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a  b  s  t  r  a  c  t

The  mechanical  behavior  of  green  porous  mullite  disks  (volume  porosity  >  55%)  prepared  by  the  ther-
mogelation  of  mullite  aqueous  suspensions  with  different  native  starches  (i.e.  potato,  cassava  and  corn
starches)  was  studied.  One  set of disks  was  prepared  by  thermal  consolidation  (70–80 ◦C,  2  h) of  aqueous
mullite  suspensions  (40  vol.%)  containing  10 vol.%  of starch  pre-gelled  at  55–60 ◦C  and  dried  at  40 ◦C  for
24 h.  Another  set  of  specimens  was  prepared  by  additional  firing  at 650 ◦C for  2 h  to  burn-out  the  starches.
Both  sets  of  disks  were  characterized  by  density  measurements  (Archimedes  method),  apparent  porosity
calculus,  and  microstructural  analysis  by  SEM.  Mechanical  parameters  such  as  fracture  strength,  appar-
ent elastic  modulus,  fracture  and  final  deformations  and  yield  stress  were  determined  from  apparent
reen porous microstructures
echanical properties

stress–strain  relations  derived  from  load-displacement  curves  obtained  by diametral  compression  test-
ing. Moreover,  typical  crack  patterns  were  evaluated  and  fractographic  analysis  was  carried  out by  SEM.
Mechanical  results  were  analyzed  in relation  to the  behavior  of  the  starches  in  aqueous  suspension  and
the properties  of  the  developed  gels,  together  with  the  respective  microstructures  before  and  after  the
burn-out  process.  Mechanical  data  were  also  considered  taking  into  account  the  possibility  of  machining
the  green  compacts  formed  by  pre-gelling  starch  consolidation.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Green machining of pre-forms is currently used for forming
mall, symmetrical parts. However, machining is generally limited
o grinding and cutting because the green bodies are not strong
nough to withstand the conventional processes of milling, drilling
nd lathing [1,2]. Consequently, in the optimization of the overall
roduction cycle of ceramic pieces, the improvement of the green
odies’ mechanical properties is one of the key points that must be
onsidered. In particular, the key parameter for machining ceramic
ieces is fracture strength: the green body must be strong enough
o resist the stresses induced by machining and clamping without
racturing. As a reference, a mechanical strength of 2 MPa  is con-
idered high enough to bear the stress induced by the machining
rocess [3,4]. The use of gelling agents for shaping ceramic bodies

mproves the mechanical properties with respect to those materi-
ls prepared by conventional forming methods [5,6], particularly
y increasing mechanical resistance. Therefore, the binder system

gelling agents) and its content must be chosen carefully since it is
ritical for achieving high ceramic solid loading and strong inter-
acial bonding between ceramic particles. The toughness, the work

∗ Corresponding author. Tel.: +54 223 4816600; fax: +54 223 4810046.
E-mail address: andcamer@fi.mdp.edu.ar (M.A. Camerucci).

921-5093/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.msea.2012.03.111
of fracture and the hardness of the ceramic compacts are other
properties considered in the optimization of the green machining
process [2,3,7,8].

Among the new colloidal processing methods, the starch direct
consolidation technique has been developed in the manufacture
of porous ceramics. Thanks to the control of the pieces’ dimen-
sions that can be achieved by this method, it is a promising near
net-shaping technique [9].  Moreover, the use of starches has addi-
tional advantages, such as reduced environmental impact and low
cost. With this method [10–13],  the starch acts as a binder of
the suspended ceramic particles and as a consolidator agent by
thermogelation of the ceramic aqueous suspension at 55–85 ◦C.
It is also a pore former after consolidation by burn-out at high-
temperature. As a consequence of the formation of an elastic
starch gel, which occurs due to the starch gelatinization process,
the green body’s mechanical resistance is increased. The authors’
use of native starches [14] in the consolidation of mullite porous
compacts had the disadvantage of causing inhomogeneous green
microstructures, partially due to the different densities of the raw
materials (starches and oxide particles). An alternative to this
conventional starch consolidation forming route was  conceived

in order to surmount this problem: the pre-gelling route (PGR)
[14]. This alternative forming route enabled us to obtain porous
homogeneous microstructures both before and after the burn-out
process.

