
Triton X-100 has specific gravity of 1.065 at 25°C, effective molarity of 1.7 M, viscosity
of 240 cps at 25°C, hydrophilic-lipophilic balance (HLB) value of 13.5, and critical
micelle concentration (CMC) of 0.2 mM. Triton X-100 consists of a hydrophilic
polyethylene oxide group (on average it has 9.5 ethylene oxide units) and a hydrophobic

hydrocarbon lipophilic group.

The hydrophobic group (non-polar tail) of the surfactant attracts to the CNTs
surface creating non-reactive functional groups on the surface of the nanotubes. These
functional groups improve the dispersibility of CNTs by inducing electrostatic repulsion
among functional groups, which disentangle the individual nanotubes. On the other hand,
the hydrophilic group provides the chemical compatibility with the epoxy matrix.
Another major advantage of using the surfactant is that it does not affect the surface of
the nanotubes, therefore maintains the structure and strength of the CNTs. Figure 15
shows the chemical structure of Triton X-100 and Figure 16 shows schematically the the
CNTs dispersion mechanism via non-ionic surfactant.

An important phenomenon would occur with the addition of relatively large
amount of surfactant to solutions is the formation of micelles of surfactant which are
small colloidal particles. When micelles form, the surfactant solution behaves as a micro-
heterogeneous medium (Dominguez et al., 1997). Schematic of surfactant micelles are
shown in Figure 17. The formation of micelles is associated with a critical concentration
known as critical micelle concentration (CMC). The value of the CMC can be determined

by the abrupt change in the slope of the physical properties of the surfactant solution with
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respect to the surfactant concentration such as surface tension. The CMC is measured by
the concentration of the surfactant in the dispersion media (solvent in this case). It can be
noted that the surfactant content should exceed CMC in order to introduce strong steric
repulsive forces among the nanotubes and it should not also be very large to avoid the
plasticizing effect of surfactant with low molecular weight. The concentration, in terms of
number of moles per liter, can be obtained using the following Eqns:

Concentration = Number of moles/volume in Mol/liter (3.1)

Number of moles = weight/molecular weight in Mol (3.2)

Given that the molecular weight of Triton X-100 is 625 gm/mole and the CMC is 0.2
mM, the equivalent weight which achieves the CMC per liter of solvent is 0.125 mg. A
choice is made after (Geng et al., 2008) for using a concentration of 10 CMC to produce

the surfactant treated CNTs-epoxy nanocomposites.
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Figure 15. Triton X-100 (a) chemical structure and (b) 3-D model

A 0.5% CNTs-epoxy nanocomposite was produced by adding 500 mL methanol
(solvent) to 0.5 g MWCNTs and sonicating the mixture for 30 minutes. 0.3 g of the non-
ionic surfactant Triton X-100 was added with 2 hours sonications. Epoxy resin of 120 g
was heated to 75°C under magnetic stirring using the hot plate and added to the CNTs-
solvent-surfactant dispersion. The mixture was sonicated for 1.0 hour at 60°C and
vacummed overnight to remove the solvent. The vacuum pump used is Edwards RV3
supplied by Ideal Vacuum Products, Inc. with motor power of 300 Watt. The pump

operates at speed of 60 Hz and can maintain pressure of 1.5 x 10™ Torr. 60 g of hardner
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was applied to the CNTs-surfactant-resin composite with 5 minute mechanical stirring

and the nanocomposite is ready to use.

. <4 Polar

<4 Nonpolar

(c) Dispersed CNTs

Figure 16. CNTs-surfactant mechanisms
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3.2.2.2 Covalent Functionalization

The main advantage of performing the covalent surface functionalization is to
introduce functional groups on the surface of the nanotubes. These functional groups
react with the epoxy resin or the hardener to form a strong covalent chemical bond. The
covalent bond improves the interfacial bond or load transfer between the nanotubes and
the epoxy matrix. However, the covalent functionalization process in many occasions is
aggressive and causes severe damage to the structure of the nanotubes. There are many
types of functional groups introduced in the literature such as carboxyl (COOH) and
hydroxyl (OH) groups. In this study, functionalization with carboxyl groups is examined

using non-organic and organic acids.

(i) Functionalization using non-organic acids

Two types of non-organic acid functionalized CNTs are examined. In the first
type, commercial MWCNTs, supplied by Cheaptubes, Inc. and functionalized with

carboxyl (COOH) groups, are processed in epoxy. The COOH-MWCNTs were added
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first to the resin with 1.0 hour sonication at 40°C. In order to ensure chemical reaction
between the functional groups on the surface of the nanotubes and the resin chains, the

dispersed mixture was stirred for 2.0 hour at 80°C. The hardener was added after cooling

the resin and the epoxy-MWCNTs were ready to use. In the second type, the
functionalization process was performed on pristine MWCNTs supplied by Cheaptubes,
Inc. The covalent surface functionalization with non-organic acids was performed using
sulfuric (H,SOy), nitric (HNOs), and hydrochloric (HCL) acids. The functionalization
process was performed after (Osorio et al., 2008) by first preparing acidic mixture of
H,SO4:HNOs (3:1). The CNTs were sonicated with the mixture for 4 hours and upheld
for 15 hours and stirred afterwards for 40 minutes at 140 °C. Then, hydrochloric acid was
added to the solution. Subsequently, this solution was neutralized with ammonium
hydroxide (NH4OH) and filtered with a 0.22 pm cellulose acetate membrane (Figure 18-
a). The CNTs were washed several times using deionized water until the pH 5.5 was
reached. The functionalized CNTs were dried over night under vacuum. The major
challenge from the functionalization process is to get rid of the salt produced from the

neutralization process which mixes well with the functionalized CNTs.

In general, the functionalization process results in CNTs with chemically bonded
carboxylic groups (COOH). When CNTs are added to the resin, these functional groups
bond chemically to the resin, thus create strong connection between the CNTs and the
resin. In order to apply the functionalized CNTs to the resin, they were sonicated in
methanol for 2 hours and the dispersion was sonicated with the resin afterwards. The
CNTs-methanol-resin dispersion was vacuumed to remove the methanol (Figure 18-b).

The hardener was added to the CNTs-resin mix and the epoxy was used to produce the
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CNT-epoxy nanocomposite. Figure 19 and Figure 20 show schematics for the
functionalization process and the microstructure of the CNTs-epoxy nanocomposites. In
this dissertation, the results of mechanical and thermal responses obtained using the first

type (the commercial functionalized MWCNTSs) are presented in the results section.

Figure 18. Filtration of functionalized CNTs
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Figure 19. Surface functionalization of CNTs using non-organic acids
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Figure 20. Schematic for the microstructure of CNTs-epoxy nanocomposite

(ii) Functionalization using organic acids

The organic acid functionalization was performed after (Khan et al., 2010) using
oleic acid [CH3(CH,);CH=CH(CH,);COOH]. The advantage of this method of covalent
functionalization is that it is less aggressive than the functionalization performed with the
non-organic acid mixture. The oleic acid has a week C=C bond and carboxyl group
(-COOH) (Figure 21). The C=C bond is expected to break under high level of supplied
energy and heat and would result in attachment of functional groups on the surface of the
nanotubes. In order to obtain 0.5% functionalized CNTs-epoxy nanocomposite, 0.9 g

CNTs are added to 200 mL methanol with sonication for 30 minutes. 5 mL oleic acid was
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added to the CNTs-methanol dispersion and the mixture is stirred for 1 hour and
sonicated for 30 minutes afterwards. 50 mL ammonium hydroxide is then applied with 6
hours magnetic stirring at 50°C. The dispersion was left to dry overnight at 50°C and the

dried functionalized CNTs were obtained.

(b)

Figure 21. Oleic acid (a) chemical structure and (b) 3-D model

(iii) Combined non-covalent and covalent functionalization

In this technique, the non-covalent and covalent functionalizations were combined
to produce the CNTs-epoxy nanocomposite similar to (Khan et al., 2010). The main idea
was to ultilize the effectivness of the non-covalent functionalization in dispersing the
nanotubes and the covalent functionalization in improving the interfacial bond between
the nanotubes and the surrounding matrix. In this case, Triton X-100 is used to perform
the non-covalent functionalization while oleic acid is used to perform the covalent

functionalization.
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The functionalization was performed by adding 0.9 g CNTs to 300 mL and
sonicate for 30 minutes. 0.9 g Triton X-100 surfactant was added to the dispersion with
2.0 hours sonication and the mixture was left overnight. 5 mL oleic acid was added to the
supernatant of CNTs dispersion, which is expected to be free from catalytic impurities
and aggregates. The mixture was sonicated for 30 minutes and stirred for 1 hour. 50 mL
of ammonia solution was added with magnetic stirring at 60°C for 4 hours. The solution
was left overnight and then washed with water:methanol (1:1) solution. The foamy

portion on the top of the solution was removed and the rest was dried overnight at 70°C.

3.3 Mechanical Characterization of CNTs-Epoxy Nanocomposite

Two tests were performed on different types of epoxy produced with CNTs:
flexure and dynamic shear rheometer tests. The two tests were performed on epoxy
prisms. In order to cast the epoxy prism, the hardener was applied to the CNTs-resin
composite with 5 minute mechanical stirring. Steel molds were sealed using
Cyanoacrylate glue and mechanical clamps (Figure 22). The CNTs-epoxy
nanocomposites were cast in the steel molds using syringe pump to avoid the formation
of air bubbles. The CNTs-epoxy specimens were demold after two days and cured for 10

days before they are tested.
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(a) Epoxy cast in steel molds (b) CNTs-epoxy prisms ready for testing

Figure 22. Preparation of CNTs-epoxy prisms

3.3.1 Procedures and Test Setup
3.3.1.1 Flexure Test

There are two ASTM standards which deal with determining the flexure
properties of unreinforced or reinforced plastics: (ASTMD790, 2010, ASTMD6272,
2010). The major difference between the two tests is that (ASTMD790, 2010) is
concerned with three-point bending test while (ASTMD6272, 2010) is concerned with
four-point bending test. In this study, the four-point bending ASTM standard is used. In
this test, a prism of the produced CNTs-epoxy nanocomposite is rested on two supports
and loaded by displacement-controlled mode at two points located at one third of the
span. The dimensions of the prisms and the test setup are shown in Figure 23 and Figure
24, respectively. It is recommended by ASTM standard that the span-to-depth ratio to be
at least 1:16. The displacement rate or the motion of the crosshead is estimated so that a
maximum flexure strain of 0.01 mm/mm is induced at the outer fibers using the following

equation (ASTMD6272, 2010).
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R=0.185ZL%/d (3.3)

where (R) is the rate of crosshead motion in mm/minute, (Z) is the rate of straining of

outer fibers (0.01), (L) is the supporting span, and (d) is the depth of the epoxy prism.

In many occasions, the flexure specimens do not fail because of the excessive
deformation of polymers. For this regard, the ASTM suggested the termination of the
flexure test by the occurrence of one of two events, either rupture of the flexure
specimens or a maximum strain at the outer fiber of 0.05 mm/mm is reached. The reason
for the 5.0% strain limit is to avoid the excessive deformations and predict the
mechanical properties using formula that are based on small deformation theory. From
the load-displacement response, the flexure stress (S) and flexure strain (») at any load

level are computed as follows (ASTMD6272, 2010):
S = PL/bd* (3.4)
r=4.70Dd /I (3.5)

where (P) is the applied load, (b) is the prism width, and (D) is the deflection. In addition,
the toughness for each specimen is calculated to be the area under stress-strain curve up

to 5% strain and the tangent modulus of elasticity in bending (£3) is computed as follows

(ASTMD6272, 2010):
— 3 3

where (m) is the initial slope of the load-displacement curve (obtained from 0 to 1.0%

strain).
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Figure 23. Dimensions of CNTs-epoxy beams

(a) Test setup (b) Deflected shape

Figure 24. Flexure test setup and deformation

3.3.1.2 Dynamic Shear Rheometer (DSR) Test

The dynamic shear rheometer (DSR) test is performed to measure the viscoelastic
properties of the CNTs-epoxy nanocomposites. This test is widely used in testing asphalt
binders (ASTMD7175, 2008), however; it can be applied for any viscoelastic materials
such as polymers. During the test, a known torque or shear stress is applied and the
corresponding shear strain is measured. Depending on the test protocol, various
viscoelastic properties can be obtained. The testing machine was physica MCR-301
rheometer supplied by Anton Paar, Inc. Figure 25 and Figure 26 shows the DSR test

setup and specimens respectively.
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In this study, two test protocols were applied to the CNTs-epoxy nanocomposites

specimens. The first test protocol is conducted by applying constant torque of 100 mN/m

for a short period of 150 second and is used to determine the creep compliance. The

second test protocol is performed by applying oscillating torque of 100 mN/m with

angular frequency ranges from 0.1-10 rad/sec (0.0159 to 1.59 Hz). Complex, storage, loss
shear moduli, phase angle, and complex compliance are various mechanical properties
obtained based on the oscillation response. Four specimens were examined in this study.
They are neat epoxy and epoxy with 0.5, 1.0, and 1.5 % pristine CNTs. Figure 27 shows

the three test protocols.
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Figure 27. DSR test protocols

The major goal of performing the ramp or static loading is to obtain the static
shear modulus (G) for specimens with various CNTs content. The shear modulus is
obtained by computing the slope of shear stress (7 ) and shear strain () relationship.
Another reason of performing the static shear test first is to ensure that the shear response
of epoxy specimens stays within the linear elastic region under the applied torque level.
The linearity of the response is important in the subsequent creep and dynamic tests for
determining linear visco-elastic properties. The maximum shear stress for rectangular

section is computed as follows:
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M
.= 3.7
a,bc’ 6.7

where (M) is the applied torque [100 mN/m], (b) is the long side of the cross-section [12

mm)], (c) is the short side of the cross-section [6 mm], and («,) is a constant depends on
the ratio (% ) [0.246]. The deflection angle () is measured using the shaft torque and

the resulting shear strain and is computed as:

y=0< b (3.8)

where (L) is the length of the specimen [45 mm] and ( £) is a constant depends on the
ratio ( % ) [0.229].

The creep behavior of the CNTs-epoxy nanocomposite was investigated by

conducting short-period creep test. In this test, constant shear stress (z,) was applied
through constant torque and the shear strain [ (¢) ] was computed from equation (3.8) at

different time steps and the creep compliance [ J (t)] was computed as follows (Findley et

al., 1989):

J(t)= @ (3.9)

o

where () is the time. In order to remove the effect of initial elastic compliance [ J (0)], the

creep compliance is normalized with respect to the initial compliance as shown below

(Findley et al., 1989).

J&F% (3.10)

~—|
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The static and creep tests usually provide information about the mechanical
response for relatively moderate to long period. However, in order to extract more
information about the mechanical response at very short period, the dynamic test is
recommended (Findley et al., 1989). The aim of conducting the oscillating test is to
examine the dynamic response of the CNTs-epoxy nanocomposites. In this test,

oscillating torque [ M (¢,w)] is applied with an amplitude (M) of 100 mN/m and the
resulting shear stress [ 7(¢,®)] with an amplitude of (7, ), shear strain [ y(¢,®) ] with an

amplitude of (y,), and a time lag (Af¢) between the two responses are obtained from

(Findley et al., 1989) (Figure 28) and equations (3.11 to 3.13).

M(t,w) =M coswt (3.11)
7(t,w) =7, =1, (coswt +isin or) (3.12)
y(t,w)=y,e" " = [cos(wt — &) +isin(wt - 5)] (3.13)

where (@ = 27f") is the angular frequency in rad./sec, (i =+/—1) represents the imaginary

axis of the complex variables, and (¢ ) is the phase angle.
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Figure 28. Shear stress and shear strain responses of the oscillation test

The phase angle or the loss angle is a function of the internal friction of the
material. A phase angle of 0° represents ideal elastic behavior while phase angle of 90°
represents ideal viscous behavior. The relationship between the phase angle and the time
lag (At) between the applied stress and the corresponding strain is described by equation

(3.14) (Findley et al., 1989).

0 = wAt (3.14)
Three moduli are computed from the dynamic response. The complex shear

modulus ( i* ) which is an indicator to the resistance to dynamic shear loading including

both elastic and viscous resistance. It can be obtained from the ratio between the shear

stress amplitude (7, ) and shear strain amplitudes (y,) as shown in equation (3.15). The

storage shear modulus (G') which is associated with energy storage and release during

periodic deformation. In another way, (G') represents the elastic component of the
complex modulus and is obtained using equation (3.16). In addition, the loss modulus

(G") is associated with the dissipation of energy and its transformation into heat. It
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represents the viscous component of the complex modulus and is obtained using equation
(3.17). The ratio of the loss modulus (G") to the storage modulus (G') is known as the
mechanical loss and is a function of the phase angle (equation 3.18). The complex creep
compliance (J") can be given by equation (3.19) and it represents the inverse of the

complex modulus from a mechanical point of view (Findley et al., 1989).

G*="T0 ¢ = Yo (cos 5 +isin ) (3.15)
Vo Vo

G'=G*cosd (3.16)

G"=G*sinod 3.17)

Tano = — 3.18

e (3.18)

Jr="o o =70 (co55 +isin 5) (3.19)
TO TO

3.4 Thermal Characterization of CNTs-Epoxy Nanocomposite

TGA and DSC used to examine the thermal stability of different nanocomposites
using TGA/DSC model SDT Q600 instrument. The TGA is a thermal test that measures
the weight loss of a material due to increase in temperature. On the other hand, the DSC
is performed to investigate the heat required to increase the temperature of various CNTs-
epoxy nanocomposites measured by the heat flow. The heat flow represents the amount
of heat absorbed by the tested material. The change in the heat flow with the increase in
temperature occurs due to the change of the heat capacity of the material. A positive heat
flow represents an endothermic process where the material absorbs heat while

undergoing phase transition. A negative heat flow represents an exothermic process
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where the material gives away heat. The CNTs-epoxy nanocomposite samples are loaded
in a high precision balance with platinum pans and placed in a small electrically heated
oven with a thermocouple to accurately measure the temperature. The atmosphere may be
purged with an inert gas of nitrogen flow (60 ml/min) on a high-resolution
Thermobalance of the TGA/DSC (model SDT Q600) instrument. The resolution for the
instrument is 0.001°C. The heating rate was 10°C/min. and the final temperature was

1000°C.

3.3.2 Results and Discussion
3.3.2.1 Flexure Test

In this section, the results of the flexure test with respect to different mechanical
properties such as ultimate strength, tangent modulus, and toughness are discussed. All
flexure specimens did not rupture up to a strain limit of 5% is reached. Therefore, the test
was terminated at 5% strain limit and all other the mechanical properties were obtained.
The results are presented in two categories: the first category is concerned with the effect
of CNTs treatment in epoxy. This category includes treatment of 1.0 % CNTs by
dispersion (D), surfactant assistance (S), covalent functionalizion using non-organic acid
(F), and combined covalent and non-covalent functionalization (C). The second category
is concerned with the CNTs content in epoxy. Three percentages of pristine CNTs are

examined: 0.5, 1.0, and 1.5%.

Figure 29 shows flexure stress-strain curves for various CNTs treatment in epoxy
nanocomposites. It can be noted that the pristine CNTs did not improve the stress strain
behavior while the functionalized CNTs yielded significant improvements. On the

contrary, the surfactant and combined functionalization have adverse effects on the

64



stress-strain response. These results are further presented in details in Figure 30, Figure
31, and Figure 32. The functionalized CNTs improved the strength by 42%. Limited
enhancement of 1% in ultimate strength is observed with dispersed CNTs while the
strength is reduced by 25 and 17% in the case of surfactant assistant and combined

treatment respectively.

