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Processing and characterization of a model
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A technique for preparing model Functionally Gradient Materials (FGM) using polyester
resin and cenospheres is developed. The cenosphere volume fraction in the polyester
matrix is continuously varied through a buoyancy assisted casting process. FGMs having
cenosphere volume fraction varying from 0 to 0.45 over a length of 250 mm are prepared.
The overall properties of the FGM are varied by adding plasticizer to the polyester matrix.
The physical, elastic and fracture properties of the prepared FGMs are evaluated as a
function of location to generate the property profiles. The results of the material
characterization indicate that, the quasi-static and dynamic modulus of the material
increases and the material density decreases in the direction of increasing cenosphere
volume fraction. The quasi-static fracture toughness increases up to a certain volume
fraction of cenospheres and then decreases. Fractographic analyses of the fractured
specimens indicate a change in the fracture mechanism as the cenosphere volume fraction
increases. Estimate of the composite modulus using the Halpin-Tsai model with porosity
correction matches closely with the test results. © 2000 Kluwer Academic Publishers

1. Introduction resin anadtenosphereis presented. Anonhomogeneous
Functionally Gradient Materials (FGMs) are compos-distribution of the cenospheres in the polyester matrix
ites in which the material composition is varied spa-is achieved by employing a buoyancy assisted casting
tially to optimize the performance of the material for a process. The overall material properties of the FGM
specific application. Since the properties of FGMs alsaare tailored by adding plasticizer to the polyester ma-
vary spatially, they fall under the category of nonhomo-trix. The density, quasi-static and dynamic modulus,
geneous solids. With the introduction of their conceptquasi-static fracture toughness and dynamic response
[1], research into the various aspects of FGMs such asf the FGMs are obtained as a function of the ceno-
processing, material behavior under different types ophere volume fraction. A fractographic analysis of the
loading, fracture mechanics etc., have gained considefractured specimens is also performed to identify the
able attention and are still being pursued [2-5]. Mostvarious fracture mechanisms and the results are dis-
of the investigations which focus on material behaviorcussed. The applicability of some empirical models for
of FGMs are limited to analytical or numerical studies estimating the overall properties of the FGM is also
and very few experimental studies have been reportedliscussed.
One of the major bottlenecks with experimental studies
is the preparation of FGMs having large scale grada-
tion. Preparation of ceramic-metal FGMs, which are2. FGM Preparation
used in high temperature applications, is expensive antihe FGM was prepared as a particulate composite with
requires elaborate processing facilities. In this contextcontinuously varying particle volume fraction along a
use of model FGMs to understand the physical phesingle dimension. Cenospheres (LV01-SG) supplied by
nomena associated with such nonhomogeneous solidphere Services Inc., TN, USA, were used as the par-
is an expedient alternative. ticles. These cenospheres, obtained from the fly ash
Property gradation in FGMs could be either contin-of thermal power plants, are hollow spheres made of
uous or in layers. Parameswaran and Shukla [6] havaluminum silicates. Fig. 1 shows a micrograph of the
outlined a simple procedure for preparing model FGMscenospheres. The physical and chemical properties of
graded in layers using polyester resin and plasticizeithe cenospheres used in this study are provided in
Recently, Marur and Tippur [7] have proposed a grav-Table I.
ity assisted casting technique to prepare continuously Polyester resin (MR17090) and polyester with equal
graded model FGMs using epoxy resin and glass beadamount of plasticizer (MR9600), manufactured by
In this paper a simple and inexpensive technique to preAshland Chemical Company, were used as the ma-
pare continuously graded model FGMs using polyestetrix material to prepare two FGMs having different
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TABLE | Properties of cenosphefes gion at the top, and an intermediate region with contin-
uously varying cenosphere content. Using this method,

) i . L
Physical properties Cherical composition (%) 250x 250x 12 mm size FGM sheets, having a contin-
Specific gravity 0.67 Silica, Si02 64.4 uous gradation of cenosphere content over a length of
Bulk density 375 kg/rh Alumina, Al,O3 29.4 250 mm, were prepared.
Size range 10-30@m Iron oxide, FeOs 4.3
Mean size 124m Titania, TiG 1.0 . . .
Wall thickness 0.1 diameter Organic matter 0.9 3. Material characterization
3.1. Density and cenosphere volume
@ Product information sheet for LV01-SG from Sphere Services Inc. fraction

Since the cenospheres are hollow and their specific
gravity is much lower than that of the resin, the density
of the composite decreases with increasing cenosphere
content. Thus, density gives us an indirect measure
of the cenosphere content in the composite. Samples
(12 mm cubes) were sliced from the FGM at 12 mm
intervals and their sides were machined to achieve con-
sistent dimensions. The density of these samples was
measured and the density profile of the FGM was gen-
erated. The spatial variation of cenosphere volume frac-
tion was calculated from the density profile using the
rule of mixtures given in Equation 1.

