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ABSTRACT

Syntactic foams are polymeric composite materials
having hollow microspheres dispersed in a polymeric
matrix. Significant properties of syntactic foams such as
light weight and high specific strength make them attractive
to use as buoyancy aid materials in deep sea exploration.
Syntactic foams are also used in aerospace and naval
structural applications. The Integrated Functionally
Gradient Syntactic Foams (IFGSFs) are created in five
different layer sequences, with layer over layer integrated
technique. Four different microballoons with varying
densities are used in different combinations to fabricate
symmetric and unsymmetric IFGSF. The IFGSFs are
investigated for flat-wise and edge-wise compression
properties on MTS-810 servo hydraulic machine.
Compressive properties are found to be improved when
compared with plain syntactic foams. In addition, the flat-
wise IFGSF properties are compared with adhesively
bonded FGSF to show the advantage of this new fabrication
method. Furthermore, the five IFGSFs are compared to
investigate the layer sequence affect on compressive
properties. The crack propagation behavior is carefully
monitored and analyzed with Optical Microscope (OM) and
Scanning Electron Microscope (SEM).

METHODOLOGY

Researchers have fabricated FGSF either by varying
the density of microballoons or by varying the volume
fraction of microballoons. Through these studies, it is
found that the compressive properties of FGSF are not
significantly improved with a change in volume fraction
[1]. In the present research, effect of integrated approach in
FGSF fabrication on the compression properties is studied.
Five different layer sequence IFGSFs shown in Fig.1 are
fabricated by using layer-over- layer integrated technique
with the inclusion of four types of microballoons namely
S22, S32, S38, and K46 in the matrix system. Matrix
system is a combination of epoxy resin, hardener, and
diluent.

Fig. 1 Schematic representation of IFGSF configurations

In order to prepare the base layer of IFGSF,
microballoons are mechanically mixed with hardener and
epoxy matrix before pouring in the square aluminum mold.
The thickness of each foam layer is maintained using
aluminum strips on each side of the mold. The inner
volume of the mold cavity is 305x305x20 mm® The
flatness of the layer is maintained using a level indicator to
avoid disbands at the layer interface obtained during
fabrication. Before the second layer is poured over the base
layer, the base layer is allowed to slightly solidify.
Additional layers are prepared in the second mold as
mentioned above and laid over the previous base layers to
prepare an IFGSF structure. The fabricated integrated
FGSF structure is kept under vacuum for 30 to 45 min to
reduce the void content. Cast integrated IFGSF slabs are
cured at room temperature for 24 hours and post cured at
100+£3°C for 3 hours to relieve the stresses.

RESULTS AND DISCUSSIONS

In this study, S22-K46-K46-S22, K46-S22-S22-K46,
S32-S38-538-S32, S38-S32-S32-S38, and K46-S38-S32-
S22 are five different layer sequencing [IFGSF
configurations with the similar overall density. Five
specimens from each layer sequence IFGSF configuration
having dimensions 32x32x16 mm? are tested for flat-wise
compressive properties according to ASTM C 365/C 365M-
05. The flat-wise compression stress- strain plots are shown
in Fig. 2.
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Fig. 2 (a) Stress-strain plateau comparison of integrated
FGSF, plain foams, and adhesive FGSF (b) Stress- strain
plateau comparison for different layer sequence FGSF

From Fig. 2(a), it can be observed that an increase of
energy absorption up to 300% is found in IFGSF compared
to plain syntactic foams. It is also evident that the IFGSF
stress plateau extended to 60% from 20% of strain. Also,
compared to that of adhesively bonded FGSF, the IFGSF
showed an improvement in energy absorption and yield
strength up to 75% and 50% respectively. This
improvement in energy absorption and yield strength can be
attributed to the difference in fabrication methods. In
adhesively bonded FGSF the layers are combined with the
aid of adhesive material. Hence, these structures are
vulnerable due to the peeling stresses present in the
adhesive layer [2]. Therefore, the compressive properties
also depend upon bonding between the layers in addition to
matrix material, type of microballoon, volume fraction of
microballoons, and radius ratio (). From Fig. 2(b), the S32
and S38 microballoons IFGSFs are found to have superior
compressive properties compared to all other IFGSFs. The
compressive properties of IFGSF depend on the weakest
layer in the structure. It is evident that S32 layer is the
weakest layer in S32 and S38 microballoons IFGSFs and
S22 is the weakest layer in all other IFGSFs. Also, the S32
microballoon have superior properties compared to S22
microballoon due to the higher radius ratio (n), lower
density,and lower wall thickness in S22 microballoons.

From Fig. 3 the crack always initiates in the weakest
layer, S22, and propagates through denser layers, S32, S38,
and K46, respectively for further loading. The SEM image
shows that the densification of denser layer (S32) initiates
when the density of lower density layer (S22) equals to the
higher density layer with loading.
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Fig. 4 (a) Stress- strain plots of IFGSFs vs. Plain foams
(b) Crack propagation image of edge-wise IFGSF

Five specimens from each layer sequence IFGSF
configuration having dimensions 16x16x32 mm® are tested
for the edge-wise results and are compared and shown in
Fig. 4. Compared to plain foams, the edge-wise IFGSF
yield strength and energy absorption are improved by 25% -
40% and 20% - 30%, respectively. The S32 and S38
microballoons IFGSF have superior properties due to the
reason that the compressive properties depends on the
weakest layer in the structure. Cracks are initiated due to
the shear and secondary tensile stresses. Further, the cracks
are propagated due to vertical splitting of higher density
layer. The highest density layer is brittle and stiff and does
not allow deformation similar to the low density layers. Fig.
4 shows the vertical splitting of K46 caused by the shear
and secondary tensile stresses.

CONCLUSIONS

The flat-wise IFGSF energy absorption is increased up
to 300% due to the stress plateau extension from 20% to
60% strain compared to plain foams. The IFGSF vyield
strength and energy absorption are found to be improved by
50% and 75%, respectively compared to adhesively bonded
FGSF. The edge-wise yield strength and energy absorption
are increased by up to 25% -40% and 20-30% based on
their layer sequence compared to plain foams. The S32 and
S38 microballoons IFGSFs are superior compared to other
IFGSFs used in this study. The crack always initiates in the
weakest layer and propagates towards stiffer layers with
further loading.
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