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Abstract: Titanium cenosphere syntactic foam of varying relative densities with coarse cenospheres was developed through powder
metallurgy route at lower compaction loads. The cold compaction load was varied in the range of 60 to 75 MPa to obtain the foams
of different relative densities. A function of cold compaction load between crushing tendency of cenosphere and relative density was
investigated. The compressive deformation behavior of these foams was studied, and empirical relationships among plateau stress,
elastic modulus, densification strains and energy absorption are formulated considering their practical significance. The performance
indices of the developed foam in comparison with dense titanium were studied and it was found that the foam is superior alternative

to titanium for engineering applications.
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1 Introduction

In past several years, metal foam has emerged as
potential material in varieties of applications especially
where low density and high energy absorption properties
are crucial [1]. Titanium and its alloys are the most
attractive materials due to their excellent mechanical
properties, biocompatibility and corrosion resistance [2].
Porous titanium inherits the excellent mechanical and
biological properties of dense titanium. Further, these
foams have special features of porous materials, such as
low density, high surface area and high energy
absorption capacity. These make titanium foams
potentially useful as functional and structural materials.
Recent development and advancement
technologies focus on titanium foams that are considered
for both engineering and biomedical applications [2,3].

Research work has been focused on the

of new

development of titanium foams fabricated by powder
metallurgy route [4—14]. This is due to the fact that
titanium is much more difficult to process in liquid state
because of its very high melting point (1670 °C).
Another problem is its extreme chemical affinity with
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atmospheric gases (i.e. oxygen and nitrogen), which
dissolves rapidly either in liquid or solid titanium at a
temperature above 400 °C. Several materials such as
carbamide, ammonium bicarbonate, tapioca starch,
sodium chloride and magnesium have been attempted by
various investigators as temporary space holder in the
past [15—19]. Syntactic metal foam can be made using
ceramic or metallic micro-balloons as space holders by
powder metallurgy route or liquid metallurgy route.
These micro-balloons are generally selected from either
silicon carbide or aluminum oxide which have high
strength and can withstand high compaction pressure
[20,21]. Cenospheres are primarily obtained in coal base
thermal power plants. These are spherical in shape and
hollow in nature, and these materials primarily consist of
alumina—silicates (mullite and sillimanite) phases [22,23].
As a result, there is a scope to use these materials as
space holders for making syntactic metal foam.
MONDAL et al [24] have made an attempt to develop
titanium syntactic foam using cenosphere (size of 80—90
pm) as space holder through powder metallurgy route.
Hence, the present investigation is aimed to
exploring the possibility of using coarser cenospheres
(average size of 150 um) as space holders to make
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titanium cenosphere syntactic foam through precise
control of cold compaction pressure. Characterization of
the developed foams in terms of porosity, density,
microstructure, elastic modulus and the yield strength is
evaluated along with the effect of cold compaction
pressure on foam characteristics.

2 Experimental

Spherical titanium powders (purity of 99.9% and
average size of 30£2 um) are used as matrix materials.
Titanium powder and cenospheres in different
proportions are mixed uniformly. In order to impart
sufficient strength to cold compacted pallets after cold
compaction, 2% (mass fraction) water based poly vinyl
alcohol (PVA) solution (5% PVA and 95% water) is
added in powder mixture as organic binder. The powder
mixture is cold compacted at varying applied pressures
of 60—75 MPa at a crosshead speed of 0.1 mm/s in a
cylindrical die of 20 mm in diameter and 50 mm in
height using a universal testing machine (Instron 8801).
Pressure is applied for 2 min in order to ensure
effectively and uniformly pressing.