dx.doi.org/10.1016/j.msea.2012.03.111
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:andcamer@fi.mdp.edu.ar
dx.doi.org/10.1016/j.msea.2012.03.111
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In the present work, green porous mullite disks formed by
he pre-gelling of a ceramic–starch aqueous suspension prepared
ith different native starches (cassava, corn and potato) were
echanically evaluated in diametral compression. The results were

nalyzed in relation to developed microstructures before and after
he burn-out process, the behavior of the starches in aqueous sus-
ension and the properties of the formed gels. Burned mullite
isks were also mechanically evaluated. The machinability of the
reen mullite compacts was thus evaluated using the experimen-
al mechanical data and the main properties for optimizing green

achining

. Experimental

.1. Preparation and characterization of green bodies

A high-purity mullite (3Al2O3·2SiO2) powder (MULS, Baikowski,
rance) and native potato, cassava and corn starches commercially
vailable in Argentina were used as the ceramic raw material and
he consolidator/binder agent, respectively. The physical and vis-
oelastic properties of the employed starches were already studied
n previously reported work [15]. The elementary analysis of the

ullite powder was performed by wet chemical analysis, which
evealed an impurity level less than 0.2 wt.%. An excess of alu-
ina (3.0 wt.%) with respect to the stoichiometric composition

Al2O3 = 71.8 wt.%, SiO2 = 28.2 wt.%) was estimated, indicating that
pproximately 1.0 wt.% of Al2O3 does not form a solid solution with
ullite (up to 74 wt.% of Al2O3 dissolves mullite) [16]. This result

grees with the X-ray diffraction analysis (XRD; Siemens D5000,
uK�, at 30 mA  and 40 kV, and at 1◦ 2�/min) performed on the
rystalline phases (mullite as primary phase and �-alumina and
ristobalite as secondary phases) as well as the pycnometric den-
ity value measured in kerosene at 37 ◦C (�m = 3.35 g/cm3) which
as discovered to fall midway between the theoretical densities

f 3Al2O3·2SiO2 (3.16 g/cm3) and �-Al2O3 (3.98 g/cm3). The pow-
er presented a bimodal particle size distribution (Mastersizer S,
alvern Instruments Ltd., UK) with a low mean volume diame-

er (D50 = 1.46 �m),  and a high volume percentage of fine particles
1 �m,  and contained agglomerates up to 50 �m associated with
he presence of the very fine particles. These results are consistent
ith the high value of specific surface area (13.5 m2/g) determined

y the BET method (Monosorb, Quantachrome Co., USA).
Real densities determined by He-pycnometry (Multipycnome-

er, Quantachrome Co., USA) were 1.47 g/cm3 for potato starch
nd 1.49 g/cm3 for cassava and corn starches. The particle
ize distributions (Mastersizer S, Malvern Instruments Ltd., UK)
ere determined using an aqueous suspension of starch with

 carboxylic acid based polyelectrolyte solution (Dolapix CE-64,
schimmer & Schwarz, Germany) as a dispersant and by applying
ltrasound for 15 s to disperse and stabilize the starch particles. All
he starches presented bimodal granulometric distributions with

 low volume percentage (<5%) of small granules (0.5–4 �m for
orn and cassava starches and 0.6–10 �m for potato starch), which
an be linked to impurities or broken granules. The median volume
iameter for potato starch (D50 = 47.8 �m)  was notably greater than
he corresponding values of the other starches (D50 = 13–15 �m).
he granule morphology analysis of the dry starches was carried out
y SEM (Jeol JSM-6460, Japan). Potato starch exhibited the largest
ranules, with smooth surfaces and oval or spherical forms. The rest
f starches presented granules with some polyhedral morphology,
ith corn starch granules exhibiting the most. The variation in size
nd morphology of starch granules is attributed to their biological
rigin.

