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ABSTRACT

The existing functionally graded syntactic foams
(FGSFs) are based on creating a gradhimicroballoon
(hollow particles) volume fractionalong the length or
thickness of the composit® achieve avariation in density
and mechanical propertiesHowever, such an approach has
several limitations.Variation in volume fractions of the
constituers lead to the possibility of warping or localized
swelling of FGSF if it is exposed to varying temperature and
moisture conditions. It can also lead to premature fracture due
to nonuniform distribution ofstressalong the microballoon
gradientand existence ofresin/microballoon rich sides in the
material. Hence, a FGSF materiakeds to be created that is
independent othe volume fraction variation. The present
study attempts to address this requireme® FGSF is
fabricated that is based on the mizafioon wall thickness
variation along the specimen lengttn this novelapproach
the volume fraction is available as an additional parameter for
controlling the properties dhe FGSE The FGSFs based on
volume fraction gradient (\VMype) and on micraddloon wall
thickness gradient (RBpe) are fabricated ina layered
structure, and evaluatefor compressive properties.It is
observed that th¥F-type FGSFshow a sharp drojm stress
on the order of 4®0%, after the peakcompressivestrength
value However, such featureis not observed irRR-type
FGSFsleading tothe possibility of gaining better control over
strength and energy absorptioriThe compression of such
foams could be continued to 8% strain based on the
microballoon volume fractionn their structure. The total
energy absorption was found to beb 3imes higher in RR
type FGSFs compared to Mifpe FGSFs and plain syntactic
foams.

Keywords: Syntactic foams, functionally graded material,
microballoon, mechanical properties, porosity.

INTRODUCTION

The closed cell foams cdraveeither singlephase or
two-phase microstructures.  The microstructure ofsingle
phase closed cell foamsontairs pores which are not
interconnected[1, 2. Structural features of these foams
provide them withhigher strength compared to the open cell
foams which contain interconnected porg3. Two-phase
closed cell foams called syntactic foamsare made by
dispersing low density hollow particles (microballoons) in a
matrix material[4]. The microstructuref syntactic foams is
shown in Figurel,

Figure 1. A scanning electron micrograph showing the structure of a
syntactic foam. Glass microballoons are embedded in an epoxy resin
matrix.

where glass microballoons are dispersed in an epoxy
resin matrix.The presence of strong but lightweight particles
leadssyntacticfoams to higher strength compared to single
phaseclosed celfoams. Almost all types of foamshow high
energy absorption, damage tolerance and vibration damping

capabilities.
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Structure and Properties of Syntactic Foams

It is possible to tailor properties of syntactic foams by
changing a wide variety of parameters, which include the
matrix andmicroballoon material and microballoon size, size
distribution, wall thickness and volume framti[5-7]. Quast
static and dynamic properties of syntactic foams can be found
studied in great detail in the published literat@d §].

Syntactic foams are currently used in marine and
aerospace applications because of their low density, which is
attributed to the pesence of low densityicroballoonsn ther
structure. Increase in microballoon volume fracti(,)
decreases the density of syntactic foams$dence, most
applications tend to use syntactic foams hawfg in the
range 0f0.3-0.65 In this V., range mostsyntactic foams
show a stresplateau in their compressive stresggin curve
which leads to high energy absorptify 16]. The stress
plateau is observed in metal matrix syntactic foams dl3o [
18]. The presence and extent of thlateau region igreatly
affected by the microballoon wall thicknesamong other
parameters [19].



Higher density syntactic foams show higher strength
and modulus compared to lower density foaassshown in
Figure 2 [20, 21] However, they have two slinct
disadvantages, namely lower fracture strain leading to lower
energy absorption and &@0-40% decrease in stss
immediately afterattaining the peak compressive strength
While, the compressive strength and tipdateau stressre
among the design pameters andare specified by the
application, the total plateau strain can be increasedderto
increase the energy absorption by the material in the process
of compression.
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Figure 2. Compressive stressain curves foplain syntactic foams
having different densities.

Fiber reinforcement of syntactic foams has been
studied as a means of increasing their streng#®-25].
Several studies have focused on increasing the energy
absorption in higher density syntactic foamng means of
incorporating second phase particles such as nanaaldy
rubber[26, 27. However, moisture absorption was found to
increase considerably isomehybrid syntactic foams, which
could be detrimental in both marine and aerospace structures
[28].

