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ABSTRACT

Microballoons (hollow particles) of the same outadius
but with five different inner radius values are dise fabricate
five types of syntactic foam slabs. These fiveetypf slabs
are used as core material to fabricate sandwichposites.
Three and four point bending and short beam sheangth
tests are carried out to characterize the flexbedlavior of
syntactic foam core sandwich composites. The effdc
change in microballoon Radius Ratio (ratio of theer to the
outer radius) on the flexural properties of the dseich
composites is also studied. The results showithtiree and
four-point bending tests the failure is governed tbysile
properties of the foam core and the strength isaffected by
the microballoon radius ratio. Shear failure takdsce in
short beam shear tests, which makes the microbaladius
ratio an important factor in determining the stridngf the
sandwich composite.

INTRODUCTION

Sandwich composites are produced by attaching ko t
but stiff skins to a lightweight thick core. Sonaé the
commonly used core materials are wood, honeycorolsst
corrugated structures and open and closed celldpamong a
variety of other materials [1]. The skins are nalignmade of,
but not limited to, glass or carbon fabric reinfeldaminated
composite materials. Such materials have high ifipec
strength and bending stiffness [2]. Sandwich cositps are
commonly used for aerospace, marine and other tatalc
applications including various types of transpaotatvehicles
and packaging. Syntactic foams have gained coraitker
importance as core materials in sandwich compogitethese
applications due to their high compressive strengdimage
tolerance and low moisture absorption [3].

Syntactic foams are microballoon (hollow particlided
polymers, which can be classified as closed pom@mfo
Microballoons can be made of polymer, metal or wméca
materials [4]. Similarly a matrix can be chosemfra variety
of available materials depending on the desireghgntes and
applications. A suitable combination of matrix and
microballoon materials at particular volume franscacan lead
to a desired set of properties in syntactic foarBtudies
regarding compressive [4, 5], impact [6] and hyleomal [7-
9] properties of syntactic foams can be found ligd in the
literature. In these studies the mechanical ptaserof
syntactic foams with various compositions are ctiarézed.

The compressive strength of syntactic foams is doto be
much better than open cell structured foams usecbes in
sandwich composites. Syntactic foams are foundhsorb
about 1% water by weight even after immersion irtewat
room temperature for long periods. The viscoetgqdtd] and
fire retardant [11] properties are also found mh#d. These
studies found that the choice of appropriate fitan lead to
fire retardant properties in syntactic foams. Somports
focus extensively on the microstructural charaztdion [12,
13] and non-destructive testing [14, 15] of syritaébams.
Fracture features of syntactic foams that havesdaiinder
different loading conditions are identified in nostructural
studies, which may be helpful in finding ways ofrther
strengthening these materials. Non-destructivéntpss used
to find the material density profile, map the vaigtribution
and moisture absorption profile in hygrothermal détg.
High strain rate properties of syntactic foams seerbe of
great interest for applications requiring high dgmé#olerance
[16]. It is interesting to note that the failurede of syntactic
foams does not change with change in strain ram fjuasi-
static to over 1000 The fracture toughness is found to
increase with an increase in microballoon voluneetion in
the material [17]. Some studies on the mechafl@&P0] and
hygrothermal [21] properties of syntactic foam ceamdwich
composites are also available. In these studissabserved
that syntactic foams present a better choice thast mther
commonly used core materials due to their high ifipec
strength and low moisture absorption. A sandwiclicstire
composes of three dimensional skins and syntastimfcore
is also found studied [22]. Homogenization techegjlare
used to develop predictive models in this studyictvitlosely
match with experimental data.

There are two methods of changing the density of
syntactic foams to directly influence their propest The first
method is to change the volume fractions of matahd
microballoons in the structure. The second metso use
microballoons of different internal radius but tb@me outer
radius and the same volume fractions of matrix nresnd
microballoons. The second method is more advaotege
because several physical properties such as meistur
absorption coefficient and thermal expansion coigffit can
be maintained constant while changing the densitythe
syntactic foam. This method is also found to beereffective
than the first method,



Table 1. Properties of Microballoons used in fadiiitg the syntactic foam specimens.

Microballoon Type Average Particle Diameter Average Particle Density  Radius Ratio
(nm) (kg/nt) h
10" percentile 50 percentile 90 percentile
S22 20 35 60 205 0.922
S32 20 40 75 320 0.907
K37 20 40 80 370 0.891
S38 15 40 75 380 0.888
K46 15 40 70 460 0.863

Table 2. Density and void content of the fabricaggadtactic foam slabs.