The cold compacted pallets are characterized in
terms of their dimension and density. The pallets are then
dried at 200 °C for 2 h to remove the moisture. Dried
pallets are then heated at 400 °C for 2 h followed by
heating at 600 °C for 2 h for proper debinding. After
debinding, the samples are glass shielded and subjected
to sintering. The samples are sintered at a temperature of
1100 °C for 2 h in argon atmosphere. The sintered pallets
are examined in terms of their density, porosity, phase
analysis, microstructures and compressive deformation
behavior. For micro-structural examination, the sintered
pallets are polished using standard metallographic
method and etched with Keller’s reagent having 20 mL
distilled H,O, 20 mL HNO; (70%), 20 mL HCI (38%)
and 20 mL HF (40%). The microstructure of the etched
pallets is examined by a field emission scanning electron
microscope (FESEM, Nova NanoSem 430). The
instrument is also interfaced with EDX facility (IE
Synergy 250) and the same instrument is used for EDX
analysis of the sintered pallets. The density of foam
samples is measured through Archimedes’s principle and
its porosity is calculated from its theoretical and
measured density. The compressive deformation
behavior of the samples is carried out using the universal
testing machine at a strain rate of 0.01 s'. For
compression testing, cylindrical samples of 10 mm in
diameter and 15 mm in height are used. For each set of
relative densities, all tests are repeated thrice for
consistency in results and average results are reported
herein. The observed variation is less than 3% in
each test.

3 Results and discussion

3.1 Raw material

Figure 1(a) shows the microstructure of titanium
particles, and it can be observed that these particles are
spherical in nature. The size distribution of these
particles (Fig. 1(b)) shows a normal distribution. The
average size of the particles is (25+5) pum. The
cenospheres used in this work are spherical in shape
(Fig. 2(a)) and their size distribution is a normal
distribution (Fig. 2(b)). The average size of cenospheres
is (150+5) pm. It is further noted that the cenosphere
shells are porous in nature and the average cenosphere
shell wall thickness is 7.2 um (Fig. 2(c)). The porous
nature of cenosphere shell makes it fragile, thus there is a
possibility of fracture of cenosphere shell when cold
compaction load increases above a critical limit. In our
earlier work [24,25], it was noted that when an applied
compaction pressure was increased above 75 MPa, the
cenosphere breakage started. In the present study,
cenosphere size is significantly coarser than that used in
earlier study. The cenosphere shell thickness is increased
only marginally. It is thus attempted to envisage the
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Fig. 1 Microstructure (a) and size distribution (b) of titanium
particles
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Fig. 2 SEM image (a) and size distribution (b) of cenosphere
and high magnification image of cenospshere (c)

behavior of the present sets of cenospheres against
varying applied pressure, but surely less than 75 MPa of
compaction load used in earlier study.

3.2 Microstructure

The titanium cenosphere sintered pallets and their
microstructure are shown in Figs. 3(a) and (b),
respectively. It is noted that the large fraction of
cenospheres break during cold compaction when applied
pressure is increased to 75 MPa. The cenosphere shell
gets accumulated in the sites occupied by the
cenospheres and a fraction gets mixed with the titanium
powder. After sintering, it makes a composite matrix of
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Fig. 3 Titanium cenosphere sintered pallets (a) and SEM image
of titanium cenosphere syntactic foam (b)

titanium cenospheres shell. The SEM image of titanium
cenosphere syntactic foams is shown in Fig. 4(a). It is
noted that cenospheres are distributed quite uniformly in
titanium matrix (Fig. 4(b)). It also shows presence of Ca,
Mg, Fe and K in minor quantities in cenosphere shell
(Fig. 4(c)). A higher magnification micrograph of
titanium cenosphere syntactic foams is shown in
Fig. 5(a). It shows that solid smooth network of titanium
(region 1) and rough portion where cenosphere shells get
accumulated (region 2). The EDX analysis of these two
regions also confirms that the region 1 is titanium and
region 2 is cenosphere, as shown in Figs. 5(b) and (c). In
both cases Al, Si, Ti and O are common. This is due to
the fact that: 1) a fraction of cenosphere shell gets
fragmented during compaction and is mixed with
titanium matrix; 2) during polishing the cenosphere shell
gets embedded into titanium matrix and vice-versa.
However, the presence of Na, K, Mg and Fe in region 2
confirms that this region is associated with cenosphere
shell. It is further noted that finer porosities are present in
the titanium matrix network. This is attributed to the
presence of porosity in the cold compacted pallets, which
gets densified partially after sintering. This confirms that
a fraction of micro-porosity remains in such type of
foams in addition to the porosity due to cenosphere. This
also results in variation of porosity for the foam material.