Functionally Graded Syntactic Foams

In syntactic foams, ampproach of obtaining high
energy absorptionnder compressiomay involve fabricating
them in functionally gragd microstructure which is explored
in the present study Several studies are ailable on
functionally graded syntactic foams (FGSF29-33]. In these
studiesa gradient inVmbis createdalong one dimension of
the material as schematically shown in Fige These
FGSFs arereferred here as VF-type FGSFs. Initiation and
propagain of cracksin the resin rich side of the specimen
under quasstatic and dynamic loading conditioappearto
bethe problens with these kinds of FGSFs.

Creation of Vmb gradient severely limits the
possibility of tailoring thephysical and mechanical perties
of syntactic foam to the desired leveNormally, the matrix
has higher thermal expansion and moisture absorption
coefficiens compared tathat of microballoons Hence,high
matrix volume fraction on one side of tHeGSF causes
nonuniform thermal expansion omoisture absorptionvhen
the material is exposed to changing pemature or moisture
conditions which can lead tavarping andocalized swelling.
Among other limitationsyariation inV,,, causesonuniform

stress concentrations in the madéri which may cause
catastrophic failure, especially when the matrix is a brittle
polymer such as epoxiesAdditionally, this approactposes
severe limitations on the minimuneisity achievable in such
FGSFsbecausé/,,, cannot bevaried independently Hence,

an approach independent ®mb variation is required for the
fabricationof FGSFs.
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Figure 3.The schematic representation of the existing syntactic foam
microstructure based on microballoon volume fraction variation.

Increasing microballoon
volume fraction

A FGSF is studiedn the present researthat can
haveVmbconstant in the material microstructure btill have
a gradient in mechanical propertiey means of changing
microballoonwall thickness Previous studies have observed
that the strength and modisl of syntactic foams increase with
increasd wall thicknessof microballoons used in synthesizing
them[21, 34. Hence, a gradient in mechanical properties of
syntactic foams can be obtainedwhll thicknessis varied
across the material thickness asesohtically shown in Figure
4 [35]. These types of FGSFs amferred herasthe RRtype
Having the sam&mbin all parts of the structure substantially
reduces the limitations of variation goefficient ofthermal
expansion moisture absorption coeffient and the fracture
mode of the=GSFs Microscopicobservations cannot provide
evidencefor the presence of functionally graded structure in
RR-type FGSFdecause the only parameter that varies is the
internal radius of microballoonér the wall thicknes). As
observed in Figur®, two types of syntactifoamscontaining
microballoonsof aboutthe same average outer diamebeit
different inner diametsrlook nearly the sambecause of the
sameV,,, (0.3). Figure 5a and 5b showmicrostructures of
syntactic foams, named SF220 and SF460, containing
microballoons of wall thickness of about 1 and 2B,
respectivelyHowever, the density differendeetweenvarious
layersof FGSFscan provide clear evidence of having a graded
structure whichwill be exploredin this study

Specimen FailurePattern

It is found that the microballoomaterial, matrix
materia] microballoon wall thickness and,,, are important
factors in deciding themechanical properties anfilacture
mode ofsyntactic foams Three fracture modiies can exist
in syntactic foams based on experimental and theoretical
studies which are reviewed by Bardelland Genna[19].
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Figure 4. The schematic representation of functionally graded
syntactic foam microstructure keson variation in microballoon.

=
©
©

Increasing microballoon wall
thickness (decreasing 7)

(b)
Figure 5. Scanning electron micrographs of (a) SF220 and (b) SF460
syntactic foams containing 30% microballoons by volume.

The first two, longitudinal crack initiation in the
direction of applied load anshear failure at 45 have been
widely observed and documented by various researdhers
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experimental and theoretical investigatigls 21, 34. Metal
matrix syntactic foams were also found to fail due to the
failure of microballoons along the shear diiens [L8, 34.
High wall thicknessof the microballoons and high volume
fraction of rigd matrix material are found to be the parameters
that lead to the longitudinal cracking in the matefidle third
modality is observed by only a few researchgt4, 36, 37,
which constitutes origination of failure along some specific
weak planesin transverse directon A revi ew 0
experimental scheme reveals that their syntactic foam
fabrication method is based on settling of microballoons in a
fluid. Such methods have less probability of providing
random distribution of microballoons in the syntactic foalns
can create planes of microballoons having the same wall
thickness and strengtleading to generation of some weak
planes These weak planes can béesévely crushed during
compressionHence, thdailure mechanism of such materials
is different from the first two mechanism

It is also observed that at high strain rates first
two fracture modalities prevaillp, 3§. As the strain rate
increass, the material has lesser time to respond to the applied
load and longitudinal cracks become the primary fracture
mode. The crack initiation and growth is closely monitored in
the present study ands compared to these existing
observations.