Aqueous mullite–starch suspensions (0.25 starch volume frac-
ion of 40 vol.% total solid loading) were prepared by: (a) mixing
 Engineering A 549 (2012) 30– 37 31

(impeller mixer) mullite powder in water (40 vol.%) with 0.45 wt.%
of Dolapix CE-64 (Zschimmer & Schwarz, Germany) as a disper-
sant (pH 8.7) with respect to the content of solid loading, (b)
homogenization in a ball mill for 6 h to stabilize the suspension,
and (c) adding starch and mixing (impeller mixer) for 5 min. The
optimum stability conditions for preparing the aqueous mullite
[17] and mullite–starch [18] suspensions and forming experimen-
tal conditions by thermogelation of aqueous suspensions had been
determined previously [15].

The pre-gelling process [19] of the each mullite/starch suspen-
sion was  carried out at a temperature slightly lower than the onset
gelatinization temperature of the starch. This process was proposed
with the following objectives: (a) to increase the viscosity of the
mullite/starch suspension and, consequently, to minimize the pos-
sible segregation of mullite particles and starch granules, and (b)
to decrease the time required to achieve a uniform consolidation
temperature throughout the entire suspension and, therefore, to
reduce microstructural inhomogeneity and defects caused mainly
by differential shrinkage. The experimental conditions suitable for
achieving these objectives when forming green mullite compacts
were determined by the authors in previous works [14,18].

One set of disks was shaped by pouring pre-gelled mullite/starch
suspensions at 55–60 ◦C into stainless steel molds coated with
Teflon tape (diameter = 2.2 cm;  height = 1 cm), which were previ-
ously heated at 70 or 80 ◦C in a sand bath and an electric stove
(Memmert UFP 400, Germany) up 70 or 80 ◦C, respectively, for
2 h. Once the consolidation process was  complete, samples were
removed from the molds and dried in a ventilated oven at 40 ◦C
for 24 h. Disks formed with cassava, corn and potato starches were
labeled as Cabb, Cobb and Pobb, respectively.

A second set of disks was  prepared by burning out the com-
pacts further in order to eliminate the starches. The burned disks
were labeled as Caab, Coab and Poab when cassava, corn and potato
starches were used as the thermogelling agent. The thermal treat-
ment was  carried out at a heating rate of 1 ◦C/min up to 650 ◦C for
2 h in an electrical furnace with SiC heater elements. The debinding
temperature was chosen from thermogravimetric analysis results
(Shimatzu TGA-50, Japan; at 10 ◦C/min up to 900 ◦C, in air). A very
low heating rate (1 ◦C/min) was employed in order to minimize the
generation of defects in the green bodies or their rupture during
the burn-out process due to the high volume of gas that evolved
(mainly water vapor and carbon dioxide) brought on by the oxida-
tive degradation of the starch.

The real density of the mullite–starch powder mixture (�p)
determined by He-pycnometry (Multipycnometer, Quantachrome
Co.) was 2.66 g/cm3. The bulk densities of disks (�g) before and after
the burn-out were determined by immersion in Hg (Archimedes
method). Apparent porosities of disks before (% Pbb) and after burn-
out (% Pab) were calculated from the experimental densities as:
100(1 − �g/�x) where �x is the pycnometric density of the starting
mullite powder (�m = 3.35 g/cm3) or �p.

The microstructures of the fracture surfaces on burned and
unburned disks were analyzed by SEM (Jeol JSM-6460, Japan).

2.2. Mechanical testing

An INSTRON model 8501 servohydraulic machine was  used for
the mechanical testing, employing a load cell of ±5 kN maximum
load (accuracy greater than 0.25% in the whole load range) and
steel platens (Rc: 65). In all the tests, MoS2 lubricant paste was
applied on the platen surfaces in contact with the disk to reduce
the effect of friction; white and carbon papers were placed together

between each platen and the disk for load distribution (padding
material) [20]. The tests were performed in displacement con-
trol; the displacement rates were previously adjusted in order to
avoid temporal effects (e.g. subcritical crack grow) and to achieve
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n adequate arrangement of the sample in the load system. Dis-
lacement rates of 0.8 mm/min  were selected for Cabb and Cobb
isks, 0.6 mm/min  for Pobb, and 1 mm/min  for burned disks. Eight
o twelve specimens of each set of compacts were mechanically
ested. The duration of each test was approximately 1 min.

