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Abstract

Syntactic foams made by mechanical mixing of polsime
binder and hollow spherical particles are used ase c
materials in sandwich structured materials. Lovagity of
such materials makes them suitable for weight #easi
applications. The present study correlates varipost-
compression microscopic observations in syntacians to
the localized events leading the material to fractu
Depending upon local stress conditions the fradkeaéures of
syntactic foam are identified for various modesfrcture
such as compressive, shear and tensile. Microscopi
observations were also taken at sandwich structmetaining
syntactic foam as core materials and also at raiatb
syntactic foam containing glass fibers. These olag®Nns
provide conclusive evidences for the fracture fessu
generated under different failure modes. All theroscopic
observations were taken using scanning electromosgope
in secondary electron mode.

Key words: syntactic foam, sandwich structured materials,
scanning electron microscopy, compression fail@atures,
and shear failure features.

1. Introduction

Nothing can be more illustrative than microscopythe
investigation of fracture and establishing the eau®r it. In
case of conventional materials like metals andyalloelation
between the phenomena, which led to fracture amdedtures
of the newly created surface at macro and micrasclepel
has been studied in great detail over the pastakdecades.
However, for newer materials like syntactic foams,
comprehensive microscopic studies cannot be foundhé
published literature. Syntactic foams are usedaas in the
sandwich structured materials. Use of syntactarfas core
ensures high rigidity and compressive strength bé t
sandwich structures compared to other polymericmfoa
Other additional advantages gained by the use syntfmam
are low moisture absorption and increased thertablilgy. A
combination of these properties makes them suitdbie
structural purpose, especially in aerospace andinmar
applications. Studies on mechanical propertiesyottactic

foams [1-3] and their sandwich structures [4-6] banfound
in the published literature. However, none of éhetudies
give enough emphasis on microstructural featuresthef
material in pre and post-mechanical test conditiong relate
them to the local stress conditions and failurepsses.

Polymeric resin acting as binder is mixed mechdlyica
with hollow microspheres, also called microballoctesmake
syntactic foam [7-9]. Presence of porosity in ebgell form
is responsible for higher compressive strength yoftectic
foams compared to the open cell structured polyrfedams.
As a consequence of closed porosity, which is enftrm of
microballoons, elasticity of these materials islaad they are
classified in the category of rigid foams. Micrbspes
incorporated in the binder can be made up of glasdals or
polymers. In the present study syntactic foam slalese
fabricated using glass microspheres along with gp@sin
binder. Fabricated syntactic foam was tested under
compressive loading conditions. Specimens havingr fo
different aspect ratios, 0.91, 0.67, 0.6 and 0.dewested. In
case of higher aspect ratios, effect of shear cowapoof the
applied compressive stress is prominent, whereakvirer
aspect ratio specimens true compression prevdiesting of
specimens of different aspect ratios allow a cowupag study
of fracture features of syntactic foam in shear aneke
compression zones of the specimens.

Syntactic foams reinforced with discontinuous glitssrs
were also fabricated and tested in this studyrothiction of
third component in the structure gives rise to twerfaces
namely, resin-microballoons and resin-fibers. lase of
syntactic foams having two components, only resin-
microballoons interface is present in the systenThe
difference in interfacial strength due to the preseof two
interfaces in a three-component system helps abbshing a
better correlation between fracture features appgain
different parts of a specimen and among differeatemal
systems. Microscopic study of syntactic foam imdsaich
configurations was also carried out in post-congogs test
condition. These sandwich configurations havingtagtic
foam as core material were tested in edgewise dk ase
flatwise compression mode.



In the initial stage of edgewise compressive logdirf
sandwich material, rigid skins take up major pdrthe load
and transfer only a small part to the foam coravidbn of
load between two components delays and slows ddwen t
crack origination and also the fracture, which etifeely
causes a magnification effect to the events hapgemm the
material.

