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Abstract

This study aims to investigate the organoclay -effect on the mechanical behaviors of
epoxy resin as well as glass fiber/eépoxy composites:” To understand organoclay effect on the
epoxy phase, three different amounts of organoclay, 2.5, 5 and 7.5 % wt, were dispersed into
the epoxy with the mechanical blender followed by the sonication. Both tensile tests and
fracture tests were carried on these specimens for characterizing their stiffness, tensile
strength and fracture behaviors. The experimental results obtained from tensile tests
indicated that with the inclusion of 5% wt organoclay, the stiffness of the epoxy increase up to
16%; however, the corresponding failure strain decreases. Moreover, by utilizing the
single-edge-notch bending specimens for fracture tests, the results depicted that the
organoclay may dramatically reduce the fracture toughness of the epoxy resin. SEM
micrographics demonstrate that the brittle fracture occurs in the nanocomposites.

For the examination of organoclay effect on glass/epoxy composites, 5 wt% organoclay were

dispersed into the epoxy at the beginning and then the compound were in corporation with dry



glass fiber through hand lay-up process to form glass fiber/epoxy/organoclay nanocomposites.
Off-axis tensile tests as well as Mode | interlaminar fracture tests were conducted on the fiber
nanocomposites to understand the tensile strength and the fracture behavior of the sample
with organoclay. From off-axis tests, it is indicated that the nanocomposites exhibit high
tensile strength then the conventional fiber composites. On the other hand, the interlaminar
fracture toughness decreases in the nanocomposite specimens. The decreasing tendency is
similar to that in the pure epoxy case. with glass fiber and epoxy resin. The fracture tests

will be performed on the hydraulic MTS machine with 10 mm/min loading rate.
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Chapter 1. Introduction

1.1 Research Motive

Composites have been employed extensively in the industry, such as air-flight
applications, shipbuilding, sport equipment and marine structures because of its low weight
and relatively high stiffness. The epoxy system is usually used as matrix of composites, and
organoclay with high aspect ratio and high stiffness employed to reinforce some mechanical
properties of neat epoxy in recent years. To investigate the effect of organoclay for epoxy
system, nanocomposites were fabricated to analyze the mechanical behavior in many studies.
In order to fully understand the effect of organoclay, it is desired to investigate and
characterize the change of mechanical behavior of nanocomposites after adding organoclay

into neat epoxy system.

1.2 Paper Review

Polymer layered silicate-nanocommpesites have been studied for nearly 50 years,
although the concept was first introduced by. Toyota [1,2] , who discovered the possibility of
building a nanocomposites from polyamide 6 and an organophilic clay. These new materials
showed dramatic improvement in barrier properties, fire resistance, and mechanical
properties.

The crystalline structure of some clay, especially smectite clay, is layered and
amenable to form organoclay because of the weak van der Waals bonding between layers.
Smectite clays is composed of oxide layers with cations between layers and it contains
layered silicate structure with the dimension of 1 ym X 1 ym % Inm [3]. The layered
silicate has a modulus of 175 GPa (25 Msi) and has aspect ratios in the range of 100-1000.
In general, the layers were usually in the form of the aggregation with a size of about 0.1~1
pm and their characteristic could absorb water but natural clay with epoxy could not form

nanocomposites. To swell d-spacing of clay and polymerize with epoxy together, the
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inorganic interlayer cations have to be exchanged by hydrophobic cations [4] which are
usually the alkyl ammonium group. Through the ion exchange process, the sodium ions
attracted on the surfaces of the silicate were replaced with organic cations which can improve
the interfacial adhesion between the polymer and the platelet and facilitate the exfoliation of
the organoclay. Without special processing, the platelets are held together by the weak ionic
bond into clay tactoids.  According to morphology of dispersion of clay, the
polymer/organoclay composites were divided into three types, i.e. conventional composites,
intercalated nanocomposites and exfoliated nanocomposites [5,6]. The detailed illustrations
are as follows:

One, in the conventional composites, the clay particles existed in their original stacked
state with no insertion of polymer matrix between the interlayers. In this state, the
mechanical properties can not distiiet change. “Second, in the intercalated nanocomposites,
the polymer is inserted into the clay.structure between: the galleries in a regular fashion. For
exfoliated composites, the individual I nm-thick.clay layers are separated and the direction of
clays were dispersed disorderly in ‘@ ¢ontinuous polymer matrix. There are three different
organoclay nanocomposites depending on the degree of the dispersion of the platelet as
illustrated in figure 1.1.