Ve = Pm — Pc 1)

Pm — Ps

where,oc, andpn, are the density of the composite and
the resin respectivelys is the apparent density (spe-
cific gravity) of the cenosphere aiis the cenosphere
volume fraction.

overall properties. These resins, available in the lig-

uid form, were cured by the addition of a catalyst3.2. Elastic properties

(Methyl Ethyl Ketone Peroxide 0.85% w/w) and an The modulus profile of the FGM was generated by mea-
accelerator (Cobalt Octoate 0.03% wi/w). First, thesuring the elastic modulus of samples at 25 mm inter-
polyester/polyester-plasticizer was mixed thoroughlyvals. The quasi-static tensile stress-strain curve for the
with appropriate amounts of catalyst and acceleratordifferent samples were obtained following the ASTM
Cenospheres, 25% by weight of the resin, were addegtandard testing procedure D 638 for rigid plastics. In
slowly to the resin along with mixing to ensure com- estimating the Young’s modulus the variation of ceno-
plete wetting of the spheres by the resin. The mixturesphere volume fraction over the 12 mm test section was
was kept in a vacuum of 660 mm of mercury for aboutneglected. The quasi-static compressive strength of the
20 min to expel the air bubbles trapped in the resinFGMs was measured at 12 mm intervals following the
during mixing. The entire mixture was then gradually ASTM standard testing procedure D 695.

poured into a 25& 250x 12 mm size acrylic mold

and allowed to cure in a vertical position at room tem-3 3 Fracture toughness

perature and pressure for 48 h. The sides of the mOlgye quasi-static fracture toughness of the FGM was
were lined with mylar sheet (0.18 mm thick) to obtain jeasured at 25 mm intervals using the single edge

a smooth and shiny surface and to facilitate €asy repgiched specimen under three point bending as shown
moval of the cast sheet. The sheets were removed frogp Fig. 2. The initial crack was prepared following the

the mold and post cured in an air circulating oven foryocedures outlined in ASTM standard 5045. Since
4 h at 52°C followed ty 5 h at 63°C. Post curing at o ming a sharp natural crack of the required length

elevated temperature ensures complete cross linking @f 55 not possible due to the structure of the material,

the polymer and thereby yields the maximum strength, 300..m band saw notch was initially made and was

and stifiness properties to the sheets. _ subsequently sharpened by scribing with a razor blade.
The spheres have a low specific gravity of 0.67

as compared to 1.18 for the resin. When the resin-

cenosphere mixture is poured into the mold, the tog F
layer of the mixture which is rich in cenospheres gets i

poured first and fills the bottom layer of the mold. Sub-

sequently, the cenospheres diffuse towards the surfac W5 miti
of the mold due to buoyancy. The resin takes approxi: 13a=12 mm :
mately 4 b 5 h for gelation and once it gels and starts — _Q

curing, further diffusion of spheres is arrested by the I« S=100mm »

increased viscosity. This resulted in a casting with a

resin rich region in the bottom, a cenosphere rich reFigure 2 Single edge notched specimen.

Figure 1 Optical micrograph of cenospheres.
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The fracture toughness was calculated from the failuré®n reaching the specimen, part of the stress pulse gets

load (F) using Equation 2. transmitted through the specimen into the transmitter
bar while the remaining pulse gets reflected back into
FS the incident bar. The time resolved strain histories in

Ki = BW3/2 the bars are recorded through the strain gages.

The dynamic stress-strain response of the specimen
can be obtained from these strain histories using the

 3VX(199-x(1 — X)[2.15-3.93x+2.7x?)

