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ABSTRACT

Syntactic foams are light weight particulate composites that use hollow particles
(microballoons) as reinforcement in a polymer resin matrix. High strength microballoons
provide closed cell porosity which helps in reducing weight of the material. Due to their wide
range of possible applications such as in aerospace and marine structures, it is desirable to
modify the physical and mechanical properties of syntactic foams as per the requirements of an
application. Various filler materials can be used to modify the foam microstructure to attain
these desired properties.

Compression tests have revealed that high density syntactic foams demonstrate poor
damage tolerance and low fracture strain, when compared with low density syntactic foams,
which exhibit higher damage tolerance and fracture strains. The present study deals with
increasing the fracture strain and damage tolerance properties of high density syntactic foams.
An approach of modifying the matrix resin with the incorporation of filler particles as a third
phase is adopted, resulting in hybrid syntactic foam. Two types of high performance hybrid
foam composites are developed using waste tire rubber particles and low cost nanoclay particle
respectively. Such highly damage tolerant hybrid foams will be useful as sandwich core material
in automobile, aerospace, and marine structures.

An analytical study is performed in order to observe the behavior of microballoons in
syntactic foams upon loading. All hybrid foams are characterized for compressive strength and
flexural strength properties. Rubber hybrid foams are further characterized for hygrothermal
properties.

Mechanical properties of hybrid foams are compared with those of plain syntactic foams.
Changes in properties are correlated with the change in structural composition due to
incorporation of rubber and nanoclay particles respectively. High magnification Scanning
Electron Microscopy (SEM) is used to study microstructure of all the specimens. Change in
properties of rubber type hybrid foams due to change in the size of rubber particles is studied.
The dispersion and intercalation of nanoclay particles in nanoclay hybrid foams is studied using
Transmission Electron Microscopy and X-ray photoelectron spectroscopy.

Deformation behavior of hybrid foams and pure syntactic foams are compared and
correlated to the presence of different types of particles in them.

xi



1 INTRODUCTION

1.1 Composite Materials
1.1.1 Definition

Research and development of new, high performance materials is the key to success in
developing a better world around us. Composite materials are leading the way into the
development of such high performance materials.

By definition, composite materials constitute a mixture of two or more materials which
possess significantly different physical properties as compared to each other [1]. The composite
itself has significantly different and enhanced properties as compared to the constituent
materials. Metal alloys and plastics using additives such as color pigments are composites by
definition. However, they are not generally referred to as composites, because, generally metal
alloys constitute materials which do not have significantly different properties from each other,
and additives as such do not provide any significant change in the physical properties of plastics.
The mechanical and physical properties of Polymers can be significantly enhanced by adding
various types of fiber or particle reinforcements. Hence fiber reinforced polymers can be termed
as composite materials.

1.1.2 Classification

The constituents of a composite include a matrix phase and a reinforcing phase. The
matrix material is a single phase and generally consists of polymeric (e.g. epoxy) or metallic
(e.g. aluminum) material. Polymer matrix composites are more widely used due to several
advantages associated with them such as high strength to weight ratio, resistance to chemicals,
resistance to corrosion, low thermal and electrical conductivity, and low coefficient of moisture
absorption. Further discussion in this study deals with polymer matrix based composites only.
The reinforcement may be either a single phase or multiple phases combined together. A multi-
phase reinforcement is achieved when various types of particles are used together or with a
fibrous material. Depending upon the type of reinforcement, composites are classified into fiber
reinforced and particulate composites [2].

Fiber reinforced polymer (FRP) composites consist of one or more discontinuous
reinforcing phase in a continuous matrix phase. The type of reinforcement and matrix material
used depends on the type of application and the properties desired. Examples of fiber reinforced
polymer composites include, vinyl ester resin matrix reinforced with glass fibers, epoxy matrix
reinforced with carbon fibers etc.

Particulate polymer composites are made up of a continuous matrix phase reinforced with
one or more types of particulate reinforcements. Several types of metallic, ceramic and
polymeric particles are used as fillers in polymer matrix materials to fabricate particulate
composites [2]. Appropriate choice of fillers can produce composites with superior strength,
damage tolerance, wear resistance and chemical resistance. Examples of particulate composites
include polymer resin matrix containing aluminum, steel or glass particles.

1.1.3 Advantages
Some of the advantages associated with composites, which make them an attractive
choice among materials are listed below:
e Higher design flexibility, enables them to attain desired mechanical and physical
properties by varying the composition of constituent materials.



e Properties such as high strength, high thermal resistance, low coefficient of moisture
absorption, and excellent resistance to chemicals and corrosion.

e Wide range of possible applications, ranging from military aircraft, naval submarines,
and aerospace structures to automobile components and sports equipment.

e High strength to weight ratio, which results in reduction of costs due to decrease in
weight of structures used in the applications mentioned above.

1.1.4 Disadvantages
Some of the disadvantages associated with composites include:
e Mass production of composites is difficult.
e Higher costs of fabrication and repair.
e Analysis and modeling of composites is difficult as compared to metals, which limits the
reliability with which they can be used in new applications.

1.2 Syntactic Foam Particulate Composites

Hollow particle filled polymer composites known as syntactic foams are an important class
of materials used in various applications. The syntactic foam matrix is reinforced with hollow
spherical particles which have a controlled systematic arrangement in the matrix, hence the name
Syntactic. Hollow particles, called microballoons, provide closed cell porosity within syntactic
foams which results in a lower density material when compared with solid particle composites
and FRP composites. The density of syntactic foams generally varies from 200 - 700 kg/m”.
Regular foams have open cell porosity and have a density less than 100 kg/m’ [3]. Despite the
added weight due to hollow particles, syntactic foams have better mechanical and physical
properties, and lower moisture absorption characteristics as compared to open cell foams [3].

Glass particles are particularly attractive for use as fillers in composites due to their high
strength properties, as well as their low cost and ease of fabrication. Hollow glass particles have
very low densities as compared to corresponding hollow metallic and ceramic particles [4]. A
diverse set of properties that include high specific compressive strength, low moisture
absorption, higher thermal and chemical stability make syntactic foams suitable for structural
applications compared to open cell structured foams and other low density materials [4].

1.3 Applications

Syntactic foams were basically developed as buoyancy aid materials, particularly for use in
deep sea applications where enormous hydrostatic pressures are involved. Recently they have
found use in other marine and aerospace applications [5]. They have very low radar
detectability, which is a desirable property in aircrafts and submarines. They can be easily
molded into various shapes desired as per different applications. Generally they are used as core
material for sandwich structures that can be used in automobile, space shuttle and submarine
applications [6, 7, 8, 9].

1.4 Structure of Syntactic Foams

Syntactic foams consist of a matrix resin phase and a reinforcing microballoon phase.
The following Figure 1 is a micrograph showing the microstructure of a glass-microballoon
syntactic foam. Glass microballoons can be clearly seen as round particles embedded in an epoxy
polymer matrix. The debris indicates some microballoon damage due to the shearing while
cutting the samples.



Figure 1 Microstructure of a Glass Microballoon Syntactic Foam.



2 LITERATURE SURVEY

Large number of studies can be found published on solid and hollow glass particle filled
composites [10, 11, 12]. Several processing techniques have been investigated by researchers for
the fabrication of syntactic foams [12, 13]. Techniques derived from these studies have been
used in the present study to achieve minimal air entrapment and appropriate wetting of
microballoons, so that void content is reduced and a strong resin-microballoon interface is
obtained.

Studies on compressive [14-15], impact [16, 17, 18], hygrothermal [7, 18, 20], fire
performance [21] properties, and microstructural fracture features of syntactic foams under
various fracture conditions [22-25], have been published previously in the literature. Bunn et al
[14] have reported the compressive properties of syntactic foams made from phenolic
microballoons with different volume fractions. As the microballoon volume fraction was
increased, a decrease in compressive strength was observed. Compressive properties of these
foams were found to be relatively poor when compared with foams made from glass
microballoons. With a microballoon volume fraction of 0.553, a compressive strength of 28
MPa and a compressive modulus of nearly 1400 MPa, was obtained, which indicates a good load
absorption capacity but low compressive strength. Gupta et al [15] have reported a compressive
strength of nearly 22.4 MPa for foams made from 0.68 volume fraction glass microballoons.
This is a reasonably high compressive strength when compared to foams made from phenolic
microballoons considering the high percentage of glass microballoons used (68%), and the lower
aspect ratio of test specimens. Impact studies [16, 17], have shown an improvement in impact
properties of syntactic foams with an increase in glass microballoon volume fraction. However,
this is accompanied with a reduction in fracture toughness and flexural strength of the composite
[17].

Syntactic foams composed of epoxy resin matrix and low density (220 kg/m’) glass
microballoons show damage tolerant properties due to the low strength of microballoons. Low
strength of microballoons causes them to fracture under the applied load and keep the damage
localized. A large amount of load energy is absorbed in the crushing of microballoons upon
application of load. However, high density microballoon foams (460 kg/m’) are relatively
brittle, and have a lower energy absorption capacity. High density foams tend to fail
catastrophically soon after the yield stress, which is undesirable for applications requiring high
damage tolerance [25].

Properties of matrix material also affect the fracture strain of syntactic foams as observed
clearly in previous studies performed on flexural strength properties of syntactic foams. Gupta et
al studied the flexural properties of syntactic foam core sandwich structures after three point
bending, four point bending, and short beam shear testing of the specimen [9]. It was observed
that glass microballoon properties do not influence the flexural properties of syntactic foams
when tested in three or four-point bending configurations. This was due to the fact that fracture
occurs on the tensile side of a specimen primarily due to fracture of the resin matrix. Therefore,
it can be envisioned that an increase in resin tensile strength may increase the flexural strength of
syntactic foams. Flexural strength of syntactic foams is observed to be influenced primarily by
the properties of the resin matrix, and an increase in elasticity of the matrix may increase the
fracture strain of a specimen, which may delay the initiation of failure.

Thus, the damage tolerance of syntactic foams can be increased further if the epoxy
matrix material can be toughened to reduce the brittleness. For damage tolerant applications it is



desired to reduce the modulus of syntactic foams, to reduce premature crack formation in
specimens, and increase the fracture strain without a considerable change in the strength. It is
observed previously in the published hygrothermal studies that the plasticization of matrix can
lead to increase in the fracture strain of high density foams [7, 20]. These studies have looked
into analyzing the effect of water absorption on mechanical properties of syntactic foams. Gupta
et al [20] have reported about 50% decrease in compressive modulus and a small decrease in the
strength of syntactic foams after hygrothermal testing of syntactic foams at room temperature till
saturation. However, plasticization of matrix by hygrothermal means is not an acceptable or
feasible solution for most applications. Hence, an approach of using rubber particles and
nanoclay particles for matrix toughening is adopted in the present study.

Rubber particles are known to have modified the matrix of syntactic foams for achieving
better impact and fracture toughening properties [26]. Some earlier published studies have
examined the fatigue properties of similar hybrid foams containing rubber particles and glass
microballoons [26]. It was found that fracture toughness of the composite increased and
brittleness reduced due to the presence of rubber particles in the composite.