In general, several fabrication methods have been developed for forming the
nanocomposites and three of them are utilized broadly in this field, i.e., melt compounding [7],

in situ polymerization [8, 9] and solution method [10].

Melt compounding

Over the past few years, melt compounding method was usually used for the
fabrication of thermoplastic polymer/organoclay nanocomposites. In this method, blending
the organoclay into polymer was carried out in twin screw extruder which controlled shear

intensity by changing the screw configuration. After blending of different shear intensity,
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the organoclay was dispersed into polymer and then the polymer/organoclay was heated to
increase the mobility of mixture during the mixing process. Finally, the polymer/organoclay
was formed nanocomposites according to cured procedure of polymer.
Solution method

The first step, the organoclay was dissolved in solvent in this method, and then
polymer was added and mixed well using mechanical blender or sonicator. This process can
modify the organoclay and reduces particle agglomeration. Second step, the mixture is
heated to remove solvent in the vacuum. Finally, the curing agent is added to mix well with
the mixture and then it is cured following a proper curing cycle. However, this method is
rarely used to fabricate nanocomposites in recent years because it can not fully remove

solvent.

In situ polymerization

In situ polymerization method.is-an-efficient method and is used extensively for the
preparation of nanocomposites. It was.compesed of two steps: swelling and polymerization.
In swelling step, monomer molecules were allowed to diffuse into organoclay galleries by the
proper equipment, such as sonicator, stirrer and three roll mills, and then the d-spacing
increased gradually.  In polymerization step, the large polymer molecules occurred between
the layers of silicate when the epoxy and hardener were mixed well, and then the intercalated

or exfoliated nanocomposites was formed after the curing procedure.

The main purpose of the above processes is to have dispersed and exfoliated
organoclay in the nanocomposites since experimental observations show that the material
stiftness of the nanocomposites can be enhanced if the platelets are well dispersed and that
little improvement would be obtained if the platelets are lumped together [7, 11]. Miyagawa

et al. [12] fabricated completely exfoliated nanocomposites using solvent solution during the
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sonication process. However, the intercalated nanocomposites were prepared through
mechanical stir of the organoclay and epoxy mixture.  Pluart et al. [13] found that the
dispersive situation of organoclay was affected by the reaction between the organoclay and its
dispersion medium. Tsai and Sun [14] performed a theoretical analysis indicating that well
exfoliated organoclay in the polymer can significantly enhance the load transfer efficiency in
the nanocomposites. = The characterization and modeling of material stiffness of
polymer/clay nanocomposites was found in the references [15-18]. No matter from
analytical models or from experimental results, it was concluded that the material stiffness of
nanocomposites is increasing with the increase of the organoclay contents if the organoclay is
exfoliated in the polymers.

However, for the fracture toughness, there were no consistent results obtained regarding the
organoclay effect.  Some results:have indicated'that the fracture toughness increases with
the increase of the organoclay eontents in the polymers [19-23]. Nevertheless, the others
demonstrated adverse trends for thenofganoclay effect on the fracture toughness [24-27].
Another observation from Pluart et al.-[13] and Miyagawa and Drzal [28] reported that the
fracture toughness can be improved by organoclay aggregation. Moreover, the fracture
toughness increased with the increasing organoclay content up to 1.5 vol% and then reached a
plateau. On the other hand, for completely exfoliated nanocomposites, fracture toughness
was an inferior behavior because it is easy to break the individual nano-platelets. In addition,
Balakrishnan et al. [29] reported that the improvement of toughness for the samples with
organoclay modification was unapparent, however, for the specimens with rubber, it become
obvious. This discrepancy could be due to the organoclay morphology within the polymer.
The addition of organoclay platelets, if not well exfoliated, can create weak spots which are
prone to the failure initiation. Some reports that there is an enhancement effect on both
Young’s modulus and fracture toughness for the epoxy nanocomposites modified with

organoclay and rubber as compared to the epoxy resin [19, 24]. Thus, the efficiency of
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utilizing organoclay to increase the fracture toughness of a polymer still remains an
unidentified question. It is required to revisit this problem again by performing several
fracture tests on the epoxy/clay nanocomposites with different loadings of organoclay. The
morphology of the organoclay organization and the associated fracture surface around the
crack tip will be examined with care using TEM and SEM, respectively.