Comparison of microscopic fracture features in agtit
foam, reinforced syntactic foam and syntactic foaore
sandwich structured composites in various aspeiisrand
orientation helped in identifying features of coegsive,
shear and tensile type of fractures in syntactiants.
Mechanical property data and theoretical analysithe tests
for different materials tested in this study areblmhed
separately [10, 11]. The present paper deals sixelly with
microscopic analysis of pre and post-mechanicalt tes
specimens and establishes the localized mode afifea

2. Structure of Syntactic Foam

Syntactic foams are made by mixing hollow spheret a
binder resin by stirring followed by casting in gded shape.
In practice it is difficult to avoid entrapment afr in the
material system while mixing the constituents, giout can
be minimized and maintained at nearly the samd veng
different specimens by careful processing. Theappied air
is present as open porosity and leads to a thraseps$tructure
in a two component material system. Structure loé t
fabricated syntactic foam [12] is shown schemaditjcal Fig.
la. Scanning electron micrograph presented in Higshows
the surface of a syntactic foam slab. Along wiploxey resin
and microballoons, entrapped air pockets (voids) alao be
seen in the structure. This micrograph taken ftbensurface
of the material shows only a few microballoons dgethand
would serve as a reference while interpreting amehparing
the fracture features of various specimens witlh edler.
3. Materials and Fabrication Methods
3.1. Syntactic foam

Syntactic foam was fabricated by mechanical mixirfg
glass microballoons and matrix resin. Very slowmdanixing
of the constituents with wooden stirrers was preférfor
mixing the materials to minimize the damage to
microballoons. Slabs of syntactic foam were casing
unpressurized casting method to avoid any damagthdo
microballoons during casting. Epoxy resin LY 50aldng
with hardener HY 5052, manufactured by Ciba Geiggs
used as matrix material. Microballoons supplied Grace
Electronic Materials, Belgium, having bulk densépd true
particle densities of 180 kgfrand 254 kg/m respectively
were used. Microballoons had average particle eiarmof 80
mm. Particle size distribution and compressivergjtie range
of the microballoons provided by the manufactuner given
in Tables 1 and 2, respectively. Cast foam slab®wured at
room temperature overnight and post cured at-330 for 2
% hr. Dimensions of the cast foam slabs were 1360
25.4 mnf.
3.2. Reinforced syntactic foam

Discontinuous glass fibers were incorporated in the
material system along with resin and microballoctos
fabricate reinforced syntactic foam slabs. Epogynpatible
E-glass fibers were used for this purpose. Siz¢hefglass

fibers was kept below 6 mm to maintain isotropy the
structure. Casting route followed for syntactiafowas used
for this material also. Curing and post curing evatso done
under same conditions. Good dispersion of fibaesaetting
by matrix resin was ensured in the reinforced sytitefoam
to obtain homogeneity in the structure.
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Fig. 1: Three-phase structure of syntactic foans¢aematic (b)
scanning electron micrograph.

Table 1: Particle size distribution of glass mialwons.
Particle Size Range Weight Fraction

(mm)
149-175 0.14
125-149 0.10
100-125 0.12
44-100 0.55
<44 0.09

Table 2: Crushing strength of glass microballoons.

Stress Level (MPa) % Collapse
34 14
6.9 32
13.8 55
20.7 75

3.3. Sandwich structures
Some of the syntactic foam slabs were converted int

sandwich structures. The cast foam slabs werdosect to
get 6 mm thick slices. On either side of theseesli two
layers of 0.2 mm thick epoxy compatible E-glassifalwvere
attached in 0/90 orientation to form skins. Resistem used
for the fabrication of skins was same as that ugsed
fabrication of syntactic foams.



Hand lay-up followed by vacuum-bagging was used for
the fabrication of sandwich structured materiaRabricated
sandwich materials were cured at room temperatueenaht
and then post cured at 28C for 2 % hr.

4. Experimental Methods
4.1. Compression testing

Specimens were tested under compressive loading
conditions using 100 kN DARTEC-9500 Servo-hydraulic
microprocessor controlled mechanical testing maehin
Syntactic foam specimens having four different aspe
(height/width) rations 0.4, 0.6, 0.67 and 0.91 wested under
compressive loading conditions. A representatioad}
displacement curve for syntactic foam is shownigqm BE. The
typical feature of this curve is the plateau regaiter yield
point. This region is also referred as densifmattage where
hollow microballoons fracture exposing the hollopase that
existed within them, this space is consumed byntiagerial
during further compression [11].