Published studies have shown that the use of nanoclay particles increases the tensile
strength, modulus, resistance to thermal failure, and impact resistance of polymers [27]. This
improvement in performance has been attributed to the unique phase morphology and better
interfacial properties in the nanocomposite [28-30]. In conventional composites, phase mixing
occurs on a macroscopic scale, whereas nanocomposite materials are formed when phase mixing
occurs on a nanometer length scale [27]. A large number of interfaces are created in a
nanocomposite upon dispersion of nanoparticles, resulting in an increase in strength of the
composite matrix [31].

Hence, in the present work, high damage tolerance hybrid syntactic foams are developed by
adding rubber and nanoclay particles in the foam matrix. Rubber particles are filled in syntactic
foams in a small volume fraction of 2%, to fabricate rubber hybrid foams of high toughness and
damage tolerance under compressive and flexural loading conditions. Even though the rubber
particle volume fraction in the composite is 2%, the ratio of rubber to polymer matrix volume
fraction is nearly 5.7%, which is sufficient for changing the properties of the matrix. The rubber
particles used in the present study are obtained from waste tires and are known as crumb rubber.
Millions of waste tires generated each year add to the environmental hazard and use up valuable
landfill space. Therefore, innovative use of the waste tire material to fabricate high performance
composites is a novel approach in contributing towards environmental safety and developing
new types of material. Nanoclay particles are added in 2 and 5% volume fraction in the foam
matrix to develop highly damage tolerant nanoclay hybrid foams. Nanoclay particle to matrix
resin ratio is nearly 5.7% and 10% which is significant enough to change properties of the
syntactic foams. Also, small volume fraction of nanoclay (2% and 5%) will not lead to
significant increase in density of these composites.



3 RESEARCH OBJECTIVE

The objective of the present study is to develop and characterize two types of hybrid
syntactic foams. Rubber and nanoclay particles are used to modify the structure of glass
microballoon syntactic foams in order to achieve higher damage tolerance properties. Two
approaches are used in this study to characterize the loading and failure behavior of syntactic
foams. First, an analytical study is conducted in order to study the effect of various parameters
on the stresses acting around a microballoon in syntactic foam upon loading. This is followed by
an experimental study, in which the various hybrid foams are characterized for various
mechanical and hygrothermal properties as discussed below.

3.1 Analytical Study

In order to better understand the fracture and deformation mechanism in syntactic foams,
it is imperative to study the micromechanical effects of applied stress in the vicinity of a
microballoon. Syntactic foams are multi-particle systems, and they involve a large number of
parameters which govern their failure mechanism. Therefore, it is very difficult to use a single
model to ascertain the behavior of syntactic foams. Hence, as an initial step, a simple two
dimensional model using the Stress Intensity Factor approach can be developed to study the
loading behavior of microballoons in the foam matrix. Such a study will help in determining the
stress distribution behavior around a microballoon, and may form a basis for developing future
complex models to analyze the behavior of a multi-particle system involving different types of
particles in it. Such analysis will also demonstrate the need for developing hybrid composites
using rubber and nanoclay filler particles that reduce stress concentration and relieve stresses
within the foam matrix.

3.2 Experimental Study
3.2.1 Rubber Hybrid Syntactic Foams

Rubber hybrid foam samples are tested for compressive and flexural strength properties.
Hygrothermal testing is done to determine the moisture absorption behavior and subsequent
damage to the foam structure using compression testing.

Two different rubber particle sizes are selected for the present study. When the same
volume fraction of particles is used the smaller size particles generate higher interfacial area
between particles and the matrix resin. Hence, this approach will allow evaluating the effect of
interfacial bonding between rubber particles and matrix resin. Four types of microballoons are
used to fabricate hybrid foams. Results of earlier studies are compared here with the properties
of hybrid foams to gain understanding of the role of rubber particles in hybrid foams.

3.2.2 Nanoclay Hybrid Syntactic Foams

Nanoclay foam samples are tested for compressive and flexural strength properties in
order to determine the effect of incorporation of nanoclay particles in syntactic foams.

Phase mixing will occur at the nano scale which creates a large number of interfaces
within the nanocomposite upon dispersion of nano particles. Nanoparticle dispersion in the
nanocomposite will be studied. Strength of the nanocomposite will be compared with that of
syntactic foam without nanoparticles in order to understand the role of nanoparticles in altering
syntactic foam properties.



4 RESULTS AND DISCUSSION

4.1 Analytical Study

A simple two dimensional model using the Stress Intensity Factor approach is developed in
order to study the loading behavior of microballoons in a foam matrix. Experimental values from
tensile testing of syntactic foams are considered for modeling the behavior of microballoons
[40]. First the stress concentration around microballoons is studied to observe increase in stresses
on the surface of a microballoon upon loading. This is followed by studying the effect of change
in stress intensity factor around a crack or a flaw in a material. Such a flaw may be circular,
elliptical or random shaped, and there are several models available to ascertain the stress
intensity factor for different types of flaws [33].

In this study, a closed form solution for stress intensity factor on a circular crack in a
material is considered [38]. A microballoon has been considered equivalent to a two dimensional
circular flaw or crack in the system. Change in stress intensity factor is studied by varying
parameters such as distance away from the surface of a microballoon, concentration of
microballoons in the foam matrix, and the relative position of adjacent microballoons. Such an
approach helps in studying microballoon interaction and the effect of orientation of adjacent
microballoons on stress distribution between them upon loading.

4.1.1 Stress Concentration on a Microballoon

Stress concentration factor ‘K’ gives a measure of the amplification of stress on the
surface of a crack or a flaw in a material. In ductile materials the value of K is below its
theoretical value because of the plastic deformation and uniform stress distribution around a
flaw, which results in lowering of the stress concentration factor. However, syntactic foams are
brittle materials, and stress concentration is an important parameter in determining the initiation
and propagation of cracks leading to failure of the material.

Figure 2 below shows a microballoon embedded within a foam matrix, which is assumed
equivalent to a circular flaw in a material.
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Figure 2. Schematic representation of stress distribution around a microballoon

It is known that the applied tensile stress onom 1S amplified at the surface of the flaw and it
diminishes to a value equivalent to the nominal stress as we move away from the flaw.
Maximum stress on the surface of the flaw is given by Equation 1 below.
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where,

a is half length of the flaw,

pt 1s the radius of curvature of the flaw, and,

Gnom 18 the applied/nominal stress.

The right side of Equation 1 gives a stress concentration factor ‘K’ if we divide it by
Gnom- Thus we get,
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Since the flaw considered is a microballoon in our analysis, the radius of curvature and
half length of the flaw, are both equal to the microballoon radius. Therefore the Equation 1 gives
O-max = 3 * Gnom (3)
Or, K = 3.
Thus it can be seen that the applied stress is amplified three times on the surface of a

microballoon as compared to nominal stress in the surrounding matrix. Figure 3 shows the
variation of ‘K’ with respect to the ‘2a/W’ ratio.
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Figure 3. Variation of Stress concentration with respect to a change in 2a/W ratio

4.1.2 Stress Intensity Factor

In order to study and characterize the stress distribution around a microballoon, the stress
intensity factor is now analyzed. A two dimensional Mode I configuration of crack formation is
assumed under tensile loading. Figure 4 shows the debonding and crack formation around a
microballoon. It also shows the stresses on an element in the vicinity of a microballoon due to
the applied load.
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Figure 4. Crack formation and stresses on an element in the vicinity of a microballoon

Stresses acting on the element seen in Figure 4 are as follows:

o, = K, cos 9+ (1 - sing *sin ﬁﬂ (€))
N2md | 2 2 2
o, :%_cosg*(l+sin§*sin§ﬂ (5)
T, = K, [sing * cosg *cos ﬁ} (6)
© N2md 2 2 2

where,
‘K¢’ in the above equation is the stress intensity factor, which gives stress distribution

around a microballoon,
‘d’ is the distance between microballoon surface and the point element considered,

‘0’ is the angle made by the line joining the point element and microballoon surface.

Since only x-y plane has been considered, 6, = 0 and a plane stress condition exists.
Equation 7 gives the value of stress intensity factor.

K,=Y*c*Jm (7)
W ra 1/2

where,

‘Y’ is a parameter depending on the microballoon and specimen sizes (a, W) and
geometries, and the manner of load application, and has units of Mpa(m)"?,

‘o’ is applied load,



‘a’ microballoon radius.

At a critical value of the stress intensity factor K, known as the fracture toughness,
fracture will occur in the material.

K, =Y*oc *\ma )

where ‘G’ is the critical stress for crack propagation.

It is known that as the width ‘W’ for the specimen with respect to a microballoon
considered decreases with respect to the microballoon radius, parameter ‘Y’ increases, which
results in an increase in the value of stress intensity factor.

Therefore, if a specimen with same dimensions is considered, but now with two adjacent
microballoons in it, then the width ‘W’ considered for each microballoon decreases.
Consequently, as seen in Figure 5a below, the value of Y increases and the value of stress
intensity factor Kjalso increases. Figure 5b shows the actual variation Y parameter with a change
in a/W ratio.
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Figure 5. Variation of Stress concentration with respect to a change in a/W ratio

An increase in Kj translates to an increase in the stresses in the area around a
microballoon. This increase in ‘Y’ (decrease in ‘W’ of specimen with respect to a microballoon)
also means that the concentration of microballoons increases in the foam matrix. Maximum
Principle stress on the microballoon surface can be calculated using Equation 11 below, and
analyzed for variation in parameters including angular orientation of two microballoons, distance
between two microballoons, and density of microballoons.

2
o_+0 O —O0O
o = X y ( X y] +Z_xy2 (11)

In order to model the behavior in terms of stress intensity factor and its associated
parameters, experimental values from actual tensile testing of syntactic foam are now considered
[32]. Foams with two types of microballoons having true particle density of 220 Kg/m® and 460
Kg/m® respectively are considered. First two digits of the true particle density are taken in order
to designate these foams as SF22 and SF46 respectively. Four different microballoon volume
fractions are considered for each type of foam as seen in Table 1 below.
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Table 1. Microballoon volume fraction and measured density used in foams used for

analytical study
No. Microballoon Microballoon Volume Sample Measured
Density Fraction Name Density
(kg/m’) (%) (kg/m’)
1 220 30 SF220-30 878
2 40 SF220-40 784
3 50 SF220-50 690
4 60 SF220-60 596
5 460 30 SF460-30 932
6 40 SF460-40 846
7 50 SF460-50 732
8 60 SF460-60 651
9 None None Resin 1160

In order to further analyze the variation in stresses around microballoon, the value of
‘Y’ parameter must be known. ‘Y’ depends on distance between adjacent microballoons, which
can be found by using the formula for packing factor in a material containing spherical particles
as shown in Equation 11 below.
Volume Of Microballoons InUnit Cell

(11)
Volume Of Unit Cell

Face centered cubic structure (FCC) can be considered for a syntactic foam
microstructure [39]. There are 4 microballoons in the unit cell of an FCC structure and volume of
each microballoon is known from its average outer diameter of 40 [Im. Therefore volume of a
unit cell can be determined from the volume of microballoons in a unit cell, and the packing
factor, which is the microballoon volume fraction in the foam. Length of the unit cell is this
obtained from its volume and this gives the average distance between two adjacent
microballoons in foams with a particular microballoon volume fraction. Table 2 below gives the
average values of the length of a unit cell, the distance between adjacent microballoons and
ultimately the Y’ parameter.