In past decades, most of the efforts related to nanocomposites were dedicated on the
polymers and their organoclay compounds; nevertheless, few works concerning the effect of
the organoclay on of the conventional fiber reinforced composites have been carried out.
Haque et al. [30] investigated the interlaminar shear strength, flexural properties as well as the
fracture toughness for both conventional glass/epoxy composites and glass/epoxy
nanocomposites with low loading of organoclay. It was indicated that with dispersing 1 wt%
organoclay, glass/epoxy nanocompesites exhibited mechanical properties rather than the
conventional one. However, when the organoclay- loading is over 5%, there were not
effective enhancements in mechanical properties observed. Becker et al. [31] performed
fracture tests on epoxy/clay nanocomposites and ternary carbon fiber/epoxy/clay
nanocomposites. It was indicated that the fracture toughness for both material systems
increases with the increases of clay contents until the loading up to 5 wt%. Moreover,
apparent higher fracture toughness was found in the neat nanocomposites rather than in the
fiber nanocomposites system associated to the same clay loading. It is interesting to note
that with the addition of organoclay in the fiber/epoxy composites, the interfacial bonding
between the fiber and matrix is considerable enhanced [30, 31]. One of the most frequently
problems in composite laminates is interface cracking, sometimes also known as delamination.
Delaminations in layered composite materials may occur due to a variety of reasons, such as
low energy impact, manufacturing defects, or high stress concentration at geometric or
material discontinuities. Therefore, considerable efforts have been devoted to

characterization of delamination resistance. The double cantilever beam (DCB) has been
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standardized for measuring the mode I critical energy release rate, Gyc, of unidirectional
specimens [32,33]. To investigate the effect of organoclay for conventional composites in

this study, the interlamninar fracture test and off-axis test were applied.

1.3 Research Approach

To understand the effect of organoclay for epoxy system, the specimens of
nanocomposites with three contents of organoclay were prepared using sonication method for
investigation the change of mechanical behavior. To effectively determine the dispersive
morphology of organoclay, the Transmission Electron Microscope (TEM) and X-ray
Diffraction method were applied extensively in this field. The glass/epoxy/organoclay was
employed to fabricate nanocomposites laminates by hand-lay up method for investigation the
interlaminar fracture toughness ahd mechanical. behavior. All the details about the

experimental procedures and results.will be presented i the next chapters.



Chapter 2. Preparation and Characterization of Clay/Epoxy Nanocomposites

2.1 Preparation of Clay/Epoxy Nanocomposite

The epoxy resin used in this study is diglycidyl ether of bisphenol A (DGEBA,
EPONS28 with an epoxy equivalent weight of 187), obtained from Resolution Performance
Products. The hardener is a polyoxypropylenediamine (Jeffamine D-230 with a molecular
weight of 230) provided by Huntsman Corp. The clay used for synthesis of nanocomposites
is organoclay (Nanomer I[.30E), purchased from Nanocor Inc. It is basically an
octadecyl-ammonium ion surface modified montmorillonite mineral designed to be easily
dispersed into amine-cured epoxy resin and to form nanocomposites [34].

The neat epoxy was fabricated by blending the epoxy with hardener (100:32 by weight)
at room temperature for ten minutes using a mechanical stirrer with spindle speed of 100 rpm.
The mixture was then degassed in'the vacuum oven for 50 minutes at room temperature
follow by another 40 minutes at60°C.  To form the epoxy specimens for mechanical testing,
the mixture was poured into the designed.-steel mold with Teflon coating on its surfaces.
Subsequently, the samples were cured at.100°€ for 3 hours with additional 3 hours at 125°C
for post-curing.

When preparing the epoxy/clay nanocomposite samples, the organoclay clay was dried
in the vacuum oven for 6 hours at 90°C in order to remove containing moisture. The
organoclay was blended with EPONS§28 at 80°C for 4 hours using a mechanical stirrer at 800
rpm. The mixture was then sonicated for 30 minutes using a sonicator incorporation with
cooling system around the container until the compounds become transparent. The
epoxy/clay mixture was degassed at room temperature for ten minutes in a vacuum oven and
then 32 wt9% curing agent was added into the mixture slowly. Again, the mechanical stirrer
was utilized to blend the final mixture at room temperature for ten minutes. The same
degassing and curing process used for pure epoxy resin was employed for the fabrication of

the nanocomposites. In the study, the nanocomposites containing 2.5%, 5% and 7.5%
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loadings (by weight) of organoclay were investigated, respectively.

