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Abstract

The present work is aimed at characterizing syittact

foams for flatwise (specimen aspect ratio of 0.K)perties
and investigating the effect of change in the maéradius of
cenospheres. The density and mechanical propestigse

syntactic foam can be changed while keeping cereveph

volume fraction and particle-matrix interfacial arthe same
by using cenospheres of same outer radius butreliiffenner
radius. Five types of cenospheres, with the samannogiter
radius but a different internal radius, have beelected for
the fabrication of syntactic foams. ASTM C 365 4, &

standard for the flatwise compressive propertiesasfdwich
cores, is followed in the present work. The resalitained in
the study are compared with the results of edge(gisecimen
aspect ratio of 2) compressive properties evaluateshrlier

work. Results show an increase in compressivengtineand
modulus with decrease in internal radius of cenesgh The
peak compressive strength and modulus were measuree
higher for the specimens tested in flatwise origoita
compared to that in edgewise orientation. Varyamy one

parameter, the internal radius of cenospheres, etlelm

understanding the role of cenospheres and matsin rim

deformation and fracture process of syntactic foams
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Introduction

Close cell structured polymeric foams such as syicta
foams are made by mixing hollow particles calledospheres
in a matrix material [1-3]. Syntactic foams giwdvantage of

low moisture absorption and high compressive stteng

compared to the open cell structured foams. Sothero
advantages of syntactic foams are high energy pbsor
during deformation and high damage tolerance [@eater
design flexibility and wide range of properties danachieved
by choosing appropriate materials as cenospheresretrix
material [2]. These advantages make syntactic $oam
popular choice for core material in sandwich sued
composites [5] for marine and aerospace application
Several experimental and analytical studies aréadla
on compressive [6-11], impact [12, 13] and hygrotied [14-
16] properties of syntactic foams. Studies on ogdasticity
[17], fire performance [18], effect of polymer curgcle [19]
and microstructural characterization [20-22] of tagtic
foams are also found in the published literatUseme studies
on syntactic foam core sandwich composites arealadable

[23]. In many of these studies the effect of claarg
cenosphere volume fraction on mechanical propertés
syntactic foams is investigated. However, a geshtantage
offered by the possibility of keeping the cenospheolume
fraction constant, but changing the syntactic fademsity by
changing the cenosphere internal radius is notdatadied in
the published literature. The present study ewslothis
possibility by investigating the change in compiess
properties of syntactic foams due to the changeeimosphere
internal radius. The matrix resin system, cenospheaterial
and volume fractions are kept the same in all ive types of
syntactic foams in this study. Hence, changes ha t
compressive strength and deformation or fractutéepacan
be attributed to a change in one parameter ondy, the
cenosphere internal radius. Therefore, a bettdenstanding
of the compressive properties of syntactic foama te
obtained by such an investigation. The syntactant
specimens are tested in flatwise compression madthis
study in accordance to ASTM C 365 — 94 standarche T
specimen aspect ratio (height/width) is maintaiae¢d.5 for
such tests. Results of these tests are comparte teesults
obtained by the authors in their earlier resea®zj for tests

in accordance to ASTM D 695 — 96 on specimens of a

different aspect ratio, 2, which are termed as wikge
compression. Results of compression tests of byptes are
also compared here to develop a better understgndin
deformation and fracture pattern of syntactic foamihis
comparison also helps in highlighting the effectspkcimen
aspect ratio on the compressive strength and msdulu

Radius Ratio

Several modeling approaches for particulate cong®si
can be found in the published literature. Thespr@gches
range from empirical or semi-empirical relations5][2to
rigorous mathematical models [26-33]. Modelinggmaeters
for particulate composites include mechanical prige of
matrix, cenospheres and interface. Some othernpess
such as particle volume fraction, particle size ahdpe also
appear in the models. It is possible to use tmesdels for
cenosphere filled composites such as syntactic $oanty if
cenospheres do not fracture during deformationthedailure
mode is either interfacial failure or matrix fracu However,
when cenospheres tend to fracture during a defoomat
process, the stress state in the syntactic foamg b
considerably different to that of the compositetaoring solid
particles of the same size, shape and volume dmctiThis
difference is based on the internal radius of therosphere,



which is not considered in these particulate coritps's
models.