Reinforced syntactic foam was tested in two differe
specimen orientations as indicated schematicallign3. As
the fibers are oriented randomly in these slabsypression
tests in two different orientations were conductedest the
material for isotropy. Fabricated sandwich streesuwere
also tested in two different orientations, namealgewise and
flatwise. In all the tests, constant strain rated®1 §' was
maintained. Compressive strength values for alirtfaterials
tested in the study are given in Table 3. Forastit foam
the values are average for all the aspect ratistedein the
study.
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Fig. 2. Load —displacement curve for the compogsgesting of
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Fig. 3: Specimen orientations in compressionrgstif reinforced
syntactic foam.

4.2. Scanning electron microscopy
Syntactic foams and their sandwich structures are
polymer based materials and are non-conductingce)etime

specimens were coated with gold before microscopy.
Syntactic foams tested in this study are made umgla$s
hollow spheres, which are brittle. Fracture oftagtic foams
gives rise to large amount of broken pieces of oiatioons

in some of the loading conditions. These loos¢iglas lead

to charging during electron microscopic observatioh such
samples. Hence, the fracture surface of the stiotémams
was subjected to a gentle blow of air before cagatihe
specimens with gold. Scanning electron microsanfpgll the
specimens was done in secondary electron mode.

Table 3: Compressive Strength of syntactic foanasthair sandwich

constructions.

Material . Average
Specimen i

Orientation Compressive

Strength (MPa)

Syntactic Foam 20.87
Reinforced Syntactic ~ Orientation 1 13.67
Foam Orientation 2 11.58
Glass fabric skin Edgewise 35.25
syntactic foam core Flatwise 21.89

sandwich

5. Syntactic Foam Specimen Failure Modes

It is observed during the mechanical testing that t
specimen response to the compressive loading depanthe
specimen aspect ratio. Sequence of crack origimaéind
subsequent failure in syntactic foam specimensHtgaaspect
ratio of 0.4, tested under compressive loading itamms, is
shown schematically in Fig. 4. In this case itlifighear type
cracks originate from the corners of the specinmarked 1
through 4 in Fig. 4b). However, due to the inceshwidth of
the specimen the cracks originating from the ogposrners
cannot meet. A horizontal crack (marked as 5 ¢ Bb) also
originates in the specimen due to the true commmesa the
central region of the specimen. Shear cracks temdeet the
central crack and lead to the formation of wedgapsh
fragments at the sidewalls of the specimens. Wten
specimen having aspect ratios of 0.91 and 0.67 tested,
slight difference was seen in the fracture condgio The
fracture sequence for high aspect ratio specimens i
schematically shown in Fig. 5. Shear cracks (nthrike
through 4 in Fig. 5b) appear to originate from toeners of
the specimens. With continued compression the kerac
forming in the opposite corners of the specimemnl ttenmeet,
giving rise to shear type of failure in the speaime
Depending upon the localized conditions either kraccan
meet crack 4 or crack 2 can meet crack 3. Micmisco
observations were taken at the surface of a wedge |
fragment separated from the low aspect ratio spatsnand at
the fracture surface of the high aspect ratio spens. When
top and bottom portions of low aspect ratio specimneere
pulled apart, they tend to separate easily alarg3i as shown
in Fig. 4c. Observations on these separated ®gfgive the
actual features of failure under compression, bseathe
compressive load is concentrated in this region. altwo-
component material, it is desired to concentratedamage
occurred to both the phases and also to the icteréd the
fracture surface. In high aspect ratio specimenseresting
observation is that the central zone, which is wunde
compression, lies also on the shear fracture plane.



The compression phenomenon will be prevalent in the
central region until the shear cracks grow to astaitial
length and cause failure of the specimen. Althotighfinal
fracture confirms shear type behavior, the featunds
compression should be preserved in the centralomegi
Locations of the microscopic observations of sytitalmams
presented in this study are shown in Fig. 6. Tog lbottom
uniformly compressed zones and a wedge shapedkigeof
low aspect ratio specimens are shown in Fig. 6afiudured
half of the high aspect ratio specimen is showrFign 6b.
Large number of micrographs were taken during the
microscopy but only a selected few are includethia paper
avoiding the redundancy.