3.3 Density and porosity of sintered pallets
The density and porosity of these foams are
measured following Archimedes principal. The density
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Fig. 4 SEM image (a), EDX analysis (b) and elemental surface distribution (c—f) of titanium cenosphere syntactic foam

of crushed cenosphere is also measured through the same
technique. The volume fraction of cenosphere (f.) in
titanium syntactic foam is measured using the following
equation [26]:

fc — Pm ~ PsF (1)
Pm~ Pec
where p,, is the density of matrix material (i.e. titanium);
psr 1s the density of titanium syntactic foam; p. is the
density of cenosphere particles; and p.. is the density of
crushed cenospheres.
The porosity fraction (f,) of titanium cenosphere
foam is determined using the following equations:

fpzf‘c(pcc_pc) (2)
Pec

3
fy =1, (l—éj G)

where ¢ and R are the cenosphere shell thickness and
outer radius of cenosphere, respectively [26].

The density of titanium cenosphere syntactic foam
is calculated using the following equation:

We W
PTiF =(WTi + I/Vceno)/ l"'ﬂ(l - fcc)+f;:c X Vfcsh
Pri Peeno
“)

where prir is the density of titanium foam with no
porosity other than that with the porosity due to
cenosphere; pr; and pee, are the densities of titanium
and cenosphere, respectively; Wr; and W, are the mass
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Element weight %  Atomic %

0K B2 M3B
AIK L8 350
SiK 0.5 0.61
TiK 6695 4181
Total 100

Element  weight%  Atomic %
0K .3 6292
NaK 0.51 0.50
MgK 12 141
AIK 1187 9.95
SiK 8.06 649
KK 185 107
CaK 251 141
FeK 194 119
TiK B4 1106

Fig. 5 High magnification micrograph (a) of titanium
cenosphere syntactic foam and EDX analysis of region 1 (b)
and region 2 (c)

fractions of titanium and cenosphere in the mixture,
respectively; f.. is the fraction of cenosphere crushed;
and rgg, 1s the volume fraction of cenosphere shell in the
cenosphere.

The porosity () of the titanium cenosphere foam is
calculated from the following equation:

n:(l—&}dm% )
PTimul

where primy 1S calculated from the mass ratio and density
of cenosphere and titanium particles, and that of
cenosphere shells.

The density of titanium mullite composite comes to
be 3.65 g/em’. The relative density values calculated
using these equations are compared with the measured
relative density (pq4e) of the foam (Table 1). It is noted
that relative density of foam calculated using Eq. (4) is in
good agreement with experimentally measured value.
But, the relative density calculated using Egs. (2) and (3)
are marginally lower than experimental value. However,
the overall variation is in the range of 5% to 10%. This is
attributed to the fact that the crushing effect of
cenosphere in foam has been already considered in the
measurement of foam density, and thus it is involved
implicitly in all equations. When cenospheres are
crushed, density of the foam will be higher, and thus oy
increases with increase of applied pressure, even though
the Wr; and Wiy, remain constant. This is primarily
because of increase of extent of cenosphere crushing.
The extent of cenosphere crushing can be predicted by
Eq. (4). The predicted value of cenosphere crushing with
load is reported in Table 1.