To explain the difference caused by a variationtha
internal radius a parameter called the Radius Rdtjois
introduced and defined by Equation 1.

h= L
r.0
wherer; is the internal radius ang is the outer radius of the

1)

cenosphere. Volume of materialy, composing the
cenosphere can be represented in terndstyf Equation 2.
4 3 3
ZE'D o (1-/7 ) )

Changing the value of7 does not change any other
modeling parameters such as cenosphere surfaceaacka
cenosphere/matrix interfacial strength. Howevagnge in/
changes the mechanical properties of the cenosphere
Therefore, its effect on the internal stress stamest be
understood thoroughly.

Fracture of any brittle particles under compresgjores
rise to fragments. These fragments are subjectedtational
movement due to shear deformation and linear monerne
favorable direction due to local tensile and corapiee
displacement. The relative movement of fragmentth w
respect to each other leads to a mismatch betwesm and
causes fragments to occupy more volume than théclgar
before fracture as shown in Fig. 1(a). The volwneupied
by the particle before fracture and by debris afterfracture
are represented & andVg respectively. The ratio &f> and
Ve determines the additional stresses generated @ th
surrounding matrix material. In the case of ceheses, the
volume of debris generated dependsionThe higher? is, the
smaller will be the volume of debris for the sanuéeo radius.
Hence, the effective volumeyg, can be represented by
Equation 3.

VeE= kV 3)
wherek is termed as mismatch parameter and is a meabure o
hollow space between particle fragments. Equaliaan be
written in terms of? as Equation 4.

Ve= kVp (1- ) 4)

It is assumed that on further compression aftetiaini

fracture of the particle, further crushing will &aglace and the
fragments finally take form of smaller solid spleetfiparticles.
It is also assumed that these new particles arseptein a
“random close packed” arrangement. In such a &asmn be
related to the random close packing factor for ecgize
spheres, which is 0.65 [34]. A critical value faftermed as
he, can now be found where the volume of cenosphefer®
fracture is equal to the volume of debris generattdr its
fracture. In their previous work [35-37] the authdhave
calculateds,, to be 0.71.

For syntactic foams containing cenospheres wit0.71,
the volume occupied by the debris generated due to
cenosphere fracture would be more than the voluimthe
cenosphere before fracture. This is because ofmikenatch
between various debris particles. Hence, additistr@sses
will be generated in the matrix in such a casehasva in Fig.
1(a). For the fracture of cenospheres having > 0.71,
material system will become similar to a polymethanternal

voids. This situation is shown in Fig. 1(b). Cbes in the
local stress states can lead to stress concemtraticstress
relieving and affects the compressive strengtthefsyntactic
foam. All the cenospheres selected to fabricatetagyic
foams in this study havé > .. Such a choice causes the
effect of cenosphere fracture on the internal stetate to be
of similar type for all types of syntactic foamsdamakes the
comparison of results more meaningful. The prestudy
analyzes the deformation and fracture charactesisof
syntactic foams with varying/ and experimentally
demonstrates thé dependence of the compressive properties

@

(b)
Fig. 1 Effect of the particle fracture on the surrding matrix (a)
solid particle or cenosphere having ., and (b) cenosphere having
>

cre

Materials and Processes

Constituent materials selected for the fabricatioh
syntactic foams, the fabrication process detailsl dhe
compression test parameters are described ingbi®a.

Constituent Materials

Epoxy resin D.E.R. 332 and hardener D.E.H. 24 are
selected to fabricate the syntactic foam slabses@hmaterials
are manufactured by DOW Chemical Company. Thenaelu
fraction of matrix resin is maintained at 0.35. eNiscosity of
the selected resin at room temperature is abous4id. It is
difficult to properly mix and wet the cenospheréshe resin
viscosity is this high. Hence, a diluent,C,, aliphatic
glycidyl ether is added in 5% by weight quantity.



Table 1 Properties of cenospheres.