2(1+2x)(1 - x)¥2 theory of one-dimensional wave propagation [8]. As-
(2)  suming homogeneous deformation of the specimen, the
wherex = a/W. stress ¢s) and strain £s) in the specimen as a function
of time can be generated from the reflected é&nd
3.4. Dynamic properties transmitted £;) strain signals using the relations given

The dilatational wave speed of the material was meain Equation 4.
sured at different locations 25 mm apart. A compressive

t
wave was initiated in the FGM sheet at the required es(t) = _Zcb/ er(t) dt
location by a low velocity impact on the free edge ls Jo
which was parallel to the gradation. Two accelerom- E
eters, mounted 150 mm apart, were used to register the Cp = = (4)
arrival times of the wave front at these locations. Using Pb
this information the compressive wave speed was cal- A
culated. The dynamic modulus of the materid) (vas os(t) = Ep—e&(t)
evaluated from the dilatational wave spe€d Y using As
Equation 3.

whereA, andAg are the cross-sectional areas of the bar

E and specimen respectivelyjs the specimen lengthy,

C.=/ T (3) isthe wave speed in the bar material &handpp are
(1—v3p the Young's modulus and density of the bar material
respectively. Cylindrical specimens having a diameter

The dynamic stress-strain response of the materia‘ﬂc 18 mm and a thickness of 3 mrpr\:velr:eetlj\ied Ito obtain
as a function of cenosphere content was also investi'€ dynamic stress strain curve of the atlocations

gated using the Split Hopkinson Pressure Bar (SHPBiL5 mm apart.

technique in compression. The SHPB set up, shown in

Fig. 3, consists of an incident bar and a transmitter bar,

both instrumented with strain gages. The specimen i4- Results of material characterization

sandwiched between the two bars. The impact of thé-1. Physical properties

striker bar onto the incident bar generates a Compres-[he denSity of the FGM sheet at different locations was

sive stress pulse of finite length in the incident bar.measured as explained in Section 3.1 and the density
profile obtained is shown in Fig. 4 for both the FGMs.
It can be observed from the figure that the density of the

wherev is the Poisson’s ratio andis the density.

Striker bar Incident bar Spccim}n Transmitter bar FGM decreases by 20% from that for the virgin resin
I = i = =] over a distance of 250 mm for both type of matrices.
— —— pamper 1 1€ decrease is predominant over the initial 100 mm

and then the curves flatten out. The composition profile

Figure 3 Schematic of the SHPB setup. shown in Fig. 5 indicates that the cenosphere volume
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Figure 4 (a) Density profile for FGM with polyester matrix, (b) density profile for FGM with polyester-plasticizer matrix.
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Figure 5 (a) Spatial variation of cenosphere volume fraction profile for FGM with polyester matrix, (b) spatial variation of cenosphere volume fraction
profile for FGM with polyester-plasticizer matrix.

fraction increases from 0 to 0.45 over 250 mm and the The Poisson’s ratio was measured for two samples
variation is continuous and fairly linear over the initial from the extreme ends of the sheet. The values of
100 mm. The data points in Figs 4 and 5 include thePoisson’s ratio for the polyester matrix FGM were 0.33
measured density and the estimated volume fraction dbr no cenosphere content and 0.34 for a cenosphere
about 50 specimens, used for the various tests memnolume fraction of 0.45. The corresponding values for
tioned in Section 3, obtained from different castings.the polyester-plasticizer matrix FGM were 0.41 and
These data points show very little scatter indicating thed.38. The cenospheres are essentially hollow ceramic
repeatability of the process in making FGMs havingparticles which are significantly harder than the matrix.
consistent composition profiles. Inclusion of these particles restricts the free deforma-
tion of the matrix around it and hence increases the
overall material stiffness.
4.2. Quasi-static elastic properties The quasi-static compressive strength of the FGMs
The spatial variation of the Young's modulus for both registered a decrease in the direction of increasing ceno-
the FGMs is shown in Fig. 6. It can be noticed from sphere content. The spatial variation of quasi-static
Fig. 6 that the elastic modulus increases by 55% ovetompressive strength, shown in Fig. 7, indicates that
a distance of 250 mm in the direction of increasingmost of the strength reduction occurs over the initial
cenosphere content for the FGM having polyester mai00 mm for both FGMs. In the case of the polyester
trix. The corresponding variation for the FGM having matrix FGM, the test specimens failed by axial split-
polyester-plasticizer matrix is only 40%. These resultging in a brittle manner for lower cenosphere volume
indicate that both FGMs have a linear modulus pro-fraction. As the cenosphere volume fraction was in-
file. The Young's modulus values for the FGM having creased, the failure pattern shifted to sudden fracture
polyester matrix is higher than that for the FGM hav- along planes at 45angle to the load which indicates
ing polyester-plasticizer matrix. This trend of the plas-shear failure. The reduction in strength over a distance
ticizer reducing the material stiffness is consistent withof 200 mmwas 37%. On the contrary, for the FGMs hav-