From the load (P) versus displacement (d) curve, the apparent
tress (�)–strain (ε) relationship was obtained by calculus, employ-
ng the following equations [20,21]:

 = 2P

�Dt
(A)

 = d

D
(B)

here P is the load, D and t are the diameter and the thickness of the
isk, respectively, and d is the actuator displacement. The diameter
D) of the tested disks was four times larger than the thickness (t)
o ensure that only a plane stress state was tested and to decrease
he non-uniformity of the axial distribution of the applied load in
rder to validate the use of Eq. (A) [22]. From � vs. ε curves, the
ollowing parameters were determined: mechanical strength (�F)
sing the maximum load; the fracture strain (εF) considered as the
train corresponding to the maximum load; the strain at the end
f the test (εU); the apparent elastic modulus (Ea) determined as
he slope of the linear part of the curves; and the apparent elastic
imit (�Y) defined as the stress where the deviation from the linear
ehavior is 1% [21]. The percentage ratio �Y/�F, considered as the
egree of deviation from the linear behavior caused by some irre-
ersible strain mechanism (such as global plasticity and/or located
lasticity, compacting and microcracking) was also calculated.

It is worth clarifying that the ‘apparent elastic modulus’ (Ea) is
 stress–strain ratio corresponding to orthogonal space directions
i.e. X and Y axis). On the other hand, the actuator displacement
d) does not correspond to a direct measurement on the disk,
lthough the high stiffness of the employed machine and the low
oad supported by the tested specimens make Eq. (B) a good esti-

ation of disk deformation. Thus, all the contributions to the disks’
verall deformation, independently of type (elastic, non-elastic,
lastic) and the location—this point is relevant in this type of test
ecause the contact zone is affected by the compression platens
20,21,23]—are included in the ( value. These restrictions limit the
alue of Ea to an ‘apparent elastic modulus’.

The fracture features of the tested disks were evaluated by
cular inspection during and after the mechanical tests. In addi-
ion, fractographic analysis was performed by SEM (Jeol JSM-6460,
apan).

. Results and discussion

.1. Characterization of disks

The mean apparent porosity values of the starch-containing

ullite compacts (% Pbb) and the compacts after the burn-out pro-

ess (% Pab) are shown in Table 1. Considering the experimental
rror of the Archimedes technique, the standard deviation of the
orosity values is ±10%.

able 1
ean apparent porosity values (% Pbb and % Pab) of mullite disks.

Systems Consolidation temperature (◦C) % Pbb % Pab

Mullite–cassava 70 56 69
80 56 69

Mullite–corn 70 57 70
80 56 69

Mullite–potato 70 59 70
80 58 71
 Engineering A 549 (2012) 30– 37

For each studied mullite–starch system, the consolidation tem-
perature did not have a significant influence on the obtained
porosity values for any of the sets of mullite compacts. However,
the green disks consolidated with potato starch achieved higher
porosities (% Pbb) than those prepared with the remaining starches
(confidence limit higher than 99.5%). The differences in porosity
between Cobb and Cabb were not considered statistically signifi-
cant. This variation is partially due to the differences in the capacity
to retain the water both physically and chemically in the struc-
ture of the starch gel developed in the consolidation conditions
employed in this study. The water retention capacity defined as
the ratio between the mass of water in the gel and the mass of
starch in the gel [24] was  determined at a gelling temperature of
80 ◦C. Potato starch gel had the highest water retention capacity
(8.3) while the corn and cassava starch gels exhibited lower val-
ues (6.9 and 6.5, respectively). Thus, the most open gel structure is
generated by the potato starch, which explains why the green disks
prepared with this starch develop the highest porosity. Moreover,
the incidence of other differences in the gel’s structural character-
istics in the presence of the ceramic particles [18] cannot be ruled
out.

On the other hand, the porosity of the green disks significantly
increased after the starch was  removed by the burn-out process (%
Pab), achieving values between 69 and 71%. In general, these val-
ues were consistent with those obtained by calculation (% Pc ≈ 69)
assuming that all the added starch was  removed during the burn-
out process. The highest porosity values (% Pab) achieved in the disks
after the burning out process were obtained when potato starch
was  used as the gelling agent (confidence limit higher than 92.5
and 82.5% when is compared Poab with Caab or with Coab, respec-
tively). However, the difference between the porosities of Caab and
Coab were not considered statistically significant.