Cenosphere Cenosphere Size Distributiomm() Average True Average Wall Radius Ratio
Type " - - - Particle Density Thickness h
10" percentile 50 percentile 98 percentile (kg/n?) (mm)

S22 20 35 60 205 1.26 0.922
S32 20 40 75 320 1.86 0.907
K37 20 40 80 370 2.17 0.891
S38 15 40 75 380 2.23 0.888
K46 15 40 70 460 2.74 0.863

Five types of cenospheres have been selected fidis 3
Scotchlite product range. According to the matepiaperty
data provided by the manufacturer all types of spheres
have nearly the same outer radius distribution raedn outer
radius as given in Table 1. However, there isfeidince in
the internal radius of cenospheres, which refleass the
variation in the density values. Cenosphere viidkness and
h are calculated using the true particle densityesland are
presented in Table 1. In this table the cenosphgre is the
manufacturer’s code for the product where last wigits
relate to the true particle density value of theaspheres.

Fabrication Process

Resin, diluent and hardener are heated &30 further
lower the viscosity and then mixed together. Cpheses are
added to this mixture and hand stirred gently usimpden
stirrers to minimize cenosphere damage. This méxisi cast
in stainless steel molds of size 2229 13 mni. Mold
surfaces are coated with silicon grease to ensasg eemoval
of foam slab after curing. Foam slabs are curedB6hrs at
room temperature, 2&, and then post cured at100€3for 3
hrs. Compression test specimens are cut from tbkdes
using a diamond blade tile saw. This saw and thdebare
manufactured by MK Diamond Products Inc, CA, USA.
Cutting speed of the blade is 3450 rpm in this saw.

Since the fabrication route involves mechanicalingof
materials, some air is entrapped in the materisiesy giving
rise to open cell structure porosity [2]. Thisrapped air is
termed as voids. Density of foam slabs is measured
accordance with the standard ASTM C 271 — 96. Wegd
dimensions of at least sixteen pieces of 2513 mn? size
foam pieces are measured to calculate the foanitdenatues.
Void volume of the fabricated syntactic foam slalss
calculated using Equation 5.

Vi Wy, V

slab + WSIab

r. r
whereV andV,igs represent volume of the slab and void
s, Wy represents the weight of the slab angdrn, Vi and
Vim represent densities of cenospheres and matrixialeaad
volume fractions of cenospheres and matrix material
respectively. The approach of taking large numifesmall
foam pieces for the density and the volume fraction
measurements also gives information on void digtidin in
the slabs. It is found that voids are distribut@ifarmly. The
measured densities and calculated void volumeidrof the
fabricated syntactic foam slabs are given in T&bleln this
table the code used as the syntactic foam nomemelat
contains two letters, SF, which refer to “syntaddem” and
two numbers, which are taken from the corresponding
cenosphere type.

V _V_ fm

voids —

®)

m
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Table 2 Density and void content of fabricated agtit foam slabs.

Cenosphere Correspondin  Syntactic Void Volume

Type g Syntactic  Foam Density Fraction
Foam Type (kg/m®) (%)

S22 SF22 493 6

S32 SF32 545 9

K37 SF37 570 10

S38 SF38 575 10

K46 SF46 650 6

Compression Testing

Two ASTM standards, C 365 — 94 and D 1621 — 94, are
found applicable for the flatwise compression testiof
syntactic foams, which are specified for the sactindores
and rigid cellular plastic type of materials, respeely. A
comparison reveals that the specimen sizes recoedeim
these standards are the main difference. ASTM 211694
recommends cross sectional area between 2580 a2@0 23
mn¥ and a height of 25.4 mm. For close cell structfomms
such as syntactic foams ASTM C 365 — 94 recommends
smaller specimen size, with a cross sectional af&25 mnd
and no specific height. Based on the consideratian the
fabricated foam slabs have thickness of about 13amdhthat
in further experiments sandwich composites haviymagtic
foams as core would be fabricated and tested, AETBE5 —
94 is selected in this study. Specimens in thiglsthave
dimensions of 2525 12.5 mni for length, width and height,
respectively, in accordance with ASTM C 365 — 94.