In addition, the tangent modulus increased by 29 and 40% in the case of pristine
and functionalized CNTs respectively while it decreased by 14 and 25% in the case of
surfactant assistance and combined treatment respectively. Similarly, 9 and 47%
enhancements in toughness is observed with pristine and functionalized CNTs while 21
and 20% reduction in toughness was observed with surfactant assistant and combined
treatment respectively. From previous observation, it can be understood that the
surfactant treatment with Triton X-100 has adverse effect on the mechanical behavior of
the CNTs-epoxy nanocomposite. In addition, the functionalization enhanced the
mechanical properties significantly as expected due to the improvement the interfacial
bond. Further investigations on the chemical treatments with other surfactants techniques

are recommended.
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Figure 33 and Figure 34 show flexure stress-strain curve for various pristine and
functionalized CNTs contents in epoxy nanocomposites, respectively. In general, all the
percentages of pristine CNTs yielded moderate improvements in stress strain behavior
while the functionalized CNTs enhanced the mechanical properties significantly. For
instance, the average enhancement in ultimate strength was improved by 11 and 43% in
the case pristine and functionalized CNTs respectively as shown in Figure 35. Similarly,
29 and 36% average enhancements in Young’s modulus are observed with the pristine
and functionalized CNTs contents (Figure 36). Average toughness is also increased by 10
and 48% as shown in Figure 37. Therefore, there are enhancements in flexural properties
in epoxy with pristine CNTs, however the average enhancements are limited to about
15% while they reached 50% when functionalized CNTs are used. The functionalized
CNTs outperformed the pristine CNTs due to the strong covalent interfacial bond
between the CNTs and the surrounding matrix. In general, the case of 0.1 pristine CNTs
out-performed the cases of 0.5, 1.0 and 1.5% pristine CNTs. Moreover, the case of 0.5%
functionalized CNTs out performed 0.1 and 1.0%. This observation can be attributed to

the difficulties in dispersing higher contents of CNTs.
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3.3.2.2 Dynamic Shear Rheometer (DSR) Test

Figure 38 shows the normalized creep compliance for various pristine CNTs
contents. It is noted that the addition of pristine CNTs has limited effect on creep
behavior. The addition of 0.5% pristine CNTs reduced the creep compliance by 3% while
1.5% pristine CNTs increased the creep compliance by 5%. The difference is therefore
insignificant and within the statistical variation of the experiments. The trend of adding
various percentages of pristine CNTs is shown in Figure 39 with second order
polynomial curve fitting and a value of (R?) equal to 0.99 was obtained. In general, the

trend of CNTs improvement in creep loading is similar to that of the static loading.
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The variation of storage modulus (G") with angular frequency and CNTs content
are shown in Figure 40 and Figure 41 respectively. As the angular frequency increased
from 0.1 to 10 rad./sec (0.0159 to 1.59 Hz), the storage modulus (G") increased by 60 to
90%. The improvement in storage modulus verifies that the dynamic resistance is usually
higher than the static one. Furthermore, the addition of different percentages of CNTs
increased the storage modulus [energy storage] (G'). The case of 1.0% CNTs out
performed all the other cases. The average increase over the frequency domain was 23,
42, and 35% due to the addition of 0.5, 1.0, and 1.5% CNTs respectively. Since the
loading level is within the elastic region, the case of 1.0% CNTs seem to provide more
elastic resistance to deformations than other cases. Furthermore, unlike the storage
modulus (G"), loss modulus (G") reduced by 14 to 18% as the angular frequency
increased from 0.1 to 10 rad/sec (Figure 42). In addition, loss modulus [energy
dissipation] did not exhibit significant change among different CNTs contents (Figure
43). Additional investigations are needed to study the effect of different types of CNTs

on loss modulus (G").
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Figure 43. Variation of loss modulus with different CNTs contents

Given the response of the storage and loss moduli, one can predict the response of

the complex modulus (G') and the phase angle. Since the storage modulus (G')
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increased with the addition of pristine CNTs and the loss modulus (G") did not change

significantly, it is expected that the complex modulus (G") response to follow the
response of the storage modulus (Figure 44 and Figure 45). As the angular frequency
increased from 0.1 to 10 rad./sec. (0.0159 to 1.59 Hz), the complex modulus increased by
56 to 82%. Furthermore, increasing CNTs content increased the complex modulus (G").
Again, the case of 1.0% CNTs out performed all the other cases. The average increase

over the frequency domain was 22, 40, and 31% due to the addition of 0.5, 1.0, and 1.5%

CNTs respectively.
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Figure 44. Complex modulus with various angular frequencies
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The phase angle (0 ) was reduced significantly (= 50%) as the angular frequency
(w) increased from 0.1 to 10 rad/sec (0.0159 to 1.59 Hz). The reduction in phase angle
(o) at high angular frequencies indicates less viscous behavior to elastic response ratio
(Figure 46). The increase in storage modulus with the addition of pristine CNTs
decreased the phase angle (0) (Figure 47). The average decrease over the frequency
domain was 12, 31, and 26% due to the addition of 0.5, 1.0, and 1.5% CNTs respectively.
The relationship between the storage, loss, and complex moduli, and the phase angle with
the addition of pristine CNTs can be described schematically as shown in Figure 48. The
addition of CNTs strengthened the behavior by enhancing the elastic response

represented by storage modulus (G') and maintaining the same viscous response
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represented by loss modulus (G"). This effect resulted in an increase in complex modulus

(G") and a decrease in phase angle ().
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It is well known that the complex modulus and the complex creep compliance are
reciprocal. Therefore, given the behavior of complex modulus, the behavior of complex
creep compliance can be predicted. In general, the complex creep compliance reduced
with the increase in pristine CNTs content and the increase in angular frequency. Since
the highest complex modulus was obtained by the addition of 1.0% pristine CNTs, the
lowest complex creep compliance was also achieved with the same CNTs content as
shown in Figure 49 and Figure 50. The average decrease in complex compliance was 18,
28, and 24% with the addition of 0.5, 1.0, and 1.5% respectively. In addition, the increase

in angular frequency from 0.1 to 10 rad./sec. resulted in a 35 to 45 % decrease in complex
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compliance. It is obvious that CNTs content of 1.0% can produce a significant reduction

of complex creep compliance of epoxy.
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3.3.2.3 Differential Scanning Calorimetry (DSC) Test

Figure 51 show the plots for the normalized heat flow as a function of the
temperature for different types of treated 1.0% CNTs-epoxy nanocomposites as well as
pristine nanotubes. The hear flow is normalized with respect to the weight of the samples.
The figure shows that all the nanocomposites underwent endothermic process when
heated. Moreover, Figure 52 shows close view of different nanocomposites. For
comparison purpose, the heat flow values at 200°C are reported and compared for various
nanocomposites. The normalized heat flows at 200°C were 4.85, 1.75, 0.83, 0.64, and
0.62 mW/mg corresponding to functionalized (F), Surfactant treated (S), Neat (N) and
Pristine (P) MWCNTs-epoxy nanocomposites. The individual nanotubes absorb the
largest amount of heat followed by the functionalized MWCNTs-epoxy nanocomposites.

The heat flow of the surfactant treated MWCNTs-epoxy nanocomposites indicates the
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solvent molecules in the nanocomposites are fully evaporated. This observation also leads
to the assumption that the degradation of the flexure properties of surfactant treated

CNTs-epoxy nanocomposites is likely due to the relatively large content of surfactant.
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Figure 51. DSC results for various MWCNTs-epoxy nanocomposites
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3.3.2.4 Thermogravemetric Analysis (TGA) Test

Figure 53 shows the TGA plots for the 1.0% CNTs-epoxy nanocomposites with
various treatments. The temperature (T-50), at which 50% of the weight diminishes, is
also reported and compared (Figure 54). The nanotubes showed outstanding thermal
stability and T-50 was not observed within the examined range. T-50 for the neat, as-
received pristine (P), functionalized (F), and surfactant treated (S) MWCNTs-epoxy
nanocomposites were 367, 367.7, 374.2, and 365.8°C respectively. Since, the nanotubes
have high thermal stability; it is expected to enhance the thermal stability for the neat
epoxy matrix. However, the surfactant treated (S) case showed 1.2°C drop in T-50, which
demonstrates lower thermal stability than what was expected. The above explanation of
the significance of surfactant functionalizing with 10 CMC extends to the thermal
characteristics of epoxy. More investigations are needed for surfactant treated CNTs in
epoxy composites. Previous investigation by Soliman et al. for the significance of
MWCNTs surfactant treatment on polymer concrete show significant improvement in
mechanical properties (Soliman et al., 2011d, Soliman et al., 2011b). The pristine (P)
case exhibited no increase in the T-50. Furthermore, the functionalized (F) case showed
7.2°C increase in T-50 due to the strong interfacial bond between the nanotubes and the
epoxy matrix. The TGA observations confirmed the results obtained from the DSC and

flexure tests regarding the absence of the solvent molecules within the nanocomposites.

&3



125

100 e — — — — — — — — — — — ]
e ——
=
.%D —— Neat
= 07T 1% (P)
— . 1% (F)
25 + 1% (S)
— — MWCNTs
0 —_

200 250 300 350 400 450 500 550 600

Temperature, °C
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Figure 55 and Figure 56 show the TGA and T-50 for pristine CNTs-epoxy
nanocomposites with various CNTs contents. In general, noticeable increases in T-50
were observed with the addition of pristine and functionalized CNTs. The increase in T-
50 for the 0.1, 0.5, 1.0, and 1.5% pristine CNTs-epoxy nanocomposites were 6.9, 5.1, 0.3,
and 1.1°C respectively. It is noted that the highest increase in T-50 was observed with
0.1% pristine CNTs. This might be attributed to the difficulties of dispersing large
contents of CNTs and obtaining uniform microstructure. In addition, the functionalized
CNTs increased the T-50 for the epoxy (Figure 57 and Figure 58). The increase in T-50
for the 0.1, 0.5, 1.0, and 1.5% pristine CNTs-epoxy nanocomposites were 5.8, 8.1, 5.5,
and 3°C respectively. Similar to the pristine case, the increases in T-50 associated with
0.1 and 0.5% CNTs were higher than that of the large CNTs contents. Moreover, the
increase in T-50 with the functionalized case was higher than that of the pristine case.
This is attributed to the strong interfacial bond with the use of functionalized CNTs. The
above results show the effect of adding CNTs on enhancing the thermal stability of

CNTs-epoxy nanocomposites.
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3.3.2.5 Scanning Electron Microscope (SEM) Investigation

SEM images for neat (N), pristine (P), functionalized (F), surfactant treated (S)
MWCNTs-epoxy nanocomposites as shown in Figure 59 to Figure 62. The figure shows
SEM images with different length scales. The comparison between the neat epoxy SEM
images (Figure 59) and pristine or functionalized MWCNTs-epoxy nanocomposites SEM
images (Figure 60 and Figure 61) shows that MWCNTSs appear as bright spots randomly
distributed within the epoxy matrix. The diameter of the bright features in the close view
1 um SEM images is less than 50 nm and with agreement to the nanotubes diameter
specified by the manufacturers. Moreover, it can be noted that the intensity of the bright

features increases as the percent of MWCNTs increases.

The use of loadings of 0.5 % for pristine and functionalized MWCNTs seem to be
fairly dispersed in the epoxy matrix as shown in Figure 60 (a) and Figure 61 (a).
However, formation of MWCNTs agglomerations in the epoxy matrix is observed with
the use of 1.5% loading Figure 60 (b) and Figure 61 (b). This observation indicates that
the use of ultrasonic bath accompanied by magnetic stirring might not be efficient when
large contents of MWCNTs are incorporated. No unique difference in dispersion is
observed between the pristine and functionalized MWCNTs images (Figure 60 and
Figure 61). Unlike the pristine and functionalized MWCNTs, it is quite difficult to
identify the nanotubes in the case of surfactant treated MWCNTs [Figure 62]. In addition,
it is suggested that large regions of surfactant micelles (appears as dark areas) seem to
form in the case of surfactant treated MWCNTs-epoxy nanocomposites. Therefore, it is
expected that these regions enclose the nanotubes interacted with the surfactant. The

relatively large content of surfactant used here (10 CMC) resulted in the formation of
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large micelles which adversely affected the mechanical performance of the

nanocomposites as observed in the flexure test.
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Figure 59. 5 and 2 pm SEM images for neat epoxy
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(b) 5 and 2 um images for 1.5% MWCNTs
Figure 60. SEM images for pristine MWCNT-epoxy nanocomposites
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Figure 61. SEM images for functionalized MWCNT-epoxy nanocomposites
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Figure 62. SEM images for surfactant treated MWCNT-epoxy nanocomposites
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3.5 Summary

In this chapter, several methods of processing MWCNTs-epoxy nanocomposite
were introduced. These techniques were examined by two mechanical tests: Flexure and
dynamic shear rheometer tests. Several mechanical properties were extracted such as
flexure strength, modulus of elasticity in bending, flexure toughness, phase angle, creep
compliance, complex modulus, and complex compliance. In general, it was observed that
the addition of functionalized MWCNTs can enhance the mechanical properties of epoxy
while limited improvements in mechanical properties are observed with pristine
MWCNTs. However, other techniques, such as chemical treatment with surfactant,
yielded reduction in the mechanical properties. Thermal analyses and SEM suggested that
the main reason of such reduction is attributed to the large contents of surfactant added to
the nanocomposites. The large contents would form micelles of surfactant which
therefore affected the mechanical properties adversely. Moreover, the addition of large
contents of CNTs seems to limit or have adverse effect on the mechanical performance.
This might be attributed to the difficulties in obtaining a uniform dispersion for large

contents of MWCNTs as observed in the SEM images.
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CHAPTER 4. TENSION BEHAVIOR OF CNTS-FRP
COMPOSITES

4.1 Introduction

In this chapter, tension and in-plane shear behavior of woven fabric CNTs-epoxy
composites are investigated. The manufacturing of woven fabric composites was
performed using vacuum assisted hand lay-up technique. Two approaches of
incorporating CNTs in FRP are studied. The first approach was performed by growing
CNTs prior to the manufacturing of the composite using graphitic structure by design
(GSD) approach. In this approach, both glass and carbon fiber composites are examined.
Second approach was performed by incorporating the CNTs in epoxy using various
methods discussed in Chapter 3. The tensile and in-plane shear behaviors are examined

through on and off-axis tension tests.

4.2 CNTs Mechanism in FRP Composites

The main goal of incorporating CNTs in FRP composites is to minimize or
eliminate the occurrence of inter fiber fracture (IFF). The IFF involves two mechanisms
of failure. The first mechanism is the debonding between the fibers and the surrounding
matrix due to weak interfacial bond strength. The second mechanism involves tensile and
shear cracking of the matrix. Based on the two failure mechanisms, two methods of
incorporating CNTs are examined. In first method, carbon nanotubes (CNTs) and carbon

nano filaments (CNFs) are grown on the surface of the carbon or glass macro-fibers using
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graphitic structure by design (GSD) technique. The growth process is performed by
loading 1.0% Nickel as catalyst on the fibers surface using incipient wetness
impregnation technique. This technique is expected to improve the interfacial bond
strength between the macro-fibers and the surrounding matrix, thus limits the initiation of
FRP micro-cracks. In the second method, various techniques discussed in Chapter 3 are
performed to produce CNT-epoxy nanocomposites during the FRP manufacturing. The
tensile and shear response of FRPs under tension are examined. This technique is
expected to limit the propagation of micro-cracks within the epoxy matrix, thus increases
the ductility of the FRP response. Schematics for the two approached are demonstrated in

Figure 63. The FRP fabrication technique is described in Appendix A.

Bl Fibers Matrix-fiber debonding CNT grown on fibers
[ ] Matrix (
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Figure 63. CNTs hypothetical mechanisms in FRP composites

4.3 CNTs Grown on Macro-Fibers
In order to grow carbon nanotubes and carbon nanofilaments on the surface of the

carbon or glass fibers, the state-of-the-art technique named “Graphitic Structures by
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Design (GSD)” is used. This method was reported by (Phillips et al., 2006) who showed
that different graphitic structures can be grown under different conditions and thus
graphitic structures can be grown ‘by design’. There are two advantages of this method:
1) The growth process can be performed in relatively low temperatures (i.e. 550°C) and
atmospheric pressure unlike other methods and 2) Basic laboratory equipment and tools
(small furnace, gas bottles, etc.) can be used to accomplish various steps during the
growth process. The proposed GSD process consists of four main steps: (i) removal of
the sizing from the surface of the carbon fiber, (ii) ‘activation by burning’ to form
nucleation sites for a metal catalyst to adhere to, (iii) loading of the metal and (iv)
synthesis of the CNTs/CNFs on the fabric surface. The following sections discuss the
experimental procedures of the synthesis of CNFs on carbon fibers and glass fibers and
provide initial results of the mechanical behavior of the hybrid composites produced via

GSD technique.

4.3.1 Growth Process of Carbon Nanotubes

Several 127 x 152 mm size carbon and glass fiber woven fabrics sheets were
prepared for the growth process. The carbon fiber fabric used is 5.4 oz plain weave pan-
based 3k tow size, 0.254 mm thick while the glass fiber used is 4 oz plain weave E-glass
with thickness of 0.15 mm. The average diameters of the fibers are around 8 microns for
the carbon fiber and 15 microns for the fiber glass respectively. In order to expose the
actual surface of the carbon fiber, it is necessary to remove the sizing from the carbon
fiber sheets. Specifically, the sheets were heated in an air environment under 500 °C or

250 °C for one hour to decompose the sizing, soaked in acetone for 1.0 hour to dissolve
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the sizing from the fibers, and then followed with an ethyl alcohol rinse. Finally, the

sheets were air dried for 1.0 hour at 100 °C.

A catalyst was prepared by incipient wetness impregnation of aqueous solutions
of metal salt (Luhrs et al., 2009). In this study, Ni(NO;),*6H,O (supplied by Aldrich) was
used as a metal source with the loading amount of Nickel adjusted to 1.0 wt. % for all the
catalyzed samples. After the samples underwent drop by drop incipient wetting via a
syringe pump, they were dried in an oven at 100 °C overnight and then calcined at 250 °C
under a N, (106 sccm) atmosphere for 4 hours to decompose the nickel salt. The
synthesis of the carbon nanotubes was carried out in a Lindberg Heavy-Duty (one-zone)
furnace (diameter and length of the horizontal reactor were 2 inch and 12 inch
respectively). The samples were inserted into the center of the reactor where an inert gas
(N7) was introduced at a flow rate of 600 sccm for 20 minutes while the temperature was
being raised to 550 °C. A reduction took place in 50 sccm diluted hydrogen by nitrogen
(N2:H2=90:10, v/v) for 1 hour at 550 °C to reduce the already calcinated metallic oxide

particles to pure nickel.

The diluted hydrogen was then replaced by 600 sccm N, flow for 20 minutes
when the reactor was heated to 700 °C. Then the N, flow was reduced to 300 sccm.
Meanwhile, 30 sccm ethylene (chemically pure) and 50 sccm diluted hydrogen
(N2:H2=90:10, v/v) were introduced for 2 hours to deposit the carbon nanofilaments on
the fiber sheets. The carbon nanotubes and CNTs/CNFs grown on the fiber sheets were
analyzed by scanning electron microscopy (SEM) (Hitachi S5200 Nano SEM) and high-
resolution transmission electron microscope (HRTEM). Figure 64 and Figure 65 show

SEM micrographs of CNTs/CNFs growth on carbon fiber sheets and glass fiber sheets
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respectively. Both figures show the fiber microstructure with burning at 500 °C and 250
°C. Figure 66 and Figure 67 show HRTEM micrographs of CNTs/CNFs growth on
carbon fiber sheets and glass fiber sheets respectively. Both figures show the fiber

microstructure with burning at 500 °C and 250 °C.
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Figure 64. SEM of CNTs/CNFs on carbon fiber sheets burn at 500 °C (a-c) and at

1.00um 5.0V x10.0k SE 5.00um

250 °C (d-f)
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Figure 65. SEM of CNTs/CNFs on glass fiber sheets burn at 500 °C (a-c) and at 250

°C (d-f)
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Figure 66. TEM of CNTs/CNFs on carbon fiber sheets burn at 500 °C (a-c) and at

250 °C (d-D)
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Figure 67. HRTEM of CNTs/CNFs on glass fiber sheets burn at 500 °C (a-c) and at

250 °C (d-D)
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4.3.2 Composite Fabrication and Testing Plan

The FRP composite plates were fabricated using vacuum assisted hand lay-up
technique. The carbon fiber fabric used is 5.4 oz plain weave 3k tow size, 0.254 mm thick
while the glass fiber used is 4 oz plain weave E-glass with thickness of 0.15 mm. Only
two fabric layers were used to manufacture each specimen in order to minimize the
potential of any inconsistency that might arise during the fabrication and to investigate
the effect of CNTs addition on the interlaminar shear strength between the two layers.
The tension specimens were prepared using tapered G10 ends to allow uniform pressure
distribution on the specimen at the grips location and to prevent slip and possible failure
at the grips. The fabricated carbon fiber reinforced polymer (CFRP) and glass fiber

reinforced polymer (GFRP) composite plates are shown in Figure 68.

All parameters examined in the experimental plan are summarized in Figure 69.
Three groups of fabrics were examined; group (a): the original fabrics wihout any
processing, group (b): the fabrics with the sizing removed and group (c): the fabrics with
the sizing removed and CNTs growth. These groups were manufactured and tested for
each set. Two temperatures were examined for removing the sizing, 250 °C and 500 °C.
Four sets were examined by alternating the two temperatures and the two types of fibers.
The CNTs/CNFs growth was performed using Nickel at 700 °C. Five specimens were
manufactured from each group and tension tests were performed. The effect of
fabrication parameters on the tensile strength of the CNTs-carbon and CNTs-glass FRP
fabrics was examined. The test specimens were left to cure for 24 hours and then were

attached in the tension testing frame as shown in Figure 70. The tension test was
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performed in accordance with (ASTMD3039/D3039M, 2008) and the load and

displacement of the specimens were recorded using a standard data acquisition system.