Typical fracture surface micrographs obtained by SEM of the
green disks before the burn-out process are shown in Fig. 1. No
significant variation in the apparent porosity with the consolida-
tion temperature was observed, in agreement with the calculated
porosity values reported in Table 1. The porosity was  mainly asso-
ciated with the highly tortuous interconnected cavities distributed
throughout the whole thickness of the disks. These features are
attributed to the high proportion of granules involved in a much
more advanced gelatinization process, i.e. the total loss of the gran-
ule integrity in the gel structure. All the burned disks showed a
significant increase in porosity compared to the green bodies con-
taining starch. Similar microstructural features to those observed in
green disks before burn-out were observed throughout the whole
volume of the burned disks (Fig. 1). In each set of disks, the largest
cavities were observed in those materials obtained from potato
starch Pobb and Poab (approximately twice the size of the cavities
observed in disks prepared using cassava and corn starches in both
sets of compacts).

3.2. Mechanical evaluation

Stress–strain curves corresponding to green disks before and
after the burn-out process are shown in Fig. 2, and the mean and
standard deviation values of mechanical parameters are given in
Table 2.

For each mullite–starch system, the differences between the
mechanical parameters of the disks consolidated at 70 and
80 ◦C were not significant in either of the two  set of disks
(before and after the burn-out process), which is in agreement
with the similitude in the microstructural characteristics (with

respect to the amount, size and morphology of pores in par-
ticular) shown for these materials. For this reason, the values
of the mechanical parameters corresponding to both consolida-
tion temperatures were included in the same population for each
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Fig. 1. SEM fracture surfaces of green 

ullite–starch system, and they were treated altogether to obtain
he mean value and its standard deviation. On the other hand,
he differences between all of the mechanical parameters of the
ompacts prepared from the three starches were significantly
ifferent, with limits of confidence higher than 99.5% in every
ase.

The stress–strain curves of the green disks before the burn-out
rocess (Fig. 2a) show a deviation from linearity, in particular in
abb and Cobb. This behavior was attributed to a certain amount of

rreversible deformation (although a non-linear elastic behavior of
he materials cannot be ruled out) due to the starch’s plastic behav-
or and microcracking; this last mechanism might predominantly
ccur in the contact zone between the disks and the compression
latens. The densification by compacting [23], which can also lead
o permanent deformation of the material, was not verified by SEM
ractographic analysis, as shown below. On the other hand, the frac-
ure of Cabb and Cobb occurred suddenly once the maximum load
as reached, whereas in Pobb, fracture was less catastrophic and

xhibited a more gradual decrease of the load. As a consequence,
he fracture deformation value (εF) for Cabb and Cobb coincided, or
lmost coincided, with the deformation at the end of the test (εU)
hereas in Pobb, εU was  higher than εF. In any of the cases, the

haracteristics of the stress-strain curves manifest a quasi-brittle
ehavior.

The �Y/�F ratio (Table 2), as a quantitative estimation of the
egree of deviation from linearity, was higher in Pobb (lower
eviation from the linear elastic behavior) than in the remaining

aterials. This fact was attributed to the low load-bearing capacity

f these disks, which hindered the development of the mechanisms
eading to a permanent deformation, or to the inherent character-
stics of the mullite–potato starch matrix.

able 2
alues of the mechanical parameters.

�F (MPa) εF

Cabb 2.5 ± 0.6 0.035 ± 0.004 

Caab 0.21 ± 0.03 0.03 ± 0.01 

Cobb 2.1 ± 0.4 0.029 ± 0.007 

Coab 0.24 ± 0.05 0.04 ± 0.01 

Pobb 0.8 ± 0.2 0.016 ± 0.004 

Poab 0.18 ± 0.05 0.05 ± 0.01 
before and after the burn-out process.

Typical crack patterns for each system before and after the burn-
out process are shown in Fig. 3. Crack patterns characteristics of
a diametral compression test were observed in all the unburned
green disks [20].