Microballoon Type

Corresponding Syntactic Corresponding Sandwich

Syntactic Foam Density Void Content

Foam Nomenclature Nomenclature (kg/n?) (%)
S22 SF22 SFS22 493 6
S32 SF32 SFS32 545 9
K37 SF37 SFS37 569 10
S38 SF38 SFS38 575 10
K46 SF46 SFS46 650 6

because of the increase in strength with maximum
reduction in material density can be obtained hy thethod
[23].

The present study is focused on characterizindi¢teral
properties of syntactic foam core sandwich compssitFive
types of microballoons are used to fabricate syitdoams.

All types of foams have the same volume fraction of
microballoons. However, a difference in the densifythe
various types of microballoons causes a differeircehe
density and the mechanical properties of the syiotédmams.
These syntactic foams are used as core materialthdn
fabrication of sandwich composites. The sandwich
composites are tested under three-point bending,-doint
bending and short beam shear (SBS) conditionsspaeimen
fracture behavior is carefully studied along witkeahanical
properties.

RADIUS RATIO
The approach of changing the mechanical propedfes
syntactic foams by changing the microballoon whitkness
was studied by the authors in their previous w@ R4]. It
is found that the compressive strength and modulfis
syntactic foams can be varied effectively by using
microballoons of different wall thickness while égg their
volume fraction the same. The microballoon waitkhess is
related to a parameter nameRiatius Ratity which is defined
as the ratio of the inner radius, to the outer radius,, of the
microballoons, as defined in Equation 1.
r
=1 (1)
r.O

The microballoon wall thickness can also be relatedl.
Keeping the outer radius the same, a decrease ih wa
thickness increase/a Calculation of? requires knowledge of
the outer radius of the microballoon and the traetigle
density. Both these quantities can be experimigntal
determined and/ can be calculated. The authors have
established analytically th# has a pronounced effect on the

mechanical properties of syntactic foams and handd the
basis for the selection of microballoons [25, 26].

MATERIALS AND METHODS
Raw Materials

For the fabrication of syntactic foam a di-epoxigsin
D.E.R. 332 and an amine based hardener D.E.H. 24,
manufactured by DOW Chemical Company are selecldt
resin has density of 1.16 g/ml. The hardener hashemical
name triethylene tetramine. A diluent,»€,, aliphatic
glycidyl ether is used to lower the viscosity oéttesin mix.
The diluent is added in 5 wt % quantity.

Five types of microballoons are selected in
fabrication of syntactic foam slabs. The outemuter of all
type of microballoons is nearly the same (aroundp4q).
However, there is adifference in the density of these
microballoons. The density and average partide supplied
by the manufacturer and the calculated valueg? dbr the
selected microballoons are given in Table 1. Mialtoons
are manufactured and supplied by 3M under the tnatee of
“Scotchlite”.

Glass fabric having 93 gmfmweight and plain weave
pattern is used to fabricate skins for sandwich asites.
This E-glass fabric has an epoxy compatible coating

the

Fabrication Process
Syntactic Foam

The volume fractions of microballoons and matrigime
system are maintained at 0.65 and 0.35, respegtinvethe
fabricated syntactic foam slabs. The density arid gontent
of cast foam slabs are given in Table 2. The dgnrsilues of
syntactic foams are measured in accordance to $1eVA271-
94 standard. At least eight pieces of 285~ 12.7 mni were
used to measure the density. Weight and dimensibtisese
specimens were measured to calculate the densitthef
fabricated specimens. The theoretical density egsulated
based on the volume fractions of the various ctresiis. A
difference in the measuredr.f) and the theoretical rf)
densities is used to calculate the void volumetivac(V,) in
the fabricated specimens as given by Equation P [27



Figure 1 Structure of syntactic foam. Glass mictloleas can be
seen embedded in epoxy resin matrix.

Figure 2 Flexural test setup for (a) three-poird ér) four point
bending tests on MTS system. The test setup fat sleam shear test
is similar to that of three point bend tests big simaller specimen
span length.
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Figure 3 Schematic of sandwich composite bendirtputhree point
loading configuration.

The approach of measuring the density of eight orem
pieces gave the additional advantage of measulism the
density variation in the materials slabs. Howetksg, variation
was found to be less than 3% in various specimehich
means that the void content is well distributedtighout the
structure of the syntactic foams.

Sandwich Composites

Four layers of glass fabric were directly laminatedthe
syntactic foam slabs to fabricate the sandwich asites.
The resin system used as matrix in the syntaceenfelabs
was also used to fabricate the skins. The skins Veeninated
by hand lay-up followed by vacuum bagging, whiclsees
uniform thickness of the adhesive layer. The fzidd
sandwich composites were cured for 72 hrs befonarting
and cutting. The average thickness of the sandwich
composites is 14.5 mm.