The fraction of crushed-cenosphere increases with
increase of compaction load. Even though there are
porosities due to cenosphere in the titanium matrix, the
experimental measured density of foam is higher than
calculated value by Eq. (4). This is attributed to the
relatively large extent of fracture of cenospheres.
Fracture of cenospheres is shown in Fig. 6. This figure
also demonstrates that even though the cenospheres are
broken into pieces, they are strongly bonded with the
titanium matrix and held in the porosity of the
cenospheres prior to its fracture. These holes are
primarily giving the porosity in these foams. Because of
fragmentation of cenospheres, the pores are not perfectly
spherical. However, a good and effective bonding
between titanium particles takes place, which leads to
more effective sintering compared with our earlier
study [24].

Table 1 Relative density and extent of cenosphere crushing under different cold compaction pressures by Egs. (2—4)

pl(g-em ™)

Pdf
Cold compaction Fraction of cenosphere
Calculated by
pressure/MPa Measured Calculated by Eq. (4) Measured crushed
Eq.2 Eq.3 Eq.4
60 1.98 1.89 0.54 0.52 0.54 0.52 0.10
65 2.11 2.04 0.57 0.54 0.56 0.56 0.15
70 2.25 2.13 0.61 0.57 0.59 0.58 0.20
75 2.38 232 0.65 0.6 0.61 0.63 0.30
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Fig. 6 Microsrtucture of fractured titanium cenosphere
syntactic foam

During sintering, a fraction of titanium gets
oxidized and this is visible from the XRD pattern of
sintered titanium cenosphere foam (Fig. 7). It is further
noted from diffraction pattern that foam primarily
contains mullite, quartz, TiO, and Ti. However, no traces
of Na, K and Ca are observed. This is due to the presence
of negligible amount of Na, Ca and Mg bearing silicates
or oxides in cenospheres. In titanium foam, only 33%
(mass fraction) cenosphere is used, and thus the
concentration of these elements in titanium cenosphere
foam is reduced significantly, which is not detectable by
X-ray diffraction. But through EDX analysis, these are
detectable in localized regions or as a whole and thus
observed in this analysis. However, about 10% of
titanium is oxidized during sintering [24].

*— TiO,

e — Si0,
s— TiO

o — Mullite
"— Tj

A
60 70 80

26/(°)
Fig. 7 XRD pattern of sintered titanium cenosphere syntactic
foam

3.4 Compressive deformation behavior

The compressive stress—strain curves for titanium
foams with different densities are depicted in Fig. 8. It is
evident from this study that, the stress—strain curves of
these foams follow the typical nature of the stress—strain
curves of foam materials [27,28], i.e. a linear elastic
region, a flat plateau region and a densification region.

These graphs are quite different from those reported in
our earlier study [24]. After yielding, the titanium
cenosphere foam sample gets collapsed without showing
any plateau and densification region. This may be
because of inefficient sintering of titanium cenosphere
foam in earlier case where applied pressure was quite
high (75 MPa) and sintering was carried out at lower
temperature. In the present study, applied pressure is
varied from 60 to 75 MPa and the sintering is carried out
for a longer period of 2 h at a higher temperature of 1100
°C. This leads to higher degree of surface to surface
contact and finally to more efficiently sintering, as
shown in (Fig. 3(b)).