2.2 Material Characterization

In order to evaluate the degree of exfoliation of the organoclay in the epoxy resin, the
samples were examined using X-Ray Diffraction (XRD) and Transmission Electron
Microscope (TEM), which are widespread methods for characterizing nanocomposites.
XRD measurements were conducted on neat epoxy and epoxy/clay nanocomposites films
(about 4mm thick) using a Bede D1 diffractometer. The incident X-ray wavelength was 1.54A,
and the scanning speed and step size were 0.008/sec and 0.08°, respectively. Figure 2.1
shows the XRD patterns for the nanocomposites containing 5 wt% organoclay together with
the organoclay and epoxy resin. For organoclay, the reflection peak at 26 =3.78" is
corresponding to the 2.3 nm interlayer spacing of the organoclay. However, there is no
significant peak value found in- the nanocomposites, which may be attributed to several
possible reasons. For example, somé.clay-platelets may not exhibit significant basal
reflections and it is difficult to determine. the intensity patterns as well as their relative peaks
[20]. Thus, the XRD pattern may not be a full indication of the nanostructures of the
nanocomposites, and to further understand the morphology of the nanocomposites, we resort
to the assistance of Transmission Electron Microscope which can provide direct visualization
of the spatial distribution of the organoclay. For TEM examination, several film samples of
epoxy/organoclay nanocomposites (about 100 nm thick) were cut from tension specimen
using a Reichert-Jung Ultracut E microtome and then the associated morphology were imaged
using a JEOL 200CX transmission electron microscope at an accelerating voltage of 120KV.
Two different magnifications, 50k, and 200k, were taken for the observations and the results
were shown, respectively in Figure 2.2. At low magnification, it was found that most of the
clay is aggregated together in the form of cluster structures in some regions. However, there

are other regions where there are no distinct clay platelets observed. Based on these
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micrographic observations, it is depicted that the platelets are not dispersed well and
distributed homogeneously in the nanocomposites.  From the higher magnification
micrographics, the interlayer spacing of the clay was estimated around 5 nm as indicated by
the arrows. Moreover, few exfoliated organoclay layers were found individually in the
nanocomposites. Thus, the XRD measurement and TEM observation suggest that the

present samples should be regarded as the intercalated nanocomposites.

2.3 Tensile Behavior of Clay/Epoxy Nanocomposites

To determine the effect of the organoclay on the mechanical properties, the tensile
tests were performed on the bulk epoxy nanocomposites with three different loadings of
organoclay, 2.5%, 5% and 7.5% by weight. Coupon specimens as shown in Figure 2.3 were
fabricated using pre-designed mold:with releasing.agent on the surfaces and then tested in
tension on the hydraulic MTS machine with stroke control at strain rate of 10™*s. Back to
back strain gages were mounted on the.center.of the specimens for the elimination of the
possible bending effect and for the measurement of the strain history as well during the tensile
tests. The corresponding stress histories were obtained from the load cell mounted on the
loading fixture. For comparison purpose, the bulk resin without any organoclay included
were prepared and tested in the same manner as those for organoclay epoxy. Figure 2.4
demonstrate the stress and strain curves for the pure epoxy and organoclay/epoxy systems.
The corresponding Young’s moduli of the samples measured at strain level of 0.4% are
summarized in Table 1. It was shown that the stiffness increases with the increase of the
organoclay loadings. However, the corresponding strains to failure decrease when the
organoclay loading increases. The phenomena imply the epoxy may become more brittle
when the organoclay was dispersed in its system. Thus, the organoclay may enhance the

stiffness of the epoxy resins with the scarification of their ductility.



2.4 Fracture Properties of Clay/Epoxy Nanocomposites

In the forgoing tensile tests, the nanocomposites demonstrate higher stiffness with low
ductility. To further investigate the effect of the organoclay on the fracture toughness (Kjc)
of the nanocomposites and their failure mechanisms, the single-edge-notch bending (SENB)
specimens was adopted for the fracture tests according to ASTM D5054 [35]. The
dimension of the specimens was illustrated in Figure 2.5 where B is the thickness, and W is
the width of the sample. The pre-crack length, a, was created by a jewel saw followed by a
new razor blade to have a sharp pre-crack tip. The correlations of the dimensions, W = 2B
and a = B suggested by ASTM D5054 were followed in the preparation of SENB specimen
with the thickness B around 6.2 mm. Again, three different loadings of organoclay, 2.5%,
5% and 7.5% by weight were added in the epoxy resin using the same manner described
previously. It is noted that in ordér to measure a.valid plane strain fracture toughness, the

inequality equation

B,a,(W—a)>2.5(Kl/c5y)2 (1)

must also to be satisfied. In eqn (1), K; denote the trial Kic value and oy is the yield stress of
the samples obtained from the tensile tests. Based on the load and deflection curve obtained
from the three point bending tests, the fracture toughness of the SENB samples can be

calculated using the following formulation [36]