Flexural Tests

The standard “ASTM C 393-94” is adopted to
characterize the flexural properties of the sanbwic
composites. In accordance with this standard thoset
bending, four-point bending and SBS tests are cotedu The
specimen dimensions and loading rates for all tygfetests
are given in Table 3. The thickness of specimeristi5 mm,
which is equal to the thickness of the fabricateddsvich
composites. Four specimens of each type of samdwic
composite are tested in each type of bending teBt® three
and four-point bending setups are shown in Fig@eeand 2b
respectively. The SBS test setup is similar to ttiree-point
bend test except the use of different specimen kgrayth.

Table 3 Dimensions of the specimens tested fofiéxeral

properties.
Type of Width Span Crosshead
Bending Test  (mm) Length Displacement Rate
(mm) (mm/min)
Three-Point 25.4 175 2
Four-Point 25.4 175 2
SBS 254 55 1

RESULTS AND DISCUSSION
The bending test presents a case where the stagies v

across the thickness of the specimen, shown inr€iguy the
plane “CNT”", of the specimen in the three-point theyg test.
The stress changes from compression at the poietenthe
loading anvil touches the specimen, marked as pahtto
tension on the opposite surface of the specimemkedaas
point “T".
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Figure 4 Load-displacement curves for three-poamtding test of
four types of syntactic foam core sandwich comgssit
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Figure 5 Load-displacement curves for four-pointdieg test of
syntactic foam core sandwich composites.
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Figure 6 Load-displacement curves for short beagaisktrength test
of syntactic foam core sandwich composites.

In addition, shear stresses act along the lengthhef
specimen. The core or skins can fracture undesethbree
types of stresses depending upon their propertiegrusuch
stresses. Additionally, the interface betweensttias and the
core can also fracture under shear stresses. Henaek
origination locations and propagation directiondl Wwelp in
determining the types of stresses that cause é€ailur

The load-displacement curves for each kind of sytitta
foam core sandwich composites for three and fountpo
bending and SBS tests are shown in Figures 4, 5 @nd
respectively. Some of the general observationm fthese
curves and the observations of the samples duefayichation
are listed below, and will be discussed in the ofsihg
sections.

@)

Crack/'

(b)
Figure 7 (a) Fracture origination in tensile sid@sandwich
composite (b) a closer look at the crack.

1. The load decreases sharply after the end of thstiela
region due to failure initiation in the sandwich
composites.

2. Some of the samples show complete fracture, whereas
others show a plateau region after this sharp dserén
the load.

3. The variation in the displacement value at whiah pleak
load is observed for various types of syntacticnieds
considerable.

4. The failure initiates on the tensile side.
Within the elastic region of the load-displacementves,
where no significant damage is induced, the regmo$ the
specimens to the applied loads are quite simildtis is
visible in the form of nearly the same slope in #lastic
region of the load-displacement curves for différgypes of
syntactic foams, as shown in Figures 4-6. It isepbed that
the failure starts in the form of crack initiatiom the tensile
side of the specimen as the displacement increadas.crack
tends to grow towards the compression side ofpleeimen as
shown in Figure 7. The exact location of the cragkation
depends on several factors including the localized
concentration of microballoons or matrix resin affe
presence of entrapped air voids. The effect ofetHastors is
prominent because the tests are carried out at slow
deformation rates. Localized fracture of the miaainns
takes place at the location of maximum compressivess
when the specimen is being loaded. However, inas
significant enough to lead to the final failuretibé specimen.
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Figure 8. Fracture surface of SFS38 type threetf@nd test
specimen showing tensile and compressive fracmes

Figure 9 Compressive fracture features of syntdoti;m showing
microballoon debris all over the micrograph.

Figure 10 Tensile fracture features of syntactanicshowing largely
undamaged microballoons.

On further loading, the skin of the sandwich conijgos
that is on the tensile side tends to fracture, ioguthe final
failure of the specimen. It is observed that thérerspecimen

