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Cenospheres (hollow, aluminum silicate spheres ranging from 10 to 400 um in diameter)
are used as filler in a homogeneous polyester composite. Particle size was varied to study
its effect on mechanical properties of the composite. The effect of particulate surface
modification using a silane coupling agent was also studied. Properties of the composites
were characterized using standard testing methods. When compared to the largest
particulate used, an increase in compression strength was achieved by particle size
reduction and use of coupling agent. The Elastic modulus increased by using fine particles,
while Poisson’s ratio remained constant and independent of silane treatment or particle
size. Fracture toughness increased with particle size reduction and increased further with
silane surface modification. Dynamic compressive strength increased with particle size
reduction, while silane did not show improvement. The addition of cenospheres as well as
silane treatment increased the glass transition temperature for polyester. A given mass
fraction of particulate, of a mean diameter D, will have the surface area between the
particulate and matrix scale as D~ (specific surface area). The sensitivity of these
properties to cenosphere size is a direct function of the interfacial surface contacts between
the polyester and the cenospheres and the specific surface area.
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1. Introduction

An inexpensive, readily available byproduct of fly-ash
from coal burning or heavy fuel oil combustion, called
cenospheres [1-3], are used as the filler material in a
polyester resin matrix to produce a macroscopically
homogeneous particulate composite. Published ceno-
sphere morphology and chemical composition indi-
cates; spherical aluminum silicate micro spheres rang-
ing from 10 to 400 microns in diameter, porous walls
having a thickness of approximately 10% sphere diam-
eter and bulk density of approximately 400 kg/m>. Ac-
curacy of the reported morphology and chemical com-
position was verified by the authors. Using cenospheres
as filler can reduce the density of composite materials
and structural members, while maintaining or increas-
ing their strength, making these light-weight compos-
ites very desirable to the automotive, aircraft/aerospace
industries. The use of cenospheres can also impact other
mechanical, thermal and acoustic properties. Ceno-
spheres are currently considered waste material and
disposed of in landfills; therefore recycling is also a
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benefit. Fig. 1 shows SEM images of the 75-10 um
size range cenospheres before casting in polyester and
clearly show the porous walls.

Cenospheres in aluminum matrix composites [4] and
polymer matrices other than polyester [5, 6] have been
studied in the past. Parameswaran and Shukla [7, 8]
studied polyester-cenosphere composites cast as func-
tionally gradient materials (FGMs). This study is ex-
clusively on homogeneous polyester-cenosphere com-
posites and focuses on the role of cenosphere size and
surface properties on the mechanical properties of the
composite. The composites were characterized by static
tensile loading experiments (ASTM D638) [9], com-
pressive experiments (ASTM D695) [10], and frac-
ture toughness experiments (ASTM D5045) [11]. The
dynamic mechanical behavior was characterized with
the Split Hopkinson Pressure bar technique [12] and
a dilatational wave speed measurement. In addition to
the mechanical tests, a series of microscopic and ther-
mal tests were conducted to analyze the microstruc-
ture of the composite, the surface composition of the
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a. Intact Particle

b. Broken Particle

Figure 1 SEM images of a cenosphere before casting in polyester, which clearly show the porous nature of the walls.

cenospheres and bonding of the silane-coupling agent
to the cenospheres. Differential Scanning Calorimetry
was used to measure changes in the glass transition
temperature of the polyester. Scanning Electron Mi-
croscopy (SEM) and optical microscopy were used to
examine the cenosphere’s surface. Energy Dispersive
Spectroscopy (EDS) and X-Ray Diffraction were used
to identify cenosphere surface composition [13, 14].

2. Composite preparation, testing

and characterization
2.1. Sieving
All cenospheres used in this study were purchased from
Sphere Services Inc. TN, USA. All of the different par-
ticle size distributions in this study with the exception
of the 7510 range were sieved from the 300-10 grade
with a standard mesh sieve column. The sieving was
done on a mechanical shaker following standard soil
testing procedures. The 300-10 grade and the 75-10
grade were purchased in that condition.