Packing Factor =

Table 2. Values of ‘Y’ parameter and distance between adjacent microballoons in foams
with various microballoon volume fractions.

Average
Microballoon Volume of a Length of a distance
Volume ) > between \%Y Y
) Unit cell Unit cell .
Fraction microballoons
ldl
60% 2.232%107" 6.067%107 2.067*107 6.067%107 1.275
50% 2.679%107" 6.447%107 2.447%107 6.447%107 1.229
40% 3.349%10°" 6.945%107 2.945%107 6.945%107 1.185
30% 4.465%10" 7.644%107 3.644%10 7.644*%107 1.143

Based on these calculations a direct and important relationship between the microballoon

concentration and ‘Y’ parameter is obtained as given in Equation 12 below.

11
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where, ‘C’ is the microballoon concentration in a foam. The value inside tangent function
is in radians not in degrees. It should be noted that this relationship is independent of the average
outer diameter of microballoons in a foam, and therefore can be used in syntactic foams with any
value of average outer diameter. Figure 6 shows an increase in value of ‘Y’ parameter with an
increase in concentration of microballoons, which is similar to the theoretical increase as seen in
Figure 5.
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Figure 6. Variation in ‘Y’ parameter with change in microballoon concentration

Substituting this Equation in the relation for K; we get a relationship between stress
intensity factor and microballoon concentration in a syntactic foam.

0814 (¢ \]"”
K1={ém tan(ogmﬂ o*\ra (13)

This value of K is used to calculate the principle stresses around microballoons in all
types of foams considered above. Figure 7 shows an increase in the value of principle stress o,
(calculated from Equation 11 above) on a microballoon surface with an increase in Y. It can be
seen that as microballoon concentration increases in the foam matrix, the stress o, around
microballoons increases. Therefore a considerable amount of load is transferred to the
microballoons, and crack formation and propagation will occur either due to microballoon
fracture or due to debonding between microballoon surface and matrix. The change in stresses
around microballoons with a change in their wall thicknesses is also seen in Figure 7. It is seen
that high density and thick walled microballoon foams (SF46) involve lower stresses and a lower
stress intensity factor around a microballoon, whereas low density microballoon foams (SF22)
involve higher stresses and higher stress intensity factor around a microballoon.
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Figure 7. Change in stresses around a microballoon with change in ‘Y’ (or with change in
concentration)

The primary cause of failure in low density foams (SF22) under tensile loading is due to
fracture of microballoons and crack propagation through the resin matrix. High density
microballoon foams (SF46) require higher loads for fracture and crack propagation. However
they fail at lower loads due to debonding between interface of microballoon and resin matrix.

Figure 8 below shows stress (op) distribution profile between two low density SF22 type
adjacent microballoons. The distance between microballoons is represented by ‘d’ in the graph.
It is seen that the stress o, 1s highest on the microballoon surface and diminishes away from it.
Due to stress interaction between two microballoons, the overall stress is higher than stresses on
an individual microballoon. The graph also shows change in stress profile because of the change
in ‘Y’ (or concentration of microballoons). It can be seen that the stress increases around a
microballoon, as the overall concentration of microballoons increases (‘d’ decreases) in the foam
matrix. Therefore, increase in ‘Y’ translates to an increase in the brittleness of the material and
results in early failure of the material. Figure 9 shows the stress variation on the surface of
microballoon 1, when microballoon 2 is placed at different angular orientations. It is seen that
stress gradually increases with angle 0 to a maximum value at around 60° on the surface of the
microballoon. Beyond this point, stress decreases back again to a lower value at 90°. Thus
maximum stress intensity around a microballoon results because of microballoons oriented at an
angle of 60° with respect to it.

It is concluded that stress concentration and stress intensity around microballoons is
considerably high, which makes the material brittle. Since we are using very high volume
fraction of microballoons, brittleness in the material tends to increase, and it is imperative to
reduce this brittleness in order to increase damage tolerance of the material. Modification of the
foam matrix using rubber and nanoclay particles would relieve stresses around microballoons
and makes the foam matrix relatively ductile.
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Figure 8. Stress distribution profile between two adjacent microballoons
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Figure 9. Stress profile on the surface of a microballoon due to interaction with another
microballoon positioned at varying angular orientations

4.2 Experimental Study: Materials and Methods
4.2.1 Rubber Hybrid Syntactic Foam
4.2.1.1 Raw Materials
4.2.1.1.1 Wall Thickness Effects and Selection of Microballoons

Density and strength of microballoons of the same outer diameter is dependent on their
wall thickness. The wall thickness of microballoons is defined in terms of a parameter called
Radius Ratio, 1, [40, 42] which is presented in Equation 14.
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where 1; and 1, are the inner and the outer radii of microballoons. Increase in the value of n
represents decrease in the microballoon wall thickness and corresponds to a decrease in
microballoon density and strength. When the matrix and particle volume fractions are kept
constant in hybrid foams, any change in mechanical properties of syntactic foams can be related
to the change in microballoon 1 alone. The glass microballoons are brittle and give rise to small
fragments upon fracture. These fragments occupy more volume than the volume of the material
composing the microballoon due to spatial mismatch between them. It is known that if
microballoons have 1 lower than the critical value, 0.71, the wall thickness of the micro balloons
is too high and the resulting debris after fracture will occupy more volume than the microballoon
before fracture [26]. Hence it is imperative to use microballoons of 1 greater than the critical
value; so that the resulting debris occupies lesser volume after fracture and the stress
concentration is reduced. This helps in further relieving the stress and in absorbing more energy
by the foam specimen [40]. In the present study four types of microballoons of nearly the same
average outer diameter, 40 um, but different n values, all greater than the critical value of 0.71,
are selected for the fabrication of hybrid foams.

4.2.1.1.2 Glass Microballoons

Glass microballoons are manufactured and supplied by 3M under the trade name
Scotchlite. Physical properties of selected microballoons, supplied by the manufacturer, are
presented in Table 3 below.

Table 3. Properties of microballoons.

Microballoon Microballoon Size Distribution Average True  Average Pressure for ~ Radius
Type (um) Particle Wall Min. 80% Ratio
10™ 500 90" Density Thickness Fractional n
percentile  percentile  percentile (kg/m’) (um) Survival (MPa)
S22 20 35 60 220 1.26 2.76 0.9703
S32 20 40 75 320 1.86 13.79 0.9561
S38 15 40 75 380 2.23 27.58 0.9474
K46 15 40 70 460 2.74 41.37 0.9356

All the selected microballoon types have nearly the same mean outer diameter of 40 pm.
The mean inner diameter has been calculated by taking a difference in the average true particle
density of solid and hollow particles made of same material. Subsequently, the average wall

thickness of microballoons is calculated. The difference in wall thickness of different types of
microballoons causes the difference in their density. The calculated n for all types of

microballoons is also given in Table 3. The microballoon type in Table 3 is the manufacturer’s
code for the identification of selected microballoons.

4.2.1.1.3 Rubber Particles

Four types of microballoons and two types of rubber particles are used in the fabrication
of eight types of foam samples in the present study. The rubber particles selected for the study
are (-)80 and (-)170 mesh size. These rubber particles are commercially supplied by Rouse
Polymerics under the trade name GF-80 and GF-170 and have a mean particle size of 75 and 40
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um, respectively, and are referred to as R75 and R40 in this study. The specific gravity of rubber
particles is in the range of 1.12-1.15 as supplied by the manufacturer. These particles are
produced from the waste tires by mechanical grinding process. Rubber particles of R75 and R40
type are shown in scanning electron micrographs (SEM) in Figure 10 and Figure 11,
respectively. Figure 12 shows a high magnification micrograph of R40 particles.

Figure 11 Scannmg electron mlcrograph of R75 rubber particles.

Figure 12 shows a micrograph of a rubber particle used in the present study. The rubber
particles are produced from heavy shearing of waste tires and possess a highly irregular surface
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as seen from the SEM micrograph above. Due to this, a very large interface is obtained between
the rubber particles and matrix material.

Figure 12 High magnification SEM mlcrograph of a rubber partlcle used in the study.

4.2.1.1.4 Resin System

Epoxy resin D.E.R. 332, manufactured by DOW Chemical Company is used as matrix
material. This resin blends easily with other epoxy components to obtain an optimum block
hardness for samples. It appears colorless to yellow liquid, and has a specific gravity of 1.16 at
25°. It’s epoxide equivalent is between 171-175.
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Figure 13. Chemical formula of the D.E.R. 332 epoxy resin

Amine based hardener D.E.H. 24 is used with the selected epoxy resin. This epoxy
curing agent, aliphatic polyamine hardener, triethylenetetraamine (TETA, C¢H;sN4) that offers a
short pot life and cures in minutes with liquid epoxy resins. Its amine hydrogen equivalent
weight is approximately 24. It has a viscosity of 19.5-22.5 mPa.s and a density of 0.98g/ml at
25°C.A diluent C;,-Cy4 is mixed with the epoxy resin in 5% by weight quantity to reduce its
viscosity. Reduction in viscosity makes it easier to mix higher volume fraction of particles in the
matrix resin. Its equivalent epoxide weight (EEW) is nearly 285. It is commercially available as
ERISYS-8, and when added in 5% by weight quantity it brings down the viscosity of the resin to
nearly half its value, and increases the epoxy tensile strength and modulus.
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4.2.1.2 Fabrication

For comparison with syntactic foams fabricated in earlier experiments [40], similar
volume fractions of the constituent materials have been used in the present experiment. Volume
fractions of the matrix resin, rubber particles and the microballoons have been kept constant at
0.35, 0.02 and 0.63 respectively. The volume fraction of microballoons has been reduced from
0.65 in earlier experiments [40] to 0.63 in order to allow the addition of 0.02 volume fraction of
rubber particles.

Mechanical mixing followed by casting in stainless steel molds is used as the fabrication
process of rubber syntactic foams. A silicone based Dow Corning 111 Sealant and Lubricant is
used as release agent in the molds. It has a specific gravity of 1, works in a temperature range of
-40 to 200°C, and has bleed characteristics of 0.5% in 24 hours at high temperatures. Cast foam
slabs are cured at room temperature for at least 36 hrs and then post cured for 3 hrs at 100+3°C.

4.2.1.3 Specimen Nomenclature

The specimen nomenclature for hybrid foams is a six digit alphanumeric code. The first
letter R represents rubber particles. Next two digits represent size of rubber particles. The fourth
letter M represents microballoons and last two digits are related to the true particle density of the
glass microballoons, e.g. 22 is used in the nomenclature for microballoon density of 220 kg/m”.

A sample code for hybrid foam is R75M22, which contains rubber particles of 75 um
size and microballoons of 220 kg/m’ density. The syntactic foam samples containing only glass
microballoons in epoxy matrix have a four digit alphanumeric code such as SF22. Table 5
shows the nomenclature and measured density of syntactic foams without rubber particles. Here
first two letters represent Syntactic Foam and next two digits are related to the true particle
density of microballoons as explained for hybrid foams.

4.2.1.4 Mechanical Testing
4.2.1.4.1 Compression Test

ASTM C365-94 standard [32] is adopted for the compression testing of the hybrid foams.
This standard recommends a specimen size of 25 x 25 x 12.5 mm® for length, width and height
of the specimen.