P
K =—L_f

TN o
F(x) = 6x°° [1.99 - x(1-x)(2.15-3.93x +2.7x7)]

(1+2x)(1-x)?

where P; is the fracture load for brittle epoxy system and x indicates the pre-crack length a

divided by the width of the samples. The fracture tests were carried out on the
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servo-electrical control machine (HT-2102BP) at displacement rate of 0.05 mm/min. Figure
2.6 shows the photos of the experimental setup. The typical force versus displacement
curves for the nanocomposites containing 5 wt% organoclay obtained in the three point
bending tests were shown in Figure 2.7. It was found that the experimental data are quite
linear during the loading process and then drop suddenly and dramatically when the crack
initiates. The peak value of the force was employed as the fracture load for the calculation
of the fracture toughness in eqn (2). The calculated fracture toughness based on the three
point bending test for the 5 wt% organoclay nanocomposites were listed in Table2 together
with the detail specimen dimensions. Similar results were also observed in the other
samples with 2.5% and 7.5% organoclay loadings and the results were also presented in
Tables 3 and 4, respectively. For comparison purpose, the same experimental procedures
were performed on the pure epoxy:tesin and the results were shown in Table 5. Figure 2.8
demonstrate the variations of the fracture toughness: of the nanocomposites with different
organoclay loading. Apparently, the:fracture.toughness of the nanocomposites is decreased
considerably with the addition of the organoclay.” This reduction in toughness is almost the
same for the nanocomposites containing different loadings of organoclay. This observation
could be could be attributed to several reasons. One of the possibilities is that the plastic
deformation around the crack tip is constrained by the organoclay such that the sudden brittle
fracture takes place. The other may be the poor interface adhesion between the organoclay
and epoxy resin in the nanocomposites causing the crack initiation easily. Figures 2.9 and
2.10 show the fracture surfaces of the pure epoxy and 5 wt% organoclay nanocomposites
examined using an optical microscope. It is noted that all crack propagates downward in the
figures. There are significant river-type marks found on the pure epoxy samples; however,
for epoxy/organoclay samples, the surfaces are quite featherless and smooth.  Similar results
were observed on 2.5% and 7.5% organoclay samples. It seems that more plastic

deformation occurring near the crack tip of the pure epoxy resin providing relatively higher
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fracture toughness. Figures 2.11 and 2.12 show the SEM photos of the fracture surfaces of
the pure epoxy resin and the nanocomposites with 5 wt% loading of organoclay, respectively.
It is interesting to note that scale-like patterns were observed on the nanocomposites which
may be resulted from the poor interfacial bonding between the organoclay and epoxy or
interlayer failure within the platelet clusters. The debonding effect may considerably reduce
the fracture toughness of the nanocomposites. Thus, it is desired to enhance the interfacial
bonding of the platelet and epoxy material, if the nanocomposites will be applied for
structural materials. In the future work, the present epoxy/organoclay will be employed as a
matrix phase to fabricate the conventional fiber reinforced composites and the organoclay

effect on the interlaminar fracture toughness of the composites will be investigated.

12



Chapter 3. Preparation and Characterization of Glass/Epoxy/Clay Nanocomposites

3.1 Fabrication of Glass/Epoxy/Clay Nanocomposites

The continuous glass fiber employed in this research is E-LR 0908, purchased from
Vectorply Corporation. The dimension of glass fiber fabric was cut as length 190 mm and
width 190 mm before the laminates were prepared. The neat epoxy system and the
nanocomposites system with 5.0 wt% organoclay were respectively introduced as matrix of
laminates in this study. The pre-crack was created by using a 30 um non-adherent film
inserted into mid-plane of the laminates. To obtain good interface bond between the fiber
and matrix, the glass fiber was immersed in the matrix system using the roller with many
V-shape fillisters. Finally, the specimen with 16 plies was stacked by hand lay up method.
The molding temperature of laminates is the same as that used for the epoxy specimens
discussed previously. In addition,the vacuum bag technology was used to remove possible
bubbles embedded in the laminates.' During-the.cured procedure, 20 psi of pressure was
applied directly on the composites laminate;-however, for the nanocomposite laminate, the
pressure is 80 psi, because of the lewer mobility of nanocomposites laminates. The

thickness of the composites and the nanocomposites are 4.49mm and 3.93mm respectively.