our earlier studies [6]. ing polyester-plasticizer matrix, the strength reduction
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Figure 6 Elastic modulus profile of the FGMs. Figure 7 Quasi-static compressive strength profile for the FGMs.
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2.00 particle should cleave or the interface between the par-

ticle and matrix should delaminate. Since the spheres
175 . : . ;
2 are intact interface failure is mandatory for the crack
3 Lsof to propagate. The interface area is twice the projected
g area for a hemispherical interface, hence the energy re-
125 | ; . L g
2 quired for interface delamination should be higher than
£ 1.00 that for matrix fracture, provided the interface tough-
3 075 | ness is greater than half the matrix toughness. In addi-
g ' tion to river marks and interface failure, marks originat-
g 050} ing from the spheres and extending for a certain distance
8 025 ©  FGM with polyester mafrix . down-stream of the crack growth, were observed espe-
25 o FGM with polyester-plasticizer matrix . . .
cially around small sized spheres. Such marks are evi-
0.00 = : . . : dence of non-planar crack front. These marks shown, in
0 3 10 15 20 » Fig. 9b, appeared specular and hence are steps orthog-
Location (cm) onal to the main crack surface. Such steps are formed

when the main crack front splits onto different planes
as it traverses the particles and then rejoins to form
a planar crack front. The interface delamination and
the non planar crack front result in increased fracture

over 200 mm was only 22%. The material behavior was . . )
: . y .~ “surface area and an associated increase in the fracture
elastic-plastic. At lower cenosphere volume fraction,

after reaching the maximum load the specimens starte%n.ﬁr]gey'crack initiation sites of the specimens havin
to yield with a drop in the load. This was followed P 9

. : . . o higher cenosphere volume fraction, shown in Fig. 10,
.by buckling with plastic deformatlon. With increas- revealed lot of broken spheres in addition to a few river
Ing cer]osphere content, thg failure pattern changed tf‘?1arks in the matrix. Since the cenospheres are hollow
Si(;ﬁgsé\t/i; [{ISI{;]%\II\(I)I;ZpIaStIC deformation on a single and have very small wa_lll thickness (3—3@n), bre_ak-
) ing of the spheres during the process of forming the
initial crack is unavoidable and could cause blunting
. of the crack tip. The effect of this crack blunting is to
4.3. Frgcture properties ) increase the value of the measured toughness. Inspec-
The variation of fracture toughness as a function of lojon of the fracture surface away from the initiation
cation was determined for both the FGMs using thesjte also revealed numerous broken spheres in these
three point bending test. The toughness profile folgpecimens. Few interface failures and evidence of non-
FGMs having polyester and polyester-plasticizer mapjanar crack front were seen in the location of small
trix is shown in Fig. 8. The fracture toughness increasegpheres in this region. This indicates that the predomi-
by 100% over the first 100 mm for both matrices. Thepant mechanism of fracture at high cenosphere volume
fracture toughness of the polyester-plasticizer matrixyaction is matrix cracking associated with breaking of
FGM is higher than that for the polyester matrix FGM. ghheres. Therefore, breaking of the spheres and the as-
This result is consistent with our earlier studies [6]. sociated local crack blunting is inherent in the fracture
Also the fracture toughness of virgin polyester andmechanism. In this context, concerns regarding the ef-
polyester-plasticizer matrix in this study were the samegct of a blunt initial crack (due to broken spheres) on
as obtained in [6]. After the initial 100 mm the frac- the measured values of fracture toughness is of lesser
ture toughness remains fairly constant for FGM haV'”gsignificance. With an increase in the cenosphere vol-
polyester-polyester matrix but registered a slight deyme fraction, the effective matrix area decreases and
crease for the FGM having polyester matrix. Srivastavgne portion of the load carried by the matrix also de-
and Shembekar [9] also have reported a similar trend fogreases. This will lead to load sharing by the spheres
the fracture toughness of epoxy resin with increasing:ausing their breaking during the failure process. The
fly ash content. _ ~ ceramic spheres are stronger than the matrix and there-
The presence of cenospheres which are distributeghre even with this fracture mechanism the toughness
hard inclusions in the resin alters the fracture pro-uf the composite must be greater than the toughness of
cess resulting in a change in the fracture toughnes$pne matrix which is evident from Fig. 8.
In a particulate composite, there are additional fracture
mechanisms which can enhance the fracture energy. To
identify these, fractographic analysis of the tested spec-
imens were performed using a Nikon SMZ-U optical 4.4. Dynamic properties
microscope. For specimens having low cenosphere volFhe dilatational wave speed of the FGM as a function of
ume fraction, the initiation site featured numerous riverlocation was determined using the procedure explained
marks and interface failure as shown in Fig. 9a. Thesén Section 3.4. The dilatational wave speed increased
river marks are typical of polyester failure [6]. Very few along the direction of increasing cenosphere volume
broken spheres could be identified. Spheres attached foaction. This increase was a result of increasing mod-
one of the fracture surfaces with a corresponding reulus and decreasing density of the material. The spatial
cess in the other surface were observed. For a crack taariation of dilatational wave speed for both FGMs is
traverse through a brittle particle in its path, either thegiven in Fig. 11. In order to determine the dynamic