The specimens are tested under a constant compression rate of 1.3 mm/min. Load-
displacement data is obtained in the tests and converted to stress-strain information to calculate
compressive strength and modulus of hybrid foams. A computer controlled MTS 810
mechanical test system is used to carry out the compression tests.

4.2.1.4.1.1 Density Measurement

The density of hybrid foams is measured by measuring weight and volume of at least five
specimens of 25 x 25 x 12.5 mm® size of each type of composite. Measured densities of various

hybrid foams are given in
Table 4.
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Table 4. Nomenclature and Density of fabricated hybrid foams.
Type of Rubber  Size of Rubber Microballoon  Corresponding  Measured Density

Particles Particles Type Hybrid Syntactic (kg/m3 )
([Jm) Foam Type
R40 40 S22 R40M22 504
S32 R40M32 563
S38 R40M38 606
K46 R40M46 601
R75 75 S22 R75M22 504
S32 R75M32 516
S38 R75M38 605
K46 R75M46 617

Table S Nomenclature and Density of fabricated syntactic foam slabs.

Microballoon Corresponding Syntactic Foam Density
Type Syntactic Foam Type (kg/m’)
S22 SF22 493
S32 SF32 545
S38 SF38 575
K46 SF46 650

4.2.1.4.1.2 Results and Discussion

Compressive strength and modulus values calculated from the stress-strain graphs of
hybrid foams tested in this study are presented in Figure 14 and Figure 15, respectively. Strength
and modulus values of syntactic foams containing corresponding types of microballoons are also
presented in these figures for comparison.
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Figure 14. Compressive strength of various hybrid foams containing R75 and R40 rubber
particles compared to the corresponding syntactic foams without rubber particles.
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Figure 15. Modulus of various hybrid foams containing R75 and R40 rubber particles
compared to the corresponding syntactic foams without rubber particles.

The effect of microballoon 7 is found to be similar in hybrid foams and syntactic foams.
Decrease in 1, which corresponds to increase in microballoon wall thickness and strength, leads
to increase in the strength of the hybrid foams. It is observed as a general trend that hybrid foams
containing smaller size rubber particles have higher strength and modulus. The same volume
fraction of smaller size particles have higher surface area compared to the larger size particles.

T

Figure 16. A rubber particle in matrix material. There is no definite interface between the
particle and matrix resin.
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Hence, the difference in the mechanical properties can be related to the difference in the
interfacial area between the particles and the matrix resin in the hybrid foams. Several SEM
micrographs were taken in order to analyze the interface between rubber particles and matrix
resin. Figure 16 and Figure 17 show a rubber particle embedded in epoxy matrix.

as

Figure 17. Another micrograph of a rubber p

article in matrix material.

There is no visible interface between rubber particles and matrix materials in the Figure
16 above, which means that the interfacial bonding between rubber and matrix resin is good.
Hence, the higher strength of hybrid foams containing the same volume fraction of smaller size
rubber particles is justified. Low modulus of rubber particles is expected to decrease the
modulus of hybrid foams. The volume fraction of rubber particles in the hybrid foams is only
0.02 but it still has a pronounced effect on the modulus of hybrid foams because the fraction of
matrix material in hybrid foams is 0.35, which makes rubber to matrix resin ratio considerably
high, nearly 0.057. It is observed that the modulus has decreased by about 50% due to the
incorporation of rubber particles. It is also noted from Figure 14 and Figure 15 that there is only
about 10% reduction in the compressive strength of most hybrid foams compared to the
corresponding syntactic foams.

Comparison of representative stress-strain behavior of hybrid foams containing R75 and
R40 type of rubber particles with various kinds of microballoons is shown in Figure 18 and
Figure 19, respectively.

The maximum strain shown in the figures are not the final fracture points of the
specimen. The testing was stopped if the specimen did not fracture until 40% strain. Stress-
strain curves for representative specimens of corresponding four types of syntactic foams
(without rubber particles) are presented in Figure 20 for comparison with those of hybrid foams.
One of the major concerns in the stress-strain curves of syntactic foams is that foams containing
microballoons of higher density deform only about 8-10% before failure. The specimens are
found to fracture at this strain due to pronounced cracking and the tests were stopped.
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Figure 18. Representative stress-strain curves for hybrid foams containing R75 type rubber
particles and various types of microballoons.
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Figure 19. Representative stress-strain curves for hybrid foams containing R40 type rubber
particles and various types of microballoons.

In syntactic foams it was observed that strain at peak stress was around 3.5%, irrespective
of the microballoon . However, it is observed in the stress-strain curves for all types of hybrid
foams that the peak stress value occurs at around 6% strain. The most significant mechanical
property enhancement in the hybrid foams is the considerable reduction in brittleness of higher
density foams such as SF38 and SF46 due to the incorporation of rubber particles. A common
feature in Figure 18, Figure 19 and Figure 20 is the appearance of stress plateau in curves for all
kinds of foams. Such trend is observed by other researchers also [14, 15, 26]. The region in the
stress strain curves where stress remains constant during compression is called stress plateau
region. This is the region where a dynamic equilibrium exists between exposure of hollow space
enclosed within microballoons and space consumption during compression. This process is
called densification, which prevents the stress for increasing during the process of compression
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and the appearance of the plateau region. At the end of the plateau region increase in stress is
observed as a sign of completion of densification of the material.
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Figure 20. Stress-strain curves for various syntactic foams for comparison with those of
hybrid foams.

The length of the plateau region, which is the region of energy absorption during
compression, is considerably higher for hybrid foams, Figure 18 and Figure 19, compared to
syntactic foams, Figure 20. It can be observed in Figure 20 that the plateau regions for high
density syntactic foams SF38 and SF46 terminate and a decreasing trend in stress is observed
around 12 and 6% strain respectively. Low density foams SF22 and SF32 could be compressed
to 15-20% strain before failure. The primary reason for breakdown in the plateau region for
SF38 and SF46 foams, containing lower n microballoons, was the initiation of cracks in the
specimens under the lateral component of the applied compressive stress, called secondary
tensile stress, due to Poisson’s Ratio effect [26]. The incorporation of rubber particles leads to
reduction in brittleness of matrix resin in hybrid foams and delays initiation of cracks. The crack
propagation rate may also be delayed in hybrid foam specimens due to the ductility of rubber
particles and the possibility of bridging of micro-cracks by ductile rubber particles. As a result,
all kinds of specimens could be compressed to about 40% strain and achieved a stage where
densification was complete and stress started increasing after plateau region. Specimens were
able to absorb higher amount of energy demonstrating better compressive toughness. Figure 21
compares compression fracture features of a specimen of R75M22 hybrid foam with the features
of SF22 syntactic foam.

Similarity is observed in the fracture features of both specimens. Signs of considerable
amount of plastic deformation observed in hybrid foam near the edges represent flow of material
towards edges of the specimen due to its low modulus. Deformation features of R75M46 type
hybrid foam specimen are compared with features of SF46 syntactic foam in Figure 22.

Cracking due to secondary tensile stresses leads to failure of SF46 type specimen at lower
strain of only about 10%. Two of these cracks are shown by arrow marks in Figure 22. A hybrid
foam specimen containing K46 microballoons is also shown in the same figure. This specimen
also shows similar fracture features but at about 40% strain compared to about 10% compression
of the syntactic foam specimen. Microscopic fracture features of R40M22 and R40M46 are
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shown in Figure 23 and Figure 24, respectively. Broken microballoons can be observed all over
the fracture surface in these micrographs, which is a common feature of compressive fracture.

1cm
Figure 21. Comparison of deformation features of hybrid foam and syntactic foam
containing S22 type of low density microballoons.

Figure 22. Comparison of deformation features of hybrid foam and syntactic foam
containing K46 type of high density microballoons. Cracking under secondary tensile
stresses is shown by arrow marks in syntactic foam samples.

4.2.1.4.1.3 Conclusion

It is observed in the study that inclusion of rubber particles in syntactic foams has
considerably enhanced the fracture strain of all types of syntactic foams with a small decrease in
their compressive strengths. For low density foams the fracture strain has increased by about
two times with only about 10% decrease in compressive strength. Experimental results show
that the enhancement in ductility is achieved in hybrid foams without any significant loss in
strength. Compressive modulus is found to decrease by about 50%, whereas decrease of about
10% is observed in the compressive strength due to the incorporation of rubber particles. The
fracture strain of high strength hybrid foams, especially the foams containing high density/low n
microballoons, is improved significantly due to the presence of rubber particles. Considerable
enhancement in compressive toughness due to the incorporation of rubber particles can be
observed in terms of significantly extended stress plateau region in stress-strain curves of hybrid
foams of all kinds.
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The study also demonstrates potential of using environmentally hazardous waste tire
rubber particles in the fabrication of high performance composite materials. Waste tires have
become an environmental hazard over the years and occupy huge landfill areas. This study
effectively demonstrates one possible method of recycling waste tires and also contributes
towards developing environmentally friendly composites.

Figure 23. Fracture surface of a R40M22 ow den51ty hybrld foam showing extensive
damage to microballoons.

Figure 24. Fracture surface of R40M46 speclmen showmg fracture of microballoons.
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4.2.1.4.2 Flexural Strength: Three Point Bending Test

ASTM D790 standard [44] is adopted for the flexural testing of all foams. This standard
recommends a span length to thickness ratio of 16:1 for the 3-point bend tests. The test
configuration and the conventions used to define specimen dimensions are shown in Figure 25.

Load

4
T ¥ o =

Figure 25 Specimen dimensions and 3-point bending test configuration

All foam specimens have a specimen length () and width (w) of 110 and 15 mm
respectively. The average span length (L) is 64 mm and average sample thickness (t) is 4 mm.
At least five specimens of each type of foam are tested in the three point bend configuration as
shown in Figure 25.

A computer controlled MTS QTEST/150 mechanical test system is used to carry out the
flexural tests. Load-displacement data obtained in the tests is used to calculate bending stress and
deflection. Tangent modulus is calculated for all specimens using Equation 15 below.

L'm
Es 4bd> (15)
Where m is the stiffness or the slope of the load displacement curve in the linear elastic
region, L is the span length, b is the width and d is the depth of the specimen. The flexural
strength is calculated using Equation 16.

P
K—g (16)

Where «, P and 8 represent flexural stiffness, load and deflection, respectively.

4.2.1.4.2.1 Density Measurement

The density of foams is measured by measuring weight and volume of at least five
specimens of 64 x 12 x 4 mm® size. Measured densities and calculated void volume fraction of
pure syntactic foams and rubber hybrid foams are given in Table 6 and Table 7 respectively. The
void volume fractions are calculated by using measured and theoretical densities in Equation 17.

Void Content = £~ Pn. (17)
P
Where, p; is theoretical density and p,, is measured density of syntactic foams. The
theoretical densities of all types of syntactic foams are calculated using Rule of Mixtures.
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Table 6 Nomenclature and Density of fabricated syntactic foam slabs.