It is interesting that, when relative density is lower
than 0.61, there is gradual drop of stress value after the
linear elastic region and this tendency is increase at
lower relative density. This is primarily because of
relatively high extent of porosity and relatively poor
degree of sintering. It is further noted that in plateau
region, oscillation of stress is very less, almost
undetected. This is due to the finer size of porosity in
these foams. The porosity is dictated by the size of
cenospheres. The size is expected to be less than 150 um
as the average size of cenosphere is 150 pm and the
coarser cenospheres are subjected to fracture to a greater
extent. When the relative density increases to more than
0.61, the stress in the plateau region is almost flat and it
does not decrease after linear region. In fact, there is
marginal increasing trend of stress with strain prior to
densification. Here, the plateau stress is considered to be
the stress at the end of initial linear region, which could
be related to the yield stress of the matrix material. The
densification strain is considered the strain at which the
foams starts densifying. However in every case, the
stress gradually starts increasing, indicating gradual
densification. Thus, it is difficult to indicate the
densification strain absolutely. In the present analysis,
the densification strain is considered the strain
corresponding to the intersection of the tangent at the
point of sharp increase of stress with strain and the flat
line indicating average stress in the plateau region, as
shown in Fig. 8. The stress in the plateau region does not
oscillate because foam deforms layer by layer. The layer
would be of extent of average of the cenosphere size. If it
is converted to densification strain, the strain
corresponding to its full compaction comes to be less
than 0.01. Within this limit of strain, cenospheres gets
fractured and compacted. Therefore, as soon as the
cenosphere gets fractured, it gets compacted (the
cenosphere shell thickness is around 7.2 pm). In the
present investigation during compaction, the cenosphere
gets fractured substantially and mainly gets accumulated
in its void space. Thus, while the titanium cenosphere is
compressed, these broken cenospheres and shells provide
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some resistance against the collapse of the titanium
networks or remaining cenosphere shells. The stress is
not reduced much during its compression, layer by layer.
Similar nature of smooth curves is also observed in open
cell foams with fine pore structure [25].
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Fig. 8 Stress—strain curve of titanium cenosphere foam at a
strain rate of 0.01 s !

3.4.1 Effect of relative density on plateau stress

The plateau stress as a function of relative density is
reported in Fig. 9. The variation in plateau stress and
relative density is shown through error bar. It is noted
that the variation in density is 5%, but that in plateau
stress is more than 15%. This is attributed to the
variation in distribution of cenospheres, density and
extent of sintering. Average plateau stress (op;) is
increasing with increase of relative density, and follows a
power law relationship with relative density. This is
obtained through the best fit plot of the measured data.
The variation of plateau stress can be expressed in terms
of the following equation:

op =171 pg ™" (6)

The proportionality constant is related to the yield
strength of the matrix material with which it is made of
i.e. titanium. The strength of titanium powder compacts
is 410 MPa. Considering that the matrix is reinforced
with 10% TiO, and the strength of TiO, is about 600
MPa, the strength of the matrix (o) using simplified rule
of mixture is computed to be 420 MPa. Thus, the above
relation can be rewritten as follows:

o5 =0.7304(pgr )" @)

The proportionality constant associated with Eq. (7)
is in well agreement with the reported values for titanium
foam [25] and aluminum foam or aluminum syntactic
foam (Table 2).

3.4.2 Effect of relative density on modulus

The modulus of the samples is measured through

sonic modulus dynamic elastic properties analyzer

80
| y=171.0x2068
Y R2=0.998
(=
S
Z 60f
5
5
g sor
o3
s
40

30 1 1 1 Il 1 1 1
0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66
Relative density

Fig. 9 Variation of plateau stress as a function of relative
density

Table 2 Values of empirical constants reported in various
references and obtained in this work

Equation C n Reference
065 15 2]
213 3.57 [6]
03 136 [17]
) 0375  2.06 [29]
o =Coy (ﬂ] 147 3.14 [30]
& 03 15 [31]
059 1.7 [32]
0.74 2206 [25]
0.73 2.068 This work
1 45 [32]
1 1.95 [33]
gg=C—n [pf] 1 1.4 [34]
Pd
0.922  1.555 [25]
1.365 1.57 This work
1.598 472 [6]
1.0 296 [17]
. 0.193 143 [31]
E; =CE, [ﬁ] 102 187 [32]
Pa 098 2 [24]
0.735  1.654 [25]

0.56 3.37 This work

(DEPA) apparatus. Figure 10 shows the variation of
elastic modulus as a function of relative density. Here, a
large extent of variation is noted. This is primarily due to
the same reason as mentioned in preceding section. It is
observed that the elastic modulus increases with increase
in relative density. In order to get the correlation of
elastic modulus with relative density, the best fitted plots
for power law relation and linear relation are considered.
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y=49.69x3374
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0.50 0.55 0.60 0.65 0.70
Relative density

