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Abstract

The conventional microstructures of functionally
gradedparticulate composites are based on creating a gradient
of either the particle volume fraction or the size along one
dimension of the material. However, premature cracking and
poor dimensional stability of such composites limit their
applications. Hollow prticle filled composites, called
syntactic foams, present an opportunity to fabricate
functionally gradient composites based on a new approach,
which relies on creating a gradient of particles as per their wall
thickness. The present study is focused baracterizing the
functionally graded syntactic foams (FGSFs) based on this
kind of structure for flexural properties. In previous studies the
FGSFs based on wall thickness variation are found to have
considerably higher energy absorption under compressive
loading conditions compared to the FGSFs based on volume
fraction variation. In this study the experimental results of
flexural testing are compared with the theoretical and finite
element analysis for both types of FGSFs. Results show that
the flexural poperties of FGSFs based on wall thickness
approach can be controlled more effectively.

Keywords: particulate reinforced composites, foams, fracture,
bending test.

1 Introduction

Functionally graded materials (FGMs) are attracting
considerable attention duo increasing performance demands
in modern engineering applications. Such materials are also
used in biomedical [1], sensor and energy applications [2].
FGMs contain either a gradual or a stepwise change in
material properties along a given directiorin particulate
composites a graded structure can be obtained by either
changing (a) the particle volume fractio), or (b) the
particle size along the thickness of the composite [3, 4]. In
these studies, the FGMs have shown improved mechanical
properties compared to their homogeneous counterparts.
However, the improvement in mechanical properties is
achieved at the expense of dimensional stability at varying
temperature and moisture conditions. Gradients in the matrix
volume fraction ¥,) and matrixparicle interfacial area can
lead to warping, localized swelling, and interfacial fracture
when these compsites are subjected to high temperature or
moisture conditions. Hence, a new approach, which is
independent o, or size gradient, is required to ogeme
these limitations.

Hollow particle filled composites, called syntactic foams,
are also found studied for functionally graded structure [5, 6].
Experimental investigations have revealed that epoxy matrix
functionally graded syntactic foams (FGSFs) klasen
microballoon volume fraction\,,) variation suffered from
early crack initiation under compressive loading conditions.
Similar effects were observed under high strain rate
deformation. Low fracture strain for the epoxy rich zone
causes a constraint no applications and needs further
improvement. Hence, the existing two FGM microstructures
are not acceptable in several applications. A third possibility
exists for creating functionally gradient structure in syntactic
foams, which is largely unexplored tilrrecently. The new
approach is based on creating a gradient of particle as per their
wall thickness [7, 8]. Since this approach is independent of
volume fractions, the dimensional stability will be better for
such composites.

Syntactic foams have beesaxtensively studied for
mechanical properties and fracture behavior under
compressive [A1], tensile [12, 13], flexural [£47] and
dynamic loading [1&0]. In these studies it is observed that
the compressive fracture of syntactic foams depends on the
properties of microballoons, whereas the tensile fracture
depends primarily on the properties of the matrix material.
The tensile and compressive strength and modulus are found
to increase with an increase in the foam density (or decrease in
porosity), whichcan be achieved by either decreasifig or
increasing the microballoon wall thickness) (7]. The wis
defined as

w=r,(1- h) (1)
where I, is the outer radius of microballoons. The parameter
h, termedas Radius Ratio, is defined as [10]

ph=lt
r'0
wherer; is the inner radius of microballoons. Experimental
and finite element studies are available that relatndr; to
the mechanical properties of microballoons [22].

Studies on threpoint bend tests have been
conducted in either flexural [14, 23] or short beam shear test
configurations [1517]. In addition, fiber reinforced syntactic
foams [2426] and syntactic foam core sandwich composites
have also been studiefor bending properties [27]. Several
studies on fracture toughness of syntactic foams have tested
pre-cracked specimens under thy@int bend conditions [28

(2)



31]. It was observed that the flexural strength, stiffness and
modulus increase with the use oigher wall thickness
microballoons in the same volume fraction [14]. The foad
displacement curves for plain and particulate reinforced
syntactic foams showed considerable variation in the fracture
strain in this study. Such an observation was attribuiettie
presence of matrix porosity, and possibility of having
localized compositional variation in the specimens. Crack
initiation can be very sensitive to such localized
inhomogeneities. The study on the short beam shear strength
also showed that the stgth of syntactic foams increases as
their density increased [16].