(a) Carbon (b) Glass

(c) Tabbing the ends using G-10 fiber glass

Figure 68. Manufacturing of carbon and glass fiber reinforced polymers
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CNT Grown coays
on the fiber

Carbon fiber

Carbon Fiber

Set 1 (250°) Set 2 (500°) Set 3 (250°)

Set 4 (500°)

a) R-R

b) R-S at 250°C

c) R-G with 1%
Nickel

a) R-R

b) R-S at 500°C

c) R-G with 1%
Nickel

a) R-R

b) R-S at 250°C

c) R-G with 1%
Nickel

a) R-R

b) R-S at 500°C

c) R-G with 1%
Nickel

(G) Sizing is removed and CNT was grown using 1 % of Nickel at 700°C

(S) The sizing is removed at 500°C or 250°C

(R) Raw fiber at which the carbon fiber used as it is

Figure 69. Experimental plan to examine the significance of CNTs-composite

fabrication process on the tensile strength

Mechanical grip

12.7 mm wide FRP
127 mm 101.6 specimen

G-10 fiber glass for
end tab

1 mm /min.

Figure 70. Tension test for FRP composites
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4.3.3 Results and Discussions

The effect of three parameters on the tensile behavior of FRP is examined in this
study. They are fiber type, sizing removal temperature, and growth of nanotubes. Figure
71 shows a comparison for the stress-strain curves of the carbon and glass fiber
composites. The average ultimate tensile strengths without any treatment (R-R) were 390
and 82.7 MPa for carbon and glass fibers respectively. Similarly, after the growth of
CNTs at 250°C (R-G), the average ultimate strengths of CFRP and GFRP were 297.12
and 67.20 MPa respectively. These results show that the carbon fiber ultimate strength is
approximately five times that of the glass fibers. The CFRP composite has showed

stiffness and strain at failure about 50-70% higher than that of the GFRP composites.

The effect of temperature level of the sizing removal can be deduced from Figure
72. The average ultimate tensile strengths for the sizing removal (R-S) at 250 °C were
424.7 and 85.8 MPa for carbon and glass fibers respectively while they were 291.6 and
68.11 MPa for the sizing removal (R-S) at 500 °C. The results here show that the carbon
fiber experienced a slight increase in the average ultimate strength (9%) in the case of
250 °C while the strength decreased by 25% in the case of 500 °C. In the case of glass
fibers, the average ultimate strength decreased by 37% and 50% in the case of 250 °C and
500 °C respectively. It is worth noting that the strength reduction was always
accompanied with a reduction in strain at failure in both carbon and glass fiber

composites.

The increase of the carbon fiber strength with sizing removal at 250 °C might be
attributed to an enhanced frictional/bond strength between the carbon fiber surface and

the epoxy matrix upon the removal of the sizing coatings. However, it is obvious that
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temperatures higher than 250 °C such as the case of sizing removal at 500 °C might have
an adverse effect and result in damaging the fiber material leading to a reduced composite
strength. It can also be observed that glass fiber is much more sensitive to such thermal
treatment than carbon fibers with strength loss at both 250 °C and 500 °C. Damage at
growth might be attributed to the existence of Oxygen. Therefore, the removal of Oxygen
during the preprocessing and growth process might be necessary. Finally, no significant
effect of either sizing removal or CNTs/CNFs growth can be observed on the carbon or
glass fiber composite stiffness. This may indicate that damage due to thermal treatment is
a surface damage of the fiber materials that does not allow for development of good bond

with the matrix.
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Figure 71. Comparison between the carbon and glass fiber composites
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Figure 72. Effect of sizing removal temperature on final strength of composites
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Figure 73 shows that the growth of the CNTs/CNFs decreases the ultimate
strength further. For example, the average ultimate strength for the carbon fibers with
sizing removal at 500 °C decreased by 26% after growing carbon nanotubes. Similarly,
the average ultimate strength of glass fibers with sizing removal at 250 °C decreased by
25%. This loss of strength after growth might be explained by the further damage
anticipated in the fiber during growth at 700 °C. SEM investigation of fracture surfaces
for the carbon fiber composites with and without CNTs/CNFs growth was performed.
Figure 74 and 4.16 show the fracture surface at different growth conditions. No
significant difference between the fracture surfaces was observed under the SEM that can
be correlated to the fabrication process. However, sizing material melt down can be
observed in both Figure 74-(b) and Figure 75-(b). While the SEM micrographs do not
show a major difference between sizing removal using 250 °C and 500 °C, it is obvious
from the results that temperatures as high as 500 °C will have an adverse effect on the
fiber itself. Moreover, it can be deduced that fiber damage took place during the growth
process resulting in a significant loss of composite strength. It is therefore obvious that
successful growth of CNTs/CNFs CFRP or GFRP composites will require preparing
growth conditions to occur at low temperature to prevent fiber damage (i.e. as low as 250

°C for the CFRP and much lower than 250°C for the GFRP).
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Figure 73. Effect of carbon nanotubes growth on the tensile strength of composite
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Figure 74. SEM micrographs showing composite fracture surface of (a) raw fibers
from specimens (R-R), (b) after sizing removal at 250 °C from specimens (R-S) and
(c) after sizing removal at 250 °C and growth at 700 °C of CNTs/CNFs from

specimens (R-G)
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Figure 75. SEM micrographs showing composite fracture surface of (a) raw fibers
from specimens (R-R), (b) after sizing removal at 500 °C from specimens (R-S) and
(c) after sizing removal at 500 °C and growth at 700 °C of CNTs/CNFs from

specimens (R-G)

4.4 CNTs-Fiber Reinforced Epoxy Composites

In this section, the microstructure of FRP composites is altered by incorporating
CNTs in the epoxy matrix prior to composite fabrication. A new class of CFRP
composites is produced using MWCNTs. The effect of adding CNTs on the strength,
strain and toughness of CFRP composite is examined. We believe that CNTs can
significantly enhance the shear capacity of the polymer matrix, thus improving the

mechanical response of the FRP composites. It is important to emphasize that there are
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other factors can affect the mechanical properties of FRP such as the CNTs type, content
and aspect ratio. These factors were identified as the most important ones affecting the
ability of CNTs to enhance the mechanical properties of polymer matrices (Kim et al.,
2006). This is because of the fact that these factors directly affect the interfacial bond
strength, which in its turn is essential for efficient stress transfer from the weak polymer

matrix to the strong CNTs.

4.4.1 On-Acxis versus Off-Axis Tension Tests

According to ASTM standards, there are two tension tests for FRP composites; on
and off-axis tests. The on-axis tests involves testing FRP coupons on the fiber direction
(ASTMD3039/D3039M, 2008) while the off-axis test involves testing the FRP coupons
at a 45° angle with respect to the fiber direction according to (ASTMD3518/D3518M,
2007) standards. This observation can be explained by looking at the effect of fiber
orientation on the stress-strain behavior of woven fabric. A fundamental article by (Naik
et al., 1991) can shed the light of the failure behavior of woven fabric composites.
Particularly, Figure 76 represents the stress-strain response for woven fabric composite
with various fiber orientations. It is noted that the fiber orientation has significant effect
on the tensile response. 0 and 90° corresponds to the highest ultimate strength and lowest
failure strain while 45° is opposite in response. This response is attributed to the fact that
on-axis test (0° or 90°) depends significantly on the fiber response while off-axis test
(45°) depends significantly on the matrix response. Typically, the reduction in elastic
modulus with loading represents the intensity of the matrix damage under tensile stresses

(Figure 77). In the case of on-axis test, the change in elastic modulus is small thus; the
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associated matrix damage is also small. However, in the case of off-axis test, the change

in elastic modulus is large leading to a significant damage in matrix before failure occurs.

The stress-strain response can be further understood through Figure 78, which
shows the variation of ultimate strength with various fiber orientations. In this figure, the
steep ascent of the ultimate strength of fiber orientation relation near 0 and 90° shows the
significant impact of fiber orientation at that zone. However, the gradual ascent at fiber
orientation of 45° represents very little effect of fiber orientation on the stress-strain
response. In fact, the response of other tensile properties such as Young’s modulus, strain
at failure, and toughness would follow same profile or trend as the ultimate strength
response. Given the manufacturing method, weaving of fibers is expected to occur. Even
small weaves would influence the stress-strain response significantly if composites are
tested on-axis and thus lead to shear failure in some occasions. However, the previous
results of the on-axis tension test can be compared in condition that all specimens where
manufactured using same method. In summary, the best zone to design in plane shear test
for woven fabric composites is 45° rather than 0 or 90°. Therefore, in order to examine
the shear behavior of woven fabric composite, off-axis tension test would be more

reliable test for the following reasons:

1) The effect of fiber orientation is minimal in the middle region where fiber
orientation between 30 and 60° while it is maximum at the end regions near 0°
and 90°. Given the manufacturing method using hand lay-up technique with
simple laboratory tools, it is expected that small weaving of fibers would

occur resulting in large influence on the tensile response.
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2) The matrix damage associated with the off-axis test is very significant when
compared to the on-axis test. Therefore, matrix effect on the tensile behavior

of woven fabric composite can be truly examined through off-axis test.
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Figure 76. Stress-strain response of woven fabric composite with various fiber

orientations (Naik et al., 1991)
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Figure 77. Stress strain behaviour for on and off-axis tests
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Figure 78. Effect of fiber orientations in ultimate strength of woven fabric

composites (Naik et al., 1991)

4.4.2 Fabrication and Test Procedures

Four different types of treated epoxies were produced to fabricate the carbon
woven composites in this study. The first type was neat epoxy prepared by mixing the
resin with the hardener and applying the mixture directly to the carbon fabric during the

impregnation process. The second type was prepared by reinforcing the epoxy with

pristine MWCNTs. The third type was prepared by reinforcing the epoxy with surfactant

treated MWCNTs. The fourth type was prepared by reinforcing the epoxy with

functionalized COOH-MWCNTs.

The off-axis tension test, where the loading direction was oriented at a 45° angle

with respect to the fiber direction, was carried out according to (ASTMD3518/D3518M,
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2007) standards. In this test, it is intended to examine the in-plane shear behavior of the
CFRP composites. To compare the different types of MWCNTSs on the off-axis tension
strength, only 1.0% CNTs by weight was examined and the different types of treated
MWCNTs were compared with the reference case (neat epoxy). Five specimens were
examined in each test as recommended by (ASTMD3039/D3039M, 2008). After
analyzing the results, investigations of the pristine (P) and functionalized (F) MWCNTs
were expanded for a wide range of MWCNTs contents of 0.1, 0.5, 1.0, and 1.5 % by
weight of epoxy. Off-axis tension testing was performed for these four MWCNTs
contents. Moreover, on-axis tension test was performed, where the loading was oriented
at the same direction as the fibers following (ASTMD3039/D3039M, 2008) standards. In
the on-axis tension test, the pristine (P) and functionalized (F) MWCNTs were examined
with various contents including 0.1, 0.5, 1.0, and 1.5 % by weight. To further explain the
experimental observations, the flexure behavior of various MWCNTs-epoxy
nanocomposites was tested in four-point bending according to ASTM D 6272-10
standards. Figure 79 and Figure 80 show schematic for experimental plan and Figure 81

the fabricated CFRP composites respectively.
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Figure 79. Schematic for experimental plan for off-axis tension test
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Figure 80. Schematic for experimental plan for on-axis tension test
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Figure 81. Fabrication of CFRP composite laminates (a) Fabricated CFRP

composite coupons and (b) Attachment of end tabs

Each CFRP composite was cut into 127 + 2.5 mm long, 12.5 + 1.5 mm wide
coupons and tested according to ASTM D3039 testing standards. This ASTM standard
involves tested FRP composites to obtain various tensile properties. It is important to
report that this ASTM involves testing composite with the fibers oriented in the loading
direction (On-axis test). At least five coupons were tested from each composite. Tension
and flexure tests were performed on the coupons using MTS® Bionix servo hydraulic
system with mechanical grips (Figure 82). The machine has a load capacity of 25 kN and
a maximum stroke of 152.4 mm. In each test, load, displacement, and strain were

measured and recorded.

The strain was measured by contact extensometer attached to the coupons with
gauge length of 25.4 mm. The extensometer has range of +50% and -20% strain that is
much higher than failure strains typically observed in FRP composites. The sampling rate
for all the experiments was 50 Hz and the data was collected by FlexStar MTS® 793 data

acquisition system. For each coupon, the stress-strain relation was obtained. The tensile
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strength, Young's modulus, failure strain, and toughness were then computed and
evaluated. Statistical analyses were performed on these results and the statistical
significance of difference between the specimens was evaluated using the student t-test

assuming 85% levels of significance.

Mechanical grip

I 12.7 mm KL
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: Extensomete
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! Loa ibers
127 mm

CFRP coupon

End tab
l
. On-Axis Test
1.0 mm/min.
(a) (b)

Figure 82. Tension test of CFRP composite (a) Contact extensometer attached to

CFRP coupons and (b) Schematic for the test setup

The axial stress (o ) is computed at any load level using equation (1) as follows:

o== (4.1)

where ( P) is the applied load and (A) is the cross-sectional area. The axial strain is
computed as a function of the specimen extension (AL) and the gage length (L) as

follows:
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&=— 4.2)

The extension is measure by either the machine or the extensometer. The gage
length for the extensometer was 25.4 mm. Toughness is found by computing the area
under the stress-strain curve using Simpson’s rule. The modulus of elasticity ( £) was
computed as per ASTM D3039 by fitting the tensile chord modulus within 1000 and

3000 micro-strain range to linear regression curve as follows:

Ao
E=— 4.3
A (4.3)

4.4.3 Results and Discussions
4.43.1 Off-Axis Test

All coupons exhibited similar failure behavior. The failure behavior was
associated with matrix cracking and no fiber fracture occured. Complete delamination
was observed at the failure zone between the six layers. The stress-strain responses for
various techniques for chemical treatments of CNTs are presented in Figure 83. Clearly,
the surfactant treatment reduces the stress-strain response for FRP significantly. This
effect confirms the flexural response of surfactant treated CNTs, which was reported
earlier in Chapter 3. On the other hand, the pristine CNTs increase the strain capacity

while the functionalization treatment increases the strength and strain capacity.

These results are further discussed in the bar charts in Figure 84, Figure 85, and
Figure 86 here the ultimate strength, failure strain, and toughness for various CNTs

treatments are normalized with respect to the neat case. The bar charts show 20, 19, and
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50% increase in ultimate strength, failure strain, and toughness in the 1.0% functionalized
CNTs case. A 29% increase in strain capacity was also observed in the pristine case. On
the contrary, the ultimate strength and toughness in the case of surfactant treatment are
reduced by 23 and 24% respectively. Based on the thermal analyses and SEM images
reported in the Chapter 3, the degradation in the case of surfactant treatment is attributed
to the formation of micelles of surfactant. The micelles are expected to isolate the
nanotubes from the surrounding polymer matrix and causes phase separation in the
microstructure of the nanocomposite. The phase separation degrades the mechanical
properties in the nanocomposites. In general, the highest improvements in mechanical
response are observed at the failure strain. The improvement in failure strain might be
attributed to the increase in fracture toughness near the failure. The CNTs bridge the
micro-cracks leading to higher fracture toughness. Therefore, performing a fracture
toughness test could be useful at that point. Furthermore, the enhancements in the
ultimate strength are attributed to the strong interfacial bond between the CNTs and the

matrix.
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Figure 83. Stress-strain relationships for CFRP off-axis composite coupons for

various chemical treatments of 1.0% MWCNTs-epoxy nanocomposites
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Figure 87 shows the stress-strain response for the pristine (P) MWCNTs case with
various MWCNTs loadings. In addition, statistical analyses for the off-axis test for
pristine CNTs FRP composites are presented in Table 3. From Figure 87, it is noted that
the pristine (P) MWCNTs had significant effect on the failure strain. For example, the
strain increase due to the addition of 0.1, 0.5, 1.0, and 1.5% were 13, 18, 28, and 30%
respectively. The highest increase in failure strain is associated with the highest CNTs
loadings. The enhancement in failure strains can be attributed to the increase in fracture
toughness which might be attributed to the ability of CNTs to provide some crack
bridging effect within the matrix at the nanoscale and thus enabling the epoxy matrix to
continue carrying loads after cracking. In addition, limited increase in ultimate strength is
observed with the highest enhancement of 10% associated with 0.5% MWCNTs. The
limited enhancement in strength is attributed to the weak interfacial bond between the
nanotubes and the surrounding matrix when the nanotubes were dispersed in the epoxy
matrix. Moreover, the moderate improvement in toughness is mainly due to the

enhancements in failure strain.

The functionalized (F) MWCNTs cases exhibited significant enhancements in
ultimate strength, failure strain, and toughness as shown in the stress strain response
(Figure 88). In addition, statistical analyses for the off-axis test for functionalized CNTs
FRP composites are presented in Table 3. 20 and 39% increase in ultimate strength were
achieved by adding 1.0 and 1.5 % respectively. Also, 20 and 50% increase in failure
strains were achieved with the same MWCNTSs contents. The toughness enhancement
reached 121% with 1.5 % functionalized MWCNTs. The role of functionalization in

increasing the interfacial bond between the nanotubes and the epoxy matrix and enhance
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the tensile response is evident. However, the enhancement in Young’s modulus of

elasticity is limited to 20% as observed in the case of 1.0% (F).

The tensile properties of the pristine (P) and functionalized (F) CNTs FRP
composites are compared in Figure 89 to Figure 91 and in Table 3. The average
enhancements in ultimate strength for the pristine and functionalized cases were 2 and
17% respectively (Figure 89). These improvements in ultimate strength reflect the effect
of surface functionalization on the mechanical response. The average improvements in
strain capacity for the pristine and functionalized cases are 22 and 20% respectively. Both
techniques showed similar improvements with respect to the failure strain as a result of
the crack bridging effect. The average toughness enhancements reached 14 and 50% for

the pristine and functionalized cases respectively.
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Figure 87. Stress-strain relationships for CFRP off-axis composite coupons with

various pristine MWCNTSs contents
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Table 3. Statistical analyses for off-axis test coupons

Young’s modulus, Ultimate strength, Failure strain, Toughness,
GPa MPa % MPa
Neat Mean 3.86 69.8 14.45 6.67
COV, %7 21.7 4.1 6.9 10.6
0.1% Mean 3.74 66.9 16.4 7.17
(f’*) COV, % 15.1 9.5 5.5 7.6
% Increasei; -3 -4 13 7
0.5% Mean 4.29 76.6 17.12 7.94
(f’) COV, % 21.2 6.2 3.9 8.1
% Increase 11 10 18 19
1.0% Mean 3.54 71.2 18.57 7.76
(f’) COV, % 27.7 4.3 4.9 5.8
% Increase -8 2 28 16
15% Mean 3.63 69.6 18.70 7.69
(P) COV, % 25.3 4 5 6.9
% Increase -6 -0.3 30 15
0.1% Mean 4.56 67.4 15.39 7.07
(F**) COV, % 20.2 4.3 7 5.3
% Increase 18 -3 6 6
0.5% Mean 4.35 79.1 14.57 8.04
(15) COV, % 18.6 3.8 6.1 8.9
% Increase 13 13 1 21
1.0% Mean 4.63 83.8 17.31 10.03
(F) COV, % 15.9 2.2 4.3 7.5
% Increase 20 20 20 50
15% Mean 3.85 97.1 21.81 14.72
(15) COV, % 23.6 3.9 5.7 9.8
% Increase -0.3 39 51 121

*P: Pristine, **F: Functionalized, TCOV: coefficient of variation, $% Increase: percentage of
increase

4.4.3.2 On-Axis Test

Figure 92 and Figure 93 show the on-axis stress-strain behaviour of pristine (P)

and functionalized (F) MWCNTs and the statistical analyses for both cases are reported

in Table 4. Statistical analyses for on-axis test coupons. The fibers dominated the tensile

behaviour of the tested coupons when it is loaded in the fibers direction. Failure occurred

due to fiber fracture. In general, no significant improvements in on-axis tensile properties

were observed as oppose to the off-axis properties. A toughness increase of 20 and 29%

128



were observed in the case of 0.5 and 1.0% (F) MWCNTs. Also, a toughness increase of 6
and 5% in the case of 0.1 and 1.0% (P) MWCNTs. Although increases in toughness are
observed in some cases, decreases in toughness of 17 and 2% are also observed in other
cases [0.5% (P) and 1.0% (F) MWCNTs]. Similarly, the ultimate strength increased by 7,
10, 14, and 12% in the cases of 1.0% (P), 1.5% (P), 0.1% (F), and 0.5% (F) MWCNTs
respectively. On the other hand, the ultimate strength decreased by 2, 11, and 1% in the
case of 0.1% (P), 0.5% (P), and 1.0% (F) MWCNTs respectively. Same observations can
be applied to other properties such as Young’s modulus and failure strain. The change in
mechanical properties in the on-axis test due to the addition of either pristine or
functionalized CNTs is limited compared to the off-axis test. In addition, the changes are
in the positive and negative side. The above observations lead us to the fact that the
epoxy matrix with various CNTs loadings and treatments did not affect the mechanical

response of the on-axis test as oppose to the off-axis test.