fractures at the instant of skin fracture. Thippens because
the load is transferred to the foam core aftersttia fracture.
The magnitude of the load transferred to the cemare than
the tensile strength of the core leading to its edrate failure.
It is observed that this fracture sequence is Hraesfor all
types of sandwich composites, irrespective of the
microballoon/ in the syntactic foam core. The micrograph
presented in Figure 8 shows the region on thedracturface
of a three-point bent test specimen of SFS38 twhere the
tensile and the compressive fracture zones meke |&ft side
region, where large amount of debris is observedthie
compressive failure region. The compressive styeserated
in the specimen is greater than the compressiessstof all
types of microballoons; hence, the generation bfideon the
compression side of the specimen is a common fedturall
kinds of composites. In the tensile fracture zardy a small
amount of debris is observed on the fracture sarfa@cause
the failure is governed by the failure of the matmaterial.
These observations of the microscopic fractureufeat are
consistent with previous observations of compressand
tensile failures in syntactic foams [5, 28]. Thattees of the
compressive and tensile failures of syntactic foanhserved
in a previous study, are shown in Figures 9 and 10,
respectively. It is observed in Figure 9 thagé&aamounts of
debris are generated due to the crushing of theolvadioons.
This figure appears to have fracture features aimtid the
features observed on the left side (compressia) sitiFigure
8. Despite observing the fractured microballooms
significant amount of debris are not present on téwsile
fracture surface in Figure 10. A close observatibRigure 10
reveals that the failure has taken place primanilthe matrix
material. The tensile failure zone in Figure 8 &g to have
features similar to those observed in Figure 10.

The appearance of the plateau region in the load-
displacement curves in Figures 4-6 is based onctlaek
length in the syntactic foam core before finaldfedl. During
the loading process, deformation also takes placehe
compression side of the specimen. Crushing of faarhe
compression side while the crack propagates catises
plateau region in the load-displacement curves.atell
regions were observed consistently by the authods ather
researchers in the compression test experimentsthef
syntactic foam material conducted earlier [4, B]is observed
here that the load-displacement curves show lopdgieau
regions for specimens showing longer cracks. Three
specimens subjected to the three-point bending &eet
randomly selected and presented in Figure 11 tavstihe
crack length variations. Considerable differenan de
observed in the crack lengths of the three specmsbown in
this figure. The crack in the specimen marked AS ih
Figure 11 is considerably longer than the crack the
specimen marked as “C”. The deformation in the p@assive
side of the specimen, that occurs while the crask i
propagating from the tensile side, is visible ie form of the
plateau region in the load-displacement curveserdfore, a
much longer plateau region is observed in the load-
displacement curve of specimen “A” compared to spen
“C". Two of the specimens subjected to the fouimpo
bending test are shown in Figure 12. This figutsoa
demonstrates a considerable crack length variation.



Table 4 Results of the three and four point bendimgj the short beam shear test.

Sandwich Composite Three-point bending Four-point bending Short Beam Shear Strength (MPa)
Type (MPa) (MPa)
t S t S t S

SFS22 1.77+£0.10 17249 3.19+0.15 155+10 6.07+0.10 5+d8
SFS32 1.68+0.12 164+12 3.13+0.18 152+7 5.04+0.10 4135
SFS37 1.70+0.07 16548 3.05+0.12 148+7 4.90+0.12 +@50
SFS38 1.74+0.08 17049 3.07+0.15 15049 4.87+0.10 +449
SFS46 1.71+0.10 166+11 2.96+0.12 144+8 4.01+0.08 31832

Figure 11 Three-point bending test specimens. eifice in crack
lengths should be noticed. These specimens aremdpdelected to
show the variation in crack lengths.

Figure 12 Four-point bending test specimens. Twagks in each
specimen can be noticed and marked by arrows. §ffresentative
samples are randomly selected.

These cracks propagated at a random angle to fhiecp
load based on the least resistance path. In mosgtlea of all
types of syntactic foams, the crack propagatedénlvading
direction as shown in Figure 7. However, variatiomsrack
propagation length and direction are observeddar $amples
of all types of syntactic foams irrespective of thigroballoon
type. It must be noticed that in case of four-pdiending
tests, two cracks are observed in each specimanh, under
the loading anvil. At slow deformation rate thacak always
tends to take the path of least resistance heieectack
growth depends on the localized composition ofrfsgerial.
Factors such as localized interfacial strength betwskin and
core, presence of voids, excess concentration sih rer
microballoons near the fracture zone cause vanstia the
crack lengths. The same factors causing localigedss

concentration zones lead to variation in the disgaent
values at peak load in different specimens.

The Core Shear Stres§ &nd the Skin Bending Stress) (
values are calculated using the equations giveh@énASTM
C 393-94 standard for each type of sandwich conpbaised
on experimental data. Equation 4 is used for #ieutation of
t for all types of bending tests. For the calcolatiof s,
Equation 5 is used for three-point bending and $%% and
Equation 6 is used for the four-point bending test.

[:L
(d+c)b @)
PL
s§=———
2t(d+c) 5)
PL
s§=———
a(d+c)b 6)

here P is the ultimate loadL is the span lengthh is the
sandwich width andd, ¢ andt represent the thickness of
sandwich, core and skin, respectively.