The FGSFs based af,, and /1 variations, termed as
VF- and RRtype respectively, are fabricated in this study in a
layered structure. In the earlier study compressive properties
of such FSSFs were characterized and Rype FGSFs were
found to have & times higher energy absorption compared to
the VFtype FGSFs [7]. The present study is focused on
characterizing both types of FGSFs under tpeiat bend
conditions. The FGSFs are analyzedrbgans of theoretical
and finite element analysis and the results are compared with
the experimental results.

Syntactic foams are widely used as core materials in
sandwich structured composites for structural applications,
where flexural properties are jportant. Hence,
characterization of flexural properties and understanding the
deformation process under such loading condition is
important. Increasing interest of the aerospace industry in
lightweight and highly damage tolerant materials is a
motivation br developing variations of these materials with
enhanced performance levels {32].

2  Structure of the FGSFs

A schematic representation of R¥gpe FGSFs is shown
in Figure 1. In this microstructure the porosity is enclosed
within microballoons, which & embedded in a polymeric
matrix. The<¥ is changing along the material thickness,
leading to a graded structure. Since the only parameter that is
changing isr;, the micrographs of any section of the -RRRe
FGSFs appear to be the same. Hence, the egéstef
functionally graded structure in Rigpe FGSFs can be
confirmed only by measuring the density difference at various
locations in the material. A typical micrograph of a syntactic
foam containing/,, of 0.6 is shown in Figure 2.

3  Materials and Processes
In the first step sixteen compositions of plain syntactic
foams are fabricated and cut into thin strips. In the second step

interfacial strength is the same in all types of syntactic foams
and does not become a factor in the study.
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Figurel. Schematic microstructure of a functionally graded syntactic
foam having a gradient in the midtralloon wall thickness.
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Figure 2: Sanning electron micrograph of a syntactic foam.

Table 1: Properties of Microballoons used in the study.

Micro - Average Micro- . .
. Density Radius
balloon balloon size (ki /m3) Ratio (d)
Type (em) g
S22 35 220 0.9703
S32 40 320 0.9561
S37 40 370 0.9457
K46 40 460 0.9356

A Diglycidylether of bisphenol A (DGBA) based

these strips are adhesively bonded in specific arrangements to €Poxy resin DER 332 and an amine based hardener DEH 24,
create layered FGSF specimens. The experimental procedure Manufactured by Dow Chenat Co, are used as the matrix

is outined below.
3.1 Fabrication of Plain Syntactic Foams

Sixteen types of syntactic foams with four different
types of microballoons in four volume fractions ranging from
0.3 to 0.6 are fabricated. Scotchlite glass microballoons
manufactured and supplied by 3eaised in synthesizing the
syntactic foams. Table 1 presents the type, average size,
density andh of the microballoons used in the study. All types
of microballoons have the same chemical composition and are
obtained from the same source. Hence, it igeeted that the
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material. A diluent, 6-C,4 aliphaticglycidylether, is used to
reduce the viscosity of the resin. The resin, diluent and
hardener are mixed in the ratio of 83.5: 4.4 : 12.1 by volume.
The fabrication process of syntacticafos consists of
mixing epoxy resin, diluent and microballoons at’GGin
calculated quantities. The mixture is stirred at 650 rpm for 20
min to make a slurry. The slurry is degassed and then hardener
is added. The mixture is stirred using a wooden dowelcaist
in aluminum molds of dimension 2305C¢ 12.5 mm. The
cast slabs are cured for 24 h in the mold 4C2&nd then post
cured for 3 h at 10C.



The nomenclature and density of all types of syntactic
foams are given in Table 2. The densities were medsusing
the procedure outlined in ASTM-Z71 standard [35].

Table 2: Composition, nomenclature and densities of syntactic foams
used in fabrication of functionally graded syntactic foams.

Micro - Micro - Measured
balloon b Syntactic Foam .