POROSITY ASPECTS IN SYNTACTIC FOAMS

It is important to develop an understanding of the
porosity existing inside the syntactic foam microstructure
because it significantly affects the material properties
especially the densification limit of foamsTwo types of
porosities exist in syntactic foams, termed as microballoon and
matrix porosities, which are schematically illustrated in Figure
6. The microballoon porosity is enclosed within the
microballoons andis the desired type of porosityThis
porosity can be contlled by selecting microballoons of
appropriate size and wall thickness and using thedesgired
volume fraction During the synthesi®of syntactic foams
some air gets entrappedvithin the matrix between
microballoons,as illustrated in Figure 6yhich is termed as
the matrix porosity. The matrix porosity is normally
undesirable as it reduces the strergitthe compositand can
lead to increased moisture absorption.
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Figure 6. Schematic representation of the syntactic foam
structure showing microballoon and matpgrosities

The porosity plays an important role in determining
physical and mechanical propertieé syntactic foams. A
detailed analysis of the effect of porosity on the mechanical
properties of syntactic foams ipresented by Bardella and
Genna 6, 19. During compression testing the compressing
material fills up the matrix porosity



As microballoons fracture the porosity enclosed
within them is exposedwhich can also be occupied by the
compressing matial. Hence, the length of the strgsisteau
in the stresstain curve of syntactic foamsis directly
dependent on the total porosity in the mates#lucture,
among other factorsThe calculation method for both types of
porosities is outlined herewhich wil be used in the
estimation of total porosity in FGSFs

The wall thickness of microballoons is defined by
means of a parameter named Radius Ragipwhich isgiven
by Equation 134]:
fi
n=—

r.0
whereri andro are the inner and outer radii of microballgon
The higher values ofy lead to lower wall thicknessesv) in
the same size microballoons, as gibgrEquation 2.
w=r,d-7_ 2)

In the bulk testing it is observed that tsieength of
microballoons increases with incredseall thickness ora
decrease inn. Generally, for ceramic particles the
compressivestrength ofanindividual particle increases as the
wall thickness decreases89. Such a trend is observed
because ceramics are very susceptible to fracture due to flaws
Microballoons have a variety of flaws embedded in their walls
[40]. However, the bulk behavior of maballoons is opposite
to this trend and microballoons with high wall thickness show
higher strength. This trend is observed because in the bulk
testing the microballoon fracture takes place primarily due to
the shear and not due to the true compression.

The holbw fraction of the microballoomolume {/c,mf can

be given as
Vc,mb = 773 (4)
Hence, the volume fraction of microballoon porosity in
syntactic foam structure is

3
V, =V, X7 (5)
The difference between the theoreticalpth) and

experimentallymeasured(pm) densities of syntactic foams
can be used to get an estimate of the matrix porfgily[41].

(6)

1)

Vv:pth_pm

Prh
where he theoretical density is calculated using Rule of
Mixtures

Pth :Vmbpmb+ ‘-_Vmb,pr (7)
where p and py, are the densitiesf the resin systenand
microballoons, respectivelyThe total porosity in syntactic
foams Yt) is the sum of the microballoon arile matrix
porosities
Vi =V +V, ©)
During synthesis of syntactic foarit is inevitable to
cause damage to somef the microballoons. Careful
processing can minimize the damage but camootpletely
eliminate it. Fracture of microballoonspens upheir cavity
which canbe filled with the matrix material. Hence, fracture
of microballoons leads to increase in the syntactic foam
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density and reducesvc. Therefore, the calculation of
microballoon and matrix porosities cannot be very precise, but
can only be approximate.