Microballoon Corresponding Syntactic Foam Density Void Volume
Type Syntactic Foam Type (kg/m*) %
S22 SF22 493 7.78
S32 SF32 545 16.04
S38 SF38 575 13.53
K46 SF46 650 16.76

Table 7 Composition and density of rubber hybrid syntactic foams

Type of Rubber  Size of Rubber Microballoon  Corresponding  Measured Density Void

Particles Particles Type Hybrid Syntactic (kg/m’) Volume
([Jm) Foam Type %

R40 40 S22 R40M22 499.50 7.50
S32 R40M32 519.50 14.83
S38 R40M38 599.65 7.75
K46 R40M46 618.27 11.68

R75 75 S22 R75M22 513.49 491
S32 R75M32 566.60 7.11
S38 R75M38 602.31 7.34
K46 R75M46 607.12 13.27

4.2.1.4.2.2 Results and Discussion

The comparison of flexural properties of syntactic foams needs to be carried out with
respect to two parameters. The first one is microballoon ), for the same foam composition, and
the second one is the syntactic foam composition, for the same microballoon 1.

70 ~
SF46

SF32
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Figure 26. Representative load displacement curve for plain syntactic foams.

Figure 26 to Figure 28 show representative load displacement curves obtained from
flexural testing of foams with various types of syntactic foams. These figures show that all types
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of syntactic foams fail in the brittle fracture mode at the end of the elastic region. The load-
displacement data is used to calculate the flexural modulus, stiffness and strength. All these
properties are discussed below.
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Figure 27. Representative load displacement curve for hybrid foams containing R40 type
rubber particles.
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Figure 28. Representative load displacement curve for hybrid foams containing R75 type
rubber particles.

Figure 29 shows a comparison of fracture strain values for various syntactic foams.
Nearly 18% increase in fracture strain is observed with addition of both R75 and R40 type rubber
particles. Figure 30 shows the comparison of flexural toughness as area under curve for various
syntactic foams. As a general trend it is seen that the area under curve has increased upon the
addition of R75 and R40 type rubber particles. Figure 31 and Figure 32 show comparisons of
flexural stiffness and flexural modulus, respectively, for various types of foam samples. It can be
noticed that the modulus and stiffness increase with decrease in microballoon n from SF22 to
SF38 type foams and then decreases slightly for SF46 type foams. Similar trends are observed
for all kinds of hybrid foams also.
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Figure 29. Comparison of strain values for plain syntactic foams and hybrid foams with
R75 and R40 type rubber particles.
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Figure 30. Comparison of flexural toughness as area under curve for plain syntactic foams
and hybrid foams with R75 and R40 type rubber particles.
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Figure 31. Stiffness comparison for various syntactic foam samples
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Figure 32. Comparison of tangent modulus for various types of foam samples.
The pronounced effect of  on the flexural modulus and stiffness can be related to the

increasing microballoon strength with decreasing . The stress conditions in the specimen and
possible failure modes are shown schematically in Figure 33.
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Compressive Failure Zone
(microballoon crushing)

Tensile Failure Zone
(matrix cracking)

Figure 33. Stress conditions and failure modes in syntactic foams in three-point bend tests.

Figure 34 and Figure 36 shows the crack pattern seen in plain, rubber hybrid and
nanoclay hybrid syntactic foams made from microballoons of various densities. Similar crack
propagation and failure pattern is seen in all type of foam specimens.

Figure 34. Crack pattern seen in various types of plain syntactic foams

A

Figure 35. Crack pattern seen in rubber hybrid syntactic foams containing various types of
microballoons
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Figure 36. Crack pattern seen in nano hybrid syntactic foams containing various types of
microballoons

All hybrid foams also show a similar pattern of crack propagation and failure. Crack
originates on the tensile side (bottom) of the specimens shown and propagates to the top
resulting in failure.

The fracture of microballoons may start even at small deflection in SF22 type
microballoons because of their low strength. The strengths of microballoons can be compared
by the values presented in Table 3. The maximum stress is generated at the surfaces of the
specimen and can be calculated by Equation 18.

o= ;;ﬁ (18)

Substituting the specimens dimensions used in the present testing it is calculated by
Equation 18 that 5 MPa of stress will be generated in the top and bottom layers of the specimen
only at a deflection of 0.3 mm. Considering that the final specimen failure takes place at a
deflection of over 1 mm, the microballoon fracture is expected to take place much before the
final failure of SF22 foams. Similarly, the fracture strength of S32 microballoons is also well
below the fracture strain of corresponding syntactic foams in flexural testing. However, when
similar calculations are carried out for SF38 and SF46 type foams then it is observed that the
specimens fail at lower strength than the microballoon fracture strength. Hence, it is expected
that in SF22 and SF32 type foams the failure under flexural loading is significantly affected by
the microballoon fracture. However, in SF38 and SF46 type specimens the matrix failure is the
primary failure phenomena because the microballoon fracture strength is greater than the flexural
strength of the syntactic foams. Since the fracture of significant amount of microballoons is not
expected in SF38 and SF46 type foams, their properties depend on the matrix properties and
show nearly the same level of stiffness and modulus.

There is no significant difference observed in the modulus and stiffness of hybrid foams
compared to the plain syntactic foams. The volume fraction of rubber particles is restricted to
only 2% which may not be sufficient to cause a significant difference in the flexural elastic
constants of hybrid foams.
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Figure 37 shows a comparison of flexural strength of various types of syntactic foam
samples. The effect of microballoon 1 appears to be similar to that on the flexural stiffness and

modulus. Flexural strength of foams is seen to increase with a decrease in 1, and remain nearly
constant for SF38 and SF46 type foams.
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Figure 37. Flexural strength comparison of various types of foam samples.

Compared to flexural strength of plain syntactic foams it is observed, as a general trend,
that an increase in flexural strength is achieved with the addition of rubber particles. R40 type
particles seem to cause greater improvement in strength compared to the R75 type particles. The
reason for such an observation is that the volume fraction of rubber particles is maintained at 2%,
which leads to a higher number of smaller size rubber particles in the hybrid foam structure.
Higher number of particles increases the number of rubber particles present on any fracture plane
and increase the possibilities of crack bridging by these particles. Crack bridging is one of the
main phenomena increasing the fracture strength and strain in rubber filled materials. Figure 38
shows a rubber particle coming out of the fracture surface of a rubber hybrid foam sample
containing R40 type particles. Such particles are observed all over the fracture surface among
microballoons.

The micrograph shown in Figure 38 is taken in the tensile side of the specimen. Most
microballoons around the rubber particles have not fractured. The fracture seems to be governed
by the fracture of matrix materials. Previous studies have established that the tensile failure of
syntactic foams typically shows this kind of microstructure where large number of microballoons
are unbroken, failure is dominated by the matrix failure and there is absence of any significant
amount of microballoon debris. Figure 39 shows the compressive side of a rubber hybrid foam
specimen. Extensive damage to microballoons is observed which is typical of compressive
loading and failure in syntactic foams.
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40pm

Figure 38. Fracture surface of a syntactic foam containing R150 type rubber particles

60um

Figure 39. Extensive damage to microballoon on compressive side of a rubber hybrid foam
specimen

The fracture in SF38 and SF46 type hybrid foams is governed by the matrix failure so

their strength should also be comparable. This is true for most types of hybrid foams but
significant difference is observed in the R75M38 and R46M46 type of foams. A close look at
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Table 7 reveals that there is significantly higher void content in R46M46 specimen. Voids are
known to cause deterioration in the strength of particulate composites.

Rubber and microballoon interaction in the foam matrix results in a phenomenon known
as the plastic zone branching. If a crack is formed, the elastic stress field on its tip interacts with
the stress field around microballoons. This interaction results in a distortion in the process zone
stress field and promotes regions of higher stress gradient. Rubber particles engulfed in this
region undergo cavitation, shear banding and void growth due to stresses, which results in the
enhancement of material toughness [27]. Difference in flexural properties has been observed due
to a difference in size of the rubber particles. Smaller sized rubber particles produce higher
toughening of the foam matrix. This may be attributed to the fact that smaller size rubber
particles have a greater probability of being engulfed in the process zone around the tip of cracks
generated in the tensile side of a specimen [27]. This leads to greater crack bridging, rubber
particle cavitation and shear banding in the foam matrix and higher toughness in foams with
smaller rubber particles. Microballoons contribute towards crack bridging and crack pinning as
seen in Figure 40.

Figure 40. Crack propagation, bridging and pinning is seen in this micrograph.

4.2.1.4.2.3 Conclusion

Experimental investigation of plain and rubber hybrid syntactic foams is carried out in
the present study. Addition of rubber particles has a significant effect on the flexural properties
of syntactic foams. The fracture mode of plain syntactic foams shows a transition from
microballoon fracture to matrix failure as the microballoon strength increases. Similar results are
observed for all types of hybrid foams. Stiffness is observed to have increased by around 10%
upon the addition of rubber particles. Flexural modulus in syntactic foams has been found to
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increase by as high as 10%. Flexural strength has also been found to increase. R75 type rubber
particles has resulted in an increase in strength of syntactic foams by 15%, whereas, R40 type
rubber particles has resulted in an increase in strength of syntactic foams by 18%. This difference
is seen due to the fact that smaller rubber particles have a higher probability of being engulfed in
the process zone around a crack tip, which leads to crack bridging phenomenon. Such a
phenomenon is also observed through SEM micrography. Flexural toughness has increased upon
the addition rubber particles. It is observed that the amount of energy absorbed as area under
load displacement curves is higher in foams containing the smaller R40 type particles. Plastic
zone branching occurs in the foams matrix. Rubber particle cavitation, shear banding and void
growth occurs, resulting in enhancement of material toughness.

4.2.1.4.3 Hygrothermal Testing

Standard ASTM D 5229-92 [48] was followed for hygrothermal testing. Dry samples
were weighed before exposing them to moisture. The samples were then immersed in deionized
fresh water and salt water media respectively at room temperature until complete saturation was
attained. Saturation definition specified by the ASTM standard was followed. The samples were
weighed at regular intervals according to the standard, to observe the change in weight due to
moisture absorption. The samples were then subjected to compression testing. ASTM C365-94
standard is followed, which recommends a specimen size of 25 x 25 x 12.5 mm’ for length,
width and height of the specimen respectively. A constant compression rate of 1.3 mm/min was
used for testing. Stress stain values are calculated from the load-displacement data obtained
from the tests. A computer controlled MTS 810 mechanical test system is used for compression
tests.

4.2.1.4.3.1 Deionized Water Media

Figure 41 presents the water absorption profile of hybrid syntactic foams. It can be
observed that saturation is reached in 64 days for all types of samples. Most specimens absorbed
between 1 to 2.15% water before saturation. This value is found to be consistent with the water
absorption values observed by researchers in previous studies [18, 20].

Figure 42 compares the strength of various hybrid composites obtained from compression
tests of both dry and wet specimens. Strength of all the hybrid foam samples is observed to
decrease after exposure to fresh water for a prolonged period of time. When comparing the
strength of wet foams containing different types of rubber particles, it is observed as a general
trend that foams containing larger particles (75 pm) have a lower strength as compared to foams
containing smaller particles (40 um). This result is consistent with the results obtained from the
testing of dry samples. For most samples the decrease in strength is only about 15% or less.