6. Results and Discussion
6.1. Microscopic study of syntactic foam

The fractured surface of a fragment separated fiioen
sidewall of a low aspect ratio specimen is showrFig. 7.
Features to be noted in the micrograph shown in Fare the
large number of uncrushed microballoons and thellsma
amount of debris. Substantial amount of compress$iad
taken place before the test was stopped, whichidest from
the load-displacement curve shown in Fig. 2. Despuch a
high degree of compression and glass being britiderial,
amount of debris seen in this micrograph is nonificant.
Hence, the failure mode on this plain is not thenpession.
High magnification observation of a fractured mizaioon
embedded in the matrix resin in the same regiosh@wvn in
Fig. 8. Although the crack has grown to a subshfength,
very few fragments are formed from this microbatiod_arge
number of such microballoons were present in teigian.
Fig. 9 shows the fractured surface near the coofier high
aspect ratio specimen. Similarity in features canobserved
in Figs. 7 and 9. Most of the microballoons intbtite figures
are undamaged. Notable feature is the absence lofsd@
these micrographs. Careful observation of Figeals the
presence of banded structure in this micrographe Bands
appear in steps like fashion in the structure, Wwiidem due to
the propagation of shear crack at 40-@dgle to the loading
axis. Due to this reason, crack frequently chargase of
propagation after small deformation and fractureaofew
layers of microballoons in the specimen and prossteps.
One such step can be seen near the top left cimntris
micrograph. The area shown in Fig. 7, when seelowat
magnification to cover more area under the obsEnvaglso
had the same type of structure. This series afitavie unique
to the shear type failure and is not possible immession
region where there is no propagation of crack ardenals
compress uniformly. Observation of the matrix mest high
magnification reveals presence of plastic deforomatinarks
that are also in the form of steps as shown in Ey. This
type of marks cannot be generated if the matrixtines
under compression, but are possible in shear typilore
only.

The central part of the same specimen shown in Hig.
has considerable difference in appearance of niopis
features. In this region large amount of debris lza seen and
undamaged microballoons are absent. As per thkerear
discussion, it is expected that this part of thecgpen has
undergone considerable compression before failesailting
in complete crushing of microballoons. Exactly thk@me

features were observed on the surface of low aspid
specimens separated along crack 5 (Fig. 4b) leattindpe
conclusion that the same deformation and failurenpimena
prevailed there also. The region between commersgdne
and shear zone shows a mixture of these featuFég. 12
shows a few uncrushed microballoons among the brokes.
High magnification micrograph of the same regioig[F.3]
shows the presence of interfacial separation, witieh be
attributed to shear forces acting at this point.

6.2. Microscopic study of sandwich configuration

Syntactic foam core is the major load bearing camepb
in the compression testing of syntactic foam camdsvich
configuration in flatwise compression mode. Hente
failure sequence of the material and macroscopsefations
are similar to that for the syntactic foam mate@dald are
shown schematically in Fig. 14. Cracks marked fram
through 4 in Fig. 14b are the shear cracks orighah the
core and 5 is the crack due to compression of ¢he. cFailure
mode in such materials is the failure of syntaétiam core.
Hence, the microscopic observations taken for saidw
configurations in flatwise compression failure mate quite
similar to those for syntactic foam material.

Considerable difference is observed in the edgewise
compression of sandwich structures using syntdoims as
the core material. The difference in the specirhehavior
appears because the load is primarily taken byigfe skins.
Major part of the load is transferred to the coriera
significant compression of skins or after theircftae. Fig. 15
schematically shows the crack initiation and grosglquence
in edgewise compression of sandwich configuratiBracture
features for the plane lying along crack paths @ ann Fig.
15b generate due to compression and should beasitoithat
for true compression of syntactic foam. Formatwrcrack
path 1, which is in the direction of the appliednpressive
stress is possible only under secondary tensibss#s. This
crack is expected to show different set of micrpscdeatures
due to fracture in different local stress mode, chis a
secondary tensile stress.

