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The aim of this study is to prevent cracks in large foam bodies prepared by thermo-foaming of
alumina powder dispersions in molten sucrose. Cracks initiate in the binder burnout stage
during which the bodies undergo shrinkage in the range of 32–49 vol% depending on sucrose
content. Intermediate pyrolysis of the sucrose polymer binder prevents the cracking of large
foam bodies as the carbon produced by pyrolysis binds the alumina particles during the initial
stage of shrinkage and provides adequate strength to withstand the internal stresses produced
during the pyrolysis and subsequent carbon burnout. The carbon bonded alumina foam bodies
obtained after pyrolysis do not show any visible cracks during subsequent carbon burnout and
sintering because the alumina particles establish a firm network with each other due to particle
drag and rearrangement during pyrolysis of the sucrose polymer binder as evidenced from
microstructure analysis. The carbon bonded alumina foam bodies show high compressive strength
(2–1.3 MPa) and are amenable to machining operations such as milling and drilling without
cracking.

I. INTRODUCTION

Ceramic foams are used in a variety of applications
such as high temperature thermal insulation, molten metal
filtration, catalyst support, lightweight structural compo-
nents and preforms for polymer–ceramic and metal–
ceramic composites.1–5 Foaming and setting of ceramic
powder suspensions, polymer foam replication, and
emulsion templating are three well known methods for
the preparation of ceramic foams. In the first method,
foamed powder suspensions, produced by stabilizing gas
bubbles with either surfactant or particles, are cast in
a mold.6–16 The cast foamed suspensions are then set by
either in situ polymerization of organic monomers or by
coagulation of the powder suspensions. The wet foam
bodies are subsequently dried, binder removed, and
sintered to produce the ceramic foams. In the second
method, ceramic replica of a polymer foam template is
produced by coating the polymer foam with a ceramic
powder suspension followed by drying, burnout of the
polymer foam template and sintering.17–19 In the third
method, a high internal phase emulsion is made by
dispersing water immiscible liquid droplets in an aqueous
ceramic powder suspension using an emulsifying agent.
The emulsion cast in a mold is subsequently dried, oil
removed, and sintered to produce ceramic foam.20–23

Formation of cracks is likely during drying, binder
removal, and sintering of large bodies.24 Methods, such
as water retention additives, freeze drying, and cross-
linking of the polymeric binder, are used to prevent crack
formation during drying of the wet-foams.16,24

Recently, we reported the thermo-foaming of powder
dispersions in molten sucrose for the preparation of
alumina foams.25 The method produces interconnected
cellular ceramics with porosity in the range of 94–93.3%
at alumina powder to sucrose weight ratios in the range of
0.6–1.2.25 The scanning electron microscopy (SEM) pho-
tomicrograph in Fig. 1 shows the typical cell structure of
the alumina foam formed by thermo-foaming.25 The pro-
cess is eco-friendly as it does not use any synthetic organic
additives. Moreover, the alumina foams produced have
relatively high compressive strength (CS). Although the
thermo-foaming process produces crack-free alumina foam
bodies of smaller dimensions, attempts to fabricate large
foam bodies resulted in severe cracking during sintering. In
the present work, a two stage sintering strategy involving
pyrolysis in inert atmosphere followed by carbon burnout
and sintering in air was studied to produce large alumina
foam bodies. The pyrolysis step not only prevents cracking
of large foam bodies during sintering, but also increases the
CS of the foamed body which enables green machining.

II. EXPERIMENTAL

a-Alumina powder (A16SG, ACC Alcoa, Kolkata,
India) of 0.34 lm average particle size and specific
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surface area 10.4 m2/g was used. Analytical reagent grade
sucrose and acetone were procured from Merck India
Ltd., Mumbai, India. The procedure for thermo-foaming
of alumina powder dispersions in molten sucrose reported
in our previous publication was adopted without modi-
fication.25 Accordingly, a homogeneous mixture of su-
crose (200 g) and alumina powder (160–240 g) was
prepared by planetary ball milling and then heated at
185 °C in a 2.5 L borosilicate glass tray to melt the
sucrose. The melt was stirred with a glass rod to
uniformly mix the alumina powder in the molten sucrose.
The alumina powder dispersion in the molten sucrose
was heated for 24 h at 150 °C to form a sucrose polymer–
alumina powder composite foam. The foam bodies were
heated at 0.5 °C/min in an argon atmosphere at 900 °C
and held for 2 h in an electrically heated box furnace to
pyrolyze the sucrose and produce carbon bonded alumina
foams. The samples were cooled under inert atmosphere
to room temperature. The carbon bonded alumina foams
were heated in air in an electrically heated sintering
furnace up to 1600 °C for removal of the carbon and
subsequent sintering. The heating rates used were 2 °C/
min from room temperature to 400 °C, 0.5 °C/min from
400 to 600 °C and 2 °C/min from 600 to 1600 °C.
Samples were sintered for 2 h at 1600 °C. The shrinkages
of the foam bodies during pyrolysis, carbon burnout, and
sintering were calculated from the dimensions.