Compression tests are carried out using a MTS 810
Material Test System. This machine is attachedato
computerized data acquisition system. Stainlessl glatens
are fixed in the hydraulic grips of the testing imae to carry
out the compression tests. Setup of compressiets tis
shown in Fig. 2. Constant crosshead movement ismte
maintained at 0.5 mm/min as recommended by thecteele
ASTM standard. Six specimens of each type of syitta
foam are tested. Load-displacement data is olutdimmen the
tests and is used to determine the compressivagstreand
modulus.

Results and Discussion
Flatwise Compression Tests

In the five types of cenospheres selected in tleset
study /7 varies from 0.863 to 0.922. Change in compressive
modulus and average peak compressive strengthntdctic
foam with change i is given in Table 3. Strong dependence
of modulus on# is evident from the values. Increase in
compressive modulus from 1550 MPa to 2640 MPa is
observed with a decrease infrom 0.922 to 0.863. Peak
compressive strength also shows increasing trenth wi
decrease ifh and changes from 30 MPa to 72 MPa within this
range of h.
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Fig. 2 Flatwise compression test seﬁjp.

75
— A
& 50 1 s=
s cc2
\u-; (N =4
[%]
L 254 crEn
n
0 T T T 1
0 0.04 0.08 0.12 0.16
Strain (mm/mm)

Fig. 3 Stress-Strain curves for the flatwise coragian testing of
syntactic foams.

Table 3 Comparison of compressive properties ofegyit foam
specimens tested using two different specimen diines.

Syntactic Radius Compressive Peak compressive

Foam Ratio Modulus Strength

Type (MPa) (MPa)

Flatwise Edgewise Flatwise Edgewise

SF22 0.922 155@50 122@&70 3@2 323
SF32 0.907 202%60 153160 382 403
SF37 0.888 219%70 184570 532 54+3
SF38 0.891 239550 196390 633 56t2
SF46 0.863 2640t60 222150 723 644

These results demonstrate strong influence of ¢dreve
£ on the modulus and peak compressive strengthrafstc
foam materials, which can be understood by studyhmey
deformation and fracture pattern of the specimerdetail.

Some representative stress-strain curves for dievifle
compression testing of syntactic foams are showfiin 3.
For all types of syntactic foams the trend of thess-strain
curves is similar and corresponds to the trend rebseby the
authors in their previous work [6] and also by oshd 1]. Itis
observed that the stress decreases by about 100
reaching a peak value. Peak stress denotes the gfairack
initiation.  After this decrease, the stress bemmearly
constant for further compression. This constargsst region
is referred as the plateau region or densificasiage. This is
the stage when cenospheres are crushed exposingtemal
hollow volume. Cenosphere debris and matrix resicupy
this volume while getting compressed. The plateaion for
all of the syntactic foam samples extends beyorfid $€ain
without any further decrease in stress. No defifibcture
point is observed in the flatwise compression ofitagtic

foams. The reason for this observation is desdribs
follows. In any particulate system, all particlés not have
exactly the same diameter. Particle diameter saveer a
range of values. Similarly, cenospheres in theridated

syntactic foams have a distribution of outer radam /7

values as given in Table 1. Hence, the strengthasious
cenospheres of one type is expected to vary owvange of
values depending on their inner and outer diametémn. any
part of the foam structure, if the stress valuegiabove the
fracture strength of any cenosphere, then that sprere
fractures. If the mixing of cenospheres in theriraesin is

carried out properly, cenospheres of all differsizes and

values are distributed randomly in the syntacticanfo
structure. In such a condition there is no preférfracture
plane in the material. Hence, the specimens sustage
strain without showing any definite fracture paimthe stress-
strain curves.

It is observed that the strain at peak stressIfdypes of
syntactic foams is close to 3%. Two componentctiine of
syntactic foams consists of cenospheres and madsin.
Different types of foams possess different setsasfosphere
properties whereas all the foams possess the sawmperfies
of matrix resin. Hence, the observation that tkakpstress
occurs at the same strain value for all types afagtic foams
indicates that it is independent of cenosphere

To establish the dependence of strain at peakssbreshe
properties of matrix material compression testmafrix resin
(unreinforced) are carried out. These tests a® edrried out
in flatwise and edgewise orientations keeping thecsnen
size the same as that for the syntactic foams .
Stress-strain  curves for the compression tests hof t
unreinforced polymer are shown in Fig. 4 and their
compressive strength and modulus values are pezbdnt
Table 4. The general trends of these curves shatwinder
edgewise compression there is a distinct plateagiome
whereas no such plateau region is found under iBatw
compression. The main reason for such an observaithat
it is easier for the edgewise compression specirtedeform
laterally under secondary tensile stresses due tugher
specimen aspect ratio, whereas such a deformatidrighly
restricted in flatwise orientation. From thesevesrit can be
observed that the yield strain for the matrix podyms
approximately 3.5%. These observations indicatd the
failure initiation in syntactic foams does not degeon the
strength of cenospheres and is related primarilytte
properties of the matrix polymer.