Furthermore, Figure 94 to Figure 97 show a comparison between the pristine and
functionalized cases with various CNTs content in terms of Young’s modulus, ultimate
strength, failure strain, and toughness. It can be noted the functionalization did not have
effect in improving the mechanical response of the on-axis tension test. The nature of the
failure for the on-axis test (fiber fracture without damage in the matrix) dominated the
mechanical response. In addition, Young's modulus of CFRP coupons is typically
dominated by the Young's modulus of carbon fibers rather than the epoxy matrix
especially when loaded in the fiber direction. Therefore, the addition of CNTs also did
not affect the Young’s modulus because of the significant difference in Young’s modulus

between the continuous macrofibers and the epoxy matrix.
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Figure 92. Stress-strain relationships for CFRP on-axis composite coupons with

various dispersed MWCNTSs contents
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Figure 93. Stress-strain relationships for CFRP on-axis composite coupons with

various functionalized MWCNTSs contents
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Table 4. Statistical analyses for on-axis test coupons

Young’s modulus, Ultimate strength, Failure strain, = Toughness,

GPa MPa % MPa
Neat Mean 40 554 1.38 3.8
COV, %7 7 6.6 8.2 14.7
0.1% Mean 47 543 1.39 4.02
(f’*) COV, % 14.3 3.8 12 12.6
% Increase 17 -2 0 6
0.5% Mean 41 493 1.18 3.16
(P) COV, % 4.4 16.9 12.2 19.5
% Increase 1 -11 -14 -17
1.0% Mean 44 607 1.32 4
(f’) COV, % 6 10 12.4 222
% Increase 9 10 -5 5
15% Mean 43 591 1.34 3.88
(P) COV, % 6.9 5.2 5.9 8.8
% Increase 6 7 -3 2
0.1% Mean 40 630 1.50 4.58
(F*%) COV, % 6 7.5 10.3 13.9
% Increase -1.5 14 9 20
0.5% Mean 40 620 1.59 491
(F) COV, % 4.4 15.3 19.2 29.1
% Increase -0.1 12 13 29
1.0% Mean 39 548 1.37 3.71
(F) COV, % 6 9.3 6.7 16.2
% Increase -3 -1 -1 -2
15% Mean 38 556 1.34 3.97
(F) COV, % 6.8 19.5 20.5 28.7
% Increase -5 0 -3 4

*D: Dispersed, **F: Functionalized, TCOV: coefficient of variation, % Increase: percentage
of increase

4.5 Summary

Two approaches of incorporating CNTs in FRP composites were examined in this
chapter. They are 1) Growing CNTs on macro-fibers and 2) Reinforcing epoxy with
CNTs. In the CNTs growth experiment, the sizing removal and growth typically result in
reducing CFRP and GFRP strength. Little effect on the material stiffness was observed,
but a reduction of the ultimate strength and strain at failure was observed. Of special

interest was the significance of sizing removal at 250 °C where a slight increase in the
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composite strength was observed. The removal of Oxygen during the preprocessing and
growth process seems necessary to limit damage in the composite materials. This

research work is published in 2010 (Dai et al., 2010).

In the CNTs reinforcing epoxy study, the tensile behaviour of the on and off-axis
pristine and functionalized MWCNTSs composite coupons is examined with various
contents. A significant enhancement in the mechanical properties can be achieved in the
off-axis tensile behaviour of FRP incorporating the functionalized MWCNTs. However,
no effect of the MWCNTSs was observed when the composite coupons were loaded on-
axis. The pristine MWCNTs were shown to enhance the failure strain only while the
functionalized MWCNTs were shown to enhance the ultimate shear strength and failure
strain. With 1.5% functionalized MWCNTs epoxy FRP composites, strength and strain
increase of 39 and 51% were achieved. This enhancement is due to the strong interfacial
bond between the nanotubes and epoxy matrix. Flexure and TGA tests of MWCNTs-
epoxy nanocomposites confirmed that the strong interfacial bond in the functionalized
MWCNTs could improve the flexure strength and thermal stability of the
nanocomposites. The reported enhancement in the shear strength of the FRP composite
can provide excellent enhancement to many applications of FRP composites governed by
weak shear strength confirmed by delamination as discussed above. The research work is

accepted for publication in 2011 (Soliman ef al., 2011f).
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CHAPTER S. CREEP BEHAVIOR OF CNTS-EPOXY
NANOCOMPOSITE AT THE FRP-CONCRETE
INTERFACE

5.1 Introduction

Previous studies reported in the literature showed significant creep deformation of
epoxy when used to bond FRP sheets to concrete structure against sustained loads. This
observation applies to reinforced or prestressed concrete strengthened against dead loads.
In this Chapter, double shear tests were performed on FRP sheets bonded to concrete
blocks using CNTs-epoxy nanocomposites. Various contents of pristine and
functionalized CNTs by weight were examined including 0.1, 0.5, 1.0, and 1.5%. The
CNTs were dispersed in the epoxy matrix, tested, and compared to the case of using neat
epoxy. The Chapter is divided into two sections. The first section presents the
experimental methods and their respective results. The second section presents a

rheological modelling for the experimental investigation.

5.2 Experimental Methods

The double lap shear test was used to evaluate creep of epoxy with CNTs at the
concrete-epoxy interface. The double lap shear test specimen consisted of two carbon
fiber reinforced polymer (CFRP) composite laminates bonded to two sides of two
concrete blocks using controlled thickness epoxy adhesive as shown in Figure 98. The

concrete blocks were loaded in tension to induce shear stresses at the four epoxy joints.
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The applied load (P) induces shear stress of 25% of the ultimate shear strength of the
epoxy. DEMEC (gauge) points were bonded to the concrete blocks and were used to
measure the deformation of two shear joints in the loading direction. Unidirectional
CFRP laminates were chosen in order to ensure minimal creep response of the FRP when
loaded in the fiber direction. In addition, concrete blocks were cured for 7 days and left to
dry for 21 days before being used in the experiments. The axial stress in concrete during
experiments did not exceed 0.36 MPa (less than 10% of the tensile strength of concrete).
Therefore, creep and shrinkage of concrete during the experiment was expected to be
negligible compared with epoxy creep. By neglecting creep and shrinkage of concrete
and creep of the CFRP laminate and ignoring the deformation through epoxy thickness,
epoxy shear strain y(t) per joint can be computed as:

)= 220

h (5.1)

where (h) is the epoxy thickness and (t) is the time. In addition, the shear stress (t) acting

on every shear joint can be computed as follows:

24 (5.2)

where (A) is the area of one shear joint. The creep compliance of the epoxy is computed

as follows:
J(@)= @
T (5.3)

The normalized creep compliance Jn (t) of epoxy is also computed relative to the elastic

deformation using:
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(5.4)

where J(0) is the initial elastic compliance. The major idea from computing the
normalized creep compliance is to exclude the effect of initial elastic deformation on the

long-term behavior.

Steel block

e Concrete block
12.7 mm

DEMEC point

-
- CNT-Epoxy
composite

76.2 mm

|~ CFRP laminate

200 mm

Before loading After loading
50.8 mm

(a) (b)

Figure 98. Schematic of the double lap shear specimen (a) dimensions and (b)

deformation

5.2.1 Material Properties
Table 5 shows the mix proportion by weight of the concrete substrates used in all
experiments. The chosen concrete mix has a 28-day compressive strength of 42 MPa

similar to most concrete used nowadays in construction of reinforced or prestressed
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concrete elements. The MWCNTs and the epoxy system are similar to those used in the
previous chapters. The low viscosity of the resin facilitates incorporating the CNTs
during the fabrication process and provides reasonable level of deformations in order to
obtain accurate creep measurements. CFRPs composites were supplied by Graphtek LLC
Company. The CFRPs were 1.1 mm thick uni-directional CFRP strips fabricated using 33
million pounds per square inch (m.s.i) carbon and Vinylester resin. The unidirectional
strips are chosen in order to ensure their limited creep response when loaded in the fiber
direction. Density, tensile strength and flexural strength of the CFRP laminates are 1.49

g/cm3 , 2689 MPa, and 1875.4 MPa, respectively.

Table 5. Concrete mix proportions for concrete blocks used as substrate for FRP

Water (kg/m’) 150
Cement (kg/m’) 360
Class F Fly Ash (kg/m®) 90
Fine Aggregate (kg/m’) 920
Coarse Aggregate (kg/m3 ) 809
Superplasticizer (mL/m3 ) 7650

7 day compressive strength (MPa) 34622
28 day compressive strength (MPa) 42.6+3.0

5.2.2 Fabrication and Testing
In order to examine the creep of FRP-concrete interface, four different double
shear specimens were fabricated and tested under sustained load. The first specimen was

fabricated with neat epoxy without CNTs while the other three were fabricated with
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CNT-epoxy composites with various CNTs loadings. Three percentages of CNTs by
weight of epoxy were examined: 0.5, 1.0, and 1.5%. 50.8 x 50.8 x 76.2 mm concrete
blocks were cast and cured in water bath for one week. After wet curing, the concrete was
dry cured for three weeks in order to enable the shrinkage strains to take place. Steel
blocks with dimensions of 50.8 x 50.8 x 12.5 mm were bonded to the ends of the
concrete blocks using 105 West System® thick epoxy resin with 206 hardener and cured
for one week. The strength of the 105 epoxy system is four times the EPOTUF® 37-127
epoxy system used in the shear joint to avoid any potential failure of the steel block-
concrete interface during the creep experiment. In addition to the creep specimens,
similar specimen with neat epoxy was fabricated and tested to failure to obtain the
ultimate shear strength of the shear joint. Also, single lap shear specimen is fabricated to
examine the ultimate strength on the FRP-FRP interface. The single lap shear joint

dimensions were 12.7 X 25.4 mm.

The CNTs-epoxy nanocomposites were prepared and cast on 25.4 x 25.4 mm
shear joint. 0.71 + 0.035 mm diameter class VI soda-lime glass beads supplied by Mo-Sci
Corporation were used to control the epoxy thickness as recommended by ASTM
standards (ASTMDS5868, 2008). Glass beads with volume fraction of 0.5% were added to
the concrete surface and the CNTs epoxy composites was applied afterwards by syringe
pump to minimize the air voids at the shear joint. A pressure of 34 kPa was applied after
placing the CFRPs composite over the epoxy shear joint and the excess of epoxy was
carefully removed. Figure 99 shows various steps of fabricating the double lap shear
specimens. The shear joint was cured for 10 days before applying the sustained load for

one month. DEMEC strain gauges supplied by Mayes Instruments, Ltd were installed
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using a reference bar and dial gage is used to obtain strain measurements during the creep

experiment (Figure 100).

(a) Steel blocks attached to concrete (b) Casting of CNT-epoxy composite on
substrates concrete

(c) Placement of CFRP sheet on the shear (d) Curing of epoxy composite under
joint steel weight

Figure 99. Fabrication of double lap shear specimens

The ultimate shear strength test was performed using MTS® Bionix servo
hydraulic system (Figure 101). The double shear specimen was loaded to failure by
displacement control mode with loading rate of 0.5 mm/minute and stress-strain response

was obtained. Figure 102 shows the loading frame of the creep experiments. The frame
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consists of applying the sustained loads through steel weights. The applied load was
measured using load cell (Figure 103-a) and the load level of 934 + 22 N was maintained.
This load level induces shear stress of 724 + 17 kPa at each shear joint which corresponds
to 25% of the ultimate shear strength. A system of steel hooks and chains were used in
transferring the load to the double shear specimens to avoid inducing any eccentricities.
The creep experiments were performed under controlled environment of relative
humidity (RH) of 60% and temperature of 23 °C. Figure 103-b shows the four creep

specimens attached to the loading frames.

Figure 100. Reference bar and dial gauge used to install and measure DEMEC

points
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(a) Ultimate test setup for double lap shear (a) Ultimate test setup for single lap shear
specimen specimen

Figure 101. Creep experiment performed on four specimens

4 200mm 800 mm N
| N I~

Steel frame

Pin joint
50 mm

Creep specimen—)| | Steel weight
eel weights

Steel support

Figure 102. Schematic of creep test setup
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(a) Load cell attached to determine creep load (b) Four creep specimens loaded

Figure 103. Creep experiment performed on four specimens

5.3 Rheological Modeling
Rheological models have been widely used to simulate the behavior of
viscoelastic materials such as polymer, concrete, and masonry due to their simplicity and
practicality. They provide a tool for understanding the physical phenomena including the
instantaneous and time-dependant deformations. In addition, the modularity of
rheological models allows development of different models by means of different
arrangements and combinations of springs and dashpots. During the last decade, many
researchers have used rheological models to describe epoxy adhesives’ behavior at the
FRP-concrete interface (Ferrier & Hamelin, 2002, Meshgin et al., 2009, Wu & Diab,
2007). In this study, the effect of incorporating MWCNTSs into epoxy adhesives is
considered. Several rheological models are considered and all but two are ruled out. The
effect of MWCNTs is included implicitly in the parameters of the model.
Figure 104 shows some basic rheological models developed to describe the behavior
of viscoelastic materials. Maxwell [Figure 104 (a)] and Kelvin [Figure 104 (b)] are two-

parameter models which consist of springs and dashpots connected in series and parallel
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respectively. The two-parameter models are inefficient in predicting the creep behavior of
adhesives because of their lack of simulating some basic phenomena. For example, the
Maxwell model fails in simulating a decreased creep strain rate under constant stress
while the Kelvin model fails in simulating the instantaneous deformations (Findley et al.,
1989). On the other hand, four-parameter models such as Burgers [Figure 104 (g)] are
abundant in describing the creep behavior of polymers. Three-parameter models such as
Ross [Figure 104 (c)], Modified Maxwell (MM) [Figure 104 (d)], and other models
[Figure 104 (e) and Figure 104 (f)] have a sufficient number of parameters to predict the
behavior. Models Figure 104 (e) and Figure 104 (f) can be excluded because of their lack
of instantaneous deformation. Therefore, two models are considered in this study; Ross

[Figure 104 (c)] and Modified Maxwell (MM) [Figure 104 (d)] models. The long-term

strain g(l ) under sustained stress 0 for the two models can be described as follows:

_00 .00 || o ZR2 1 5.5

&(t) i +R2 {1 exp( ” J:l for Ross mode (5.5)
o) o} -t

elt)=—-| —-¢y |exp| —7———— | for MM model (5.6)

© Ry [Rz OJ le(HRz/Rl)}

where R, and R, are elastic moduli coefficients, ¢, is the instantaneous strain, and y, is

the viscosity coefficient. Given the strain formula and by following similar procedures as
in section 5.2, the normalized creep compliances are computed as in Eqns. 5.7 and 5.8

[(Findley et al., 1989), Appendix B].

J, ()= 112, @(l —exp{_tRz D} for Ross model (5.7)

€| i Ry Ha

—t

J, () =—| =2 -] 22— for MM model 5.8
© &0 | Ry [Rz gojexp(ﬂzh‘*Rz/RJJ:l (5:8)
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In addition, Ross and MM models are evaluated by computing the root mean square

prediction error RMSE between the predicted and the experimental data (Eqn. 5.9).

N | yexp _ ypred
RMSE = \/Z o A‘]]’“ (5.9)
i=1

where v is the number of creep data points, J " is the normalized creep compliance for

the ith experimental data point, and J** is the normalized creep compliance for the ith

predicted data point. It is important to note that the classical Ross and MM models might
be able to simulate creep behavior of neat epoxy, but they cannot represent the
significance of MWCNTs on creep of epoxy. Therefore, in order to represent the
significance of MWCNTs loadings, we suggest modifying both models to account for the

weight of CNTs
weight of epoxy

MWCNTs loading (weight fraction) o = . The new Ross and MM

models are denoted as MWCNT-Ross and MWCNT-MM respectively. In these models,
the elastic moduli coefficients R, and R, as well as the viscosity coefficient ,, are

presented as a function of the MWCNTs loading & .
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Figure 104. Various combinations of rheological models with (a-b) two parameters

(c-f) three parameters and (g) four parameters

5.4 Results and Discussions
5.4.1 Experiments

Figure 105 shows the failure of ultimate shear strength test specimens. It can be
noted that the double lap shear test exhibited shear failure in the concrete substrate.
Therefore, the ultimate strength obtained using the double shear test is misleading. On the
other hand, the single lap shear test, in which the failure occurred at the FRP-FRP
interface, is considered more accurate in estimating the ultimate shear strength. This
observation is supported by the load-displacement response for the two cases for the
same epoxy interfacial area (645.16 mm?) is plotted as shown in Figure 106. The

estimated ultimate strength from the double and single lap shear joints are 2521 and 2822
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kPa, respectively. A choice was made afterwards for the creep shear stress to be 25 % of

the ultimate strength.

Figure 105. Failure of lap shear joints (a) double lap and (b) single lap
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Figure 106. Load displacement responses for ultimate shear tests

The shear strains per one lap shear joint for pristine and functionalized MWCNTs

are shown in Figure 107 and Figure 108 respectively. Elastic shear strains of 0.17, 0.12,
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0.11, 0.20, and 0.21% were exhibited by neat, 0.1, 0.5, 1.0, and 1.5% pristine MWCNTs-
epoxy composites respectively. This observation demonstrates that the highest elastic
shear modulus was obtained in the case of 0.5% pristine MWCNTs while the lowest was
obtained in the 1.5% pristine MWCNTs. In the case of functionalized MWCNTs, the
elastic shear strains were 0.18, 0.10, 0.12, and 0.13% for the cases of 0.1, 0.5, 1.0, and
1.5% MWCNTs respectively. The average elastic shear strains in the case of
functionalized MWCNTs were less than that of the pristine MWCNTs which indicates
higher elastic shear modulus in the functionalized case. Moreover, the shear strains after
1.0 month of monitoring were 0.87, 0.72, 0.57, 1.04, and 1.03% with the addition of 0,
0.1, 0.5, 1.0, and 1.5% pristine MWCNTs respectively. The shear strains for 0.1, 0.5, 1.0,
and 1.5% functionaized MWCNTs were 0.42, 0.39, 0.38, and 0.35 % respectively. The
shear strains show that the functionalized MWCNTs reduced the shear deformation of the

epoxy adhesive at the interface immediately and after one month of loading.

The normalized creep compliances were computed and plotted with time in
Figure 109 and Figure 110 for the pristine and functionalized MWCNTs-epoxy
nanocomposites. In general, the addition of pristine CNTs had limited effect on the
normalized creep compliances as oppose to the functionalized MWCNTs. The
normalized creep compliances after one month were 5, 5.61, 5.38, 5.61, and 5.02 for the
cases of 0, 0.1, 0.5, 1.0, and 1.5% pristine CNTs respectively. In addition, the normalized
creep compliances after one month were 5, 2.31, 3.93, 3, and 2.63 for the cases of 0, 0.1,
0.5, 1.0, and 1.5% functionalized MWCNTs respectively. The case of 0.1%
functionalized CNTs had the largest drop in creep compliance among all cases and the

creep compliance reduced by 46%. This is attributed to the fact that the low loadings of
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CNTs are easier to disperse in epoxy matrix and to obtain a uniform microstructure. As
the CNTs content increases, difficulties in dispersion arise due to the formation of CNTs
agglomerations. The interfacial bond seem to be a critical parameter in long term shear
deformation of adhesives at the interface since the functionalized CNTs significantly
outperformed the pristine CNTs (Figure 111). The average increase in normalized creep
compliance with pristine CNTs was 8 % while the average decrease was 40 % in the case
of functionalized CNTs. It is obvious that functionalized CNTs can reduce creep of epoxy

at the FRP-concrete interface significantly.
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Figure 107. Shear strain of FRP-concrete interface with pristine CNTs percentages
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5.4.2 Rheological Models

Since there was no significant effect of pristine MWCNTSs on the creep behavior
of epoxy, only the specimens with functionalized MWCNTs reinforced epoxy
nanocomposite were simulated with rheological models. Figure 112 and Figure 113
depict MWCNT-Ross and MWCNT-MM rheological models fitting curves for various
functionalized MWCNTs loadings. As shown in the figures, the two models are capable
of predicting creep compliance of MWCNTs reinforced epoxy nanocomposite with small
RMSE. The relatively small RMSE values for the two models indicate that three
parameters are sufficient in describing the shear creep behavior of functionalized
MWCNTS reinforced epoxy nanocomposite at the FRP-concrete interface. The average
RMSEs for the MWCNT-Ross and MWCNT-MM models were 0.094 and 0.111
respectively. This indicates that MWCNT-Ross model slightly outperformed MWCNT-
MM model in predicting shear creep behavior of epoxy at the FRP-concrete interface
when functionalized MWCNTSs are incorporated.