X alloons Density
Density (voI%) Nomenclature (kg /m3)
(kg/m®)

30 SF22030 850
220 40 SF220640 735
50 SF220650 611
60 SF22060 550
30 SF32030 875
320 40 SF32040 780
50 SF32050 670
60 SF32060 611
30 SF37030 899
370 40 SF37040 809
50 SF37050 711
60 SF37060 613
30 SF46030 931
460 40 SF46040 846
50 SF46050 732
60 SF46060 645
3.2 Preparation of FGSF Specimens

Eight types of FGSF specimens are prepared and tested
under flexural loading conditions. Strips of 212.5%3 mm
length, width and thicknessespectively, are cut from the
fabricated syntactic foam slabs. Four layers of syntactic foams
are adhesively bonded together using an epoxy based adhesive
to create 12 mm thick RRand VFtype beams as per the
details given in Table 3.

Table 3. Compositn of functionally graded syntactic foam beams.

S?)r/];[;le Layer 1* Layer 2 Layer 3 Layer 4
RR-30 SF22030 SF32030 SF37630 SF46030
RR-40 SF22040 SF32040 SF37040 SF46040
RR-50 SF22050 SF32050 SF37050 SF46050
RR-60 SF22060 SF32060 SF37060 SF46060
VF-220 SF22060 SF22050 SF22040 SF22030
VF-320 SF32060 SF32050 SF32040 SF32030
VF-370 SF37060 SF37050 SF37040 SF37030
VF-460 SF46060 SF46050  SF46040 SF46030

*Layer 1 is at the top and Layer 4 is at the bottom.
3.3  Flexural Test

The flexural testing is performed under thysEnt bend
configuration using a computer controlled INSTRON 4467
test machine. ASTMD790 standard is adopted for testing
[36]. All specimens have span length of 192 mm to maintain a
16:1 span length/thicknesatio. The crosshead displacement
rate is maintained at 1.2 mm/min in the test. The tests are
continued until the specimens fracture, and the -load
displacement data is acquired. Figure 3 shows thepsef the
threepoint bend tests and testing of a spean.

4  Results

Figures 4 and Show loaddisplacement curves obtained
from the flexural testing of RRand VFtype FGSFs,

respectively. These figures show that all types of FGSFs fail in
the brittle fracture mode at the end of the linear region in their
load-displacement curveslhe loaddisplacement curves for
syntactic foams also show a similar trend [14]. The failure
starts at the tensile side of the specimenlin@ with the
central loading anvil, and grows towards the compressive side.
Hence, the defonation and fracture behavior are governed by
the tensile properties of these specimens. One of the concerns
is the use of an adhesive to bond various layers because shear
stresses can give rise to failure along the bond line. However,
such failure was nobbserved in any specimen and all
specimens fractured only in the tensile mode. Figure 6 shows
the fracture pattern of two VF and two R¥pe specimens,
which were randomly selected. In all cases the crack has
initiated near the midpan of the specimen @rpropagated
vertically. In the earlier study on the compressive properties of
layered FGSFs similar fracture behavior was observed where
crack initiation and propagation were not affected by the
presence of adhesive layer and all specimens showed
propagaibn of a single crack across all the layers [7, 8].

The loaddisplacement data is used in calculating the
flexural modulus and strength presented in Table 4. The table
also contains experimentally measured 1span deflection at
the fracture load and thealculated total energy absorbed by
the specimen in deformation and fracture. It can be observed
from the data that in \H&ype specimens the flexural modulus
and strength decrease Asincreases. The only exception to
this trend is that the flexural strehgdvf VF370 is lower than
that of VF320. A comparison of the maximum np&ne
deflection shows that the fracture of VF370 type FGSF takes
place at a much lower deflection, which leads to a lower
observed strength of these composites. The flexural strength
and deflection of RRype specimens vary over a wider range
compared to the \MEype specimens. The migpan deflection
and energy absorption show mixed trends for these specimens.
These values are highly dependent on the total crack length
and localized narostructural variations. Hence, in composite
materials, a large variation is normally observed in these
values from sample to sample. The trend for flexural modulus
and strength of RRype FGSFs shows that with an increase in
Ve the strength and modulgecrease. Increase Wy, leads
to a decrease in the density of FGSFs, producing such a trend.
These observations are similar to those for plain syntactic
foams tested under similar loading conditions. Since the
flexural properties of composite materialare highly
dependent on localized microstructural inhomogeneities,
theoretical calculations of migipan deflection and comparison
with experimental values are expected to provide an insight
into the properties of these materials.