Thermogravimetric analysis (TGA, Q-50, TA Instru-
ments, New Castle, Delaware) of the sucrose polymer–
alumina powder composite foams and carbon bonded
alumina foam samples was carried out at 5 °C/min. The
carbon content of carbon bonded alumina foam bodies
was estimated by a gravimetric method. Carbon bonded

alumina foam bodies of 5 cm � 5 cm � 2.5 cm were used
for the estimation of carbon. The CSs of the sucrose
polymer–alumina powder composite foams and carbon
bonded alumina foams were measured according to the
ASTM standard C365/C365-05 using rectangular sam-
ples of 25 mm � 25 mm � 12 mm size on a Universal
Testing Machine (Instron 5984, Instron, Norwood,
Massachusetts) at 0.5 mm/min. Machinability of the
carbon bonded alumina foams was tested by milling slots
and drilling holes in rectangular bodies using conven-
tional machines and high speed steel tools.

III. RESULTS AND DISUSSION

The direct heating of sucrose polymer–alumina powder
composite foam bodies in air below 600 °C followed by
sintering at 1600 °C resulted in severe cracking of
samples larger than 5 cm � 5 cm � 2 cm while smaller
bodies did not crack. Cracking of large foam bodies is
believed to be due to the large shrinkage during the
sintering stage. The total shrinkage observed during
sintering of sucrose polymer–alumina powder composite
foam bodies prepared at alumina powder to sucrose
weight ratios of 0.6–1.2 ranged from 75.1 to 60 vol%.25

The corresponding linear shrinkage is in the range of
39.1–29.1%. The shrinkage of the foam bodies mainly
occurs in two stages. The first stage of shrinkage is during
the sucrose polymer burnout at temperature below 600 °C
and the second stage of shrinkage is during sintering at
temperatures in the range of 1200–1600 °C. Figure 2
shows the total shrinkage and shrinkage during the
sucrose polymer burnout as a function of alumina powder
to sucrose weight ratio. The shrinkage during sucrose
polymer burnout decreases from 49.2 to 31.7 vol% when
the alumina powder to sucrose weight ratio increases
from 0.6 to 1.2, respectively. The corresponding linear

FIG. 1. Typical cell structure of alumina foam produced by thermo-
foaming of powder dispersions in molten sucrose.

FIG. 2. Total shrinkage and shrinkage during polymer burnout of
sucrose polymer–alumina powder composite foam bodies prepared at
various alumina powder to sucrose weight ratio. (0.5 °C/min up to
600 °C with a dwell time of 2 h and 1 °C/min from 600 to 1600 °C
with a dwell time of 2 h).
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shrinkage observed is in the range of 20.5–11.3%,
respectively. This shows that a majority of the volume
shrinkage takes place during the sucrose polymer
burnout.

It is well known that burnout of polymeric binder from
ceramic green bodies containing a large amount of
organic creates high strain which results in the develop-
ment of internal stresses in the bodies. The stress–strain
development during binder removal from ceramic green
bodies is well studied by both experimental methods and
mathematical modeling.26–30 The magnitude of strain and
stress developed during binder burnout depends on the
nature and amount of binder. In the present case, the
alumina powder–sucrose polymer composite foam bodies
prepared at alumina powder to sucrose weight ratios in
the range of 0.6–1.2 contain 56–38 wt% of sucrose
polymer, respectively. The burnout of this large amount
of polymer creates a linear strain in the range of 20.5–
11.3% (volume shrinkage 49.2–31.7%). Moreover, large
volumes of gases evolve due to thermal decomposition of
the large amount of the sucrose polymer in the composite
foam. In addition, during the thermal decomposition of
the sucrose polymer binder, the strength of the cell walls
and struts of the foams decreases. It appears that, at
a certain stage, the internal stresses developed become
higher than the strength of the struts and cell walls. At
this stage, cracks originate in the foam bodies. The cracks
that originate during the sucrose polymer burnout are
aggravated during sintering at higher temperatures
(Fig. S1, Supplementary material).