Effect of Specimen Aspect Ratio
By using a different specimen aspect ratio there ar

significant differences in the specimen fracturédéor and
compressive properties. Specimen deformation aacture
pattern in both types of specimens is studied wépect to
the specimen dimensions and compared here to exthai
differences measured in the modulus and peak casipee
strength.  Stress-strain curves for SF37 and SkHinf
specimens tested in accordance to ASTM D 695 -téilard
(edgewise compression) are shown in Figs. 5(a) %,
respectively. Other types of syntactic foams alsow similar
trends in their stress-strain curves. A compariebrthese
curves with corresponding flatwise compression esm Fig.
3 reveals some differences in their general charatics.



Table 4 Compressive properties of polymer usegasistic foam
matrix material.

Specimen Compressive Modulus Compressive
Orientation (MPa) Strength
(MPa)
Flatwise 336040 1253
Edgewise 232@t40 9Q:2
200 -

Flatwise

Edgewise
Tests

Stress (MPa)
=
o
o

0 0.1 0.2 0.3

Srtain (mm/mm)

Fig. 4 Flatwise and Edgewise compression test tesiil
unreinforced matrix polymer system.
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Fig. 5 Stress-Strain curves for edgewise specingdt{a) SF37 and
(b) SF46 syntactic foams.
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In case of edgewise compression curves, the stress
decreases sharply after the peak stress value.dddrease in
stress is in the range of 25-50%, which is sigaifity higher
than about 10-20% decrease under the flatwise gondi It
is also observed that most specimens do not sho& Krains
after reaching the peak stress, which leads tdaaree of the
plateau region in the edgewise stress-strain curvdhe
edgewise compression tests had to be stoppedtitia af 6-

8% due to sudden drop in the stress value unlikefltiwise
compression tests, which showed plateau regiorl@iL5%
strain. These variations in the specimen defolnatiattern
and stress-strain curves can be associated withcthek
initiation pattern in the specimens.

Failed edgewise and flatwise compression test spts
of syntactic foams are shown in Figs. 6(a) and ,6(b)
respectively to show the general characteristicheffracture
patterns. Figs. 7 and 8 show schematics of therobd
fracture pattern of the specimens for edgewise faatdise
orientations, respectively. Fracture patterns dfese
specimens are compared to understand the diffesence
observed in the characteristics of the stressrstaives. In
both cases shear cracks originate from the spechmerrs as
the first fracture activity, which is consistenttiwvihe authors’
observations in earlier studies [6]. These crawiginate due
to the deviatoric component of the applied compvesstress.
The shear cracks tend to form wedge shaped fragnierihe
specimens. In edgewise orientation, the wedge eshap
fragments lead to stress concentration locationstha
specimen along one edge of the fragment. The éndi®
edge on the face of the specimen is marked asriAig. 7(a).
As the strain increases in the specimen, due tosthess
concentration, secondary tensile stresses actingaido the
applied load and the restraining effect of the casgpion
fixture platens, the specimen shows barreling effas
indicated in Fig. 7(b). This leads to verticaligplg of the
specimen as observed in Fig. 6(a). The extentaofebng
depends on cenosphefe also. Fracture of cenospheres
exposes the hollow space existing within them, Wwhicnhow
available for the compressing material to occupyr higher
h cenospheres more new space will be available tier t
compressing material, leading to lower lateral esan.
However, for syntactic foams having lowér cenospheres
lesser new space will be exposed and the effesecbndary
tensile stresses will be higher.