5 Discussion

Theoretical ad finite element methods are used to
determine the maximum migpan deflection at the fracture
load for all types of FGSFs tested in this study.

5.1 Theoretical Analysis

A schematic representation of the FGSF structure
analyzed in this study is shown in Erg¢ 7. The neutral axis
coincides with the migblane for isotropic materials loaded
under threepoint bending configuration.
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Figure 3: A layered functionally graded syntactic foam specimen (a) mounted on the flexuralupsirsgib) during the test.
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Figure 4. Loaedisplacement curves for Rfgpe functionally graded syntactic foams containing (a) 30 (b) 40 (c) 50 (d) 60 % microballoons by

volume.
However, the neutral axis is not at the idne n
because of the functionally gradit structure. Hence, locating a X EJ- Aj
the neutral axis will help in applying appropriate material x =7 A3)
properties in the analysis. Each syntactic foam layer has a ¢ N
di fferent Youngos modul us. AdditionaaIEyA,\j t he tensil e an
j=1

compressive modulus values are significantlyfedént for
syntactic foams, as given in Table 5. In the finite element In the second step the bending stressi¢ calculated using
analysis the compressive properties are used above the neutral the equation

axis whereas the tensile properties are used below it. The Eij
location of the neutral axisX( ) is detemined as the distance S=5 )
from the bottom surface of Layer 4 (point 9 in Figure 7) using a Ej { Zz)j

j=1

the following equatior(3) wherex, E andA are the distance

of the centroid of each layer from the bottom surface of the whereM is the moment dut the force, ang is the distance
specimen, modulus and cross sectional areaecésply. The from the neutral axis to the point of interest. Further, the mid
subscriptj refers to the layers of syntactic foam in the FGSF  span deflection()’) in the specimen is calculated by

structure anah = 4.
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Figure 5. Loaddisplacement curves for Vype functionally graded syntactic foams containing microballoons of (a) 220 (b) 320 (c) 370 (d) 460

kg/n? densities.
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Figure 6. Fractured functionally graded syntactic foam specimens.

P

Mid-plane

Layer 1
Laver2 [
Layer 3
Layer 4

Figure 7: Schematic diagram of thypeint bend test of FGSFs. Nine points oiist are marked in the figure.
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Table 5: Compressive and tensile properties of plain syntactic foams
used in FEA and analytical study.

Syntactic  Micro - Modulus (MPa) Strength (MPa)
Foam balloons ~ comp- ) Comp- )
type (V0l%)  ressive 1S"S1€  egsive  TEMSle

30 1966 2490 67.9 17.6
40 1803 2368 56.6 14.2
SF220
50 1512 1910 42.9 12.4
60 1429 1880 34.6 11.0
30 2282 2938 87.5 19.2
40 2252 2963 80.7 19.0
SF320 50 2052 2960 66.7 141
60 1878 2623 51.0 13.6
30 1988 3515 94.4 30.0
40 1865 3459 82.6 22.4
SF370 50 1931 3640 74.2 21.2
60 1255 2930 46.7 111
30 2508 3700 105.2 25.1
40 2414 3641 100.8 20.7
F4
SF460 50 2473 3615 89.5 15.6
60 2260 3491 70.4 12.8
PL
d=—— )
488. Ej (I zz)j
j=1

where P and L are the applied load and the span length,
respetively. The load is obtained from the experimental data.
The total bending rigidity term appearing in the denominator
of Equations 4 and 5 is defined as

- n

El =a E;(1,)
=1

wherel,, is the moment of inertia about theaxis.

(6)

5.2  Finite Element Analysis

The stresses and deflections of FGSFs are analyzed by
finite element analysis (FEA) using Ansys 9.0. The beams are
modeled under thregoint loading configurations as shown in
Figure 8. A twoedimensional solid element PLANES82 is
applied to mesh thmodel with 1276 nodes and 392 elements.
The boundary conditions applied to the model are shown in
Figure 8. At the contact surface of syntactic foam layers, glue
conditions are applied to eliminate relative movement of
layers with respect to each other.