2.2. Composite casting

The composite was prepared using cenospheres in a
polymeric matrix. The cenospheres have a low spe-
cific gravity (0.67) compared to that of polyester (1.18),
therefore will migrate against the direction of gravity.
This would result in a heterogeneous distribution of
cenospheres in the matrix. In order to achieve a ho-
mogeneous composite, all castings were rotated about
a horizontal axis at two revolutions per minute, dras-
tically reducing the effective gravitational field inside
the mold.

For a given mass fraction of cenospheres in a com-
posite, the overall interfacial area between the inorganic
silica-alumina surface and the polyester scales as D!
(specific surface area), where “D” is the diameter of
the cenospheres. Since a large proportion of failure
in these materials is the result of cenosphere delami-
nation, the particle size can be expected to influence
a range of mechanical properties. In addition, modi-
fication of the interface to enhance the coupling be-

604

tween the polyester and cenosphere surface should also
have significant effects on these mechanical properties.
The experiments described in this paper are geared to-
wards determining the effects of particle size on sev-
eral mechanical properties of the composite. In addi-
tion to filler sizes, filler surface modifications were
tested to study their effects on the properties of the
composite. A silane coupling agent [Silquest A-174,
Gamma-Methacryloxypropyltrimethoxy Silane, Witco
Chemical Company] is coated onto the cenospheres to
increase bonding between the polyester and the ceno-
spheres. The silane group hydrolyses and bonds di-
rectly to the aluminum silicate cenosphere surface.
The organic chain penetrates into the polyester ma-
trix. This arrangement increases the bonding energy
between the aluminum silicate and the surface of the
polyester matrix. Ideally, only a monomolecular layer
should be deposited, allowing the correct concentration
of the organic chain.

The mold in which the sample was prepared in con-
sisted of two sheets of acrylic having dimensions of
250 mm x 250 mm x 12 mm, a rib section was made
using three pieces of aluminum bar stock screwed to-
gether to form a “U” shaped frame and a lid. Mylar
sheets having thickness of 0.18 mm were cut to the
same size as the acrylic sheets (250 mm x 250 mm) a
small amount of glycerin was poured on the acrylic,
the Mylar placed on top and the two were pressed to-
gether with a roller to remove all air bubbles. Silicone
spray release agent was sprayed on the Mylar to aid in
demolding and a thin bead of sensor safe silicone caulk-
ing was applied to both sides of the aluminum ribs to
seal the mold. Mylar was used to aid in casting removal
as well improve surface finish.

Polyester resin (MR-17090), manufactured by the
Ashland Chemical Company is used as the matrix.
In order for the matrix material to cure properly a
catalyst (Methyl Ethyl Ketone Peroxide, 0.85% w/w)
and an accelerator (Cobalt Octoate, 0.03% w/w) were
used. The polyester resin was mixed thoroughly with
the proper amounts of both catalyst and accelerator in
that order. Cenospheres, 25% by weight of resin were
slowly added to insure complete wetting as well as



avoid clumping. Once thoroughly mixed, the sample
was placed in a 600 mm of Hg vacuum for 20 minutes
to remove any trapped air bubbles. The mixture was
then slowly poured into the mold and then sealed with
the lid. Once sealed, the casting was cured rotating at
2 revolutions per minute for 48 hours at room tempera-
ture. After the 48-hour cure cycle, the mold was opened
and the casting was post-cured in an air-circulating oven
on a flat pane of glass, which was sprayed with mold re-
lease and coated with cenospheres to prevent sticking.
The post-curing cycle was 4 hours at 52°C followed by
5 hours at 63°C. The post-curing at elevated tempera-
tures ensures complete cross-linking of the polymer and
yields the maximum possible stiffness and strength of
the casting [7].

X-Ray diffraction of the polyester composite was
used to learn more about the crystal structure of the
polyester and the chemical identity of the cenospheres.
The Bragg diffraction peaks for the cenospheres most
closely matched aluminum silicate. The X-ray diffrac-
tion plot for polyester shown in Fig. 2, clearly illustrates
the amorphous nature of the polyester.