Figure 8 Fracture toughness profile for the FGMs.
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Direction of
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River marks
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Steps normal to the plane of main crack

(b) Cenosphere volume fraction 0.11

Figure 9 Fracture surface features at low cenosphere volume fraction.

modulus profile, the Poisson’s ratio of the material un-cenosphere volume fraction the FGM with polyester
der dynamic loading is required. Our previous stud-matrix registered higher values of the dynamic peak
ies with polyester-plasticizer sheets indicated that thestress than the FGM with polyester-plasticizer matrix.
dynamic properties are insensitive to the plasticizefThe tested specimens were examined under a micro-
content. The Poisson’s ratio under dynamic loadingscope to understand the type and extent of damage dur-
for polyester-plasticizer sheets has been reported dng stress wave loading. For very low cenosphere vol-
0.37 [6]. This value of Poisson’s ratio and the den-ume fractions (0.02—0.1), the specimen was intact after
sity profile of the FGMs were used to generate the dytesting although several cracks initiating from the ceno-
namic modulus profile of the FGM using Equation 2. spheres were observed. These cracks had a cellular pat-
The dynamic modulus as a function of location, showntern with the cenospheres at the cell vertices as shown in
in Fig. 12, increases along the direction of increasingrig. 14a. Of the two the FGMs, the one with polyester-
cenosphere volume fraction for both FGMs. plasticizer matrix had fewer number of cracks. With an
The dynamic stress strain response of the FGMs ahcrease in cenosphere volume fraction, the specimens
different locations was obtained using the SHPB techbroke into several pieces. The surfaces of these pieces
nique for both the matrices. The peak stress registeretvealed delamination at the cenosphere-matrix inter-
by the specimen decreased in the direction ofincreasinface and also a few broken cenospheres. The mode of
cenosphere content as shown in Fig. 13. As the cendailure was primarily interface delamination and matrix
sphere volume fraction increases from 0 to 0.45, the dyeracking. The size of the broken pieces was larger for
namic peak stress decreases by 45% for the FGM witthe FGM having polyester-plasticizer matrix. At very
polyester matrix where as it decreases by 37% for théigh cenosphere volume fraction (0.3-0.45), the speci-
FGM with polyester-plasticizer matrix. For the same men crumbled into very small pieces along with crushed
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Figure 10 Fracture surface showing broken spheres (B).

2800 5. Empirical modeling
The properties of the polyester and polyester-plasticizer
@ 2600 | resins change with cenosphere volume fraction. Several
g empirical models are available to estimate the over-
?E; all properties of composites from a knowledge of the
§ 2400 ¢ material composition and constituent properties. The
g Halpin-Tsai equation for composites with discontinu-
g 2200 | ous reinforcements is used to estimate the overall mod-
i ulus of the FGMs [10]. The composite modulus is given
= 2000 | by the relation
o FGM with polyester matrix
o FGM with polyester-plasticizer matrix Em(l + 25q \éff)
Ec=—— (5)
1800 : . . : 1 — qVes
0 5 10 15 20 25

in which s is the particle aspect ratio (1 for spherical
Location (cm) particles) Vet is the effective volume fraction of ceno-
spheres andt;, Es and E, are the elastic modulus of
the composite, cenospheres and the matrix respectively.
The parameteq is defined as

fine particles as shown in Fig. 14b. The surfaces of the

Figure 11 Spatial variation of dilatational wave speed for the FGMs.

pieces revealed lot of broken cenospheres and the fine =S _1

particles consisted of crushed matrix and cenosphere. q= Enm ©6)
The mode of failure was predominantly cenosphere Es

breaking and crushing along with matrix fracturing. En +2s
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6.5 timated from the apparent density of the cenospheres.