Fig. 10 Variation of elastic modulus as a function of relative

density

The power law relation is the best fitted one. Power law
also defines its practical significance as it signifies that,
elastic modulus is 0 when relatice density is 0. But when
relative density is 1, its elastic modulus is 49.6 MPa,
much lower than that of titanium. This is attributed to the
fact that foam samples and matrix also contain some
porosity. Moreover, the state of deformation of the
titanium network in foam is different from that of dense
titanium foam. It is then correlated with the elastic
modulus of titanium matrix (E;) in titanium cenosphere
foam. Because 10% titanium is oxidized, the elastic
modulus of titanium network is 130 GPa. The equation
to correlate elastic modulus of the foam (Ey) with the
relative density is as follows:

E;=0.56E,(pye)*’ (®)

The exponent and the proportionally constant are
compared with reported values in Table 2. It is noted that
these values are in the range of reported values and are in
good agreement with those reported by the present
investigators in the case of open cell titanium foam [25].
3.4.3 Effect of relative density on densification strain

The densification strain (¢p) as a function of relative
density is shown in Fig. 11. It shows that ¢p decreases
with increase of relative density. An attempt is made to
find the best possible correlation between ep and relative
density. It is well fitted for both linear and power law
relations. Besides the two, the power law relation is fitted
better than the linear one. The practically power law
relation is insignificant. When relative density is 0,
densification strain is infinity. This is not possible in the
present domain of tests scenarios conducted. The value
of epmax Will be 1.0 at relative density of 1, where the
linear relation as stated below explains its practical
significance. When relative density is 0, the value of ¢p
will be 1.0. However, here it is marginally higher. This is

2
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R*=0.994
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Densification strain
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035k y=0.137x7217
R*=0.997

0.30 L L L
0.50 0.55 0.60 0.65 0.70

Relative density

Fig. 11 Variation of densification strain as a function of relative
density

because that the densification strain is less than that of
porosity. This is again due to the fact that even in the
fully compacted condition, a reasonably good amount of
porosity is noted. The value of ¢p in the cold compacted
samples is in the range of 10% to 12%, less than the
absolute porosity of the foam samples. The value of
slope in Eq. (9) is also in good agreement with the
reported value (Table 2). A very close value of this slope
in the case of open cell titanium foam is examined as
follows [25]:

£, =1.365-1.570 py 9)

3.4.4 Effect of relative density on energy absorption

The energy absorption (£,,) of titanium foam is also
computed from stress—strain curves. Energy absorption
up to densification strain (¢p) of all the titanium foam is
calculated as follows:

Ep=]"ods (10)

where o is the flow stress.

In this work, E,;, is calculated through digitization of
the stress—strain curves with very small grid marking. A
strain level of 0.4 is considered to compute the energy
absorption. The energy absorption efficiency (7) is then
calculated as follows [35,36]:

€p
ode

n=t— (1)

O maxéD
Figure 12 represents variation of £, as a function of
relative density. Here two types of the best fit options are
examined as
3.893
E, =143 pye (12)
E,=121.1 py —52.6 (13)

The linear fit has better R* value than the power
law fit. But the R? values in both the cases are near to 1.
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Fig. 12 Variation of energy absorption as a function of relative

density

However, the linear relations states that, E,, is —52.6
MJ/m® when relative density is 0. This has no practical
significance. In the case of power law fit, when relative
density is 0, E,, is 0. This means that gas/air/vacuum in
open atmosphere will hardly absorb any energy as the
0,=0. It also signifies that the energy absorption
increases with increase in relative density. If relative
density is 1, the value of E,, of titanium is 143 MJ/m’.
This would be equal to energy absorbed by dense
Ti—TiO, composite up to a strain level of 0.4.