The modulus of foam samples subjected to water immersion was observed to decrease
drastically when compared with dry samples, as observed in Figure 43. It is observed that the
reduction in modulus of all types of hybrid foams compared to corresponding dry specimens is
about 65%. Such a high reduction in modulus is attributed to the plasticization of the foam
matrix due to water absorption [20]. The effect of plasticization is expected to be higher in
hybrid foams due to the presence of a ductile phase in the form of rubber particles. As a result of
matrix plasticization the foam samples could be compressed to very high strain values of nearly
60-70%. Representative stress strain curves of foam samples containing rubber particles of 75
and 40 um are shown in Figure 44 and Figure 45, respectively. It can be observed in these
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figures that the hybrid foams are compressed to high strain values without any sign of instability
in their stress response.
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Figure 41. Moisture absorption profile of various foam composites containing R40 and R75
type rubber particles.
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Figure 42. Comparison of compressive strength obtained from testing of dry and wet
specimens of various hybrid composites containing R75 and R40 type rubber particles.
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Figure 43. Comparison of modulus obtained from testing of dry and wet specimens of
various hybrid composites containing R75 and R40 type rubber particles.
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Figure 44. Representative stress strain curves for samples containing R75 rubber particles.

It can be observed in Figure 44 and Figure 45 that the stress plateau stage has ended
around 30% strain and the stress started to increase, which is a sign that densification is complete
in these samples around 30% strain. However, contrary to dry specimens of corresponding type,
which were compressed to about 40% strain, these specimens are compressed to much higher
strain without any noticeable failure in the specimen.
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Figure 45. Representative stress strain curves for specimen with R40 rubber particles.

Compression test results of hybrid foam samples exposed to water can be compared with
results obtained from previous hygrothermal testing of syntactic foam samples without rubber
particles [18]. In that study only two types of syntactic foams, having microballoons of densities
200 kg/m’ and 460 kg/m’ (M22 and M46 type foams), were subjected to hygrothermal tests.
Hence, results of only the corresponding types of hybrid composites are compared with those
obtained in the published study. Figure 46 compares the strength of M22 and M46 type syntactic
foams with and without rubber particles. It is observed that the strength of wet foam samples
without rubber particles is higher when compared to foams with rubber particles. There is no
appreciable change in strength of dry and wet syntactic foams when rubber particles are not
present in the structure (Figure 47). However, as observed in Figure 46 rubber containing foams
show change in strength due to moisture infusion.

The modulus of hybrid syntactic foams has reduced drastically as compared to syntactic
foams that did not have rubber particles (Figure 48). In syntactic foams without rubber particles,
nearly 48% reduction in modulus was observed, whereas in hybrid foams containing rubber
particles nearly 50 to 70% reduction in modulus was observed. Reduction in compressive
strength was higher for R75 type hybrid foams. Similar trend can be observed in case of modulus
values also.

The significant reduction in strength and modulus of hybrid foams after prolonged
exposure to water can be attributed to the higher amount of water absorption in hybrid
composites as compared to foams without rubber particles. Figure 49 shows a comparison of the
amount of water absorbed in terms of change in weight of pure and two types of hybrid syntactic
foams (M22 and M46). It is clear that the hybrid composites have gained substantial amount of
weight due to water absorption as compared to pure syntactic foams.
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Figure 46. Comparison of Strength obtained from testing of wet specimens of foam
composites containing 0% rubber particles and R75 and R40 type rubber particles.
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specimens of various foam composites without rubber particles.
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Foams corresponding to both types of rubber particles absorbed nearly the same amount
of moisture, as seen in Figure 49. The R40M38 type foam also showed a very small increase in
moisture absorption, nearly 4.3%, as compared to corresponding R75M38 type particle foams.
However, the R40M32 type foam showed a very large increase in moisture absorption, nearly
27.7%, as compared to corresponding R75M32 type foam.

Observations of increased water absorption, considerable reduction in modulus and
reduction in strength indicate that substantial amount of absorbed water has gone into rubber
particles. Rubber particles which are obtained from waste tires and are manufactured by heavy
shearing contain microcracks in their structure. Additionally as observed in Figure 12, their
structure is highly irregular. This irregular structure may make it difficult for epoxy resin matrix
to penetrate into the folds of this particle and wet the entire surface. Existence of microcracks
and presence of any area of inferior interfacial bonding between rubber and matrix contribute to
increase in water absorption and reduction in strength. However, increase in compressive strain
without failure is a desired result and compensated reduction in strength to maintain the level of
energy absorbed before failure, and the damage tolerance of the material.

4.2.1.4.3.2 Conclusions

Significant change in mechanical properties is observed after hygrothermal testing of
hybrid syntactic foams containing rubber particles and glass microballoons. It is observed that
hybrid syntactic foams absorb a higher amount of moisture when exposed to water for a
prolonged time period as compared to corresponding syntactic foams. Strength of different types
of hybrid syntactic foams reduces by about 10 to 20% compared to dry specimens, whereas
strength of syntactic foams without rubber particles reduces by less than 5% after hygrothermal
testing. As a general trend, the moisture absorption in both types of hybrid foams is nearly the
same. However, the strength of R40 type foams is higher than corresponding R75 type foams.
This result is consistent with dry testing of samples. Reduction in compressive modulus and
strength is observed compared to corresponding dry specimens. However, increase in fracture
strain of hybrid foams due to moisture infusion may help in maintaining the same energy
absorption before failure. The compressive failure strain is found to increase due to matrix
plasticization.

4.2.1.4.3.3 Salt Water Media

Figure 50 and Figure 51 present the water absorption profile of hybrid syntactic foams
with R70 and R40 type rubber particles respectively. It can be observed that saturation is
reached within 68 days for all types of hybrid foam samples.

Most specimens absorbed between 0.8 to 1.64% water before saturation. Previous studies
on hygrothermal testing of similar rubber hybrid foams in deionized water [47] shows moisture
absorption between 1 to 2.15%. Therefore, presence of salt in water media has clearly reduced
the amount of moisture absorbed by foam specimens. This may be attributed to the lower
diffusivity of salt water ions, which retards moisture absorption by the foam specimen.

Figure 52 shows the percent change in weight of syntactic foams due to moisture
absorption in salt water media, before and after the addition of rubber particles [20]. Plain
syntactic foams absorb less than 0.68% water absorption, whereas all hybrid foams absorb much
higher amounts of moisture.
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Figure 50. Moisture absorption profile of hybrid foam composites containing R70 type
rubber particles.

Therefore it is seen that presence of rubber particles has increased the amount of water
absorbed in foam specimens. These rubber particles have a highly irregular shape which may
make it difficult to obtain a good interfacial bonding with the surrounding matrix throughout the
particle surface. This may lead to water deposition in pockets developed between rubber particles
and the surrounding matrix. Rubber particles contain microcracks which help in increasing the
moisture absorption by the particles.
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Figure 51. Moisture absorption profile of hybrid foam composites containing R40 type
rubber particles.
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Figure 54. Comparison of compressive strength obtained from testing of dry and wet
specimens of various hybrid composites containing R40 type rubber particles.

Figure 53 and Figure 54 show a comparison between the compressive strength of various
types of dry and wet hybrid foam specimens. Wet specimens include those exposed to deionized
water and salt water media. Due to moisture exposure for a prolonged period of time,
compressive strength is generally observed to have decreased in all the hybrid foam samples.
When comparing specimens subjected to deionized and salt water media, no significant
difference is seen in strength of hybrid foams with larger R75 type rubber particles (Figure 53).
However, foams with RO type rubber particles show a higher reduction in strength when
subjected to salt water media (Figure 54).

Figure 55 shows a decrease in modulus for all foam samples due to moisture absorption
in salt water conditions. Nearly 50% reduction is observed in modulus of all foams. As a general
trend, foams with smaller R40 type rubber particles show a higher modulus as compared to
foams with R75 type rubber particles.

Rubber particles tend to harden up because of interaction with salt in the immersion
media. This effect is more prominent in foams with smaller R40 type particles which show a
greater reduction in strength and an increase in modulus as compared to foams with larger R75
type particles.

Moisture absorption under salt water is known to have very little effect on the strength of
plain syntactic foams. However, as seen above, this is not true in the case of rubber hybrid
foams. Figure 56 shows the difference in compressive strength of syntactic foams after the
incorporation of rubber particles in them and exposure to moisture under salt water [47].
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Change in strength and modulus of hybrid foams is directly attributed to the presence of
rubber particles which increases the amount of moisture absorbed by foams as seen by the

composites containing 0% rubber particles and R75 and R40 type rubber particles.
percent change in weight of specimens in Figure 52.

Figure 57. Comparison of modulus obtained from testing wet specimens of various hybri

A large reduction in modulus may be attributed to the presence of rubber particles as well
as the plasticization of the foam matrix upon moisture absorption. This indicates that the foams
may be able to absorb higher load energy which is desirable in applications involving high

as seen in Figure 58 and Figure 59 which show representative stress strain curves for various

hydrostatic pressures. Compressive toughness viewed as area under curve of foams has increased
hybrid foams exposed to moisture under salt water.

Specimens are compressed to very high strain values even after the peak stress is reached
at around 10% as compared to peak stress achieved at around 3% in plain syntactic foams [26].
Figure 60 shows cracking on the edges of a rubber hybrid foam specimen. Material chips off on
the edges due to secondary tensile stresses due to poisons ratio effect. The stress plateau region

at which point the densification of

beyond which the stress started to increase

again. Figure 61 shows the rubber hybrid specimen after the stress plateau region has ended and

in the curve (Figure 58 and Figure 59) ends at around 30%,

foams due to crushing of microballoons in completed

3

nearly all microballoons are crushed. It is observed that the specimen has undergone very little
deformation and it shows similar cracking and fracture behavior as seen in dry testing of similar

rubber hybrid specimens.
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Figure 58. Representative stress strain curves for samples containing R75 type rubber
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Figure 59. Representative stress strain curves for specimen with R40 rubber particles.
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Figure 60. Cracking of a rubber hybrid foam specimen beyond peak stress after
hygrothermal testing

Figure 61. Rubber hybrid foam specimen under compression and almost intact even after
the stress plateau region ends

4.2.1.4.3.4 Conclusions

Hybrid foams containing smaller R40 type and larger R75 type rubber particles are
characterized for change in strength after hygrothermal testing under salt water conditions.
Presence of rubber particles has a significant effect on the properties of syntactic foams after
hygrothermal testing. Moisture absorption has increased and reduction in strength is observed in
all hybrid foams. A drastic reduction in modulus is observed which indicates an increase in
fracture strain and load energy absorption after hygrothermal testing. This is attributed to the
large amount of matrix plasticization due to moisture absorption and presence of rubber particles.
A comparison is also made with corresponding hybrid foam specimens tested under deionized
water. It is seen that moisture absorption has reduced under salt water conditions. Strength and
modulus have also reduced in all rubber hybrid foams upon exposure to moisture under salt
water conditions. This can be attributed to the hardening of rubber particles due to interaction
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with salt in the water media. Size of rubber particles has no significant effect on the moisture
absorption in hybrid foams. However, the strength and modulus of R40 type foams is higher than
corresponding R75 type foams. Material failure and deformation is similar to that of the dry
specimens tested under compression.