A way to alleviate the problem is to retain a binder
phase during the first stage of shrinkage. Figure 3 shows
the TGA graph in air and nitrogen atmosphere of sucrose
polymer–alumina powder composite foam with an alu-
mina powder to sucrose weight ratio of 0.6. The TGA in
air atmosphere shows a weight loss of 56% at 525 °C
corresponding to the complete burnout of the sucrose

polymer. However, the TGA in nitrogen atmosphere
shows a weight loss of only 39.8% up to 900 °C. The
difference in weight loss in air and nitrogen atmosphere is
because of the carbon retained due to the pyrolysis of the
sucrose polymer. Calculations from the TGA results
show that the sucrose polymer in the sucrose polymer–
alumina powder composite foam retains 28.9 wt% of
carbon during pyrolysis. This carbon produced from the
sucrose polymer binds the alumina particles. That is, the
heat treatment of sucrose polymer–alumina powder
composite foams in inert atmosphere produces carbon
bonded alumina foams. Gravimetric estimation shows the
presence of 34–20 wt% carbon in carbon bonded alumina
foam bodies obtained by pyrolysis of sucrose polymer–
alumina powder composite foams prepared at alumina
powder to sucrose weight ratios in the range of 0.6–1.2,
respectively. The corresponding volume percentage (cal-
culated by considering the density of carbon and alumina
as 2.26 and 3.98 g/cm3, respectively) of carbon in the
carbon bonded alumina foams are in the range of 46.13–
30.6. Interestingly, the shrinkage during pyrolysis of
sucrose polymer–alumina powder composite foam bodies
is more or less the same as that observed during the
sucrose polymer burnout. This indicates that the carbon
produced by pyrolysis of sucrose polymer just fills the
voids present in the alumina particle assembly. The
pyrolysis shrinkage and amount of carbon retained in
the carbon bonded alumina foams are shown in Fig. 4.
The large sucrose polymer–alumina powder composite
foam bodies do not show any visible cracks during the
pyrolysis. This indicates that the carbon produced binds
the alumina particles and provides adequate strength to
cell walls and struts to resist the formation of crack due to
the internal stresses produced during the pyrolysis.

Figure 5 shows the TGA in air of a carbon bonded
alumina foam sample with an alumina powder to sucrose
weight ratio of 0.6. The sample shows a weight loss of

FIG. 3. TGA graph of sucrose polymer–alumina powder composite
foam sample heated in air and nitrogen atmosphere (alumina powder to
sucrose weight ratio is 0.6).

FIG. 4. Pyrolysis shrinkage, shrinkage during carbon burnout and
carbon content in the carbon bonded alumina foam as a function of
alumina powder to sucrose weight ratio (pyrolysis at 0.5 °C/min up to
900 °C with a dwell time of 2 h and carbon burnout at 1 °C/min up to
600 °C with a dwell time of 2 h).
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only 2.5% up to 400 °C. The complete burnout of the
carbon takes place between 400 and 600 °C. Therefore,
a slow heating rate of 0.5 °C/min was used from 400 to
600 °C for carbon burnout of large bodies. The carbon
bonded alumina foam bodies prepared at an alumina
powder to sucrose weight ratio of 0.6 show a relatively
high shrinkage of 9.2 vol% (linear shrinkage 3.7%,
Fig. S2 Supplementary material) during the carbon
burnout stage. However, at higher alumina powder to
sucrose weight ratios, the shrinkage observed during
carbon burnout is in the range of 3.9–1.1 vol% (linear
shrinkage in the range of 1.24–0.34%) (Fig. 4). The large
carbon bonded alumina foam bodies prepared at alumina
powder to sucrose weight ratios in the range of 0.8–1.2
do not show any visible cracks during the carbon burnout
stage as the internal strains are relatively low due to the
low linear shrinkage of 1.24–0.34%. However, cracks are
sometimes observed during carbon burnout from carbon
bonded alumina large foam bodies prepared at an alumina

powder to sucrose weight ratio of 0.6 due to the de-
velopment of internal stresses as a result of the large
shrinkage (9.23 vol%) during carbon burnout. Unlike the
green alumina foams obtained after sucrose polymer
burnout, the green alumina foams obtained after carbon
burnout have very good stability against collapse during
handling. Large green alumina foams of 18 cm � 10 cm
� 2.5 cm after carbon burnout do not produce any visible
crack during subsequent sintering (Fig. 6).