5.3 Comparison of Experimental and Theoretical
Results

The load values used for FEA and theoretical analysis
are taken from the experimental data. Figure 9 presents the
results of stress on 9 different points along the thickness of the
specimen as shown indtire 7. The results from the analytical
method and FEA match closely, with less than 2.3%
difference for all points, which validates the FEA model
developed in this study. The trend of stress is not symmetric to
the neutral axis in Figure 9 because theeeixpental values

for tensile and compressive modulus (Table 5) are applied to
various foam layers.

The midspan deflection values obtained from the
theoretical calculations and FEA are compared with
experimental values in Table 6. It is observed that mb#ie
experimental values are about -30% lower than the
theoretical values. This difference can be attributed to the
presence of localized inhomogeneities such as air voids or
concentration of microballoons present in the specimens.
Additionally, the aperimental values for deflection are
average values for the entire set of specimens of each type. If
the highest fracture deflection for each FGSF type is compared
with the theoretical values then the difference is less than 15%
in most cases. The deflem profiles for two types of FGSF
specimens obtained in the FEA are included in Figure 10.

Table 6: FEA and theoretical values for maximum -sp@n
deflection.

Difference between

Average theoretical deflection
FSSE ensy X and

(kg/m®) (mm) FEA  Experimental

(%) (%)

RR-30 889 5.16 1.2 9.3
RR-40 793 5.10 2.2 23.1
RR-50 681 4.91 2.0 275
RR-60 605 4.88 2.0 12.2
VF220 687 5.22 2.3 23.0
VF320 734 5.38 1.1 22.1
VF370 758 4.77 1.1 34.1
VF460 789 5.32 1.3 22.1

The strases in the-direction and the voeiMises stress
distributions are shown in Figure 11 and 12, respectively. It
can be observed that the magnitude of the stresses in the
compressive side of the specimen is lower than that in the
tensile side. This is despitthe fact that the neutral axis is
closer to the bottom surface of the specimen. The reason for
such an observation is that the tensile and compressive
modulus values of syntactic foams are different and, in most
cases, the modulus used for the bottonfeseris much higher
than that used for the top layer. A comparison of numerical
values of flexural properties and stress profiles reveals that
developing a FGSF based érvariation can provide the most
optimized properties if appropriate,, is selectedfor the
material. It is known that an effective control over the amount
of porosity in the material can be achieved only in thetigie
FGSFs [7]. VFtype syntactic foams show only a small
variation in the porosity among various compositions. Table 6
alsoshows that the density of Rigpe FGSFs can be varied
over a wider range compared to the-type FGSFs.

The results show that Rigpe FGSFs have potential to
be optimized for applications where they are loaded under
flexural configurations. The presenttudy characterizes
FGSFs fabricated in a layered structure. However, for several
applications adhesively bonded layers may not be acceptable
and it is desirable to develop monolithic material specimens. It
should be noted that the properties of FGSF apemident on
the weakest layer present in the structure. The location and
strength of the weakest layer can be changed to obtain FGSF
of desired properties and fracture characteristics.
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Figure 8: Finite element model of thrpeint bend test of FGSFs.
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Figure 11. Stress distribution indirection for (a) RR30 (b) RR60
(c) VF220 and (d) VF460 type FGSF specimen.
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Figure 9: Comparison between FEA and theoretical results for (a) 5477 16 428 27 38 a8 332 49.283

RR-type and (b) VRype FGSFs. (d)

Figure 12. vorMiises stress distribution in (a) R¥ (b) RR60 (c)
VF-220 and (d) VF460 type FGSF specimens.

W Additionally, the type of microballoons and matrix

@ material can be selected as per the requirements of the
application to provide FGSFs with desired combination of

h" — properties.
6 Conclusions

_ o (b) Functionally — graded syntactic foams  having
Figure 10. Deflection in threpoint bend test for (a) RBO and (b) microballoon volume fraction (VMEype) or wall thickness
VF4&0 specimens. (RR-type) gradient were fabricated in layered configuration