MAT ERIALS AND EXPERIMEN TAL METHODS
Constituent Materials

DER 332 epoxy resin with hardener DEH 24,
manufactured by DOW Chemical Cds used as the matrix
resin in the fabricated syntactic foam#\ diluent G»Ci4
aliphaticglycidylether is used in 5 vol.% quay to reduce the
viscosity of the resin and facilitate mixing of microballodms
high volume fractioa Twenty types of plain syntactic foams
are synthesizedvith four types of microballoons in five
volume fractionsof 0.3, 0.4, 0.5, 0.6 and 0.65Swmtchlite
glass microballoons, manufactured and supplied by 3M, are
usedin synthesizinghesefoams. Theouter diameterdensity
and calculateds;3 f teerselectedmicroballoons are given in
Table 1. A difference in their densities is caused by the
n3 v a beuaeise theiaverage outer diameteare nearly the
same. The compressive strength and modulus for various types
of plain syntactic foamsynthesized in this studyre presented
in Table 2. These values are measured experimentatiyn
the synthesized syactic foams

Table 1. Properties of microballoons used in synthesizing syntactic

foams.
Layer Syntactic Average True Pressure Radius
# Foam Micro-  Particle  for Min. Ratio
Type balloon Density 80% n
Size  (kg/m®)  Fractional
(um) Survival
(MPa)

1 SF220 35 220 2.8 0.9703
2 SF320 40 320 13.8 0.9561
3 SF380 40 380 27.6 0.9474
4 SF460 40 460 41.4 0.9356

Table 2. Nomenclature and compressive properties of plain syntactic
foam layers used in fabricating functionally graded syrddoms.

Micro- Micro- Syntactic Strength  Modulus

balloon balloons Foam (MPa) (MPa)

Density (Vol.%) Nomenclature

(kg/nt)

SF220 30 SF22030 67.9 1966
40 SF22040 56.6 1803
50 SF22050 42.9 1512
60 SF22060 34.6 1429
65 SF22065 22.6 895

SF320 30 SF220-30 87.5 2282
40 SF32040 80.7 2252
50 SF32050 66.7 2052
60 SF32060 51.0 1878
65 SF32065 37.7 1406

SF380 30 SF38030 102.2 2326
40 SF38040 91.7 2351
50 SF38050 66.8 2087
60 SF38060 62.6 2099
65 SF38065 50.4 1785

SF460 30 SF46030 105.2 2508
40 SF46040 100.8 2414
50 SF46050 89.5 2473
60 SF46060 70.4 2260
65 SF46065 56.1 1844




Fabrication of Syntactic Foams Four specimens of each type were prepared and
The fabrication process consists of mixing resin, tested under compression using a computer controlled Instron

diluent and hardenemdstirring them untia uniform mixture 4467 material test system. The crossheadoocityl was
is obtained. Ntroballoonsare then addeth desired volume maintained at 1 mm/min for the compression tests. The load
fraction The processing is carried out at’%D to reduce the and displacement data was recorded and used for developing

viscosity ofthe matrix resin system, which helps in achieving the stresstrain curves.
uniform mixing of microballoons in the resin system. The

mixture is getly stirred using wooden dowels to obtain a Table 3. Density of VRype functionally graded syntactic foams.
slurry, which is degassed for 10 minutes and then cast in steel FGSF~ Foam  Layer Theoretcal Measured Measured
molds. The cast slabs are cured28? C for 24 hand post Type Type # De“rsrgy De”;'sty Density
curedat 100° C for 3 h. (kg/nr) (kg/nt)  of FGSF
(kg/m)
Preparation of FGSF Specimens and Compression Testing VF220 gigégig % %Z ggg
Foam chps of 12x12 mnf cross section ageand 5 SE220650 3 690 611
mm thickness were sectioned and bonttmgkther with thin SF22660 4 596 550 686
layers ofan epoxy based adhesive to create-\@Rd RRtype VF320 SF320630 1 908 875
FGSFs In VF-type FGSFschips of syntactic foams having SF32640 2 824 780
the same type of microballoons Vi, of 0.3-0.6 were bonded SF32050 3 740 670
together aschematicallyshown in Figure7a. To fabricate the SF32060 4 656 611 734
RR-type FGSFs foam chips having different types of VF380 gigggig % 222 ggg
microballoons in the sam¥,,, were bonded together as an SF38050 3 770 694
example shown in Figuréb. Four compositions of Viype SE38060 4 692 625 751
and fve compositions of RRype FGSF were fabricated as VF460  SF46030 1 950 931
per the details given in Tables 3 andespectively SF46040 2 880 846
SF460650 3 810 732
SF46060 4 740 645 788
SF220-30 Table 4. Density of RRype functionally gradedyntactic foams.
. 1 FGSF Foam Layer Theoretical Measured Measured
ayer Type Type # Density Density  Density of
SF220-40 (ka/) (ka/) FG:;
(kg/nT)
Layer 2 SF220-50 RR30 SF22030 1 878 850
SF32030 2 908 875
Layer 3 SF220-60 SF38030 3 926 887
SF46030 4 950 931 885
Layer 4 RR40 SF22640 1 784 735
SF32040 2 824 780
12 mm SF38040 3 848 800
SF46040 4 880 846 790
RR50 SF22050 1 690 611
SF32050 2 740 670
SF38050 3 770 694
SF46050 4 810 732 677
RR60 SF220660 1 596 550
SF32060 2 656 611
SF220-60 SF38060 3 692 625
L 1 SF46060 4 740 645 608
ayer RR65 SF22065 1 549 504
SF320-60 SF32065 2 614 543
Layer 2 SF38065 3 653 588
Y SF380-60 SF46065 4 705 654 572
Layer 3 SF460-60 The modulus values are calculated as the slope of the