Location and size of the shear and tensile craskeery
critical for the final failure in edgewise orientat. This is a
possible reason that considerable variation is rebsein the
peak stress values and trends of the stress-staues after
peak stress is reached. The fracture mechanisftatefise
specimens is shown in Figs. 8(a) and 8(b). IndHagires it
can be observed that the shear cracks originatehén
specimens giving rise to wedge shaped fragmentshén
specimens in a manner similar that observed inettgewise
orientation. However, these fragments form im sidewalls
of the specimens and a large part of the specimenot
affected by their formation and separation. Corigoar of
results reveals that there is 15-25% differencthéxmodulus
of syntactic foams in edgewise and flatwise oritotes,
whereas the peak compressive strength values shout 2-
11% difference. The modulus depends on the elastic
properties and volume fractions of the constitueatterials.
Hence, the modulus is affected by a possibility lateral
expansion due to the presence of large free sudacwared
to the specimen-platen contact area in edgewissntation.
The peak compressive strength depends on the mieahan
properties of cenospheres and matrix resin, whiahses
comparable results in edgewise and flatwise orizms.
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(b)
Fig. 8 Fracture mechanism of syntactic foam congme@sinder
flatwise orientation.

(b)
Figure 6 Syntactic foam specimens compressiondesider (a)
edgewise and (b) flatwise orientation.

Fig. 9 Specimens of matrix polymer subjected toettigewise
compression.

Compression tests on the matrix polymer are helpful
understanding the effect of lateral expansion a@nskoondary
tensile stresses. In edgewise tests of the palgpecimens
(a) the height is twice the width. Hence, the effeicthe lateral

expansion is considerable and is observed in thm fof
barreling of the specimen. This is visible in Fi§y.where
specimen marked as “A” is an undeformed specimehthe
specimen marked as “B” is subjected to about 25fairst
under compression. Barreling can be observed étisgen
“B” in this figure. Flatwise compression test sipeens have
much smaller aspect ratio compared to the edgewise
compression specimens. Hence, the lateral expanisio
restricted as evident from Fig. 10. In this figtine specimen
marked “A” is undeformed and the specimen marketBass
subjected to about 13% strain under compressidme €ffect
of barreling is not as prominent as observed ineadge
) compressed specimen shown in Fig. 9. The syntéodm
specimens also exhibit the similar behavior. Tdifference

Fig. 7 Fracture mechanism of syntactic foam congae@sinder f . .
g edgewise or?/entation. reflects in the modulus values of the syntactimmfeabtained
from the tests.



Fig. 10 Specimens of matrix polymer subjected &ofthtwise
compression.

The unique approach of varying cenosphefesvhile
keeping all other parameters the same made it ldessd
relate the variations in the compressive propeeties fracture
pattern of syntactic foams to just one parameter.

Conclusions
Compression tests are carried out on five types of

syntactic foams having the same matrix material and

cenosphere volume fraction. Such an approach efulug

designing syntactic foam materials for applicatiavisere a

particular cenosphere volume fraction is defin@tie strength

and the density of syntactic foams can still bengea by
selecting cenospheres of corrértvalue. The compression
tests are conducted in flatwise orientation. Té®t tesults are

related to the only parameter that is varying is 8tudy, i.e.,

cenosphere Radius Ratid, It is concluded that with a

decrease in/ peak compressive strength and modulus

increase. The present approach made it possildertolude

that the strain at peak compressive stress doesepeind o

and is a property that comes from the matrix resifihe

plateau region observed in the stress-strain cusvattributed

to the fracture of cenospheres during compresdi@ymtactic

foams.

Comparison of results with edgewise compressioh tes
results leads to the conclusion that the measuredk p
compressive strength and modulus of syntactic foames
dependent on specimen aspect ratio. The following
conclusions are drawn based on this study.

1. Specimens tested in edgewise orientation have lower
values of compressive modulus compared to thahef t
flatwise specimen orientation because of laterphegion
and barreling.

2. Peak compressive strength values measured in eskigewi
orientation show strong dependence on the crack
origination pattern.

3. Strain at peak compressive stress is about 3%lftypes
of syntactic foam specimens tested in both flatvésd
edgewise orientations.

4. There is no specific fracture point
compression of syntactic foams.

on flatwise
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