Microstructure changes during pyrolysis were studied
by SEM. Figures 7(a) and 7(b) shows SEM photomicro-
graphs of a fractured strut region of sucrose polymer–
alumina powder composite foam and carbon bonded
alumina foam at an alumina powder to sucrose weight
ratio of 1. In the sucrose polymer–alumina powder
composite foam, the alumina particles are embedded in
a relatively thick sheath of the polymer matrix. On the
other hand, in carbon bonded alumina foam, the alumina
particles are bonded by a thin layer of carbon produced
from the sucrose polymer. The shrinkage during the
pyrolysis drags the alumina particles close to each other.
It is also likely that the alumina particles undergo
rearrangement to the more compact structure during
polymer pyrolysis. This results in improved alumina
particle packing. The improved alumina particle packing
as a result of particle drag and rearrangement during
polymer pyrolysis is clearly evidenced in the SEM
photomicrograph of the alumina green foam obtained
after carbon burnout from carbon bonded alumina foam.
The SEM photomicrographs of the fractured strut region
of alumina green foams obtained after polymer burnout
from sucrose polymer–alumina powder composite foam
and carbon burnout from carbon bonded alumina foam
are shown in Figs. 7(c) and 7(d). It is interesting to note
that the alumina green foam obtained after sucrose
polymer burnout from sucrose polymer–alumina powder

FIG. 5. TGA of a carbon bonded alumina foam sample heated in air at
5 °C/min (alumina powder to sucrose weight ratio is 0.6).

FIG. 6. Photograph showing large crack-free large alumina foam body prepared by the two stage sintering. (a) Sucrose polymer–alumina
composite foam, (b) carbon bonded alumina foam, (c) alumina green foam after carbon burnout and (d) sintered alumina foam (alumina powder to
sucrose weight ratio is 1).
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composite foam shows loosely packed alumina particles
[Fig. 7(c)]. It appears that the alumina particles establish
some weak bond with each other (may be the initiation of
necking) during the pyrolysis at 900 °C. This is further
evidenced by the fact that the large alumina green foam
bodies obtained after carbon burnout from carbon bonded
alumina foams have very good handling strength. In
contrast, the alumina green foams obtained by sucrose
polymer burnout from sucrose polymer–alumina powder
composite foams are highly fragile to handle. It is
interesting to note that the introduction of an additional
pyrolysis step does not produce much variation in the
final porosity of the sintered alumina foams. That is, the
porosity remains in the same range of 93.3–94%.25

Green machining is an important aspect in ceramic
processing as the machining of sintered bodies to produce
ceramic components with required size and contour is
very difficult.31–34 Though the machining of dense green
bodies obtained by gelcasting and powder pressing is
widely studied, the green machining of ceramic foams is
rarely reported.35–38 The requirements for green machin-
ing are (i) the green foam should have sufficient strength
to be held in the conventional lathe, milling machine and
drilling machine, (ii) the machined surfaces should have

very good finish and (iii) the green machining should
not induce any cracks during the subsequent sintering.
Figure 8 shows the CS and Young’s modulus (YM) of
sucrose polymer–alumina powder composite foams and
carbon bonded alumina foams as a function of alumina
powder to sucrose weight ratio. The CS and YM of
sucrose polymer–alumina powder composite foams show
a marginal increase from 0.6 to 0.9 MPa and 16 to
40 MPa, respectively, when the alumina powder to
sucrose weight ratio increases from 0.6 to 1.2, respec-
tively. The particle packing in struts and cell walls of
alumina powder-sucrose polymer composite foam bodies
depends on the alumina powder to sucrose weight ratio.
At lower alumina powder to sucrose weight ratios, the
sucrose polymer forms a thick layer around the alumina
particles which prevents close packing of alumina par-
ticles. The thickness of the sucrose polymer layer
decreases with an increase in alumina powder to sucrose
weight ratio that leads to improved particle packing. The
increase in CS and YM in spite of a decrease in sucrose
polymer content (from 56 to 38 wt%) indicates that the
increase in CS and YM with an increase in alumina
powder to sucrose weight ratio is due to the increase in
particle packing in the strut and cell walls of the foam.