Figure 114 and Figure 115 show the effect of various functionalized MWCNTs
loadings on MWCNT-Ross and MWCNT-MM models respectively. The elastic moduli
for the springs in Figure 114(a) and Figure 115(a) for the two models increased with the
addition of the functionalized MWCNTs. However, the shape of the increase differs from

each elastic modulus and each model. For instance, the elastic moduli R, and R, for

MWCNT-Ross model varies with the functionalized MWCNTSs content according to
third-order polynomial functions as shown in Eqns. 9 and 10. On the other hand, the

elastic modulus R, for MWCNT-MM varies according to second order polynomial

function (Eqn. 5.12). Moreover, by separating the neat epoxy (« =0) data point, it can be
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noticed that the elastic modulus R, varies linearly with the MWCNTSs content (Eqn.

5.13).

MWCNT-Ross model

R, =639.3 () -1737.9 (@) +1287.6 () + 294.8 in MPa (5.10)

Ry =599.2(ar)* -1579.1 () +1075.8 (@) + 144.4 in MPa (5.11)

MWCNT-MM model

R, =135.5(a)* -209.3 (a) +174.3 in MPa (5.12)
R, =80 in MPa for o <0.1
R, = (5.13)
R, =23.95(a)+162.3 in MPa for « > 0.1
More emphasis is placed on studying the effect of adding functionalized
MWCNTs on the viscosity coefficients x, for the dashpot due to their importance on the

viscous and long-term behavior of epoxy. In the case of MWCNT-Ross model, the
coefficient of viscosity increased in average by 900% due to adding functionalized

MWCNTs, while 200% average increase was observed in the case of MWCNT-MM
model [Figure 114(b) and Figure 115(b)]. The coefficient of viscosity p, also varied with
the loading, «, of the functionalized MWCNTSs in the epoxy. Eqns. (5.14) and (5.15)
describe the relation as second- and third-order polynomials for the MWCNT-Ross and
MWCNT-MM models respectively. From these results, it is obvious that the effect of
functionalized MWCNTs on creep of epoxy at the FRP-concrete interfaces can be

modeled by means of rheological models. These established relationships between the
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rheological model parameters and the MWCNTSs loading « are useful for numerical
analysis of FRP-concrete interface.

MWCNT-Ross model

1y =-99.4(ar)? +180.5 (a) +35.5 in GPa.sec (5.14)

MWCNT-MM model

1, =168.5(a)’ - 467.3 ()* +345.7 () + 63.4 in MPa.sec (5.15)

Finally, it is worth noting that an early 2011 quick market survey showed that
with the use of large amount of MWCNTs in the production of epoxy adhesives, in the
order of metric tons, the price of MWCNTs will have a limited impact on total composite
cost. For instance, the cost of adding 0.1-1.0% MWCNTSs functionalized MWCNTs to
epoxy represents a cost increase of 20-30% of the current epoxy cost. This is believed to
be a very small cost given the pronounced effect of functionalized MWCNTSs on limiting

the creep of epoxy adhesives at the FRP-concrete interface.
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5.5 Summary

Creep experiments of FRP-epoxy-concrete interfaces were performed on double

lap shear test specimens. The effect of incorporating various contents of pristine and

functionalized MWCNTs on creep of epoxy at the concrete-FRP interface is investigated.

In general, little to no effect is observed with the use of pristine MWCNTs. However,

functionalized MWCNTs were able to limit shear creep of epoxy significantly. The use of

156



functionalized MWCNTs at the 0.1% level (per weight of epoxy) out-performed all other
MWCNTs loadings and resulted in 54% reduction in normalized creep compliance.
These observations indicate the importance of chemical functionalization of MWCNTs in
reducing shear creep strains of epoxy nanocomposite. In addition, the effect of the
functionalized MWCNTs on the creep of adhesives is simulated by rheological modeling.
Two modified rheological models are suggested to simulate creep behavior of MWCNTS
reinforced epoxy nanocomposite. The functionalized MWCNTSs increased the viscosity
coefficients significantly. The effect of MWCNTs as described by the suggested models
agrees well with experimental results. These rheological models would be beneficial for
simulating creep behavior of epoxy in numerical models for FRP-concrete interface
under sustained loads. A conference article is published and a journal article is accepted

for publication from this work (Soliman et al., 2011¢, Soliman et al., 2011a).
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CHAPTER 6. CARBON NANOTUBES FOR
SHORTENING FRP LAP SPLICE

6.1 Introduction

Lap splices of fiber reinforced polymer (FRP) composites have been widely used
while strengthening infrastructures. Adequate lap spli ces are required in order to
continuously transfer the load among multiple FRP plies. Some of the situations where
splicing composite plates is needed include: 1) the inability to continuously access the
structural element on the site; 2) strengthening long spans where the use of single FRP
plate is impractical (ASTMD7616/D7616M, 2011); 3) wrapping RC columns or beam-
column joints with FRP jackets especially for seismic applications. In a lap splice, the
shear strength of the adhesive and the bond strength between the adhesive and the FRP
substrate should allow stress transfer among multiple FRP plies in order to avoid
premature failure. Therefore, the length of the lap splices or the bonded area is a critical
parameter in the strengthening systems (ACI440.2R, 2006). Few studies have
investigated the critical length of lap splice for infrastructure applications. (Yang &
Nanni, 2002) investigated the fatigue performance of spliced CFRP laminates and
purposed appropriate lengths for lap splices for quasi static and fatigue tests. (Dawood et
al., 2007) investigated two configurations of double lap joint; square and reverse tapered

and recommended using the later type for strengthening steel girders.

Over the last decade, the shear behavior and bond strength of lap splices are

examined from three perspectives. The first perspective emphasized in understanding and
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characterizing the behavior of these joints analytically. For instance, (Markolefas &
Papathanassiou, 2009) studied the stress redistribution of elastic-plastic double lap joint
under cyclic loading. (Zhao et al., 2011) performed elastic analysis to develop a closed
form solution for single lap joints. (Khalili et al., 2008) performed numerical study to
investigate the effect of fiber orientation and normal pressure on the behavior of single
lap joint. A good review for finite element analysis on lap joints can be found elsewhere
(He, 2011). In the second perspective, focus is placed on the geometrical properties of the
lap joints. (Oterkus et al., 2006, Vallee & Keller, 2006) investigated the effect of tapered
edges and chamfers on the behavior of bonded lap joints respectively. (Fessel et al.,
2007) investigated the behavior of wavy and reverse bent joints. (Reis et al., 2007)
investigated the effect of adherend rigidity on the behavior of single lap joint. The third
group concerned about examining the bond strength of different materials. Many studies
were performed to improve the bond strength to metals substrates while few studies are
performed to with composite substrates. (Suhr et al., 2005) examined the viscoelastic
behavior of single walled CNTs-epoxy nanocomposites through single lap joint test and
they found significant improvement in loss modulus. In this study, we report
experimental investigation for single and double lap shear test for adhesives bonded to
FRP substrate. The main goal is to improve the adhesive bond strength by incorporating

nanotubes in the bond line.
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6.2 Single Lap Joint
6.2.1 Bond Line Fabrication and Test Setup

The single lap shear test was performed according to (ASTMD5868, 2008). This
ASTM standard is intended to examine the lap shear adhesion for FRP composites. Two
cases were examined for the epoxy. The first case was neat epoxy with no CNTs while
the second case was epoxy with 0.5 % pristine CNTs by weight. The specimens were
made of two substrates each of 63.5 mm long x 76.2 mm wide x 1.5 mm thick five-plies
woven fabric CFRP composites attached together using CNTs-epoxy nanocomposite
adhesive lap joint. Five plies were chosen in order to avoid a failure in the adherend
substrates. The two parts of CFRP composite were fabricated according to the method
described in Chapter 4 and thickened with CFRP tabs at the ends afterwards to account

for the tension-gripping zone during the test and to minimize the eccentricity.

The lap surface was 12.7 mm x 12.7 mm prepared by grinding the CFRP
composite surface with Grit 80 first coat drywall sand paper. 0.71 mm diameter glass
beads, provided by Mo-Sci Corporation, were added to the CFRP lap surface in order to
control the CNTs-epoxy composite thickness as recommended by ASTM standard. The
dispersion of CNTs in epoxy resin was performed using the methods reported in Chapter
3. The prepared CNTs-epoxy nanocomposite was cast on the lap surface using syringe
pump to avoid any formation for voids and the excess of epoxy was carefully removed. A
proper pressure was applied using clamps and the CNTs-epoxy nanocomposite was cured
for one day. After curing, the CFRP plates were cut into 12.7 mm wide strips. Figure 116
shows the fabrication of lap shear specimens. The specimens were tensioned up to failure

using displacement-controlled mode with rate of 1.0 mm/minute. It is important to report
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that the ASTM standards propose a rate of loading of 12.7 mm/minute, which in this case
would fail the fabricated specimens within few seconds. Therefore, the rate of loading of
1.0 mm/minute was used for the tension test according to the (ASTMD3039/D3039M,

2008). Figure 117 shows the test setup for the single lap shear specimens.

(a) Clamping the lap shear (b) Lap shear specimens are (c) Specimens are cut in strips
joint and the end tabs marked in strips and ready for testing

Figure 116. Fabrication of single lap shear test specimens
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Figure 117. Single lap shear test specimen test setup
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6.2.2 Results and Discussion
The stress strain behavior for the two cases is shown in Figure 118. The shear

stress 7 and shear strain y are computed as follows:

P
= 6.1
airawr (6.1
AL
=== 6.2
i (6.2)

where P is the applied load, b and | are the width and the length of the lap shear joint,
respectively, h is the thickness of the bond line (0.71 mm), and AL is the extension in the
loading direction. In general, significant enhancement in stress-strain behavior was
obtained with the addition of 0.5% pristine CNTs. This enhancement is reflected in
various mechanical properties as summarized in Table 6. The highest enhancement was
observed in toughness and was equal to 70%. These enhancements are high relative to
other tests reported in previous chapters. Although it is an ASTM standards, the stability
and accuracy of the single lap shear test in computing the shear properties is questionable

and should be analyzed carefully as demonstrated in the following section.
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Figure 118. Stress-strain curves of single lap shear test
Table 6. Mechanical properties of single lap shear test
Shear Strength, N Young’s
MPa Shear Strain, % Toughness, kPa Modulus, MPa
0% 12.4 1.1 77.9 1431.9
0.5% (P) CNTs 16.9 1.3 133.1 1920.3
% Increase 36% 19% 70% 25%

6.2.3 Challenges with the Single Lap Shear Test

There are several proposed ASTM standards for testing single lap shear
specimens in order to obtain adhesive shear properties. Examples of these standards are
(ASTMD1002, 2010, ASTMD3163, 2008, ASTMD3165, 2007, ASTMD5868, 2008).
The major difference between them is the material type of the substrate. Metal,

composites, and rigid plastic are used in ASTM D 1002, D 5868, and D 3163
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respectively. However, all of them share similar challenges when obtaining accurate
shear properties. It is observed that single lap shear joints rotate when subjected to uni-
axial tension. The rotation of the joint causes bending and peel or cleavage stresses in
addition to the pure shear stresses. This observation is reported by (ASTMD4896, 2008,
Boone, 2002). In addition, a finite element model exhibited same deformation behavior
as shown in Figure 119. In this context, (ASTMD4896, 2008) distinguished between
apparent and true shear strengths. Apparent shear strength is the nominal shear stress at
failure regardless of the effect of geometry or materials. The true shear strength is the
maximum uniform shear stress a material can sustain in the absence of normal stresses. It
is important to mention that the shear stress distribution varies across the width and along
the length of single lap joint with highest values near the edges due to discontinuity

regions.

Figure 119. Rotation of single lap shear joint subjected to tension force

Based on other ASTM standards related to shear properties of adhesives, there are
two methods to overcome the secondary deformations. First, the use of thick adherend
specimens as proposed by (ASTMD3983, 2011, ASTMD5656, 2010) as shown in Figure
120. In this case, the rigidity of the substrates will limit the rotation of the lap joint. The

thick adherend sections should be greater than 6.36 mm in thickness as recommended by
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the two ASTM standards. The second method is to use double lap shear joint for thin
adherend as proposed by (ASTMD3528, 2008). The ASTM standard proposes two
configurations for the double lap shear test as shown in Figure 121. According to the
clearance restriction in our grips system, we propose the second method as more accurate
alternative to the single lap shear test in estimating the shear properties of CNTs-epoxy

nanocomposites.

Figure 120. Single lap shear test for thick adherend

L= 4
ke

Figure 121. Double lap shear test

6.3 Double Lap Joint
6.3.1 Bond Line Fabrication and Test Setup

The fabrication and testing procedures of the double lap joint specimens were
similar to that of the single lap joint specimens. However, the functionalized MWCNTs is
used in this case. Three levels of MWCNTs loading are examined: 0.5, 1.0, and 1.5% by
weight. Figure 122 shows the fabricated double lap joint specimens. Five specimens were
tested for each MWCNTs loading and the statistical analysis using student t-test was
perfomed with 95% level of confidence. All specimens are left to cure for 14 days before

testing. The lap joint test was performed using MTS® Bionix servo hydraulic system and
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extensometer is used to record the deformations at the joint (Figure 122). The epoxy
shear strain y for the double lap joint is computed, similar to the single lap joint, using

Eqn. (6.2). The shear slip AL is measured by the extensometer. However, the shear stress

7 acting on the double lap shear joint is half the single lap joint as follows:
T=P/24 (6.3)

where 4 = the area of the lap joint and P = applied load.
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Figure 122. Double lap joint test setup (a) joint dimensions, (b) extensometer
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lap joint
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6.3.2 Results and Discussion

All specimens failed at the epoxy-FRP interface and the two sides of the double
lap joint failed simultaneously (Figure 123). The test results are therefore adequate to
evaluate the bond strength for various epoxy nanocomposites. The shear stress-strain
curves for the lap joint tests are shown in Figure 124. Only two specimens from each
COOH-MWCNTs loading are shown however, the statistical analysis is performed in
five specimens and its results are reported in Table 7. The figure shows that when neat
epoxy or 0.5% MWCNTs is used to splice the FRP strips, the behavior of the joint is
linear until failure. However, the lap joints with 1.0 and 1.5% MWCNTs loadings
showed nonlinear behavior. The difference in the behavior between the specimens can be
attributed to the significance of high MWCNTs contents: 1.0 and 1.5%. High contents of
the MWCNTs were able to produce nonlinear shear behavior of FRP lap splice providing

enhancement in failure shear strain and energy absorption to failure.
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(a) Neat (b) 1.0% COOH-MWCNTs

(c) Simultaneous Failure

Figure 123. Bond failure for double lap joint specimens
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Figure 124. Shear stress strain response of the lap joint with various functionalized

MWCNTs loadings

Table 7. Statistical analyses for off-axis test coupons

Young’s modulus, Bond strength, Failure strain, = Toughness,

MPa MPa % MPa
Neat Mean 141 11.8 9.21 04
COV, %7 46 33 55 21
0.5% Mean 173 14 8.6 0.67
(F*) COV, % 15.9 154 6.6 21.2
% Increase 22 21 -6 67
1.0% Mean 123 17.6 26.5 3.15
(15) COV, % 32.9 15.7 53.13 74.59
% Increase -12.8 49.1 187.6 693.2
15% Mean 92.71 16.16 42.32 4.9
(F) COV, % 7.8 15.76 28.6 46.3
% Increase -34 36 359 1130

*F: Functionalized, TCOV: coefficient of variation, % Increase: percentage of increase

The average shear moduli were 141 + 65, 173 + 27, 109 + 40, and 92 + 7 MPa for

the 0, 0.5, 1.0, and 1.5% MWCNTs-epoxy nanocomposites respectively. The statistical
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analyses using student t-test indicate that there is no significant statistical difference in
the shear moduli among all cases. In addition, the bond strengths for the four cases were
11.8 £3.9, 143 £2.2, 15.1 £ 2.77, and 16.2 + 2.6 MPa respectively. It was found that
there is no statistical difference in the bond strength between the neat and 0.5%
MWCNTs cases. However, there is significant difference between the neat epoxy and
epoxy nanocomposite incorporating 1.0 or 1.5% MWCNTSs. The bond strength increased
by 49% and 37% with the addition of 1.0 and 1.5% MWCNTs. Figure 125 shows that the
optimal content of the MWCNTs for improving the bond strength is 1.0%. The
mechanism of improving the bond strength is attributed to that the CNTs become part of
the epoxy microstructure and therefore contribute in shear load carrying capacity and

enhance the matrix shear strain at failure.

Furthermore, the failure strains were 9.2, 8.6, 26, and 42% due to the addition of
0, 0.5, 1.0, and 1.5% functionalized MWCNTs respectively. Similar to the bond strength,
the statistical analyses showed significant difference in failure strains only between the
neat epoxy and the 1.0 or 1.5% MWCNTs cases. The enhancement in failure strains
reached 187 and 360% with 1.0 and 1.5% COOH-MWCNTs respectively (Figure 126). A
previous experimental study showed that MWCNTs are known to have high tensile
elongation of 12% (Yu et al., 2000) or 20% (Tang et al., 2009) which could explain the
significant increase in failure strain. Since the toughness can be measured by the area
under the stress-strain curve (Dowling, 2007), the enhancement in toughness combines
the improvements in both the stress and strain levels. In this study, the enhancement in
toughness reached 700 and 1130 % for the case of 1.0 and 1.5% functionalized

MWCNTs (Figure 127). Given that the MWCNTSs contents are very small, the reported
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enhancements are significant and can benefit the industrial applications of the epoxy

systems and FRP composites.
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Figure 125. Comparison of shear strength among different COOH-MWCNTSs epoxy
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Finally, the ACI 440.2R for external strengthening RC structures with FRPs does
not provide direct methods for computing lap splice length. The provisions instead refer
to the manufacturers' specifications and experimental testing to determine the appropriate
lap splice length. This might be attributed to the variability in the FRP and adhesive
material properties and/or because there is not enough experimental data to establish
consistent design requirements for FRP lap splice length. In general, the lap splice should
be long enough to transfer the stresses among the spliced FRP laminates. Since 1%
MWCNTs can obviously improve the bond strength in FRP lap splice by about 50%,
CNTs can provide promising technique to shorten FRP lap splice length or the bonded
area to one half. This technique would be beneficial where the strengthened area is of
limited space such as in seismic retrofit of RC beam—column joints. More interestingly is

the strain capacity and toughness, which are strongly required for seismic retrofit. The
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relatively small loadings of CNTs needed to achieve such enhancements in FRP lap

splice make it attractive to use CNTs in such applications.

6.4 Summary

Single and double lap joint tests for FRP composite substrates were performed to
examine the performance of epoxy adhesive with carbon nanotubes. The results for single
lap joint test were inconsistent because of the rotation of the joint which causes normal
stresses. For the double lap joint test, three loadings of functionalized MWCNTSs were
examined and compared with the neat epoxy case; 0.5, 1.0, and 1.5% by wt. The
experiments showed a significant nonlinearity in the stress-strain response of FRP lap
splices incorporating CNTs. The use of MWCNTs results in enhancing the bond strength
by 50% with 1.0% MWCNTs, Furthermore, enhancements in shear strain capacity and
toughness reached about 700 and 1,100% respectively with 1.5% CNTs. The results
suggest that CNTs can be used in shortening FRP lap splices or for enhancing energy

absorption of FRP lap splices used in seismic retrofit of beam-column joints.
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CHAPTER 7. INTERLAMINAR FRACTURE
TOUGHNESS OF WOVEN CARBON FABRIC
COMPOSITES REINFORCED BY MWCNTS

7.1 Introduction

The double cantilever beam (DCB) test involves the determination of the opening
mode-I interlaminar critical energy release rate (Gy). This test has been widely used to
characterize the delamination failure of polymer matrix composites (PMC). It is well
known that delamination has been one of the major limiting factors for composite design.
The delamination is usually initiated due to transverse, cyclic loads or thermal stresses. In
many occasions, delamination can form during the composites lay-up fabrication process
(Adams et al., 2003). The DCB delamination occurs due to interlaminar fracture of
composites and therefore, it can be used to examine fracture toughness of the resin

matrix.