linear portion of the stresstrain curves between the strain of
1 and 2.5%. Such a range of strain waleged because some
of the microballoons have very low strength and may fracture
at higher deformations. The number of microballoons
fractured may not be sufficient to cause any visible shift in the
linear trend. However, use of data in #electedstran range

_ _ () _ _ reducesany possible uncertainties. Similar range is used for
Figure 7. Specimen configuration of the functionally graded syntactic  {ha c3lculation of modulus of RBpe FGSFs also
foam testeddr compressive properties (a) \ype and (b) RRype. '

Each layer has 5 mm thickness in these specimens.

Layer 4




RESULTS AND DISCUSSION
Porosity Calculation

The total porosity (V) is one of the important
parameters that definthe energy absorpdn capabilities of
syntactic foams Hence,V, is calculated for each layer of
FGSFsusing Equations 5, 6 and 8, affects the length of the
stressplateau in the compressive strassin curves of
syntactic foams, in addition to several other parametech
as properties of matrix material and matrix microballoon
interfacial bonding.However, in the present case the only
differences between various types of foamare the
microballoon wall thicknesand volume fractiorfbothleading
to difference in pordty). Hence, the effect of only these two
parameters on the energy absorption in syntactic foams is
discussed.

It is possible to calculate thmicroballoon porosity
by theoretical meanasing Equation 5however, calculation
of matrix porosity requires tloeetical estimation and
experimental measurement of foam densities. The theoretical
density is calculated using Equation 7. The experimental
density is calculated using ASTM C271 standard method,
where at least 5 pieces of foam were measured for weight and
volume to calculate the densify42]. The calculated and
measured density values are given in Tables 3 and 4. These
values are inserted in Equation 6 to calculate the matrix
porosity, and in Equation 8 to calculate the total porosity. The
porosity value®f all types of syntactic foams are presented in
Tables 5 and 6These values are used to calculate the densities
of the FGSF specimens.

Table 5. Total porosity in Viype functionally graded syntactic foam

specimens.
FGSF Layer# Micro-  Matrix Total Porosity
Type balloon Porosity Porosity inthe
Porosty (Vol.%) inEach FGSF
(Vol.%) Layer  (Vol.%)
(Vol.%)
VF220 1 27.4 3.2 30.6
2 36.5 6.3 42.8
3 45.7 11.4 56.7
4 54.8 7.7 62.8 48.2
VF320 1 26.2 3.6 29.8
2 35.0 53 40.3
3 43.7 9.5 52.7
4 524 6.9 594 45.5
VF380 1 255 4.2 29.7
2 34.0 5.7 39.7
3 42.5 9.9 52.5
4 51.0 9.7 61.0 45.7
VF460 1 24.6 2.0 26.6
2 32.8 3.9 36.7
3 40.9 9.6 50.9
4 49.1 12.8 61.1 43.8

The measured densities and total porosities in all
variations & VF- and RRtype syntactic foams are also
presented in Tables® It can be observed from Table 5 that
the averageV; in all VF-type FGSFs is around 0.45.
Microballoon 73does not have any
porosity, which is controlled only by th¥mb value. All
varieties of VFtype FGSFs have variation M, over the
range 0.20.6. To cause an effective increase in porosity the
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volume fraction range of microbabbns will have to be
increased.