FIG. 7. High magnification SEM photomicrograph of fractured strut region of (a) sucrose polymer–alumina powder composite foam, (b) carbon
bonded alumina foam, (c) green alumina foam after sucrose polymer burnout and (d) green alumina foam after carbon burnout prepared at an
alumina powder to sucrose weight ratio of 1.
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There is a considerable improvement in the CS upon
pyrolysis. In contrast to the sucrose polymer–alumina
powder composite foams, the CS of carbon bonded
alumina foams decreases from 2.06 to 1.3 MPa when
the alumina powder to sucrose weight ratio increases
from 0.6 to 1.2. The corresponding decrease in YM is
from 75.2 to 38.2 MPa, respectively. It is well known that
the strength of brittle cellular foams depends on its
porosity, cell size, and strut thickness.39–41 In general,
the CS and YM of a brittle foam decrease when the
porosity and cell size increase and strut thickness
decreases. In the present case, the CS and YM depend
also on the amount of carbon which binds the alumina
particles. The bulk density of carbon bonded alumina
foams decreases from 0.274 to 0.259 g/cm3 when the
alumina powder to sucrose weight ratio increases from
0.6 to 1.2, respectively. The porosity of the carbon
bonded alumina foams calculated by considering the
theoretical density of alumina (3.98 g/cm3) and graphite
(2.26 g/cm3) shows a marginal increase from 91.25 to
92.48 vol%. However, we have observed an increase in
cell size and strut thickness with an increase in alumina
powder to sucrose weight ratio from 0.6 to 1.2.25 The
decrease in CS and YM with an increase in alumina
powder to sucrose weight ratio can be attributed to the
decrease in carbon content which binds the alumina
particles, an increase in porosity, and an increase in cell
size.

The CS of sucrose polymer–alumina powder composite
foams is sufficient for their easy handling and light
machining with an emery paper. The possibility of light
machining in green foam is reported in the literature.38

However, our attempt to machine samples by holding them
in a milling machine and a drilling machine results in
severe damage to the foam bodies. On the other hand, the
strength of the carbon bonded alumina foams is sufficiently
high to be held in either a milling or drilling machine
without any damage. A photograph of a rectangular carbon

bonded alumina foam body revealing slots made by
milling using a conventional high speed steel tool is shown
in Fig. 9. The green machined surface shows very good
finish. Moreover, sharp edges and corners can be produced

FIG. 8. CS and YM of sucrose polymer–alumina powder composite
foams and carbon bonded alumina foams as a function of alumina
powder to sucrose weight ratio.

FIG. 9. Photograph showing slots made by milling a rectangular
carbon bonded alumina foam body in a conventional milling machine
using a high speed steel tool.

FIG. 10. Photograph of alumina foam bodies prepared by carbon
burnout and sintering of green machined carbon bonded alumina foam
bodies. The slots are made by milling and holes are made by drilling.
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by the green machining of carbon bonded alumina foams.
The green machined carbon bonded alumina foam bodies
prepared at alumina powder to sucrose weight ratios in the
range of 0.8–1.2 do not show any visible cracks during the
subsequent carbon burnout and sintering. Figure 10 shows
a photograph of sintered alumina ceramic foams prepared
by carbon burnout and sintering of the green machined
carbon bonded alumina foams showing the slots made by
milling and holes made by drilling.

IV. CONCLUSION

Direct binder burnout followed by sintering of large
precursor foam bodies produced by thermo-foaming of
alumina powder dispersions in molten sucrose resulted in
severe cracking. The cracks are initiated during the binder
removal stage due to the development of internal stresses
as a result of the large strains (22.45–11.35%) corre-
sponding to volume shrinkages observed in the range of
49–32%. Pyrolysis of the sucrose polymer binder before
sintering in air atmosphere prevents sintering cracks in
large foam bodies. The carbon produced from the sucrose
polymer binds the alumina particles during the initial
stage of shrinkage and increases the strength of cell walls
and struts that resist cracking. The drag and rearrange-
ment of alumina particles during pyrolysis lead to solid
contacts and network between alumina particles as
evidenced from microstructure analysis. The carbon
bonded alumina foam bodies have relatively high CS
and are amenable to machining in the green state using
conventional tools. The machining does not induce any
visible cracks during subsequent carbon burnout and
sintering.
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