Previous research associated with DCB fracture toughness of PMC includes
experimental, analytical and numerical investigations. Experimentally, DCB have been
used to examine different types of PMCs including unidirectional, multi-directional,
trans-laminar reinforced and woven fabric composites (Alif et al., 1997, Nicholls &
Gallagher, 1983, Robinson & Song, 1992, Shi et al., 1993, Tamuzs et al., 2003). Previous
research showed that the use of tougher resins (known as thermoplastic interleaves)
would increase the fracture toughness significantly. The thickness of the resin film has a

significant effect on the fracture toughness (Ozdil & Carlsson, 1992). Crack growth of
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vulcanized natural rubber is also examined using modified DCB (South et al., 2002). The
main objective from this study is to examine the effect of incorporating various loadings
of functionalized MWCNTSs on the fracture toughness of the woven fabric composite.
This Chapter is divided into two main sections. In the first section, the experimental
investigation is presented while a finite element (FE) model is developed and discussed

in the second section.

7.2 Experimental Details
7.2.1 Test Setup

The DCB specimens dimensions and test setup is shown in Figure 128. The test is
performed according to (ASTMDS5528, 2007). The test specimen consists of 3.6 mm
thick 12-layer composite plate with release film inserted at the mid thickness. The carbon
fabrics are impregnated with various loadings of MWCNTs-epoxy nanocomposite. The
length of the insert (32 mm) is considered as the initial crack or delamination length a,.
Once the load is applied in a displacement controlled mode with rate of 0.5 mm/minute,
the load P, the opening displacement ¢, and delamination length a are recorded by the
MTS® load cell, contact extensometer, and in-situ optical microscope respectively. The
function of the piano hinge is to maintain the loading direction normal to the crack plane
throughout the test so that no significant shear stress is developed at the interface plan

and thus mode II crack propagation would not occur.
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Figure 128. Test setup of DCB (a) dimensions, (b) schematic for deformed specimen,

and (c) in-situ optical microscope used to record delamination length
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Schematic of the load-displacement response for DCB is shown in Figure 129-(a).
The onset of delamination can be determined by the onset of curve non-linearity. It can
also be determined visually using the microscope. The mode I critical energy release rate,
G, can be computed using modified beam theory (MBT) as given in Eqn 7.1. The MBT
assumes that linear elastic fracture mechanics (LEFM) applies because the size of the
fracture process zone is much less than the thickness of the specimens. A schematic of
the resistance curve (R-curve) for composites is depicted in [Figure 129-(b)]. As the
displacement increases, the delamination grow until steady-state growth is obtained. The

steady-state delamination growth corresponds to constant critical energy release rate.

3P

e :m (7.1)

where P is the applied load, b is the specimen width, a is the delamination or crack
length, & is the opening displacement in DCB test, and A is a correction for the

delamination length.

A A
Steady-state delamination growth
—>
| 1
1

1
e Onset of delamination growth
observed by microscope (VIS)

Onset of delamination growth observec
by curve non-linearity (NL)

Load, P
Glc

> N
> >
Opening displacement, & Delamination length, a

(@ (b)

Figure 129. Schematic representation showing delamination behavior (a) Load-

displacement response, and (b) R-curve
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7.2.2 Results and Discussion

Three loadings of MWCNTSs are examined in addition to the neat epoxy
composite: 0.5%, 1.0%, and 1.5% by wt. Three specimens were tested for each
MWCNTs loading level and two specimens for each MWCNTs loading are presented. It
is important to report is that the thickness of the composite slightly increases as the
MWCNTs loadings increases. For instance, the average thicknesses were 3.47, 3.58,
3.71, 3.80 mm for 0, 0.5, 1.0, and 1.5% MWCNTs-epoxy FRP composites respectively.
The increase in thickness approached 10% with the addition of 1.5%. This increase is
attributed to the increase in the viscosity of the epoxy nanocomposite. Based on Eqn 7.1,
this slight change is expected to affect the stiffness of the specimens and have limited or

no effect on the fracture toughness.

Figure 130, Figure 132, Figure 134, and Figure 136 present microscopic images
for the crack (delamination) tip for 0, 0.5, 1.0, and 1.5% MWCNTSs at various steps
during the test. The corresponding load-displacement responses are depicted in Figure
131, Figure 133, Figure 135, and Figure 137. Each figure presents the results of two
specimens for the same MWOCNTs loading. In these figures, point (a) represents
approximately the onset of delamination growth observed by load-displacement curve
non-linearity (NL). In addition, point (b) represents the onset of delamination growth
observed by microscope (VIS). Table 8 reports the mean load P, mean displacement o,
and their product for NL and VIS points between composites with various MWCNTs
loadings. The load-displacement product, P.o, is the critical parameter in delamination
growth because it represents energy that is directly proportional to G;. according to Eqn

7.1. The initial critical energy release rate is calculated from the NL data. The table
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shows that P.d product for NL and VIS slightly increase as the MWCNTs loading
increases. With the addition of 1.5% MWCNTs, the limited increase in P.5 product
approaches 18% and 29% for the NL and VIS, respectively. This increase in P.d indicates
that the initial critical energy release rate increases as the MWCNTs loadings increases as
shown in Table 8. The increase in the initial energy release rate approaches 18% with the
addition of 1.5% MWCNTs. However, the increase in initial energy release rate is limited
when compared to the maximum energy release rate. A comparison between the load-
displacement curves of FRP composites with various MWCNTs is depicted in Figure
145. The figure shows that there is apparent change in the stiffness of composite
specimens due to the differences in thickness. The thickness difference is attributed to the
addition of MWCNTs, which results in an increase of the nanocomposites viscosity. In
addition, the figure shows that there is increase in the peak force and the corresponding
displacement with the addition of MWCNTs. This increase is expected to affect the

fracture toughness of the FRP composites as explained below.
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Table 8. Comparison between various MWCNTs loading in terms of onset of

delamination growth

NL* VIS
O (mm) B () (NI-)rfm) o (mm)  P(N) (Nifm) (e
Neat 5.74 55.6 319 7.32 67.6 498 0.65
M(\)VSCO?:]_TS 5.16 61.0 315 7.20 77.8 561 0.62
M\IV%?T_TS 5.69 63.7 363 8.00 80.6 649 0.75
M\IVSC(:ZO\I-TS 5.50 68.5 377 7.44 86.3 642 0.77

*NL: Onset of delamination growth observed by load-displacement curve non linearity

YVIS: the onset of delamination growth observed by microscope

The resistance curve (R-curve) shows the critical energy release rate Gy as a
function of delamination length (a) in Figure 138. The critical energy release rate is
computed according to Eqn 7.1. The data obtained from each MWCNTs loading is
predicted using polynomial fit for three specimens and the maximum critical energy
release rate are compared in Figure 139. It is obvious that there is a significant effect of
adding MWCNTs on the mode I critical energy release rate Gi. of the woven fabric
composites. As the MWCNTs loading increases, critical energy release rate increases.
The highest enhancement in critical energy release rate approached 160% with the
addition of 1.5% MWCNTs. The enhancements are attributed to the ability of
functionalized MWCNTs to enhance the tensile strength of the epoxy resin by bridging

the micro and nano cracks in the epoxy matrix. As a result, the pull out or rupture of the
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MWCNTs provide a mechanism of energy consumption at the crack tip that enables
increasing the critical energy release rate. Functionalization plays an important role in the
pull out strength of the functionalized MWCNTs when compared to pristine MWCNTs.
Further studies at the microscale will be needed to examine which is the dominant

mechanism and its relation to MWCNTs length, diameter, and surface treatment.

Furthermore, it is noted that the addition of MWCNTSs have an effect for the
profile of the R-curve. In case of FRP composites with neat epoxy, the critical energy
release rate tends to approach a steady state limit as explained earlier in Figure 129. This
profile justifies the use of LEFM for predicting fracture toughness where the epoxy at the
interface behaves in a brittle fashion during the delamination growth. On the other hand,
the FRP with MWCNTs epoxy nanocomposites does not approach a clear steady state
limit for the critical energy release rate. In particular, the critical energy release rate tends
to increase with the increase of delamination growth therefore; the R-curve becomes non-
linear. This observation can be further understood by comparing the values of the initial
and the maximum critical energy release rates as shown in Figure 139. The slight change
in the initial critical release energy rate is attributed to that the epoxy governs the initial
delamination growth. As the crack propagates, the critical energy release rate increases
proportional to the content of the MWCNTs. For instance, the increase in the critical
energy release rate was 77% with the use of neat epoxy while the increase approached
182, 193, and 290% with the addition of 0.5, 1.0, and 1.5% MWCNTs. The difference in
the increase of the critical energy release rate confirms the bridging effect of the
MWCNTs. As the content of the MWCNTs increases, the bridging effect increases and

the energy consumed to propagate the crack increases. The two observations raise a
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question regarding the applicability of LEFM when MWCNTs are incorporated. The
profile of the R-curves with MWCNTs suggest that the deformations and the energy
consumption at the crack tip can be accurately predicted if quasi brittle fracture

mechanics (QBFM) or elastic plastic fracture mechanics (EPFM) is considered.

M
3
r

>

6)] épec-ir‘nén—l - (i) Specimen-2
Figure 130. Crack propagation for neat-epoxy FRP composites
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Figure 131. Load-displacement responses for the neat-epoxy FRP composites

(i) Specimen-1 (i) Specimen-2
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Figure 134. Crack propagation for the 1.0% COOH-MWCNTs-epoxy FRP
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It is observed that a flexure failure occurs to some DCB specimens after the
delamination grow for few millimeters (Figure 140). The main cause of a flexure failure
is the thickness of the FRP composite cantilevers. The thinner the specimens, the lower
the flexure rigidity and the earlier the flexure failure would occur. This is because as the
delamination grows, the lever arm for the two cantilevers increases and the bending
moment at the crack tip increases. Once flexure failure occurs, the load remains constant
as shown in Figure 133 (ii). The important point is to approach the steady state critical
energy release rate before flexure failure occurs. ASTM D 5528 recommends testing 3 to
5 mm thick composites. However, this suggestion is based on the unidirectional FRP

composites where the flexure rigidity is usually higher than that of the woven fabric
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composites. The average thickness of the composite specimens in this study was about

3.6 mm and it was enough to reach the stead-state delamination growth as explained later.

Figure 140. Flexure failure of DCB specimens

7.3 Finite Element Simulation
7.3.1 Model Details

The DCB specimens were modeled using finite element (FE) package ANSYS®.
The main purpose of the FE model is to extract more information about the stresses and
deformations of the epoxy adhesives at the interface. The models are also used to better
understand the effect of incorporating the MWCNTs on the governing stress-
displacement relationship and fracture toughness at the interface. For that purpose, two
different relationships are examined in this study after (Alfano & Crisfield, 2001, Xu &
Needleman, 1994). The former relationship represents an exponential behavior while the
latter one represents a bilinear behavior. The model dimensions are similar to the

experimental specimens as shown in Figure 141.
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SOLID 45-layered elements are assigned to the composite substrates. The carbon
fiber composite cantilevers are assumed linear elastic with modulus of elasticity and
poisson’s ratio of 35 GPa and 0.30 respectively. The boundary conditions are depicted in
Figure 141. A pinned support is assigned to the bottom cantilever at a distance of 12.5
mm from the left end and a vertical displacement of 20 mm is applied to the top
cantilever at the same vertical plan. This boundary condition simulates the piano hinge,
which allows free rotation of the composite structure and avoids introducing shear

stresses at the interface to prevent mode II delamination growth.

In order to reduce the computation time, the model was divided into three regions
along its length. The first region, 51 mm long, is the initial delamination created in the
experiment by using a release film insert. In this region, no interaction between the top
and bottom cantilevers is defined. The element size in this region is relatively coarse (2.5
mm). The second region, 20 mm long, is the region where delamination would occur
during the simulation. The length of that region was chosen larger than the maximum
delamination length observed in the experiment. In addition, a fine mesh with small the
element size of 0.5 mm is used to obtain accurate simulation for the delamination growth.
In the second region, the cohesive zone material (CZM) model is defined between the top
and bottom cantilevers after the two models explained later. The third region, 39 mm
long, represents the remaining part of the specimens where no delamination is expected
to occur according to the experiment as a result of the applied displacement. Therefore,
the top and bottom cantilevers are rigidly bonded at the third region. The element size for

this region is chosen relatively large (4 mm) for its insignificance on the simulation.

190



In general, there are two relationships required to completely define the cohesive
relationship at the interface: the normal traction-opening displacement and the shear
stress-slip relationships. In the case of exponential model, INTER 205 elements are
assigned at the second region on the interface. In the case of bilinear behavior, contact
pair (Contact 174 & Target 170 elements) is used to represent the second region at the
interface. A major difference between the exponential and bilinear models is that the
normal traction and shear stress relationships are coupled in the case of exponential
approach with interface elements. This means that the shear slip affects the normal
traction relationship and vise versa. The coupling, although is not of interest in the DCB
tests, is more realistic than the uncoupled relationship. On the other hand, in the bilinear
approach with contact elements, the two relationships are uncoupled which implies that
the shear slip does not affect the normal traction relationship. The exponential normal

traction 7' Y -opening displacement §n relationship follows Eq. 7.2 and presented in

Figure 142 (a) after (Xu & Needleman, 1994).

“An (7.2)

8%

n

where o is the maximum normal traction, A =-—=
max nos
n

is the normalized opening

displacement, a is the opening displacement corresponds to the maximum normal

o
traction, At = —L is the normalized shear slip, and & ] is the shear slip. Since the shear

§t
stresses are minimized at the interface in the DCB test, the normalized shear slip A ;

would approach zero. It is also important to mention that in ANSYS®, there are two input
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parameters that characterize the exponential relationship. The characteristic parameters

are the maximum traction O hax and its corresponding displacementg. The fracture

energy release rate or critical energy release rate G, represents the area under the normal

traction-opening displacement 7' - 5n relationship and can be obtained by Eqn. 7.3.

Glc =eo .. o, (7.3)

On the other hand, the normal traction-opening displacement 7T " 5}1 relationship in

the bilinear model is computed from Eqn. 7.4 and depicted in Figure 142 (b) after

(Alfano & Crisfield, 2001).

r =K s (1-d,) (74)

where Kn is the normal contact stiffness and dn is debonding parameter. The later

changes from 0 to 1.0 based on the damage intensity and it can be computed as follows:

/ = O lf ]-'ﬂ S O-max
S5 -5 5¢
d =[Zn "% n__ ifT <o 75
n < ( 5n ](5}: _ 5n ] n max ( )
~ =10 if7T, <o,

max

where o is the maximum normal traction, 5n is opening displacement, 5}1 is opening

displacement corresponds to the maximum normal traction, and o, is the opening

displacement at the completion of the debonding. It is worth reporting that one of the

advantages of using the debonding parameter d " is that once damage occurs beyond the
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elastic limit (o a), the contact stiffness reduces accordingly. Three characteristic

parameters are required to completely define the bilinear relationship. They are either

(o

max

G,.K n) Of (OO s Kn ). The critical energy release rate G, represents the area

under the normal traction-opening displacement 7' " §n relationship and can be obtained

by Eqn. 7.6.

l 3.6 mm

51 mm

Figure 141. Finite element model for DCB test
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The two models are evaluated based on the experimental results obtained for the
neat epoxy FRP composite. The delamination growth behavior is evaluated based on the
load-displacement P-8 relationship, the load-delamination length P-a, and on the
displacement-delamination length 6-a. The former relationship is critical for the global
response of the DCB specimens while the latter is critical for the delamination growth. In

the FE simulation, it is assumed that the maximum normal traction o, equals to the

X

tensile strength of the neat epoxy (70 MPa). In addition, the critical energy release rate

G, 1s obtained directly from the maximum energy release rate obtained experimentally
as shown in Figure 143. Given the aforementioned assumptions, the opening
displacement a corresponds to the maximum normal traction and the opening
displacement at the completion of the debonding & are obtained for the exponential and

bilinear models using Eqns. 7.3 and 7.6, respectively. Furthermore, the contact stiffness

K " of the bilinear model is altered to fit the global load-displacement response of DCB

specimen.
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composites reinforced by different MWCNTSs loadings

7.3.2 Results and Discussion

Similar to the experimental tests, Figure 144 shows the delamination growth for
the exponential and bilinear models. The figure shows contour plots for vertical normal
stresses, which cause the crack propagation. The crack tip is determined adjacent to the
tensile stress singularity. The crack images is used later to compare the delamination
growth obtained from FE models with that of the experimental results. Figure 145 shows
a comparison of the load-displacement responses for the neat epoxy FRP composites
between the numerical and experimental investigations. The figure shows that the bilinear
model overestimates the load P by 28%. On the other hand, the exponential model
accurately estimates the load-displacement response. These observations are further

verified in Figure 146, which represents the delamination growth as a function of the load
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P [Figure 146 (a)] and displacement & [Figure 146 (b)]. Figure 146 (b) shows that the
bilinear model overestimates the displacements associated with the delamination growth.
The overestimation in the load and displacement with the use of bilinear might be
attributed to the use of contact elements. It is known that contact elements experience
difficulties in convergence when penetration is considered. The region behind the crack
tip usually exhibits large compressive stresses due to the curvature of the two cantilevers
as observed from the contour plots in Figure 144. This compressive stresses would cause
penetration to occur between the two cantilevers. In general, the exponential model with
interface elements shows more accurate prediction for the delamination growth behavior

than the bilinear model using contact elements.
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The exponential model is used further to predict the behavior of DCB specimens
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to closely match the load-displacement and delamination growth response observed

experimentally. In addition, the area under the normal traction-opening displacement 7 -
5n relationship is maintained as the maximum energy release rate obtained

experimentally as discussed earlier. The load-displacement comparison between the
experimental and numerical investigations for various MWCNTs loadings is shown in
Figure 147. The figure shows that the exponential model is capable of properly predicting
the load-displacement response for DCB with different MWCNTs loadings. Furthermore,
the behavior of delamination growth, predicted in Figure 148 shows that the numerical
analysis fails to predict the delamination growth behavior at the early stages while it
closely predicts the behavior towards the maximum energy release rate. To understand
this observation, one can look at the comparison between the experimental and numerical
investigations in term of the resistance curve (R-curve) shown early in Figure 143. While
the numerical investigation shows constant critical energy release rate, the experimental
results show increased critical energy release rate. The mismatch in the values of the
critical energy release rate at early stages explains the difference in the delamination
growth. Therefore, it is suggested that the values for the critical energy release rate
should vary along the length of the specimens according to the R-curve obtained

experimentally.
The normal traction-opening displacement 7 n-é'n relationships for different

MWCNTs loadings are depicted in Figure 149. The relationship shows that the

characteristic parameters, the maximum normal traction Tn and its corresponding

opening displacementi, increases with the addition of MWCNTs. Figure 150 also
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demonstrates that the increase in the opening displacement is higher than that of the
maximum traction. For instance, the increase in the displacement and traction with the
addition of 1.5% MWCNTs approached 100% and 15% respectively. This observation
confirms other observations reported in Chapter 4 for the off-axis tension test results and
Chapter 6 for the lap shear joint test. It was shown that MWCNTs have the ability to

enhance the strain capacity over the strength.
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Figure 147. Comparison between experimental and numerical load-displacement

response for FRP composites reinforced by different MWCNTs loadings
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7.4 Summary

Double cantilever beam (DCB) tests were performed on woven carbon fabric
composites to determine the fracture toughness of MWCNTs-epoxy nanocomopsites with
various loadings of MWCNTs. The results show 52, 91, and 160% increase in maximum
critical energy release rate with the addition of 0.5, 1.0, and 1.5% MWCNTs,
respectively. These improvements would have a significant impact on the delamination of
composites. Moreover, finite element models are developed to extract more information
about the delamination growth of different cases. The simulations show that the use of
exponential relationship via interface element is more accurate in predicting the

delamination behavior than using the bilinear relationship via contact element. The
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predicted stress-displacement relationships show that the addition of the MWCNTs has a

significant effect on the deformation of the epoxy at the interface.
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CHAPTER 8. LOW-VELOCITY AND BALLISTIC
IMPACT OF THIN WOVEN CARBON FABRIC
COMPOSITES INCORPORATING CARBON
NANOTUBES.