In general, Cabb and Cobb showed a slight deformation in the
contact zones with the compression platens when low loads were
applied, followed by small superficial chipping in these regions;
the presence of a permanent deformed contact area confirmed the
occurrence of irreversible deformation mechanisms. Afterwards,
at higher loads, a crack begun at the center of the specimen and
propagated diametrally toward the contact region. The presence
of secondary cracks was  also observed in some disks consolidated
with cassava starch (33%). The early chipping in the contact region
between the disk and the compression platens was  attributed to the
presence of shear stresses (at the beginning, stress is concentrated
in this zone due to the finite rate of load transmission in the mate-
rial) and the lower resistance of the materials to this sort of loading
[25]. The sudden fall of the load observed in stress–strain curves is
caused by the propagation of the diametral crack. The appearance
of secondary cracks in Cabb was  related to the high load-bearing
capacity of these disks, which induces stress near the region of
compression platens [23] high enough to initiate these cracks.

In Pobb, the steps mentioned above (delamination, and then
diametral fracture) occurred simultaneously; these specimens
showed a principal diametral crack, and no permanent deformed
contact area was observed in most of the cases. This last fact is
in agreement with the low bearing–load capacity of Pobb, which

hindered the development of mechanisms causing permanent
deformation, and is consistent with the high �Y/�F ratio and the low
εF and εU values for this material in comparison with the compacts
consolidated with the remaining starches.

εU (�Y/�F) × 100 Ea (GPa)

0.035 ± 0.004 53 ± 8 0.11 ± 0.02
0.04 ± 0.01 77 ± 9 0.017 ± 0.002

0.030 ± 0.007 60 ± 10 0.10 ± 0.02
0.05 ± 0.01 70 ± 9 0.018 ± 0.002

0.018 ± 0.002 80 ± 10 0.05 ± 0.01
0.07 ± 0.01 61 ± 6 0.007 ± 0.001
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ig. 2. Typical stress (�)–strain (ε) curves for mullite disks: (a) before and (b) after
he  burn-out process.

The stress–strain curves obtained for burned disks
Fig. 2b) show a significant deviation from linear behavior

 which was attributed to the mechanisms of microcracking and
ompacting (this mechanism was verified by fractographic analy-
is, as will be described further on). Unlike the starch-containing
reen disks, the higher value of �Y/�F (Table 2) was estimated for
hose disks prepared using cassava starch, thus highlighting the

igher brittleness of Caab that is also reflected by the sudden fall of
he load at the end of the test (Fig. 2b). Moreover, the stress–strain
urves fall gradually as deformation increases; in particular, the
urves of Caab exhibit a remarkable and sudden drop in the load

Fig. 3. Mullite disks before and after the burn-out p
 Engineering A 549 (2012) 30– 37

at the end of the test, which is absent in Coab and Poab. The small
differences in the maximum stress values supported by three
types of burned disks indicate that in every case the irreversible
deformation mechanisms are equally likely to be activated.

Typical crack patterns exhibited by burned disks are shown
in Fig. 3. All the burned disks prepared with the three starch
types showed a large deformation in the contact area with the
compression platens. In addition, chipping was observed in these
zones indicating the concentration of and/or susceptibility to shear
stresses. The successive losses of flakes (delamination) lead to the
sawed shape of the stress-strain curves. A high percentage of Caab
(∼70%) had a diametral crack too, whereas this type of fracture
occurred to a lesser extent in Coab and Poab (∼30% for the two mate-
rials). The diametral propagation was  linked to the sudden fall of
the stress–strain curves (Fig. 2b); as for the high brittleness, Caab
exhibited the highest �Y/�F ratio and the lowest εF value (Table 2).

The mechanical strength of the green disks before the burn-out
process (Table 2) is as follows: Cabb > Cobb � Pobb; a 68% difference
in the values of Cabb and Pobb disks was determined. The differences
in pore sizes (Fig. 1) together with the different characteristics
of mullite–starch gels were the main factors that determined the
differences in the values of �F for the three systems. From dynam-
ical rheological measurements reported by the authors in previous
research [18], the structures developed by aqueous mullite–cassava
starch and mullite–corn starch systems consisted of a three-
dimensional gel network, with inclusion of the ceramic particles.
On the other hand, in the aqueous mullite–potato starch system,
a starch gel with a low inclusion of ceramic particles and aggre-
gates of these particles bonded with weak interaction forces were
formed as a consequence of a strong destabilization of the starting
suspension due to a high and fast segregation of the components
associated, in part, with the high water-retention index of the
potato gel. Based on these facts, it was  considered that the potato
starch has a lower bonding power than the other two  starches
(cassava and corn) in the ceramic system and the processing exper-
imental conditions used in this study.