3.2 Analytical Compliance method for Mode Interlaminar Fracture Toughness

Three data reduction methods for calculating mode I interlaminar fracture toughness
have been extensively used in the literature [36,37]. These methods are modified beam
theory, a compliance method and modified compliance calibration method. In this study, the

compliance method was applied [38,39]. The strain energy release is defined by:

du

G=—t
dA

3)
Assuming linear elastic behavior the following expression can be derived for the strain energy

rate G in a plate.
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2
G= P_d_C 4)
2W da
where P as the applied load, W stands for specimen width, a is the crack length and C is the

compliance which is defined by:

C ) )

Where & being the displacement. Eqn (4) at failure becomes:

2
= ©
where Pc is the load at failure and Gyc is the critical strain energy release rate in Mode I.
The Berry’s approach as mentioned above uses a plot of compliance C against crack length a,
on a log-log plot [40]. A straight line fit to this curve gives:

C=Za" (7)

By substituting equation (7) and (5):into equation (6) gives:

“hP.o
' 2Wa

(8)
where n obtained from the slopé-of this line-according to a log compliance over log crack

length as shown in Figures 3.1 and 3.2, respectively.

3.3 Interlaminar Fracture Toughness Properties of Clay/Epoxy Nanocomposites

In the previous fracture tests shown in Chapter 2, the mechanical properties of
nanocomposites became more brittle when the organoclay added into epoxy system. In
order to understand the effect of organoclay on the long fiber composites and its failure
mechanisms, the double-cantilever-beam (DCB) specimens were employed for interlaminar
Mode I fracture tests according to ASTM D5528 [41]. The dimension of DCB specimen
were cut total length 160 mm and width 22.04 mm by using diamond saw from composites or
nanocomposites laminates and it was depicted in figure 3.3, where W is width of specimens, h

represents the thickness and L stands for the total length of sample. The pre-crack created to
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use a non-adherent film of 30 um thickness was inserted to introduce an artificial mid-plane.
The piano hinge was utilized to bond the end of specimen for transmissions the force during
fractures tests. The 906 epoxy purchased from Nan Pao Corporation with excellent adhesion
characteristic was applied for bonding the hinges to the surfaces of the specimens. Moreover,
to have good bonding, the bonding surfaces of the specimens and the hinges was scratched
with knife such that the rough surfaces were presented. To observe the crack extension, both
sides of specimen were polished and marked every 1 mm from the crack tip. For each DCB
specimen, three fracture tests were conducted. All tests were performed on HT-2102BP
machine at stroke rate of 0.1 mm/min, and the displacement and loading curves were recorded
by PC computer. According to experimental data, we generate a least squares plot of
compliance versus crack length on log-log scale for the determination of parameter n in eqn
(7). Figure 3.1 and 3.2 respectively show the vale of n for composites and nanocomposites
sheet with 5 wt% organoclay. Figure 3.4 exhibits.the pictures of experimental setup and the
displacement verse force curve of nanocempesites laminate was showed in figure 3.5. In
addition the experimental data for the nanocomposites is shown in Figure 3.6. When the crack
extended, the value of force almost remained constant or slowly decreased and it was
employed as critical load in equation (8) for calculating the interlaminar fracture toughness.
Table 6 and Table 7 list the interlaminar fracture toughness of composites and nanocomposites
laminates calculated from equation (8). The interlaminar fracture toughness of the
nanocomposites with 5.0 wt% organoclay as well as the conventional composites are shown
in Figure 3.7. It was observed that the interlaminar fracture toughness of the composites
with organoclay matrix was lower than that of the conventional composites. This tendency
i1s similar to that observed in the pure epoxy cases discussed in the Chapter 2. The
decreasing behavior of the nanocomposites could also be ascribed to the brittle behavior of

the matrix caused by the inclusion of the organoclay.

15



3.4 Off-Axis Tests of Clay/Epoxy Nanocomposites

In addition to the fracture toughness of the composites, we also investigate the effectof
the organoclay on the failure stress of the off-axis laminates. This is examined because the
mechanical behavior of the off-axis composite is mainly dominated by the matrix properties
and its adhesion to the fibers. If the corresponding matrix properties can be modified by the
organoclay, the off-axis performances could be enhanced. The off-axis specimens were
prepared from the unidirectional glass/epoxy and glass/epoxy/organoclay composites panels
with 6 fiber plies included. The curing pressure used for these specimens is the same as
those in the DCB specimens. The thickness of the composites and the nanocomposites are
1.67mm. All tensile specimens are cut with length 150 mm and width 18 mm from the
composites and nanocomposites panels using diamond saw. Oblique tabs made of glass
fiber composites was adherent on the two sides at the ends of the specimens. To understand
the effect of organoclay on conventional composites; off-axis specimens with five different
degrees, 15° , 30° , 45" , 60% and. 90" _were tested in tension.  The strain gage was
pasted the central surface of specimens:to.record strain histories during the tension test. All
specimens were curried out tensile tests employing MTS 810 machine at stroke rate of 107
mm/min.