8.1 Introduction

Over the last century, fiber reinforced polymer (FRP) composites have been
widely used in structural components subjected to quasi static loading due to their
superior specific strength and stiffness (Reid & Zhou, 2000). However, in many
occasions, the composite structures used in aerospace, pipelines, and military applications
are prone to high strain rate loadings through their life span such as impact and blast
(Abrate, 1994). In this regard, the performance of composite components is usually poor
and brittle when compared to other ductile materials such as metals. One of the major
causes of such brittle fracture is the premature failure of composites due to matrix
transverse cracking or fiber/matrix interface debonding. The poor interlaminar shear
strength (ILSS) and toughness of composites have been limiting their use in such
applications. As a result, many studies addressed the behavior of composite structures
subjected to impact loadings. These investigations studied various types of composites
including laminated (Aktas et al., 2009, Shyr & Pan, 2003, Yokozeki et al., 2010),
sandwich (Villanueva & Cantwell, 2004), and woven fabric structures (Naik et al., 2000,

Zhang et al., 2009).
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More emphasis is placed on the woven fabric composite due to higher impact
resistance (Tan & Ching, 2006). The impact response of woven fabric composites have
been widely investigated experimentally (Chocron et al., 2009, Karahan et al., 2008, Tan
et al., 2003), numerically (Barauskas & Abraitiene, 2007, Rao et al., 2009, Tan & Ching,
2006) and analytically (Gu, 2003, Naik et al., 2006). For instance, (Tan et al., 2003)
investigated the perforation of various shapes of projectiles on the woven fabric
composites. They found that the shape of the projectile has significant influence on the
ballistic limit. The ballistic performance of woven aramid fabric protection panels is
investigated (Karahan et al., 2008). It is reported that the number of plies and stitching
type have great influence on the depth and diameter of the trauma. (Chocron et al., 2009)
used embedded nichrome wires to measure the strain in the fabric during impact event.
Moreover, the effect of fabrication process of the composite fabric is evaluated (Zhang et
al., 2009). They concluded that composites cured with Quickstep technique resulted in
less damage than those cured using Autoclave technique.

(Tan & Ching, 2006) introduced a simplified orthotropic finite element (FE)
model to simulate the behavior of woven fabric composite. In this model, the unique
properties of woven fabric such as viscoelastic nature of the yarns, the crimping of the
yarns, and the sliding contact between yarns are simulated using a set of viscoelastic bar
elements. Detailed procedures of modeling multi-layer woven fabric composites in
LSDYNA® are presented by (Barauskas & Abraitiene, 2007). (Rao et al., 2009) studied
the effect of yarn properties on the ballistic impact of plain weave fabric. They found that
the friction between yarns has great influence on the impact resistance. In addition, the

stiffness and strength of yarns affect the projectile declaration and failure duration. (Naik
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et al., 2006) introduced analytical formulation for the ballistic impact of woven fabric
composites. They showed the major energy absorption mechanisms during impact are the
tension in the primary yarns and the deformation of the secondary yarns. In general, the
ballistic impact of woven fabric composite plates is fairly studied over the last decade.

Few studies examined the use of nanoparticles to improve the ballistic impact of
FRP composites. (Hosur et al., 2007) examined the impact response of woven
carbon/epoxy—nanoclay nanocomposites and observed no change in the impact response
with the addition of nanoclay. However, a reduction in the damage size was reported.
These observations were confirmed later by (Igbal ef al., 2009) upon testing carbon fiber
reinforced polymer (CFRP) laminates reinforced with nanoclay. (Avila et al, 2007)
studied the behavior of nanoclay GFRP laminated plates under low velocity impact. With
the addition of nanoclays, 48% and 4% increase in the absorbed energy were reported
when low and high velocity impact tests are performed respectively. A constitution model
for the impact response of CNTs/poly-vinyl-ester-epoxy/E-glass fiber composites was
developed and small improvements in the ballistic performance were observed (Grujicic
et al., 2008). (Kostopoulos et al., 2010) investigated the impact response of quasi-
isotropic CFRP laminates enhanced with 0.5% by wt. pristine MWCNTs and reported no
effect on the absorbed energy or delamination area.

In general, the nanoparticles limited the damage size in many studies however;
they did not improve the mechanical response. In addition, the use of MWCNTs did not
enhance the impact response as expected. The ballistic impact response needs further
investigations when nanotubes are used. This Chapter further examines the use of carbon

nanotubes to improve the low-velocity and ballistic impact response of FRP composites.
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It is well established that the low-velocity impact involves the non-penetrating impact
tests while the ballistic impact involves a penetrating impact tests (Abrate, 1998). In this
study, the use of wide range of functionalized MWCNTs loadings in epoxy carbon woven

fabric composites is examined.

8.2 Testing Setup and Procedures

Two different treatments for epoxy were produced to fabricate the epoxy adhesive
bond lines in this study. The first type was neat epoxy prepared by mixing the resin with
the hardener and applying the mixture during the fabrication of the CFRP woven fabric

composites. The second type was prepared by reinforcing the epoxy with functionalized

carbon nanotubes (COOH-MWCNTSs). The fabrication is performed following the
procedures reported in Chapter 4. Ten fabric layers (0-90°) were used to fabricate all
specimens. The composite plate average thickness was 2.7 = 0.15 mm and the epoxy
weight fraction ranged between 30-33 %.

CEAST®™ 9350-drop tower high velocity impact tester, supplied by Instron®, is
used to conduct the biaxial testing on the woven fabric composites (Figure 151). The test
is performed by dropping a 12.7 mm diameter hemispherical striker carrying a total
weight of 14.93 kg on the composite specimens from various heights and investigating
the dynamic response (Figure 152). The total weight includes a carriage weight of 4.3 kg,
a striker weight of 0.63 kg, and 10 kg additional weights. The sampling rate and the
striker load capacity are 800 kHz and 21 kN respectively. In addition to the neat epoxy,

three different COOH-MWCNTs loadings are examined; 0.5, 1.0, and 1.5% by wt. of
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epoxy. Five levels of energy are applied to the composites; 15, 24, 30, 60, and 120 J. The
incident (initial) velocities for the five levels were 1.42, 1.8, 2.0, 2.85, and 4 m/sec and
drop heights were 102.8, 165.2, 203.9, 414.1, and 815.7 mm respectively. The testing
system is capable of measuring the time history for the force F(¢) using the instrumented
striker. The system is also equipped with a laser system to measure the incident

velocity v,. The applied energy E and the drop height H are computed using Eqns 8.1

and 8.2 respectively.

E==3 (8.1)
="t (8.2)
mg

where v, is the initial velocity, m is the applied mass, and g is the gravity. The

following responses are then calculated through the time domain after

(ASTMD7136/D7136M, 2007).

v(t)=v, +gt —jmdt (8.3)
0 m

S()=5, +vi+ g2i - !U %t)dt}!t (8.4)

Ey ="~ W)l mgs(r) 8.5)

where? is the time, o, is the initial location, v(¢) is the velocity, o(¢) is the displacement,

and E(¢) is the absorbed energy.
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In order to further explain the results of the impact test, static flexure tests were
performed on composite specimens produced from the same batch used to make the
impact specimens. Two types of flexure tests were conducted; on and off-axis tests. In the
on-axis test, the fibers orientation is aligned in the same direction as the span direction
while in the off-axis test the fibers are aligned at a 45°angle with respect to the span
direction (Figure 153). The flexure specimens were 32 mm long 19 mm wide and 2.5 mm
thick and they were tested in displacement controlled (1.0 mm/min) three-point bending
according to (ASTMD790, 2010) using MTS® Bionix servo hydraulic system with load

capacity of 25 kN and a maximum stroke of 130 mm.

Striker holder

Ring support 76 mm dia.

Combined weights

|
l |
|

Adjustable height stand

R

Striker antirebound system

(a) (b)
Figure 151. CEAST® 9350 impact tester (a) test chamber, and (b) turret
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8.3 Results and Discussion
8.3.1 Load-Displacement Response

Examples of load-displacement responses for different COOH-MWCNTs
loadings subjected to various levels of energy are shown in Figure 154. The striker did
not penetrate all composite specimens when energy of 15 J is applied. Upon applying 24
J, the striker penetrated only the neat-epoxy composite plates while it rebounded from the
composite plates reinforced by COOH-MWCNTSs. Moreover, the striker penetrated all
composite specimens when energy of 30 J or above is applied. Based on statistical
analysis using student t-test with 95% level of confidence, no significant difference in
peak force was observed between the different cases. This observation is attributed to the
fact that fibers govern the load capacity of the composites. In addition, in the neat epoxy
composite, the load drops abruptly upon reaching the maximum or peak force while in
the COOH-MWCNTs epoxy cases the load remains constant to form a yield like plateau.
Contradictory to most of the previous studies, the functionalized nanotubes improved the
mechanical response of the composite plates under impact significantly. The effect of
COOH-MWCNTs loadings on the bounce and puncture displacements are investigated in
Figure 155. The bounce point, defined only below the ballistic limit, is the point at which
the striker's velocity approaches zero [Figure 154 (a)]. The puncture point, defined only
above the ballistic limit, is the point at which the force drops to 50% of the maximum or
peak force (ISO6603-2, 2000) [Figure 154 (d)].

It is observed that the bounce displacement decreased significantly (about 20%)
as the COOH-MWCNTs loadings increased [Figure 155(a)]. Given that the bounce

displacement is typically an indication for the damage of the composite plates, the
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addition of COOH-MWCNTs reduced the damage significantly. On the other hand, the
puncture displacement increased as the nanotubes loadings increased by 20% as shown in
Figure 155 (b). The puncture displacement is an indication for the deformation (strain)
capacity of the composites. The COOH-MWCNTs are therefore capable of increasing the

strain capacity of the composite plates prior to fracture.

8.3.2 Energy-Time Response

An example of energy-time responses for various loadings of nanotubes is shown
in Figure 156 (a) for the case of 30 J. An average of 50 % improvement in perforation
energy is observed by adding 1.0 or 1.5 % COOH-MWCNTs. The statistical analyses
reported in Table 9 for the energy and other responses show that 50 % improvement in
perforation energy is achieved by adding 1.0 or 1.5 % COOH-MWCNTs. The
coefficients of variation (COV) were relatively low for all cases and the majority of
COVs were below 5%. In Figure 156 (b), the energy-time response for 1.0% COOH-
MWCNTs FRP composite plates subjected to various energy levels. The rate of energy
absorption increases with the increase of the applied energy. Moreover, the bar chart in

Figure 156 (c) shows that the perforation energy (E , ), determined from the energy levels

above the ballistic limit, does not depend on the applied energy since it is a material

property.

212



4000

4000
3500 4 0%-MWCNTs 3500 4+ 0%-MWCNTs
pa— — 0/ ]
3000 4 L 0.5%-MWCNTSs 3000 4 o 0.5%-MWCNTs
Wiy (o :
2500 4 . ',4;‘\0’*#‘ g T Ol — 1.0%-MWCNTSs 2500 Sl oo — 1.0%-MWCNTs
Z Fow Z. t )
o f 1.5%-MWCNTs S o0t A 1.5%-MWCNTs
& 2000 1 g f
=] - - e
= 1500 : 1500 +
i
! 1000
1000 1 : Bounce displacement 4
(0%) 1
500 : 500 T
1 f
0 : : : : : ! 0 ; ’ ’ ’
0 2 4 6 8 10 12 14 0 4 '81 12 16 20
Displacement, mm Displacement, mm
(@157 (b) 24 ]
4000 4000
3500 + \ M " 0%-MWCNTSs 0%-MWCNTs
B .
3000 + g \I"‘h N —0.5%-MWCNTs —0.5%-MWCNTSs
£ "
— 1.0%-MWCNTs g — 1.0%-MWCNTs
2500 +
z
z 1.5%-MWCNTs & 1.5%-MWCNTSs
) 1 I3}
8 2000 2
2 (o A . i,
15001 \
1000 1 ‘u\
500 1}/
0 —_—t —_—t —_—t —
0 2 4 6 8 10 12 14 16 18 20 6 8 1012 1 16 18 20
Di Displacement, mm
isplacement, mm
(©)307 (d)607J
4000
3500 4 0%-MWCNTSs
3000 + —0.5%-MWCNTs
Bt o
1&" al — 1.0%-MWCNTs
o B0 T y
¢ 1.5%-MWCNTs
g 20001
(=]
<9
1500 + /
J
1000 + ¢
|
500 7, f
o— s
0 2 4 6 8 10 12 14 16 18 20
Displacement, mm
(e) 1207

Figure 154. Load-displacement response for various COOH-MWCNTSs composite

plates subjected to different levels of energy

213



14 16
* The neat epoxy case (0%) composite
13 T|did not rebound when 24 J is applied e 15 c 15
g
By 247 2
g 1T 5
g — T -
£ . g . N
S 10T 12 - e — - -
2 .
o 9T 2 ~|~ .
£ s E 7 —e-30J
2 87 Sl Sy’
A sl 5 607
74 ——ee— Keee e % =%
’ 1207
6 t t t t t t s . . , , , ,
000 025 050 075 100 125 150 175
CNTs Loading, % 000 025 050 075 100 125 1.50 1.75
CNTs Loading, %
(a) Bounce (b) Puncture
Figure 155. Effect of COOH-MWCNTs loadings on the bounce and puncture
displacement
40 50
0%-MWCNTs 157
351 8T
—0.5%-MWCNTs 0 24
30 + — 1.0%-MWCNTs - 307
| 1.5%MWCNTs g T —e0l
-2 830+ —120J
3 5
g 20 1 g7
o4 E 2071
Q
S 15+
104 &
10 1
s+ sl
0 + + + + ¢ + + 0 + + + + + + +
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time, ms Time, ms
(a)301J (b) 1.0% COOH-MWCNTs
40
;s w0y meos @20
- 30+
>
on
525+
=
m
£7] i 7
s 2
sST o
5 2 22
0 e . e .
0.0 0.5 10
CNTs Loading, %
(c) Perforation Energy

Figure 156. Energy-time response of COOH-MWCNTSs FRP composite plates
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8.3.3 Velocity-Time Response

Figure 157 shows examples for the time history of the velocity during the impact
test below [Figure 157 (a-b)] and above [Figure 157(c)] the ballistic limit. The positive
values for the velocity represent downward motion for the striker while the negative
values represent upward motion due to striker rebound. In general, the rate of change in
velocity (deceleration) increases with the addition of nanotubes due to the increase in the
stiffness of the composite plate. Below the ballistic limit, the bounce time and upward
velocity depend also on the stiffness of the tested specimens. The bounce time is defined
in this study as the time at which the striker's velocity approaches zero [see Figure 157
(b)]. The upward velocity is the final velocity at the end of the impact event. The addition
of nanotubes decreased the bounce time and increased the upward velocity of the
composite plates. Figure 157 (d) shows a 25% decrease in bounce time with the addition
of 1.5% COOH-MWCNTs. Moreover, the bounce time increased by 20% as the applied
energy increased from 15 to 24 J. This observation indicates that the nanotubes are

capable of increasing the stiffness of the composite plates under impact loading.
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Table 9. Response and statistical analysis for various COOH-MWCNTSs FRP

composites subjected to 30 J

Max. Force, N Perforation Energy, J

Ballistic Limit, m/s

Test-1 2942 19.68 0.67
.~ Test-2 2693 19.11 0.64
§ Test-3 2905 20.63 0.71
Mean 2846 19.81 0.67
COV*, % 4.72 3.88 5.22
Test-1 2913 28.9 1.35
o Test2 3040 30.18 1.53
@ Test-3 3091 30.70 1.73
< Mean 3014 29.93 1.54
COV, % 3.04 3.10 12.37
Test-1 3658 30.81 1.70
o Test-2 3563 29.56 1.45
& Test-3 3592 30.90 1.73
~—  Mean 3604 30.42 1.63
COV, % 1.35 2.46 9.42
Test-1 3638 30.69 1.66
o Test2 3471 30.49 1.62
@ Test-3 3595 30.87 1.87
~—  Mean 3568 30.68 1.72
COV, % 2.43 0.62 7.82

* COV: Coefficient of variation

The ballistic limit, obtained from the difference between the initial and residual
velocities, is compared in Figure 158. The bar chart shows that as the nanotubes loading
increases, the ballistic limit increases. 200-300% increase in ballistic limit was observed
with the addition of 1.5% COOH-MWCNTSs. Moreover, as the applied energy increases,
the ballistic limit decreases. The change in ballistic limit as a function of the applied

energy is nonlinear and can be understood from Eqn. (8.6) based on the principle of

energy conservation.

1
—mvf =F +lmv,2
2 P2
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where v, is the incident (initial) velocity, v,

is the residual velocity, £,

is the perforation

(penetration) energy. In Eqn. (8.4), the perforation energy E, is almost constant and

independent on the applied energy as reported in section 3.2. The second-degree term

(%mvfj represents the applied energy, which therefore is non-linearly related to the

initial v, or residualv_ velocities. The second degree relationship between the applied

energy and the velocities is the cause of non linear change in ballistic limit.
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8.3.4 Damage Evolution

Figure 159 shows the typical failure of all composite plates. The four-sided
pyramidal (tetrahedral) fracture is attributed to the bi-directional layup of the woven
fabric composite plates. The fracture of the composite plates involves fiber and matrix
fractures. The damage size was evaluated by measuring the backplane plastic

deformations of the pyramidal fracture. In particular, the plastic height %, and plastic
diagonal d, are measured for each case (Figure 159). Examples for the measurements of

the plastic deformations for different cases are shown in Figure 160.

From the figures, it is observed that the nanotubes have significant effect on
plastic deformation below the ballistic limit. For instance, in the case of 15 J, the plastic
heights were 3.2, 1.5, 0.8, and 0.8 mm due to the addition of 0, 0.5, 1.0, and 1.5%

COOH-MWCNTs respectively. This yields 75% decrease in plastic height with the

218



addition of 1.5% COOH-MWCNTs. The significance of COOH-MWCNTs on the plastic
height is shown in Figure 161. In addition, for the same applied energy, the plastic
diagonals were 19, 16.7, 15.9, and 15.1 mm due to the addition of 0, 0.5, 1.0, and 1.5%
COOH-MWCNTs respectively. A decrease of 20% in the plastic diagonals is observed
with the addition of 1.5% COOH-MWCNTSs. Obviously; the nanotubes reduced the
damage size significantly when composite plates are loaded below the ballistic limit.

On the other hand, the effect of nanotubes on the plastic deformations is
negligible above the ballistic limit as observed in Figure 162. Similar plastic heights were
observed with various nanotubes loadings when energy of 30 J or above is applied.
However, the plastic diagonals for the fracture of the composite plates above the Ballistic
limit increased with the addition of nanotubes. For instance, the plastic diagonals
associated with energy of 120 J were 20.6, 23, 22.2, and 22.2 mm due to the addition of
0, 0.5, 1.0, and 1.5% COOH-MWCNTs respectively. This increase could be attributed to
that the composites with nanotubes absorb more energy (perforation energy) than the neat
epoxy composites. The higher energy absorption causes more damage and therefore

increases the plastic diagonals.
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Figure 159. Four-sided pyramidal fracture of the woven fabric composite
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Figure 160. Plastic deformations of FRP composites subjected to various levels of
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8.3.5 Static Flexure Test

Figure 163 (a) and (b) shows the deformed shape for the on and off axis flexure
tests respectively. In can be noted that the off axis specimens deformed more than the on
axis specimens. In addition, close views for the failed specimens show that the failure
occurred in the compression zone [Figure 163(c) and (d)]. This is expected because FRP
composites are stronger in tension than compression. The stress-strain curves for the on
and off-axis flexure tests are depicted in Figure 164. Based on student t-test, there is no
significant statistical difference in the on-axis flexure strength and modulus between
composite plates with various COOH-MWCNTs loadings. This observation is attributed
to that the on-axis flexure behavior of the composite plates is dominated by the carbon
fibers. On the contrary, there is significant statistical difference in the flexure strength
and modulus associated with the off-axis flexure test. The improvements in modulus and
strength with the addition of 1.5% COOH-MWCNTs reached 19 and 28% respectively as
shown in Figure 165. The off-axis test is dominated by matrix cracking thus the effect of
the nanotubes is evident. Similar findings were observed in Chapter 4 for the on and off-
axis tension test of composite coupons with nanotubes. The flexure test results show that
the improvement in the ballistic impact is attributed to the contribution of the COOH-
MWCNTs on the off-axis fracture of epoxy matrix. This improvement can be of
significant value for many composite applications such as defense, aerospace, and

offshore structures where impact or blast response is a critical parameter in design.

In general, the impact test results showed that below ballistic limit, same peak
force and 50% improvement in perforation energy are observed using 1.5% COOH-

MWCNTs by weight of epoxy. Above the ballistic limit, the perforation energy remains

224



the same regardless of the applied energy while the ballistic limit decreases as the applied
energy increases. It is also noted that the content of MWCNTSs has significant effect on
the damage size only below the ballistic limit. The significance of MWCNTSs can be
attributed to their ability to enhance the off-axis strength and stiffness of the biaxial
woven composites. The use of functionalized MWCNTs significantly limited the damage
size and improved the mechanical response of the biaxial woven composite plates under

impact.