The yield stress of dense Ti—TiO, composite is ~440
MPa. The energy absorption up to strain level of 0.4,
considering no change in stress with strain up to strain
of 0.4 and energy absorption efficiency of 0.8, comes to
be 141 MJ/m’. The proportionality constant associated
with the Eq. (12) is also 143 MJ/m’. If ultimate tensile
strength of dense Ti—TiO, composite is consided, then
the energy absorption will be much higher. The ultimate
tensile strength of Ti—TiO, composite through rule of
mixture can be calculated as 900 MPa. If the energy
absorption efficiency is from 60% to 70% and there is no
change in stress of the composite, the energy absorption
of Ti—TiO, composite (E,,ri_tio,) Will be from 216 to
252 MJ/m’. Because of these values of energy absorption
of Ti—TiO, matrix, Eq. (12) can be rewritten as

Ey, =CEqyri-Tio, (par)*” (14)

where C is an empirical constant and Eyri-tio, 1S the
energy absorption by Ti—TiO, composite. C may be from
0.52 to 1.0. The value of C depends on the assumption
used for calculation of Eqritio,- If an ultimate tensile
strength criterion is considered, it will be low. But if
yield strength is considered, it would be larger.

Figure 13 shows the variation of energy absorption
efficiency (1) as a function of relative density. The # is
minimum at lower relative density and at an intermediate

relative density, # is maximum. In the case of lower
relative density, flow stress (or) decreases after linear
region whereas in the case of the higher relative density,
or increases slowly with strain. But at intermediate
relative density, of remains almost flat with strain after
initial linear period. This is due to the micro structural
variation in these foams and change in deformation
behavior. However, energy absorption efficiency of
titanium cenosphere foams developed in the present
investigation is more than 75%, is significantly higher
than that of dense titanium or titanium alloys
(50%—60%).
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Fig. 13 Variation of energy absorption efficiency as a function
of relative density

3.5 Performance index

The performance index of these titanium
cenosphere syntactic foams is measured with respect to
that of dense titanium. Two types of performance indexes
(Pg1 and Pp,) are computed. These indices are defined as
follows:
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e
OTi Pr

1
B,=| | | F2 16
o ) 2] 16

The values of Py, and Pg, as functions of relative
density are listed in Table 3. Table 3 shows that
performance indexes of these titanium cenosphere
syntactic foams are in the range of 0.52 to 0.78. These
performance indexes are almost invariant to the relative
density (within the present domain of relative density).
However, at relatively high relative density, these foams
showed marginally higher performance indexes. But
considering all these values and the recommendation of
SALIMON et al [2], these foams are good to replace
dense titanium in engineering applications. Use of
cenospheres as space holder would certainly make these
foams to be cost-effective.
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Table 3 Performance indexes of titanium cenosphere syntactic
foam at varying relative density

Relative density Py Py,
0.54 0.76 0.52
0.57 0.75 0.53
0.61 0.78 0.55
0.65 0.77 0.56

4 Conclusions

1) Cenospheres of coarser size (150 um) can be
successfully used as space holder to make titanium
cenosphere syntactic foam through powder metallurgy
route. However, there is a need to optimize applied
pressure during cold compaction. A fraction of
cenospheres crushed and the extent of crushing are a
strong function of applied load. As high as 30%
cenospheres crushed at a cold compaction pressure of 75
MPa. Because of cenosphere crushing and its
agglomeration, the cells in titanium cenosphere syntactic
foams are not perfectly spherical.

2) The sintering temperature of 1100 °C and
sintering time of 2 h are sufficient to get good sintered
foams.

3) The stress—strain curves of these foams are
similar to those of conventional foams. In the plateau
region, the extent of stress oscillation is not detected.
This is due to finer cells in the foam samples. At higher
relative density, foams show marginal strain hardening
effect. But if relative density is less than 0.61, no strain
hardening is noticed.

4) The plateau stress, densification strain, modulus
and energy absorption of this titanium cenosphere
syntactic foams follow the standard relationships
applicable for conventional foams. The constants related
to these relationships are in good agreement with the
reported values.

5) The performance indices calculated for these
foams with respect to dense titanium and titanium alloys
states that these foams are good to replace titanium in
engineering applications.
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