The flexural test results are presented in Tabl€ateful
examination of thet and s values leads to two general
observations:

1. No general trend can be observed in the valueghi®r
three and four point bending tests in relatiorto
2. Adecrease it ands is noted with a decrease infor the

SBS test.

From the first observation it is clear thatloes not affect
the bending properties of syntactic foams in thaed four
point bending tests. In the specimen failure patt# is
observed that in most specimens the final failsrdue to the
fracture of the sandwich skin on tensile side. dderthese
values actually reflect the fracture strength &f $kins.

However, the results of the SBS test show a clear
decreasing trend inh and s values as7 decreases. This trend
is observed due to the pronounced effects of tearsttresses
on the fracture of the foam core. It can be ob=gim Table 4
that ¢ for the SBS test is about three times and 1.5gime
higher than for the three-point and four point begdtests,
respectively. This is due to the smaller specispan lengths.
The high value of shear stress causes deformatidriracture
of the syntactic foam core in a shear mode, whschisible in
the specimen fracture pattern. Two specimens stdgjdo the
SBS tests are presented in Figure 13. In additicdhe tensile
cracks (along the line “CNT” shown in Figure 3) the
syntactic foam core, shear fracture along the akatis (the
line “ANB” shown in Figure 3) can also be observed.
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Figure 13 Two SBS specimens showing fracture irctite material
along the central neutral axis. Core crackingmstle side of the
specimen is also visible and marked by arrows.répeesentative

samples are randomly selected.

The total crack lengths in
considerably larger than in the three and four fpbinding
tests. A smaller span length of these specimensesa
considerably high shear stress at a smaller daflectHigher
shear stresses leads to the deformation of theénspes along
the neutral axis before the fracture of the skidence, the
syntactic foam core shows crack initiation and tivee along
the neutral axis as shown in Figure 13. The enaizporbed
in the process of crack propagation appears in |de-
displacement graphs of the SBS tests in the form &drge
plateau region after initial failure because offsiarge crack
lengths.

In the SBS tests, crack propagation in the syrtdotim
core is significant along the neutral axis, whicuses the
strength of the microballoons to play an importaoie in
determining the mechanical properties of the sacddwi
composite. The microballoons act as stress coratent sites
in the syntactic foams. Fracture of the microbal®oelieves
the local stress in the material. Lower strendtlgter /)
microballoons, such as the S22 type, tend to fraatader the
applied stresses, relieving the stresses in thedvdah
structure. Higher strength (lowérn microballoons, such as
the S38 or K46 type, do not fracture at lower levefl stress
leading to greater stress concentration in the nahtaround
them at a lower deflection. Hence, the final fuaettakes
place at a lower stress levels for such specimeestd the
higher stress concentration effects. A lower fregtu
displacement for the SFS46 sandwich composites aosdo
the SFS22 type indicates the stress concentratifecte
appears in the load-displacement curves. The
displacement curves in Figure 5 show that the diract
deflection for the SFS22 sandwich composites isentban
3.5 mm whereas for SFS46 type specimens is less 1t&a
mm (Figure 7). It must be noted that the micradmail volume
fraction in all types of syntactic foam materiadsthe same.
Hence, the change in the properties of the sytéotim can

be related tos, the only parameter that is changing among

various types of syntactic foams.

these specimens are

load-

CONCLUSIONS

The following conclusions are drawn based on the

flexural tests of five types of syntactic foam ca@ndwich
composites in this study.

The core shear stres§ @nd the skin bending stress) {n
three-point and four-point bending tests are nfecaéd

by the microballoon radius ratio). This is because
specimens fracture on the tensile side, and thsiléen
properties of the matrix resin used in the syntaftiam
core dominate the mechanical properties of such
materials. Such a behavior is observed because the
microballoons do not fracture under tensile loading
conditions, and the fracture is limited to the xatesin.
Hence, when designing the syntactic foam type of
materials, the optimum volume fractions of the
constituting materials can be chosen to obtainr¢heired
tensile or bending properties, and then the foansitie
can be decided upon by choosing microballoons of
appropriate/.

In the SBS tests,t and s decrease with decrease
decreasing value ob due to significant shear stresses in
the specimen due to the smaller specimen aspeot rat
Considerably long shear cracks are observed albag t
specimen neutral axis in the SBS tests. Such@doack
growth is reflected in the load-displacement curassa
long plateau region.

Fracture originated in the tensile side of the agtit
foam core and it progressed towards the compressgiee

in all types of sandwich composites. Microscopacfure
features of tensile, compression and shear faihorees
are presented.
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