Surfaces originated along crack 1 shown in FigwEse
observed to look for the features of tensile frextu The
surface features such as large number of uncrushed
microballoons and very small amount of fragmenta be
observed in Fig. 16. In this figure steps do nasteon the
fracture surface in the form of regular bands oy eegular
arrangement. Fig. 17 shows magnified view of alsragion
that was covered in Fig. 16. Contrary to the olet#wns
made in shear type of failure shown in Fig. 10, plastic
deformation or fracture pattern was seen in epesynrmatrix
as a general feature for tensile type of failu@n the surface
of cracks 2 and 3 illustrated in Fig. 15, the msoapic
structure shows typical compressive failure featwhich is
the presence of large amount of debris of crushed
microballoons [Fig. 18]. Undamaged microballooasrmot be
seen anywhere in these micrographs.

From the observations in the different modes dtifaj it
is clear that failure under compression gives tiselarge
amount of debris in the structure due to brittlenes glass
microballoons. Tensile and shear type of failuca® be
differentiated from
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Fig. 4: Failure sequence of low aspect ratio éhd 0.6) syntactic foam specimens under comprefsieting
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Fig. 5: Failure sequence of high aspect ratiol(@8d 0.67) syntactic foam specimens under compeeksmding.
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Fig. 7: Appearance of fractured surface of sidéfragment
Figs. 9, 10 of low aspect ratio specimen.
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Fig. 6: Locations on the (a) low aspect ratio ghyl high
aspect ratio syntactic foam specimen surfaces where
microscopic observations were taken.

SO R . e

Fig. 8: Fracture features of‘glass microballoon.



Fig. 9: Fractured surface near the corner of tgk hspect ratio
specimen showing features of shear type of failure.

Fig. 10: Plastic deformation and fracture patterepoxy resin
matrix in a region covered in Fig. 9.

Fig. 11: Fractured surface at the center of tha hgpect ratio
specimen showing features of failure under comprass

Fig. 12: Appearance of fractured surface of higheasratio
specimen in a region between that in Figs. 9 and 11

Fig. 13: Interfacial separation between microballaod resin matrix.
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Fig. 14: Flatwise compression of syntactic foanecsandwich
material.
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Fig. 15: Edgewise compression of syntactic foane sandwich
material.



Fig. 16: Appearance of surface generated due tegbendary tensile
stresses.

Fig. 19: Fracture of reinforced syntactic foam spen tested under
compression in orientation 1.

Fig. 17: High magnification observation of a regmovered in Fig.
16.

Fig. 18: Compressive failure features in syntafttaom core of the
sandwich material.
Fig. 20: Fracture of reinforced syntactic foam spen tested under
compression in orientation 2.



may also fracture under the applied load, but atesefidebris
at any stage of compression is the matter of concer
The central uniformly compressed zone of specimens

compressive failure by the features such as theepoe of
large amount of undamaged microballoons and absefce
debris. To differentiate between tensile and shgpe of

failure modes, appearance or absence of bandedusunust
be looked into.

6.3. Microscopic study of reinforced syntactic foam

Use of third component in the structure of syntafiam
is helpful in further strengthening the observasian fracture
features in various failure modes. Discontinuolasg fibers
were incorporated in the syntactic foams for thigppse.
Difference in the interfacial strength between ffibgatrix and
matrix-microballoons is helpful in isolating thefedft of each
component in the process of deformation and fractoy
comparing the fracture features of unreinforced r@inforced
syntactic foam. These observations can give antiti
support to the observations made earlier. Low @spaio
glass fibers were incorporated in well-dispersedanfan the
syntactic foam. Testing of reinforced syntactiarfoin two
different orientations [schematically shown in F8j.showed
two different types of responses of the specimehéaapplied
compressive loading conditions. As shown in Fi@®, 1
specimens in orientation 1 developed a crack abhdesquently
fractured in the direction of loading. The cracksworiginated
in the early stages of compression and despiterama of
specimen into pieces, it kept on resisting the iefdpload.
However, in orientation 2 specimens responded maaner
exactly similar to that for unreinforced syntadisam, giving
rise to wedge shaped fragments from the side vedllghe
specimens and uniform compression in the centgibreas
shown schematically in Fig. 4. Photograph of aarntested
in orientation 2 is shown in Fig. 20.