Table 6. Total porosity in Rig/pe functionally graded syntactic foam

specimens.
FGSF Layer Micro- Matrix Total Mean
Type # balloon  Porosity Porosity  Porosity
Porosity  (Vol.%) in Each in the
(Vol.%) Layer FGSF
(Vol.%) (Vol.%)
RR30 1 27.4 3.2 30.6
2 26.2 3.6 29.8
3 255 4.2 29.7
4 24.6 2.0 26.6 29.2
RR40 1 36.5 6.3 42.8
2 35.0 5.3 40.3
3 34.0 5.7 39.7
4 32.8 3.9 36.7 39.9
RR50 1 457 114 56.7
2 43.7 9.5 52.7
3 42.5 9.9 525
4 40.9 9.6 50.9 53.2
RR60 1 54.8 7.7 62.8
2 524 6.9 594
3 51.0 9.7 61.0
4 49.1 12.8 61.1 61.1
RR65 1 594 8.2 67.4
2 56.8 11.6 67.8
3 55.3 10.0 65.3
4 53.2 7.2 60.2 65.2

The RRtype FGSFs show a clear trend Vb The
specimens containing 3hd 65vol.% microballoons hav¥,
of 0.29 and 0.65, respectively Hence, the variation in the
porosity can be achieved by selecting microballoons of
appropriate n3val ues. Ha Wi, naof hidghi g h e
ndmi croball oons wi |andhighero/vin d e
composits.

Close observations of Talslé and6 reveal thal, in
various layers of VRype specimens viasfrom about0.29 to
0.6, whereas in RRype specimesV, in each layer is within a
close range. The syntactic foasmwith lower porosity show
higher strength.Hence, adifference in the compressive
propertieof VF-type and RRype FGSFs is expected because
of a difference inpattern of porosities in the spimen
microstructure

Compression Tests
FGSFs Based on Volume Fraction VariatioVF-Type)

The representative compressive stgsgin curves
for two specimens of each Migpes FGSFs are shown in
Figure 8. It can be noted that except for VF220, other
compositions of VFtype FGSFs show a sharp driopstress,
40-60%, immediately after achieving the pea@ompressive
strength Such adrop is enough to be termed as complete
failure in a large number of applications. The drop
corresponds to initiation of dongitudinal crack (in the
direction of compressignas shown in Figur®. Such cracks

s i (R icaMmenaogcuItense in e gompgepsiont testing of plain

syntactic foamscontaining low 7 microballoons such as
SF380 and SF460and play a significant role in the fiha
failure of the specimen [34, 43.



The initiation of longitudinal cracks has been widely
related to the microballoon; and V., along with other
possible parameters such as matrix pribge and specimen
aspect ratiovhich arenot varied in the presentusly [19]. It
canbe noticed in Figure 9 that the longitudinal crack is cutting
across various layers of syntactic foarhkence, the material
fracture behavior is not affected by the layered structure in any
significant manner. As observed inFigure 10 the crack
growth has taken place primarily in the matrix material.
Microballoon fracture is not significam this figure which
resemblethe tensile failure44]. In these specimenbé resin
rich side is prone to crack initiation under the secondary
tensile stresses.
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Figure 8. Representative strestgain curves for (a) VF220, (b)
VF320, (c) VF380 and (d) VF46@pe functionally graded syntactic
foams having volume fraction gradient. Each graph shows curves for

two specimens dhe same type to demonstrate their repeatability
characteristics.

Figure 9: Specimen failure mode for VF460 type FGSFs. The
longitudinal crack can be observed in the specimen.

Figure 10: SEM of the fracture surface genatatee to the
longitudinal crack shown in Figure 9 in SF440 layer.



It can be observed from Figugahat the stresstrain
curves stabilize after the drop in stseand show a stress
plateau. The plateau region continues till the densification is
comgete. In most of the VREype FGSFs the porosity volume
is around 45% but the densification appears to be completed
around 60% strain because thendard test conditions and
specimen geometry allow for some lateral expansion, leading
to appearance of aditihal strain.