2.3. Cenosphere surface treatment

Energy Dispersive Spectroscopy (EDS) yielded chem-
ical composition values that matched Sphere Service’s
published literature, and is shown in Fig. 3. All EDS
testing was done on a JEOL 1200 EX instrument in
SEM mode, using a Noran Instruments detector, which
used a Germanium crystal detector element and a light
element (novar) window. A total of three tests were
done on a 100-micron square at 3000X magnification
and 20 kV in a low pulse processor rate. The results
show 52% Oxygen, 23% Aluminum, 23% Silica and
trace amounts of other elements.

The procedure for applying the silane coupling agent
to the cenospheres was outlined in manufacturer liter-
ature. Special attention was needed in the solution mix
due to the silane reacting with Silica, present in the
beakers used. The Silane reacts with Silica only in the
presence of water therefore two beakers were used to
ensure separation of water and silane until the desired
time. Also for optimum performance the pH of the so-
Iution had to be closely maintained between 4 and 5
and monitored continuously. The 290-gram sample of
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Figure 2 X-Ray diffraction trace plotting showing peak vs. angle for polyester sample which shows the amorphous nature of the polyester.
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Figure 3 EDS trace showing elemental composition information of a cenosphere sample.
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Figure 4 Density of casting at various locations in g/cc.

cenospheres required 0.029 grams of silane to produce
one of the concentrations used (0.01%).

The sample was thoroughly mixed for 15 minutes.
The still moist cenospheres were air dried for two hours
at room temperature followed by drying in an air circu-
lation oven at 80°C for an additional four hours. After
the drying process clumping was observed, so sieving
was done to ensure better surface wetting when mixed
with polyester.

2.4. Physical properties

The density of the castings was measured at various
locations as shown in Fig. 4. This was done to ensure
that density did not vary significantly with position,
which would indicate a non-homogeneous casting. By
this method the casting technique was proven effective
in consistently producing homogeneous sheets with no
internal voids due to air being trapped at time of mold
sealing.

2.5. Quasi-static elastic properties

2.5.1. Tensile experiments

Following ASTM standard D 638 [9] for rigid plas-
tics, the initial portion of the tensile stress-strain curve
was measured for the various filler grades tested. The
specimen dimensions were chosen according to the
ASTM specifications. Two 120 Ohm resistance strain
gages from Micro-Measurements company type EA-
06-250BG-120 were bonded to each specimen tested,
one axially and one transversely. The testing was done
on an Instron model 1125 tensile test machine using a
90 kN (“20,000 1b”") load cell. A total of five repetitions
were done for each experiment. The average values of
Young’s moduli and Poisson’s ratios for all the filler size
distributions used can be seen in Table I. The table lists
filler grades in a range of their filler size (in microns)
and is in order of decreasing mean diameter. (Note.
S1 and S2 are different silane concentrations, 0.003%
and 0.01% respectively). The “+” bands were calcu-
lated assuming normal distribution using the standard
student’s ¢ [15] method with a 95% confidence. This
confidence was done for all subsequent testing.

The Poisson’s ratios remained essentially constant
and independent of filler size used. As the data shows,
addition of cenospheres reduces the Poisson’s ra-
tio when compared to virgin polyester. The relation
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TABLE I Tabledisplaying the results of elastic modulus and Poisson’s
ratio for the studied composites

Particulate size

range (um) E (GPa) Poisson’s ratio v
Polyester 3.98 0.35

300-180 4.16+/—0.10 0.29+/-0.01
150-105 4.31+/-0.03 0.30+/-0.01
105-10 4.33+/-0.02 0.30+/-0.01
75-10 4.45+/—-0.08 0.29+/-0.01
75-10S1 4.31+/-0.07 0.28 +/-0.01
75-10S2 4.374/-0.10 0.28 4+-/-0.01

between the lowering of Poisson’s ratio by the addi-
tion of particulate closely follows the standard rule of
mixtures. Using Poisson’s ratio and volume fraction
of cenospheres, 40% and 0.22 respectively, and the
Poisson’s ratio of polyester, 0.35; the calculated com-
posite Poisson’s ratio of 0.30 agrees well with measured
values.