(c) (d)

Figure 163. Flexure stress-strain curves for composite plates
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Experimental investigation of impact tests of biaxial woven carbon fabric

composites is conducted with various loadings of functionalized multi-walled carbon

nanotubes (0, 0.5, 1.0, and 1.5% by wt. of epoxy). The composite plates were subjected

to five different levels of energy; 15, 24, 30, 60, and 120 J. The results showed that below

ballistic limit, same peak force and 50% improvement in perforation energy are observed

using 1.5% COOH-MWCNTs by weight of epoxy. Above the ballistic limit, the
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perforation energy remains the same regardless of the applied energy while the ballistic
limit decreases as the applied energy increases. It is also noted that the content of
MWCNTs has significant effect on the damage size only below the ballistic limit. The
significance of MWCNTs can be attributed to their ability to enhance the off-axis
strength and stiffness of the biaxial woven composites. The use of functionalized
MWCNTs significantly limited the damage size and improved the mechanical response
of the biaxial woven composite plates under impact. A journal article is submitted for

review from this research work (Soliman et al., 2011¢).
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CHAPTER 9. CONCLUSIONS AND
RECOMMENDATIONS

Experimental study was conducted in order to investigate the benefits of
reinforcing FRP structural composites with carbon nanotubes (CNTs). The MWCNTs
nanocomposites were first fabricated and characterized before using them in FRP
composites. All composites were made from bidirectional woven carbon fabrics using
vacuum assisted wet layup technique. The new FRP composites are characterized through
different structural tests such as tension, flexure, creep, lap shear joint, fracture
toughness, and impact. This chapter is divided into three sections. The first section
presents the findings and the conclusions obtained from the experimental investigation
while the second section provides the recommendations for industrial application. The

third section suggests research work that can be performed for future investigations.

9.1 Findings and Conclusions
9.1.1 CNTs-Epoxy Nanocomposites

Three types of MWCNTs treatment were used to fabricate MWCNTs-epoxy
nanocomposite: pristine, functionalized, and surfactant treated. The functionalization and
surfactant assistant are performed via carboxyl groups (COOH) and Triton X-100
respectively. The thermal stability, mechanical response, and microstructure were

evaluated by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
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flexure, dynamic shear rheometer (DSR), and scanning electron microscope (SEM). The

following main conclusions are drawn:

1.

The pristine MWCNTSs had reasonable effect on the flexure modulus (29%) and
no effect on flexure strength (1.0%). However, the functionalized COOH-
MWCNTs improved both the flexure modulus (40%) and flexure strength (43%)
significantly. The improved mechanical properties of the functionalized
MWCNTs are attributed to the strong interfacial bond between the MWCNTSs and
the surrounding polymer matrix. On the other hand, noticeable reduction in
flexure modulus (-14%) and flexure strength (-25%) associated with the addition
of surfactant. The degradation, observed with the use of surfactant, can be
attributed to the large concentrations of surfactant (10 CMC) which form micelles
of surfactants. The DSR test is an appealing test for polymer nanocomposites
which can determine many shear properties. The DSR results for pristine
MWCNTs nanocomposites shows limited improvement in the static, dynamic and

time dependant shear properties.

The thermal stability tests via TGA and DSC show that the solvent used during
the process of dispersing the MWCNTs. In particular, the heat flow and weight
loss for the MWCNTs nanocomposites did not differ significantly from the neat
epoxy nanocomposites. The two tests also show that the MWCNTSs are very
stable thermally since they did not experience a significant weight loss up to
1000°C (-5% only) and they experienced relatively high heat flow (4.85 mW/mg
at 200°C) with respect to the epoxy nanocomposites. It is important to report that

there is 9°C increase in T-50 (the temperature at which 50% of the weight
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9.1.2

diminishes) with the use of 1.0% functionalized MWCNTSs. The improvement in

T-50 is limited due to the low loading of the MWCNTs.

Microstructural investigation using SEM shed light on the efficiency of dispersion
techniques used in this study. The combination of ultrasonication and magnetic
stirring seems to effectively disperse the MWCNTSs when low contents are used
such as 0.5% by wt. However, SEM images show agglomerations of MWCNTs
when 1.5% MWCNTs by wt is added. The difficulties in identifying the
MWCNTs with the use of large concentration of surfactant suggested that
micelles of surfactant are formed and caused microstructural phase separation

between the surfactant and the polymer matrix.

Tension Behavior of FRP Composites Reinforced with MWCNT's

Two approaches are presented to discuss the use of MWCNTSs to improve the

tension behavior of FRP composites. The first approach is performed by growing the

MWCNTs on the surface of the fabric via graphitic structures by design (GSD)

technique. This approach is evaluated by conducting on-axis tension test on carbon and

glass fabrics. The second approach is performed by using the nanocomposites produced

in Chapter 3 during the impregnation of the fabric. The second approach is evaluated by

conducting on- and off-axis tension test on carbon fabric. The following conclusions are

drawn:

I.

In general, the removal of the polymer coating “sizing” by burning had adverse
effect on the tension properties of the carbon and glass fibers. The carbon and

glass fiber composites experienced a reduction in strength of 25% and 50% with
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9.1.3

removing the sizing at 500°C. However, the reduction in the mechanical
properties is sensitive to the level of temperature and the type of fibers. For
instance, 250°C degraded the glass fiber fabric and did not affect the carbon fiber
fabric while 500°C degraded both the glass and carbon fiber. The strength

reduced further by 25% for both with the carbon filaments growth at 700°C.

No statistical difference is observed when CFRP composites with pristine or
functionalized MWCNTSs epoxy nanocomposites are tested on-axis tension. This
is attributed to the fact that the fibers dominate the tension behavior when they are
oriented in the loading direction. However, this type of nanocomposite had
significant effect on the off-axis tension behavior. This is because the inter fiber
fracture (IFF) governs the in plane shear behavior of the FRP composites. A
reduction in the strength (-24%) was associated with the use of 1.0% surfactant
treated MWCNTSs. However, increase in the failure strain was observed with the
use of 1.0% pristine (29%) and functionalized (19%) MWCNTs. Furthermore, the
1.0% functionalized improved the strength by 20%. These observations confirm
the results obtained in Chapter 3 for the mechanical response of the epoxy
nanocomposites. In general, the functionalized MWCNTSs seem to be useful in

enhancing the shear strength of the FRP composites.

Creep of MWCNTs-Epoxy Adhesive at the FRP-Concrete Interface

Nine double lap shear specimens were fabricated and tested to observe the shear

creep behavior of the pristine or functionalized MWCNTs epoxy nanocomposites with

different MWCNTs loadings. Four loadings are examined for each treatment of

MWCNTs: 0.1, 0.5, 1.0, and 1.5% by wt of epoxy. All the specimens are loaded with
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25% of the bond strength for one month and the deformations are reported. In addition,
rheological models were developed to investigate the effect of the addition of MWCNTs

on creep characteristic parameters. The following conclusions are drawn:

1. The experiment shows that there is little to no effect on the shear creep with the
use of different loadings of pristine MWCNTs in epoxy adhesives. However,
functionalized MWCNTSs were able to limit shear creep of epoxy significantly.
For example, the use of 0.1% functionalized MWCNTs out-performed all other
MWCNTs loadings and resulted in 54% reduction in normalized creep
compliance. Close reductions in creep were also observed with 1.0 and 1.5%
functionalized MWCNTs. These observations indicate the importance of
improving the interfacial bond between the MWCNTs and the surrounding matrix
through chemical functionalization in order to reduce shear creep deformations of
epoxy nanocomposites. The use of 1.0 and 1.5% MWCNTs can reduce the lap
splice length significantly and can provide significant enhancement in ductility

which is needed in seismic retrofit.

2. Three parameters’ rtheological models are sufficient to describe the shear creep
behavior of MWCNTs-epoxy nanocomposites with different loadings. Examples
of three parameters’ rheological models, which agree well with experimental
results, are Ross and modified Maxwell models. The two models are modified in
order to describe the effect of using MWCNTs. The effect of MWCNTs on the
viscosity or modulus coefficients can be simulated by second or third order degree

polynomials.
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9.1.4 Lap Shear Joint Bonded with MWCNTSs-Epoxy Nanocomposites

Single and double lap joint tests for FRP composite substrates were performed to
examine the performance of epoxy adhesive reinforced by functionalized MWCNTs.
Three loadings for functionalized MWCNTs are examined in addition to the neat epoxy:
0.5, 1.0, and 1.5% by wt. The results for single lap joint test were inconsistent because of
the joint asymmetry which causes rotation and normal stresses in addition to the shear
stresses. For the double lap joint tests, the experiments showed a linear elastic response
for the neat epoxy while they showed a non-linear stress-strain response of FRP lap
splices reinforced with relatively high loadings of functionalized MWCNTs (1.0 and
1.5%). The use of 1.0% MWCNTSs results in enhancing the bond strength by 50%.
Furthermore, enhancements in shear strain capacity and toughness reached about 700 and
1,100% respectively with 1.5% MWCNTSs. The improvements in strain capacity were
higher than the bond strength because the latter is usually governed by the FRP-epoxy
interface while the former is governed by the entire joint. In general, the level of
improvements from this test is very significant and justifies the use of the low loadings of

MWCNTs in structural applications.

9.1.5 Fracture Toughness of FRP Composites Reinforced by MWCNT's

Double cantilever beam (DCB) tests were performed on woven carbon fabric
composites to determine the fracture toughness of MWCNTs-epoxy nano-comopsites
with various loadings of functionalized MWCNTs. Four loadings of MWCNTs are
examined: 0, 0.5, 1.0, and 1.5% by wt of epoxy. Three specimens are tested for each

loading of MWCNTs. In addition, a finite element model is developed to simulate the
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delamination growth process and better understand the effect of MWCNTs on that

process. The following conclusions are drawn:

1. The experimental results show a significant effect of the MWCNTs on the
fracture toughness represented by the R-curve of CFRP composites. Limited
effect is observed on the initial critical energy release rate (~18%) with the
addition of 1.5% MWCNTs while significant effect was observed on the
maximum critical energy release rate (~160%). Moreover, the results also show
that the improvements in maximum critical energy release rate increases with the
increase of MWCNTs content. For example, 52, 91, and 160% increase in
maximum critical energy release rate is observed with the addition of 0.5, 1.0, and
1.5% MWCNTs, respectively. In addition, the nonlinearity of the R-curve and
significant change in the critical energy release rate from the initial to the
maximum value with the addition of MWCNTs suggests that LEFM does not
apply and the use of QBFM or EPFM might be more appropriate when MWCNTs
are added to epoxy. The nonlinearity is attributed to additional energy
consumption mechanisms such as MWCNTs pull out of epoxy matrix or rupture

which result from the MWCNTSs’ bridging effect.

2. Finite element simulations show that the use of exponential relationship via
interface element is more accurate in predicting the delamination behavior of FRP
than the use of bilinear relationship via contact element. Mismatch between the
experiment and the numerical results at early stages in the R-curve are observed
because of the change in the experimental critical energy release rate which is not

considered in the FE model. The predicted stress-displacement relationships show
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9.1.6

that the addition of the MWCNTs has more effect on the deformation of the

epoxy at the interface when compared with the strength.

Ballistic Impact of FRP Composites Reinforced by MWCNT's

Experimental investigation for impact tests of FRP composites is conducted with

various loadings of functionalized MWCNTs (0, 0.5, 1.0, and 1.5% by wt. of epoxy). 10-

layer bidirectional thin woven carbon fabric composites are tested below and above their

ballistic limits. The composite plates were subjected to five different levels of energy; 15,

24, 30, 60, and 120 J. In addition, static flexure tests are performed to explain the results

of the impact tests. The following conclusions are drawn:

1.

The results showed that below ballistic limit, the functionalized MWCNTSs limit
the damage size characterized by the diagonal and height of the impact imprint.
The rebound deformations were also reduced with the addition of MWCNTs.
Significant effect takes place between the neat and the 0.5% MWCNTs while
little effect occurs above 0.5% MWCNTSs. Furthermore, the on and off-axis
flexure tests show that the significance of MWCNTs can be attributed to their
ability to enhance the off-axis strength and stiffness of the biaxial woven

composites.

Above the ballistic limit, same peak force and 50% improvement in perforation
energy are observed using 1.5% COOH-MWCNTs. The addition of MWCNTs to
the FRP composites produces a yield like plateau on the load displacement
response when compared to the FRP composites with neat epoxy. The perforation
energy remains approximately constant regardless of the applied energy while the

ballistic limit decreases as the applied energy increases following a second order

235



polynomial relationship with the applied energy. It is also noted that no effect

from the MWCNTs is observed on the damage size above the ballistic limit.

9.2 Recommendations for Industrial Implementations
The findings from this research project can improve the design of structural

composites in the following applications:

1. Improving the mechanical response of composite structures that are prone to inter
fiber fracture or delamination such as 1) composite laminates loaded in many
directions where some of the layers will be loaded off axis; 2) Reinforced
concrete columns wrapped with FRP sheets or composite gas pipelines where
hoop stress is in a 35-45° angle with respect to the fiber direction; 3) Pultruded
sections, FRP shear studs, or FRP bolts which are governed by the weak shear

strength of the matrix.

2. The improved bond strength can be utilized to shorten the lap splices for the FRP
strengthening plates. In addition, the embedded length for dowels and anchors
used in structural rehabilitation in buildings and bridges can be shortened. The
reduced creep deformations of the MWCNTs-epoxy adhesives would allow using
FRP strengthening systems for strengthening structures against sustained loads. In
addition, the high strain capacity and toughness of the new FRP structural

composites can benefit the seismic retrofitting for existing buildings.

3. The enhanced impact resistance and perforation energy is beneficial in composite
materials used in armored vehicles subjected to blast or aircraft components and

off shore composite structures subjected to impact loads.
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9.3 Future Work

The following issues require further investigations and are expected to benefit

more applications:

l.

It is recommended to examine the use other types and dimensions of carbon
nanotubes such as SWCNTs or short MWCNTs and to improve the dispersing
techniques by using probe sonication or calendering. This will allow not only
better dispersion but also incorporating larger contents of MWCNTs. In addition,
the use of low contents of surfactant (i.e 2 to 3 CMC) would avoid forming
micelles and improve the dispersion of the carbon nanotubes. The use of other
functional groups such as NH; or the use of hybrid functional groups (NH, and
COOH) would allow dispersing the nanotubes in both the resin and the hardener

prior to mixing and the curing.

It would be more efficient to examine the effect of using MWCNTs-epoxy
nanocomposites with glass fiber because they are more prone to inter fiber
fracture (IFF). In addition, examining the delamination of unidirectional
composites reinforced by MWCNTs might be of interest because fracture
toughness of unidirectional composites is typically lower than that of the woven

fabric composites.

It is worth examining the fatigue and freeze and thaw resistance of the new FRP

composites incorporating MWCNTs. Typical FRP composites experience

237



reduction in stiffness due to matrix micro-cracks when they are subjected to cyclic
loadings or freeze and thaw cycles. The MWCNTs is expected to limit the matrix
micro cracks thus improve the resistance of composites to fatigue or
environmental conditions. It is also important to manufacture thick composite
plates in order to examine inter laminar shear strength (ILSS) and mode II
fracture toughness by conducting short beam strength (SBS) and end notched

flexure (ENF) tests respectively.

Conducting nanoindentation experiments will enable nano-characterization of
different nanocomposites. In particular, material properties such as hardness,
reduced modulus, elastic energy, plastic energy, and creep compliance can be
obtained and compared. Furthermore, the dynamic shear rheometer (DSR) can be
used to obtain the creep compliance at the macro-scale and compare it with the
one obtained from the nanoindentation. Furthermore, performing the dynamic
mechanical analysis (DMA) test will also yield viscoelastic and dynamic

properties of different nanocomposites.

Modeling of the experiments reported in this dissertation can be performed using
multi continuum theory (MCT) simulations. The advantage of this technique is
that the failure analyses are performed on each composite constituent (fibers or
matrix) individually. This advantage allows the algorithm to capture and
graphically present the progressive failure due to inter fiber fracture. This
technique also allows modeling multi-scale FRP composites (micro-to-macro
scales). Therefore, this approach can show the effect of improving the matrix in

the mechanical response of structural composites.
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APPENDIX A. MANUFACTURING OF FRP COMPOSITES

Manufacturing of thermoset FRP composites consists of two stages: fabrication
and processing. The fabrications step involves shaping the fiber reinforcement and the
polymer matrix into the desired shape using steel or aluminum molds. This step is
independent on the types of the fibers or the matrices. The processing step involves
curing of the matrix around the fiber reinforcements while the cross-linking is taking
place. The main challenge in the second step is to minimize the formation of air voids in
the composites by applying adequate scheme of temperature and pressure over time such.
Over the years, many techniques were developed for manufacturing best quality
composites. Examples of these techniques are autoclave molding, resin transfer molding
(RTM), vacuum assisted resin transfer molding (VARTM), automated tape laying (ATL),

filament winding, and automated tow placement (ATP).

Two types of FRPs were manufactured in this chapter; carbon and glass fibers.
The fabrication of the CFRP composite was performed in accordance to ASTM D5687
standards (ASTMD5687/D5687M, 2007). The vacuum assisted hand lay-up technique
was implemented to fabricate CFRP composite. In this study, plain-woven fabrics are
used over other types of fabric (i.e twill or satin). The woven fabrics are used because it
yields better quality composite when hand lay-up technique is used without significant
fiber weaving as in the case of unidirectional composites. The plain weaves provides the
highest number of interlaces between the wrap and filling yarns. Several types of layers
are used during the manufacturing process as shown in Figure A.1. The function of the

release films is to separate the FRP composite from the surrounding layers and plates.
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The peel ply is usually placed in order to facilitate peeling the composite after the curing
of epoxy and to protect the composite from contamination. The breather ply has two
functions; first it provides the air bath towards the vacuum port when the Naylon bag is

vacuumed. Second is to absorb the excess of the matrix (Hyer, 1997).

Breather ply

Porous release film ﬁ/

Peel ply

Composite laminate

Peel ply

Non-porous release film /

Figure A.1 Layered materials used in the manufacturing process

In the manufacturing process of two-layer composite, the non-porous release film
was attached over an aluminum plate and a peel ply was placed over the release film. The
use of aluminum plate ensures straight composite after the fabrication. Woven carbon
fiber fabric was placed and the epoxy was applied using a roller. The second layer was
placed over the first layer and more epoxy was added to the second layer. A roller was
used to compact the fabric layers together in order to ensure adequate impregnation of the
epoxy around the carbon fibers. The epoxy used in the fabrication process is either neat
epoxy, dispersed, or functionalized CNTs reinforced epoxy. It is important to note that
the addition of CNTs increased the viscosity of the epoxy during the fabrication,

therefore 1.5% CNts by weight was the highest CNTs content examined in this study.
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After the impregnation of the carbon fiber with epoxy took place, another peel ply
was placed over the fabric. A porous release film was placed over the peel ply, which
allows for the suction of air bubbles. A breather ply was placed over the film to form the
vacuum path to the composite. The entire system was covered with a Naylon bag and
sealed by a sealant tape. The various layers used in the fabrication are supplied by
Aerospace Composite products, Inc. The vacuum pump was connected to the nylon bag
through a vacuum port. A pressure level of 2.3x10™ Torr was applied and maintained for
one day to ensure full curing of the epoxy in the absence of air bubbles. The vacuum bag
was checked from any leakage. Figures A.2 and A.3 show schematics and pictures for the

manufacturing process respectively.

Vacuum port

To vacuum pump

Nylon bag

Sealant tape Aluminum plate

Figure A.2 Schematic for vacuum bag system
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(b) Compacting carbon fabric using roller

(e) Placement of breather ply (f) Vacuum bag system connected to pump

Figure A.3 Step-by-step manufacturing process of composite plate using vacuum
bag
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APPENDIX B. MODIFIED MAXWELL RHEOLOGICAL
MODEL

In Figure B.1, from strain compatibility, the total strain can be computed as

g(t)Zng =g, té&p (B.1)
By differentiation Eqn. (A.1) with respect to time and considering spring and dashpot
relations then

o(t) :L50'1(f)+0'1(t) (B.2)
o R o u

From stress equilibrium o = o (r)+ 0, (¢) results in

L Y L N Alole)], 20 -2() (B.3)

. . . , . 8
Since constant stress condition and spring Hooke’s law imply % =0 and o, (t)= R,(t)

then

I de(r) dt (BA)

R =] u{ sz

()= —exp Tt ¢ (B.5)
f H (1 +sz
R,

Considering the initial conditions 1 =0= &(r) =&,
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C:h{Ri_goj and g(t)=;—0—(o-—o—gojexp _—tR (B.6)

Since the total compliance is J(¢) = el) , the elastic compliance is J(0)=<2 , and the
(o)) 0o

normalized creep compliance is J,, () = %, the normalized creep compliance becomes:

=1 90 |20 g exp| ——F .
Jn()—g{g (Rz OJ p[ﬂz(“Rz/Rl)ﬂ ®.7

Lu1

4= _

Ep3

Figure B.1 Modified Maxwell Model for predicting creep
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