Microscopic studies of specimen tested in orieotatl
were carried out on the surface generated dueetoséitical
crack propagation. In the micrographs shown in Biglarge

amount of undamaged microballoons were seen aloitly w
Presence of damaged micraizalloo

some damaged ones.
along with debris can be attributed to the compoasef the
specimen. However, the vertical crack formatiompaéssible
only when fibers are the major load carrier andyttend to
buckle considerably before fracture. Hence, thettire takes
place under the secondary tensile force leadingetdical
splitting of the specimen. As evident from Fig. iBRrfacial
strength between fiber-matrix seems to be betterpaved to
that of microballoon-matrix.  Fracture or sepanatiof
microballoons from the close vicinity of fibers les a
hemispherical mark in resin on the surface of fibédome
hemispherical marks and pieces of broken microba#io
adhering to some such marks can be seen in Figlf28nsile
forces are absent and only compressive conditiaiss, ét is
expected that these resin marks would be acconmbamit
large amount of debris. However, the presencendamaged
microballoons should not be attributed to the pmeseor
absence of any phenomenon. This is due to thetliattthe
splitting of the specimens occurred in the earlgges of
compression and the loading was stopped. In Etages of
compression the microballoons that are now seeamaded

tested in orientation 2 was microscopically viewatter
careful separation. As seen in Fig. 23, fibers aaneounded
by small pieces of broken microballoons. Even dose
observation [Fig. 24], hemispherical marks on fibare not
seen. Perhaps these marks also fractured durimgression
as the material has undergone considerable conpmes$n
other parts of the specimen, no undamaged micimtya
were found.
microballoon was observed among the debris as slWwiyg.
25 and was looked into with great interest.
observations at higher magnifications [Figs. 26} /&¥ealed
that it was not bonded with any of the adjoiningnpmnents.
Perhaps this microballoon was detached from its igitthe
early stages of compression leaving a resin mahindeand
landed in this crack, which protected it from gegticrushed.
Comparison of fracture features indicates a pretake
orientation of fibers in reinforced syntactic foapecimens.
Fibers although discontinuous, are more orientelieh to
the direction of loading when tested in specimaargation 1
and hence, perpendicular to orientation 2. Thianges the
loading conditions locally in the specimen and ewelty the
specimen behavior and reflects into the post cossioa
microstructure.

Fig. 21: Undamaged microballoons in reinforced agtit foam
specimen tested in orientation 1.

Fig. 22: Resin marks on fibers left after fractafenicroballoons.

However, only one totally undamaged

Closer



Fig. 23: Broken fibers surrounded by fractured wiialloons in the
reinforced syntactic foam specimen tested in oaigorn 2.

Fig. 24: Higher magnification image does not shesim marks left
after fracture of microballoons.

Fig. 25: General features of fractured surfacesfforced syntactic
foam. Appearance of one undamaged microballoonéspected.

Fig. 26: Higher Magnification micrograph of Fig. &% closer
observation.

Fig. 27: Higher Magnification micrograph of Fig. 86owing no
bonding between fiber and microballoon.

7. Conclusions

Comparison of post-compression microstructure of
syntactic foam in various parts of the specimengaked
considerable differences, which indicated variatiom local
stress conditions. Conclusions about the fracteatures of
syntactic foams in various localized fracture modesre
drawn by microscopic observations of the fracturdazes of
syntactic foam tested in four aspect ratios, reodéd syntactic
foam tested in two orientations and syntactic foaore
sandwich materials in two orientations. As a gehfature it
could be established that the presence of substamiount of
broken pieces of microballoons on the fracture axef
confirms failure under compression mode whereaserde of
debris indicate failure under tensile or shear tgpdoading
conditions. These features are representative todss
conditions prevailed locally. Further, in an atfmto
differentiate between features of shear and terfsieture
modes, it is identified that due to frequent chamgplane of
crack propagation in a specific direction, bandédicsure
appears only in shear type of failure. These bands in step
like fashion. In tensile failure there is no sfiecpattern in
the appearance of undamaged microballoons, butvall the
structure, undamaged microballoons are seen with fewv
broken fragments. Microscopy of reinforced syritaébam
revealed preferred orientation of fibers, which lakped the
vertical splitting of specimens in one orientatlmut not in the
other. Macroscopic response of specimens was latede
with the microscopic observations of specimen failpattern
and was found in good agreement.
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