- The ratio of the material volume to the sphere volume

6.0 | E(x)=4.7+0.06x ry can be obtained as
£ Vet
955_ rV:—Eff=3— (7)
=
= L
g >0 The apparent density of the spheres is obtained from
é a5t \ the relation
g E(x)=4.2+0.047x V., t
A _ Vefffa 3 8

4.0 IOS — V — PaF ( )

o FGM with polyester matrix S
351 . @ FOMwith polyester-plasticizer matrix in which p, is the density of aluminum silicate

(2.4 gl/cc),t is the wall thickness and is the sphere
radius. The apparent density of the cenospheres was
measured to be 0.67 g/cc, and using Equation @as
obtained as 0.25. Equation 5 can be written in terms of
Vs in the following form.

0 5 10 15 20 25

Location (cm)

Figure 12 Dynamic modulus profile of the FGMs.

300
280 | o FGM with polyester matrix E;. = M (9)

N o FGM with polyester-plasticizer matrix 1-ryVs

g/ 240 | Fig. 15 compares the measured values of elastic mod-

2 20l ulus for both the FGMs as a function of cenosphere vol-

£ ume fraction to the estimates from Equation 9. It can

§ 200} be seen that estimates using the Halpin-Tsai equation

o 180} with the porosity correction match closely with mea-

g 160 } sured values.

& 10t Inclusion of the hollow cenospheres reduces the ef-

fective load bearing area of the matrix, and hence the

120 ¢ strength of these composites will be lower than that of

100 = : ' ' ' the matrix. For a given volume fraction, the effective

0 5 10 15 20 25 . .
strength of the composite can be written as
Location (cm)

oc = om(1— fVZ3) (10)

Figure 13 Variation of the dynamic peak stress as a function of location
for the FGMs at strain rates in the range of 3000-5000/s. whereor, is the matrix strength anfl is an experimen-
tally determined factor. Fig. 16 shows the variation of
When E; is large compared t&, as in the case of the compressive strength of the material as a function
cenospheres the value gfcan be approximated as 1. of cenosphere content along with the estimates using
The effective volume fraction of the cenospheres is théequation 10. For the dynamic strength, the values,pf
volume of the material after removing the hollow inte- and f were 280, 0.75 and 250, 0.75 for the polyester and
rior. This can be calculated from the knowledge of thepolyester-plasticizer matrices respectively. The corre-
thickness to radius ratio of the cenospheres. Howevesponding values for the quasi-static strength, were 154,
since the spheres are not of uniform diameter and wald.65 and 100, 0.45 for the polyester and polyester-
thickness, the average thickness to radius ratio is eglasticizer matrices respectively. The factors equal

—

500 um

———e
500 um

(a)

Figure 14 Micrograph of damage developed under dynamic loading (a) cellular pattern of cracks (b) crushed matrix and cenospheres.
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6 e The density of the FGMs decrease by 20% with

©  Polyester matrix_ . increasing cenosphere volume fraction
o Polyester-plasticizer matrix

Modified Halpin-Tsai estimate

e The quasi static and dynamic modulus of the FGMs
increases linearly with increasing cenosphere vol-
ume fraction where as the compressive strength of
the material decreases with increasing cenosphere
content.

e The estimates of quasi static modulus using the
Halpin-Tsai relation with a porosity correction
matches very well with the measured values.

e The fracture toughness of the FGMs registered
an increase with increasing cenosphere content. A

e change in fracture mechanism from interface fail-

0.0 0.1 02 03 0.4 0.5 0.6 ure to cenosphere breaking was observed at higher
cenosphere volume fraction.

e Addition of plasticizer to the polyester matrix

Figure 15 Tensile modulus of FGMs as a function of the cenosphere increases the over all fracture toughness and

(]
T

Tensile modulus (GPa)
'

Cenosphere volume fraction

content. decreases the elastic modulus and compressive
300 strength of the FGMs.
o FGM with polyester matrix . e The dynamic peak stress registered by the FGMs
3 ©  FGM with polyester-plasticizer matrix decreased with extensive damage to the specimen
S 250 as the cenosphere content increases.
P
B 200 Since the objective of this study was to prepare
§ large specimens, the spatial variation of properties per
§ unit length in this material were small. For e.g. the
g 15017 elastic moduli variation was 9 GPa/m. This was de-
‘gﬁ sired as some of the future experiments planned with
S 100l this material require large specimen of the order of
200x 200x 12 mm.
50 : ' : : :
0.0 0.1 02 03 0.4 0.5
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Figure 16 Compressive strength as a function of cenosphere content.
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