VF220type FGSFs did not show drop the stress
after thepeak compressive strengt@ompression testingfo
SF220 plain syntactic foams also showed similar trend. The
high 7 microballoonsused inSF220foams start fracturing
early in the comression testing due to their significantly
lower strength compared that of the matrix resin. Hence, the
fracture mode of SF220 plain syntactic foams and VF220
FGSFs is found to be different from corresponding syntactic
foams having other types of mitralloons. A compressed
VF220type FGSF is shown in Figure 11, where the high,

layers can be observed crushed because of compression and

the low V,, layers have aongitudinal crack. The crack
initiation was delayed in these specimamsl most energy in
the initial stages of compression was absorbed in the
densification of weak layers.

SF220-50

SF220-60

Figure 11: Specimen failure mode for \220 type FGSFs. SF28D
layer is almost completely crushed and SF3Q0ayer is partially
crushed byhe time the longitudinal crack propagated.

The peak compressive strengtand modulusvalues
of the VRtype syntactic foams are listed in Talflelt can be
observed that for an incre&ain the FGSF density from 686 to
788 kg/ni the compressive strengtind modulus increadsy
about 108% and 19% respectively. In plain syntactic foams
also the strength and modulus are found to increase with
density. The specific strength and modulus for all-ty{fe
FGSFs are around 0.068 and 2.1 MPa/Rg/Hpbwever, the
corresponding values for various compositions of plain
syntactic foams are 0.09 and 2.8 MPa/ky/ffhe specific
strength and modulus of Viype FGSFs are lower because the
modulus and the peak strength are defined gdlof the
weakest layer in the FGSFhereas the density is increased by
the presence of heavier compositions. VF-type FGSFs the
plateau stress is found to be around 30 MPa ancrikegy
absorption during compressionalculatedas the area under
the stresstrain curveis found to be inthe range of 148

MPa, which is significantly higher than-8 MPa pR€f]
calculated for most plain syntactic foams.

Table 7.Compressive properties of Mype functionally graded
syntactic foams.

FGSF Type  Compressive Modulus Peak Compressive
(MPa) Strergth
(MPa)
VF220 1362 30.2
VF320 1562 54.6
VF380 1886 51.1
VF460 1620 62.7

Observations of the fracture mode and stetssn
curves reveal that \lBype syntactic foams havegher energy
absorptioncompared to the plain syntactic foankowever,
the specific strength and modulus of plain syntactic foams are
higher because of their relatively lower densiience,VF-
type FGSFs preseonly limited advantage compared to plain
syntactic foams under compresslgadingconditions

FGSFs Based on RadiuRatio Variation

The RRtype syntactic foams contain low and high
73mi croball oons in the same
RR-type FGSFs the SF22[ayer starts fracturing early in the
compressiondelaying the crack initiation and slowing down
its propagation. Hence, sharp drop in stress is not observed in
the stressstrain curves for these specimesisown in Figure
12. In low Vmb(0.3 and 0.4) sgcimendongitudinalcracking
is observeddue to high stiffness of the specinsgii9, 21.
However, the ack initiation wasdelayedandled to decrease
in stressin a progressive manner instead of a sharp drop and
the lowest stress is observed consistently around 40% strain.
In higher V., specimens the longitudinal cracking is
suppresseduntil the SF220 layeis completely crushedas
shown in Figure 13;ompared to the Vlype FGSFs shown in
Figure9. The SEM micrograplpresentedn Figure ¥ shows
that microballoonsare completely crushed in SF220 layer.
Only debris and small fragments can be observed in the
microstructure. It is observed from the stressrain curves
that & theVmbis increased the streptateau becomes more
stable. For FGSFs containing-68 vol.% microballoons there
is no effective decrease in stsafter the pealcompressive
strength and the stresplateau is obserdeto appear at the
same stress level
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shows curves for two specimens of the same type to demonstrate
their repeatability characteristics.

(b)
@)
(©)
(b)
(d)
(©
(e)
Figure 12. Compressive strestsain curves for (a) RR30, (b) RR40, (d)
(c) RR50, (d) RR60 and (e) RR&#pe functionally graded syntactic Figure 13: Specimen failure mode for RR§pe FGSF. (a) the
foams contaimg microballoon wall thickness gradient. Each graph specimen before camession (b) the SF220 layer (top) starts to crush