4.2.2 Nanoclay Hybrid Syntactic Foam
4.2.2.1 Raw Materials
4.2.2.1.1 Glass Microballoons
Methods of selection of glass microballoons is the same as mentioned before for the
rubber hybrid foams. Microballoon properties are listed in Table 3

4.2.2.1.2 Nanoclay Particles

Nanoclay has been procured from Nanocor Inc., and has commercial name of Nanomer
I.30E. It is a surface modified montmorillonite mineral which will disperse to nanoscale in epoxy
resin systems which creates a near-molecular blend or nanocomposite. It has a specific gravity of
1.71. Strength, thermal and barrier properties of the epoxy resin are enhanced due to the
nanocomposite. Figure 62 shows the platey structure created upon exfoliation of nanoclay
particles. During exfoliation the nanoclay platelets separate from one another.

Figure 62. Montmorillonite's unique structure creates a platey particle

4.2.2.1.3 Resin System

Epoxy resin D.E.R. 332, manufactured by DOW Chemical Company is used as matrix
material. Amine based hardener D.E.H. 24 is used with the selected epoxy resin. A diluent Ci,-
C,4 aliphaticglycidylether is mixed with the epoxy resin in 5% by weight quantity to reduce its
viscosity. Reduction in viscosity makes it easier to mix higher volume fraction of particles in the
matrix resin.

4.2.2.1.4 Fabrication

Nanoclay syntactic foam samples with eight different compositions have been fabricated
and tested for mechanical properties. Four types of glass microballoons have been used as
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hollow particles. Each type of microballoon is mixed with two nanoclay volume fractions, 0.02
and 0.05, to fabricate eight types of nanoclay foams. The total volume fraction of microballoons
and nanoclay is maintained at 0.65 in all types of specimen. Details of nanoclay syntactic foam
compositions and measured density are given in Table 8 below. Nomenclature of all types of
fabricated syntactic foams is also listed in Table 8.

In the first step nanoclay particles are mixed in the resin-diluent mixture at a mixing rate
of 2540 rpm for 2 hrs followed by the addition of hardener and microballoons. Hand mixing is
carried out at slow speed after microballoon addition to keep the microballoon damage
minimum. The resin and particle paste obtained after mixing is poured into stainless steel molds
and allowed to cure for 24 hours at room temperature. The mixture cures into a composite slab,
which is then removed from the molds and post cured in an oven at a temperature of 100°C for
three hours.

Table 8 Composition and density of nanoclay syntactic foams.
Nanoclay = Microballoon = Microballoon Nanoclay Foam Nanoclay Foam

Volume % Type Density Nomenclature Density
kg/m’ kg/m’

2 S22 220 SF22C2 517
S32 330 SF32C2 562
S38 380 SF38C2
K46 460 SF46C2 643

5 S22 220 SF22C5 567
S32 330 SF32C5 605
S38 380 SF38C5
K46 460 SF46C5 674

4.2.2.2 Specimen Nomenclature

The first two letters in the nomenclature stand for “Syntactic Foam”, next two numbers
are related to the density of microballoons used to fabricate that foam. The next letter C refers to
“clay nanoparticles” and the last number represents nanoclay volume fraction. For syntactic
foams that do not contain nanoclay particles, only four digit alpha-numeric code is used, which is
similar to the first four digits of nanoclay reinforced foams. For the ease of presentation, the
nanoclay reinforced foams are referred as “nanoclay foams” to differentiate them from syntactic
foams that do not contain nanoclay.

4.2.2.3 Mechanical Testing
4.2.2.3.1 Compression Testing

Compression tests are carried out in accordance with ASTM C365-94 standard.
Specimens of 25x25x12.5 mm in length, width and thickness, respectively, are compressed at a
rate of 1.3 mm/mm. The compression tests were carried out using a computer controlled MTS
810 mechanical test system. Five specimens of each type of material are tested. Load-
displacement data obtained from the tests are used to plot stress-strain curves and calculate
compressive strength.

4.2.2.3.2 Results and Discussion
All types of microballoons selected in the present study have mean particle diameter
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around 40 pm. The difference in their wall thickness causes a difference in their density and
strength. This scheme allows changing the density of syntactic foams while keeping the particle
volume fraction constant in the structure. This scheme also leads to the same interfacial area
between microballoons and matrix resin. Hence, only one parameter, the microballoon strength,
changes among various types of foams fabricated in the present work.

Published studies have indicated that upon exfoliation of nanoclay particles in epoxy-clay
nanocomposites, an increase in the compressive strength and modulus of the epoxy polymer is
obtained [27]. It was reported that the compressive strength increased from 76 MPa to 84-88
MPa and compressive modulus increased from 1.4 GPa to 1.7-1.8 GPa for various kinds of clays.
However, there are some identified problems in syntactic foams with increase in modulus and
strength. In the compression testing of syntactic foams, it is observed that increase in strength
and modulus increase the stiffness of the sample and lead to cracking under secondary tensile
stresses [33]. These secondary tensile stresses are generated due to the Poisson’s Ratio effect.
One such high density syntactic foam specimen tested under compressive loading is shown in
Figure 63.

Direction of compression

Figure 63 Low aspect ratio syntactic foam samples showing three vertical cracks in the side
wall.

Prominent cracks can be observed in the direction of compression in this specimen,
which led to its failure at a strain of only about 10%. This effect is so strong that high density
(650 kg/m®) foams fracture at strains of only 8-10% compared to a fracture strain of over 20%
for lower density (450 kg/m’) foams. The aspect ratio of the specimen shown in Figure 16 is 0.5.
If the aspect ratio of specimens is increased to 2, then the effect of secondary tensile stresses is
observed clearly as seen in Figure 64 [15].

The specimen shown in Figure 64 is also of high density (650 kg/m’) and has fractured
predominantly under secondary tensile stresses at a strain of about 8%.
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Figure 64 High aspect ratio syntactic foam specimen failed under secondary tensile
stresses.

The lower fracture strain leads to poor energy absorption characteristics in high density
foams. Therefore, it was decided to incorporate high volume fractions of nanoclay in matrix
resin to achieve the aim of increasing the toughness by means of increasing the fracture strain
with little change in strength. In the fabricated nanocomposites, 2 and 5% by volume nanoclay
content actually gives nanoclay to resin ratio of about 5.7 and 10% by volume. The
corresponding weight fractions of nanoclay in matrix material were about 9.5 and 20%,
respectively. It is known that intercalation or exfoliation of such large amounts of nanoclay in
matrix resin is not possible. Generally it is observed that for better exfoliation of clay particles in
the epoxy matrix, the nanoclay loading should be restricted to around 5 weight percent and
below [45]. Beyond this limit poor exfoliation results are obtained. Hence, partial
intercalation/exfoliation will lead to increase in strength of epoxy resin, whereas remaining
nanoclay in the form of micron size clusters may act as plasticizer/lubricant for deforming matrix
material. The overall strength of the composite will depend on these two competing parameters.
The expected microstructure of the material is presented in Figure 65.

Representative stress-strain curves for compression tests of 2% and 5% nanoclay foams
are presented in Figure 66 and Figure 67, respectively. Features of these curves are compared
with the stress-strain curves of syntactic foams without any nanoclay content shown in Figure
68.
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Figure 65 Schematic representation of the microstructure of nanoclay filled syntactic foam.
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Figure 66 Representative stress-strain curves for Nanoclay Syntactic Foams with different
microballoon types having 2% Nanoclay by volume.

It can be observed from these graphs that the fracture strain has improved considerably
for high density foams due to the nanoclay incorporation. Extended stress plateau can be
observed for all kinds of nanoclay foams, which is a typical feature in compressive stress-strain
curves of syntactic foams [14]. Higher strength of higher density foams coupled with large
fracture strain, over 30%, makes them more damage tolerant for applications requiring high
strength.

Compressive strength values corresponding to foams with 0%, 2%, and 5% nanoclay
particles have been calculated from stress-strain data and are presented in Figure 69 for
comparison. The compressive strength values of nanoclay foams depend on the fraction of
intercalated nanoclay particles.
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Figure 67 Representative stress-strain curves for Nanoclay Syntactic Foams with different
microballoon types and 5% Nanoclay by volume.
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Figure 68 Stress-strain curves for various syntactic foams for comparison with those of
Nanoclay Syntactic Foams.

Comparison of the compressive strengths of nanoclay foams reveal that the increase in
the nanoclay content from 2-5% has resulted in an increase in the strength. This increase is found
to be 18, 16, and 3% for foams containing 220, 320, 380 and 460 kg/m’ density microballoons.
Comparison of compressive strength of nanoclay foams with corresponding 0% nanoclay
syntactic foams reveal that foams containing 2% nanoclay particles have 10-20% lower strength

compared to the corresponding syntactic foams.
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Figure 69 Comparison of compressive strength of foams with different types of
microballoons and nanoclay volume fractions.

However, as a general trend it is seen that the strength of 5% nanoclay containing foams
is higher than corresponding 0% nanoclay syntactic foams. The only exception appears to be the
high density (460 kg/m’ microballoons) nanoclay foams that show a decrease in strength of
about 20% as compared to the corresponding 0% nanoclay syntactic foams. Such difference
may occur due to the lower extent of intercalation in these composites. A high resolution

Transmission Electron Micrograph (TEM) of the matrix resin is shown in Figure 70.
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Figure 71 XPS spectrum of nanoclay reinforced foam.

An intercalated clay region in matrix material can be observed on the upper right side of
this micrograph. This structure is similar to the platey structure seen above in Figure 62. Several
such regions were observed in the matrix material in the detailed TEM study. X-ray
photoelectron spectroscopy (XPS) confirmed the presence of nanoclay particles in these regions
(Figure 71).

Scanning electron micrographs shown in Figure 72 present the microscopic structure of
the material. Micron size clusters of nanoclay are observed in SEM observations.
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Figure 72 Scanning electron micrograph of nanoclay foam containing 5% nanoclay by
volume (a) lower magnification micrograph and (b) higher magnification micrograph
showing some small clusters of nanoclay among large number of glass microballoons.

The TEM and SEM observations confirm that the expected microstructure presented in
Figure 65 is obtained in the material. Presence of large number of small clusters is attributed to a
decrease in strength. In such clusters only the outer layer is bonded with the matrix resin. Large
number of nano-sized particles within the cluster, which are not bonded with matrix directly can
slide and move when the localized stress becomes sufficiently high. Such a structure causes
decrease in strength of 2% nanoclay containing foams, although the intercalated nanoclay
particles are present in the matrix structure. An increase in intercalated and exfoliated nanoclay
particles in the matrix material will lead to increase in strength, which is observed for 5%
nanoclay foams.