When compared to virgin polyester, Young’s mod-
ulus increases with the addition of cenospheres. The
Young’s modulus increased as the mean diameter de-
creased, indicating possibly better packing, or more
uniform packing. Figs 5 and 6 shows data plots for a
75—-10 composite for both engineering stress-strain and
transverse strain versus axial strain respectively. The
Young’s modulus of the composite is a function of the
Young’s modulus of its constituents and their percent
volume fraction by the Halpin Tsai relations, which has
volume fraction as a variable. Since in this case volume
fraction is held constant, the particle size becomes a
modifier to the Halpin Tsai relations.

2.5.2. Compressive experiments

The quasi-static compressive strength of the composite
was measured following ASTM standard D 695 [10].
The specimen chosen was a rectangular prismatic col-
umn having width and depth equal to one another and
to half the height.

All compression specimens failed in shear, along a
plane at 45° to the loading direction. The maximum
compressive strength of the composites tested is given
in Table II, which shows the filler grades used (size dis-
tribution in wm) and in order of decreasing numerical
mean diameter.

The size effect trend is clearly seen where the com-
pressive strength increases as the mean filler diame-
ter decreases. The study of the crack surface indicates
breakage of weak large cenospheres and pop out of
finer ones. In the finer grade composites, the larger,
weaker cenospheres are not present, so the compres-
sive strength increases. Another possible reason may
be that the projected cross-sectional area of the smaller
cenospheres is larger than the large cenospheres. Hav-
ing a larger area and being stronger, the compressive
strength increases for the fine particulate composite.

2.6. Fracture toughness

The quasi-static fracture toughness of the composite
was measured following ASTM standard 5045 [11] us-
ing the single edge notched specimen. A notch was cut
into the specimen to simulate a crack. The crack was
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Figure 6 Plot of transverse strain versus axial strain data with a curve fit to find the Poisson’s ratio.

TABLE II Table of compressive strengths of composites studied

found under quasi-static loading condition

TABLE III Table displaying results of fracture toughness experi-

ments found with single edge notched 3 point bend test

Particle size range (um) Compressive strength (MPa) Particle size range (um) Kic (MPa Jm)

Polyester 155 Polyester 0.51

300-180 104.0+/—-1.4 300-180 1.10+/-0.02
150-105 1149+/-13 150-105 1.35+/-0.06
105-10 115.8+/-0.7 105-10 1.38 +/-0.09
75-10 120.3 +/-0.9 75-10 1.45+/-0.02
75-10S1 127.6 +/-0.5 75-10S1 1.52+/-0.05
75-10S2 125.7+/-1.0 75-10S2 1.38 +/—-0.08

305 um wide and was subsequently sharpened with a
sharp razor blade, Fig. 7. The fracture toughness was
calculated from Equation 1 using the failure load (F').
The equation, which indicates the critical stress inten-
sity factor for a plane-strain condition allows prediction
of failure stress when a maximum flaw size in the mate-
rial is known, or to determine maximum allowable flaw
size when the stress is set.

K=
FS 3x{1.99 —x(1 —x)[2.15 — 3.93x +2.7x?]}
BW?3/2 2(1 4 2x)(1 — x)3/?

(D

where a is the crack length, W is specimen thickness,
B is specimen height, S is specimen length and x = /.
All fracture testing was done on an Instron model
1125 test machine with the flexure test attachment and
a 90 kN (20,000 Ib). load cell. The only parameter
recorded was the failure load.

The trend observed was that the fracture toughness
increased 116% compared to virgin polyester with the
addition of the large 300-180 pum cenospheres. The
fracture toughness increased up to 185% as the mean
filler diameter was decreased to the 75-10 um range.
The full results can be seen in Table III with the filler
grade posted in decreasing mean diameter. A small
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Figure 7 Image of notch cut into single edge notched specimen used in the three point bend experiments to determine fracture toughness. Space

between scale marks is 100 pm.

increase of 5% was also observed between the untreated
versus silane treated specimens. A possible explanation
is that the addition of cenospheres increases the fracture
toughness of the composite by blunting the crack. Also,
since the fracture toughness of cenosphere material is
higher than the matrix the fracture process zone devel-
ops through the matrix and around the cenospheres and
this dissipates more energy, thereby increasing the frac-
ture toughness. In the case of smaller filler, the area be-
tween matrix and filler is substantially increased while
maintaining the weight fraction constant.