The stress-strain curves of composites and nanocomposites laminates were separately
showed in figure 3.8 and figure 3.9. Moreover, their mechanical properties obtained from
tensile tests are listed in Table 8. Based on the data presented in this paper, the failure

stresses of nanocomposites increase with the inclusion of organoclay.
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Chapter 4 Conclusions
4.1 Conclusions

In this study, the epoxy based organoclay nanocomposites and the glass
fiber/organoclay/epoxy hybrid nanocomposites were fabricated. The tensile behaviors as
well as the fracture toughness of the nanocomposites were examined from simple tension tests
and the fracture tests. The following are the conclusions summarized from our works.

1. The mechanical blending followed by the sonication is an effective process for
dispersing the organoclay into epoxy resin and the platelet spacing measured using TEM and
XRD is around 5-7 nm.

2. For pure resin with organoclay, the Young’s modulus increases with the inclusion of
organoclay. Moreover, the yielding as well as the failure stress is also increased with the
increment of the organoclay, however, the failure. strain is decreasing. From the Mode |
fracture test conducted on the specimens of pure epoxy, there are apparent plastic deformation
marks observed on the failure sutfaces.— In - contract, for the epoxy/organoclay
nanocomposites, the failure surface are featureless which indicates that the inclusion of
organoclay alter the failure mechanism to brittle fracture.

3. The decreasing tendency of fracture toughness also observed in the glass
fiber/organoclay/epoxy nanocomposites when Mode I fracture were conducted on the DCB
specimens. Thus it was suggested that in the current nanocomposites system, the fracture
toughness is relatively poor as compared to the conventional composites system without any
organoclay included.

4. From the off-axis tensile tests, it was found that glass fiber/organoclay/epoxy
nanocomposites exhibit higher tensile strength than the conventional one. This enhancement
could be due to organoclay effect and more investigations on this issue are required to

understand the enhancing mechanism.
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Table 1 Young’s modulus obtained from tensile test for epoxy resin and nanocomposites.

Clay Content Young’s Modulus
Increment
(wt%) (GPa)
0 3.02+0.1
2.5 3.224+0.06 6.629%
5.0 3.50+0.1 15.899
7.5 3.88+0.1 28.47%

Table 2 Fracture toughness for nanocomposites with 2.5 wt% organoclay.

) ) Crack Fracture
Thickness(B) | Width(W) Fracture load
length(a) toughness(Kic)
(mm) (mm) (N) 12
(mm) (MPam )
Testl 6.62 13.28 6.2 72.49 0.91
Test2 6.67 13.31 5.8 91.62 1.04
Test3 6.68 13.25 6.0 78.87 0.94
Test4 6.66 13.28 6.0 78.28 0.93
Table 3 Fracture toughness fornanocomposites with 5.0 wt% organoclay.
) i Crack Fracture Fracture
Thickness(B) |  Width(W)
length(a) load toughness(K;c)
(mm) (mm) 12
(mm) (N) (MPam ™)
Testl 6.09 11.70 5.75 51.74 0.80
Test2 6.01 12.10 5.7 51.30 0.75
Test3 5.98 12.07 5.7 57.78 0.85
Test4 6.02 12.12 5.8 50.42 0.75
Test5 6.04 11.77 5.4 54.15 0.77
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Table 4 Fracture toughness for nanocomposites with 7.5 wt %organoclay.

. ) Crack Fracture
Thickness(B) |  Width(W) Fracture load
length(a) toughness(Kjc)
(mm) (mm) (N) 12
(mm) (MPam ™)
Testl 6.40 12.84 5.70 68.27 0.84
Test2 6.41 12.82 5.60 70.53 0.85
Test3 6.42 12.81 6.2 58.86 0.82
Test4 6.43 12.80 5.60 65.13 0.78
Table 5 Fracture toughness for neat epoxy.
) ) Crack Fracture
Thickness(B) | Width(W) Fracture load
length(a) toughness(Kic)
(mm) (mm) (N) 12
(mm) (MPam ™)
Testl 6.24 12.43 6.5 76.13 1.29
Test2 6.24 12.4 6.15 109.18 1.65
Test3 6.22 12.36 6.15 94.96 1.45
Test4 6.23 12.36 6.15 84.07 1.28
Table 6 Interlaminarfracture toughness for composites laminates
) Interlaminar fracture
Width (W) Crack length (a) Exponent
(mm) (mm) ) toughness(Gic)
mm mm n
(J/m?)
Testl 22.04 48.5 3.55 1864.57
Test2 22.04 50 3.55 2213.84
Test3 22.04 54 3.55 2098.17