The most attractive characteristic of syntactic foams is the prolonged energy absorption
region of constant stress in the stress strain curves. Such region is observed in stress-strain
curves of nanoclay filled syntactic foams also. It is highly desirable to extend this region to
increase the toughness and the damage tolerance of syntactic foams. Matrix plasticization may
be one method to achieve such properties, where brittleness of epoxy resins is reduced and
plastic strain is increased. As observed in Figure 66 and Figure 67, the plateau region is much
longer in foams with nanoclay as compared to that of foams without nanoclay (Figure 68). A
longer plateau region shows a higher amount of energy absorption in nanoclay foam specimens.
In nanoclay foam specimens the stress starts increasing without occurrence of failure at the end
of the stress plateau region. This corresponds to the complete crushing of microballoons and
densification of the specimen. SF46 syntactic foams showed failure at a strain of 8-12%
compared to 12-15% for SF32 and over 20% for SF22 foams. As a result of nanoclay
incorporation, a considerable increase in failure strain is observed for all kinds of foams. Strain
values as high as 35% were achieved, even for high density foams, without failure before the
compression was stopped. These specimens did not show a definite compressive failure point
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and appear to be much more damage tolerant than the corresponding syntactic foams that do not
contain nanoclay. Toughness of the specimens is measured in the form of area under the stress-
strain curves. Nanoclay foams do not show a specific fracture point, hence, for these foams area
under the stress-strain curve is measured for 30% strain. Syntactic foams have specific fracture
points, hence, for these materials area under the curve till fracture is measured. It can be
observed in Figure 73 that the toughness of materials has increased considerably due to the
incorporation of nanoclay particles.
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Figure 73 Effect of nanoclay content on the toughness of syntactic foams.

It can be observed that for low density foams, having 220 kg/m’ microballoons, the area
under the curve has increased by about 125% for 5% nanoclay content. In medium density foams
containing 320 kg/m’ microballoons the increase is found to be about 150 and 200% for 2 and
5% nanoclay contents, respectively. The increase in toughness is found to be about 125% for
both, 2 and 5% nanoclay containing syntactic foams of high density. As the strength values are
close for nanoclay foams and syntactic foams, the increase in toughness is observed due to the
increase in fracture strain of the material.

Nanoclay foam specimens having 2 and 5% nanoclay content, compressed to about 30%
strain are shown in Figure 74a and Figure 74b, respectively. Several cracks are observed in the
sidewalls of these specimens. However, these cracks are not deep and do not have significant
effect to cause fragmentation of the specimen. Material from the sidewall of SF46C2 specimen
in Figure 74a has been removed to show that the crack has not penetrated deep into the
specimen. Several cracks can be observed in the sidewalls of 5% nanoclay specimens also.
However, compared to syntactic foam specimen shown in Figure 63, which was compressed to
only about 10% strain, these specimens show cracks at three times higher strain level. Increase in
the plasticity of the specimens has occurred due to the modification of matrix resin system with
nanoclay particles. Hence, the modified microstructure provides advantage of enhancement of
toughness of the material.
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Figure 74 Specimen of nanoclay syntactic foam tested under compressive loading
conditions (a) 2% nanoclay content (b) 5% nanoclay content.

4.2.2.3.3 Conclusions

Desired result of increase in fracture strain of high density and high strength syntactic
foams was achieved in the study through microstructural modification. Nanoclay particles are
incorporated in the matrix resin system of syntactic foams for this purpose. Partial intercalation
of nanoclay particles is obtained in the matrix material, which is observed through TEM. The
compressive strength has shown a decrease in the range of 10-20% due to the incorporation of
2% nanoclay by volume, whereas 5% nanoclay has given nearly the same level of strength.
Increase in fracture strain with little change in strength caused considerable increase in toughness
of the material. Toughness, measured as area under the stress strain curves, shows about 80 and
125% increase due to incorporation of 2 and 5% nanoclay in syntactic foams containing 220
kg/m’ microballoons. In medium density foams containing 320 kg/m’ microballoons the
increase is found to be about 150 and 200% for the same nanoclay contents. In high density
foams having 460 kg/m’ microballoons the toughness has increased by about 125% due to the
incorporation of nanoclay. Specimens do not show a definite fracture point even at strains as
high as 35%.

4.2.2.4 Flexural Strength: Three Point Bending Test

ASTM D790 standard [44] is adopted for the flexural testing of the all foams. This
standard recommends a span length to thickness ratio of 16:1 for the 3-point bend tests. All foam
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specimens have a specimen length (1) and width (w) of 110 and 15 mm respectively. The average
span length (L) is 64 mm and average sample thickness (t) is 4 mm. At least five specimens of
each type of foam are tested in the three point bend configuration as shown in Figure 25.

A computer controlled MTS QTEST/150 mechanical test system is used to carry out the
flexural tests. Load-displacement data obtained in the tests is used to calculate bending stress and
deflection. Tangent modulus and flexural strength are calculated for all specimens using
Equations 15 and 18 given before.

4.2.2.4.1 Density Measurement

The density of foams is measured by measuring weight and volume of at least five
specimens of 64 x 12 x 4 mm® size. Measured densities and calculated void volume fraction of
pure syntactic foams and rubber hybrid foams are given in Table 6 and Table 9 respectively. The

void volume fractions are calculated by using measured and theoretical densities in the Equation
12.

Table 9 Composition and density of nanoclay hybrid syntactic foams.

Nanoclay = Microballoon ~ Microballoon Nanoclay Foam Nanoclay Foam Void

Volume % Type Density Nomenclature Density Volume
kg/m’ kg/m’ %

2 S22 220 SF22C2 497.55 10.35

S32 330 SF32C2 552 11.96

S38 380 SF38C2 601.72 9.47

K46 460 SF46C2 632.68 11.64

5 S22 220 SF22C5 543.49 9.42

S32 330 SF32C5 594.69 11.24

S38 380 SF38C5 603.73 13.75

K46 460 SF46C5 658.58 12.19

4.2.2.4.2 Results and Discussion

Figure 75 shows a comparison of stiffness values for various types of foam samples.
Stiffness is observed to have increased by around 10% upon the addition of nanoclay particles.
Figure 76 shows a comparison of flexural modulus for various syntactic foam samples. As a
general trend it is observed that flexural modulus in syntactic foams has increased by as high as
10%, upon the addition of nanoclay particles.

Figure 77 shows a comparison of flexural strength of various types of syntactic foam
samples. All types of foams show a similar trend on the effect of microballoon n. Flexural
strength of foam samples is seen to increase with a decrease in 1, i.e. with an increase in foam
density.

Figure 78 shows a comparison of fracture strain values for various syntactic foams.
Fracture strain is observed to decrease by 15% due to the addition of 2% nanoclay particles.
However, only a small change(less than 3%) is observed upon the addition of 5% nanoclay
particles.
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Figure 75. Comparison of flexural stiffness for various syntactic foam samples
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Figure 76. Comparison of flexural modulus for various syntactic foam samples
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Figure 77. Comparison of flexural strength for various syntactic foam samples

Figure 79 to Figure 81 show representative load displacement curves obtained from
flexural testing of foams with various types of syntactic foams. Area under curve has been
measured from corresponding graphs for various types of foams.
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Figure 78. Comparison of fracture strain values for various syntactic foam samples
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Figure 79. Representative load displacement curve for hybrid foams containing nanoclay
particles in 2% volume fraction.
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Figure 80. Representative load displacement curve for hybrid foams containing nanoclay
particles in 5% volume fraction.

Figure 82 shows the comparison of flexural toughness as area under curve for various

syntactic foams. Effect of nanoclay particles on syntactic foams is seen to vary with their volume
fraction in the foam matrix.
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Figure 81. Representative load displacement curve for pure syntactic foam without any
filler particles.
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Figure 82. Comparison of flexural toughness for various syntactic foam samples

Addition of 2% nanoclay particles has resulted in an overall reduction in flexural strength
of the syntactic foams by around 11%. Addition of 5% nanoclay particles has resulted in an
increase in strength of low density (SF22C5 and SF32C5) syntactic foams by around 22%, with
no significant difference in the strength of nanoclay syntactic foams containing higher n
microballoons. Previous studies have shown that 2 vol.% of nanoclay is sufficient to increase the
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strength and modulus of polymers if the nanoclay is completely exfoliated. However, in the
present study only a small fraction of nanoclay was exfoliated and most of the nanoclay was
present as clusters. These clusters were observed to increase the fracture strain and modulus of
syntactic foams under compressive loading conditions. Thus, the decrease in strength due to the
presence of 2% nanoclay filled foams is observed. At higher volume fraction (5%) the
intercalated and exfoliated content of nanoclay increases and provides strengthening effect. The
fracture in SF38 and SF46 type hybrid foams is governed by the matrix failure so their strength
should also be comparable.

The fracture strain is seen to reduce by 15% due to the addition of 2% nanoclay particles.
However, only a small change(less than 3%) is observed upon the addition of 5% nanoclay
particles. Flexural toughness is seen to have increased upon the addition of 5% nanoclay
particles. However the toughness has decreased upon the addition of 2% nanoclay particles.

There is no significant difference is observed in the modulus and stiffness of hybrid
foams compared to the plain syntactic foams. The volume fraction of nanoclay particles is 2 and
5% in the hybrid foam structure, which may not be sufficient to cause a significant difference in
the elastic constants of hybrid foams.

4.2.2.4.3 Conclusion

Experimental investigation of plain and nanoclay hybrid syntactic foams is carried out in
the present study. The fracture mode of plain syntactic foams shows a transition from
microballoon fracture to matrix failure as the microballoon strength increases. Nanoclay particles
have a significant effect on the flexural properties of syntactic foams. Effect of nanoclay
particles on hybrid foams vary with their volume fraction in the foam matrix. Addition of 2%
nanoclay particles has led to a reduction in strength of syntactic foams whereas addition of 5%
nanoclay particles has increased the strength of syntactic foams. No significant difference is
observed in the modulus and stiffness of nanoclay hybrid foams.
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S SUMMARY

Hybrid syntactic foams have been developed in order to improve damage tolerance
properties of syntactic foams. Analytical study is done in order to study the micromechanical
effects of stresses around microballoons in syntactic foams. Stress Intensity Factor approach is
used to study the distribution of stresses around microballoons and interaction between adjacent
microballoons. Significantly high stresses are observed on the microballoon surface due to stress
concentration, which makes syntactic foams brittle and less damage tolerant. Rubber and
nanoclay particle fillers are used in varying sizes and concentrations respectively, to modify the
syntactic foam microstructure, resulting in high damage tolerant hybrid syntactic foams.
Extensive experimentation is carried out under varying loading and environmental conditions to
determine the mechanical properties of hybrid foams. A detailed study has been carried out using
SEM, TEM and XPS techniques in order to characterize the microstructure of all foams before
and after loading. Rubber hybrid foams are characterized for compressive and flexural
properties. An increase in damage tolerance properties has been observed for all rubber hybrid
foams. Foams with smaller sized rubber particles show better mechanical properties as compared
to foams with larger rubber particles as explained in the respective sections above. Hygrothermal
properties of rubber hybrid foams are characterized under deionized water and salt water
conditions at room temperature. Increase in water absorption is observed due to the presence of
rubber particles in rubber syntactic foams. Higher reduction in strength is observed in hybrid
foams as compared to foams without rubber particles. However, increase in fracture strain of
hybrid foams due to moisture infusion may help in maintaining the same energy absorption
before failure. The compressive failure strain is found to increase due to matrix plasticization.
Nanoclay hybrid foams are characterized for compressive and flexural properties. Partial
intercalation of nanoclay is used to obtain a unique microstructure containing exfoliated
nanoparticles and nanoclay clusters. Such a structure increases strength along with increasing the
damage tolerance properties and reducing brittleness in syntactic foams. Foams with higher (5%)
nanoclay concentration show better mechanical properties as compared to foams with lower
(2%) nanoclay concentration. This dependence is due to the larger number of exfoliated nanoclay
particles 5% nanoclay foams.
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