Fractographic analysis was done on the fracture sur-
faces of these specimens using a Nikon SMZ-U optical
microscope. In the composites with the higher mean
diameter filler, many broken large cenospheres were
observed. This may be because larger cenospheres are
more easily broken than the smaller ones. Figs 8 and 9
show the fracture surface of a fracture specimen. In
Fig. 8 broken large cenospheres at the crack initiation
region can be seen and are believed to be due to the
cenosphere volume fraction being high enough that the
cenospheres as well as the matrix share the load. In
the case of the finer grade filler as well as the larger
grades, step marks perpendicular to the crack surface
were seen, indicating that the crack front is splitting into
different planes and then rejoins to form a planar crack
front. This was noted especially downstream of crack
growth. Cenosphere pop out was much more evident
than breaking in the finer filler composites.
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TABLE IV Table displaying measured dilatational wave velocities
for the various composites studied as well as comparing the calculated
dynamic elastic modulus to the static elastic modulus for each

Particle range ~ Velocity Dynamic £  Static £
(pum) (m/s) (GPa) (GPa) % Increase
300-180 2175+/-20 4.33 4.16 4
150-105 2250+4+/-30 4.61 431 7
105-10 2300+/-20 4.81 433 11
75-10 24004-/-25 5.28 4.45 19
75-10S1 2420+/-25 5.36 431 23
75-10S2 24204/-30 5.36 4.37 25

2.7. Dynamic properties
The dilatational wave speed of the composite was cal-
culated by measuring the arrival times of a compres-
sive wave, which was initiated by a low velocity im-
pact on a free edge of the composite plate. The waves
were witnessed by two accelerometers a known dis-
tance apart. Fig. 10 shows the arrival times of two
pulses. The voltage output accelerometers used were
PCB model 303M37, mounted with wax 50.8 mm apart.
A Tektronix model TDS-3014 oscilloscope was used to
record the pulses. The striker was swung by hand with
a small piece of plastic attached to the free surface of
the casting to protect it from impact damage.

The collected dilatational wave speeds can be seen
in Table IV. The dynamic modulus is calculated
from Equation 2 using the given Poisson’s ratio and
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Figure 8 Fractograph of fracture surface of a fracture toughness experiment taken near the crack initiation zone. Space between scale marks is 100 m.

density for each of the grades used and the measured
dilatational wave speeds (Cr). The dynamic modulus
appears to closely follow a trend similar to that of the
static modulus except that it is much higher which is
normally the case for all materials.

CL = 7E 2
TV a =02 )

The dynamic stress-strain behavior of the mate-
rial was also investigated using the Split Hopkinson
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Figure 9 Fractograph showing surface of a fracture toughness experiment taken half way between the crack initiation zone and the top of the specimen.
It is clearly seen that large cenospheres break while small ones either do not, or pop out. Space between scale marks is 100 um.

Pressure Bar (SHPB) technique in compression [12].
The compressive SHPB setup consists of an incident bar
and transmitter bar both of which are 12.7 mm (/, inch)
diameter steel and instrumented with strain gages, see
Fig. 11. The specimen is sandwiched between the inci-
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dent bar and transmitter bar. The impact of a striker bar
generates a compressive stress pulse of a finite length
into the incident bar. Upon reaching the specimen some
of the stress pulse gets reflected back as a tensile pulse
and some gets transmitted through the specimen into
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Figure 10 Plot showing output pulses from accelerometers used to find the arrival times at each and subsequently used to determine dilational wave

velocity.
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Figure 11 Schematic representation of the compressive SHPB setup used to conduct the dynamic compressive loading experiments.

the transmitter bar. The strain histories, which are time
resolved are recorded and used for analysis by a LeCroy
model 6810 data acquisition module.