Table 7 Interlaminar fracture toughness for nanocomposites laminates with 5.0 wt%

organoclay
) Crack length Exponent Interlaminar fracture
Width (W)
(a) mm (n) toughness(Gic)
Testl 22.04 48 1.99 609.1
Test2 22.04 53 1.99 620.79
Test3 22.04 57 1.99 702.13
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Table 8 Failure stress for composites and nanocomposites with 5.0 wt% organoclay (case 1)

Failure stress of Composites Failure stress of Nanocomposites
laminates (MPa) laminates (MPa)
15 degree 129.8 159.95
30 degree 67.18 75.48
45 degree 51.80 54.93
60 degree 43.32 46.21
90 degree 27.06 39.41

Table 9 Failure stress for composites and nanocomposites with 5.0 wt% organoclay (case 2)

Failure stress of Composites Failure stress of Nanocomposites
laminates (MPa) laminates (MPa)
15 degree 131.97 157.56
30 degree 66.31 76.79
45 degree 51.06 56.25
60 degree 39.09 41.29
90 degree 27.53 39.41
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Table 10 Failure strain for composites and nanocomposites with 5.0 wt% organoclay (case 1)

Failure strain of Composites Failure strain of Nanocomposites
laminates (mm/mm) laminates (mm/mm)
15 degree 0.00933 0.01326
30 degree 0.00837 0.01301
45 degree 0.00904 0.01038
60 degree 0.00560 0.00606
90 degree 0.00418 0.00481

Table 11 Failure strain for composites and nanocomposites with 5.0 wt% organoclay (case2)

Failure strain of Compesites Failure strain of Nanocomposites
laminates (mm/mm) laminates (mm/mm)
15 degree 0.01268 0.01257
30 degree 0.01068 0.01288
45 degree 0.00819 0.00854
60 degree 0.00557 0.00535
90 degree 0.00332 0.00425
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Figure 1.1 Schematic illustrations of three possible types of polymer-clay composites ((a)

conventional composites, (b) intercalated nanocomposites and (c) exfoliated nanocomposites)
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Figure 2.1 X-ray diffractions scans for neat clay, neat epoxy and nanocomposites with 2.5

wit%, 5 wt% and 7.5wt% organoclay.
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Figure 2.2 TEM micro-photos for the epoxy/organoclay nanocomposites ((a) 50,000

magnification).
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Figure 2.2 TEM micro-photos for the epoxy/organoclay nanocomposites ((b) 200,000

magnification).
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Figure 2.5 SENB specimens for mode | fracture tests.

Figure 2.6 Photo of the experimental setup for the three point bending test.
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Figure 2.7 Displacement and force curves for nanocomposites with 5 wt% organoclay loading

in three point bending test.
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Figure 2.8 Fracture toughness of the nanocomposites with different organoclay loading.
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Figure 2.9 Optical microscope of neat epoxy in fracture tests (50 magnification).
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Figure 2.10 Optical microscope of nanocomposites with 5 wt% organoclay in fracture tests

(50 magpnification, crack propagation is downward).
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Figure 2.11 SEM photomicrographs of neat epoxy in fracture tests (500 magnification).
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Figure 2.12 SEM photomicrographs of nanocomposites with 5 wt% organoclay in fracture test

(500 magnification).
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Figure 3.1 The exponent, n, of composites for calculation interlaminar fracture toughness
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Figure 3.2 The exponent, n, of nanocomposites for calculation interlaminar fracture toughness
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Figure 3.3 DCB specimens for interlaminar fracture tests




Figure 3.4 Photo of experimental setup for interlaminar fracture test
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Figure 3.5 The displacement and load curve of hanocomposites with 5 wt% organoclay
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Figure 3.6 The displacement and load curve of neat epoxy
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Figure 3.7 Interlaminar fracture toughness of the nanocomposites with 5.0 wt% organoclay
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Figure 3.8 Stress and strain curves for neat composites with five different angles
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Figure 3.9 Stress and strain curves for nanocomposites containing 5 wt% organoclay loading

with five different angles
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