The dynamic stress-strain response of the specimen
can be obtained from the recorded strain histories using
one dimensional wave propagation theory. Assuming a
homogeneous specimen

—2Cb !
&(t) = / g(¢)dt
0

L
Ey
Ch = —_—
1%
Ay
os(t) = EbA_st(t) (3)
S

deformation the stress and strain (o5, &5) in the speci-
men can be generated as a function of time from the
measured reflected and transmitted strains (g, &) us-
ing the relations shown in Equation 3. Where Ay, and
Aj; are the cross-sectional areas of the bar and specimen

respectively, /s is the specimen length, ¢y is the wave
speed in the bar material and E}, and py are the Young’s
modulus and density of the bar material respectively.
Cylindrical specimens with a diameter of 11 mm and
thickness of 4 mm were used to obtain the dynamic
stress strain profile of the composite.

The observed results were that the dynamic peak
stress increased as mean filler diameter decreased very
similar to the quasi-static compressive strength reported
in a previous section. The values ranged from 155 MPa
for the 300—180 composite to 178 MPa for the 75-10
composites. No significant difference was observed be-
tween the two silane treated batches and the untreated
composite of the same grade. A typical result from
the analysis of the SHPB data is shown in Fig. 12.
Good equilibrium was observed for all experiments,
(see lower right-hand “equilibrium”, where the curve
hovers at 1 and is the stress ratio on both faces of the
specimen).

The SHPB testing was done with a203.2 mm (8-inch)
projectile fired at 207 kPa (30 psi). All specimens shat-
tered into very small pieces. Upon closer examination
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Figure 12 Results of analysis of SHPB strain histories used to find dynamic compressive strength of the composites.

TABLE V Table of SHPB experimental results showing the maximum
dynamic peak stress for each of the studied composites

Dynamic compressive

Particle size range (um) strength (MPa)

Polyester 265

300-180 154.0+/-1.3
150-105 167.5+/—-14
105-10 174.5+/-0.6
75-10 178.0+/—1.0
75-10S1 179.5+/-0.6
75-10S2 176.0+/—-0.8

it was observed that there was delamination between
cenosphere and matrix and some, but very few bro-
ken cenospheres in the finer grade composites which
were much more evident in the larger grade compos-
ites. Some matrix and cenosphere crushing was also
observed in the finer debris collected from the larger
grade specimens. Table V shows the measured values
of dynamic compressive strength. The dynamic peak
stresses are on average 50 MPa higher than the static
peak stresses. The strain is applied dynamically; the
stress builds faster than failure can relieve it, hence
allowing higher dynamic stress.

2.8. Glass transition temperature
Differential Scanning Calorimetry was used to study
the glass transition temperature to see the effects of
the presence of cenospheres as well as silane surface
treatments. This transition from solid to the glassy state
is endothermic and appears as a minimum on the typical
DSC plot. Our results show an increase in the glass
transition temperature by 3°C for coated batch number
1 and 4°C for silane batch number 2.

The rise in the glass transition temperature is related
to loss of mobility of the polymer chains located near
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the solid cenosphere surfaces. The coupling between
the organic groups in the silane with the organic ma-
trix further restrict the mobility of the polymer chains.
This arrangement of polymer chains affects the lo-
cal microstructure and thus the interfacial mechanical
properties.

3. Conclusions

Addition of cenosphere particulate as fillers into a
polyester matrix creates internal cenosphere-polyester
interfaces. A range of mechanical properties of
cenosphere-polyester composite are affected by parti-
cle sizerange used in the composite. These include elas-
tic modulus increase of 7%, static compressive strength
increase of 16%, dynamic compressive strength in-
crease 16%, and fracture toughness increase of 32%
compared to the largest particulate range used. When
compared to virgin polyester, a 116% increase in frac-
ture toughness was obtained by adding 300-180 um
filler, but a 185% increase was obtained by using un-
treated 75—10 filler. When silane treated 75—10 pm filler
was used, a 200% increase in fracture toughness was
achieved.

Coating of a silane coupling agent onto the ceno-
spheres prior to their embedding within the polyester
increases the interfacial strength, and allows several of
the mechanical properties to improve. The incorpora-
tion of a controlled size, surface modified cenospheres
into a polyester matrix is therefore a feasible route
to producing lightweight, high strength polyester
materials.
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