Regarding the deformation parameters, the order of the
strain-to fracture (εF) for mullite disks before the burn-out
process was equivalent to that of the mechanical strength:
Cabb > Cobb � Pobb, whereas the order of the final deformation val-
ues (εU) was: Cabb ∼ Cobb � Pobb. The difference between the first

and third systems was approximately 50% for both parameters.
On the other hand, the apparent elastic modulus (Ea) decreased:
Cabb ∼ Cobb � Pobb (the Ea value for Cabb was 55% higher than
Pobb). The differences in the εF, εU and Ea values between the

rocess broken in diametral compression tests.
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Fig. 4. SEM micrographs of fracture surfaces in t

ullite-starch systems could be partially related to differences
n the ‘gel strength’ (defined as the critical deformation value
c for which the gel behaving as an elastic solid becomes a vis-
ous fluid) and the G’max (maximum elastic modulus) values for
he mullite–starch system [18], e.g. the mullite–cassava starch gel
xhibited the highest G’max (6.9 × 106 Pa) and was  most suscepti-
le to deformation (εc = 157.5%). Finally, it is noteworthy that from
he high mechanical strength and the large deformation at the end
f the test (εU) for Cabb and Cobb, a high toughness and/or work of
racture would be expected for these materials (higher for Cabb),
igher than Pobb disks.

Regarding the burned disks, their mechanical strength values
ere significantly lower than those of the green unburned disks due

o the higher porosity of the former and the bonding capacity of the
tarch present in the latter. Moreover, Caab and Coab were stronger
han the disks prepared with potato starch, although the differ-
nces between the mechanical strength values were smaller than
he values measured for unburned disks. From the very low heat-
ng rate used for the burn-out process (1 ◦C/min) together with the
igh porosity of the green bodies, which allowed the escape of the
volved gasses, a scarce or null development of cracks in the matrix
ould be expected when the starches were removed. For this rea-

on, the pore characteristics, in particular their size (Fig. 1), seem
o be the dominant factor in the differences between the mechan-
cal strength values for burned bodies; therefore, the large pores
resent in Poab led to the lower �F exhibited by this material.

The apparent elastic moduli of the burned disks were signifi-
antly lower than the modulus of green unburned disks. The higher
orosity of the former and the absence of the starch gel were the
actors responsible for the low stiffness of these materials. In this
ase, the burned disks obtained by thermogelation of cassava and
orn starches also showed higher Ea values than those of the com-
acts prepared with potato starch, which is associated with the size
nd morphology of the pores present in this last material. Further-
ore, both strain parameters, εF and εU for burned disks were in

eneral higher than the corresponding values for starch-containing
isks, and the relative order was the opposite: Cabb < Cobb < Pobb.

n spite of the large deformation at the end of the mechanical
est, the toughness and/or the work of fracture was expected
o be rather low for burned disks due to the very low strength
alues.

From fractographic analysis of both sets of mullite disk (Fig. 1),
either the critical defect nor the fracture mode could be identi-
ed in any case because of the microstructural characteristics of
he materials and the stress distribution generated by the diame-
ral compression, where the stress was uniform in a large region

round the center of the disk [20,21,23].  However, the SEM images
f the fracture surfaces of burned disks (Fig. 4) show densification in
egions near where contact with the compression platens occurred,
onfirming the occurrence of compacting as an irreversible
tact region: (a) burned and (b) unburned disks.

deformation mechanism. This fact was  attributed to the presence of
a relatively small load bearing solid volume between a large amount
of pores which collapse easily; moreover, this solid volume has a
low mechanical resistance because of the absence of the binder.
Conversely, no compacting was  observed in any of the unburned
green disks after mechanical testing (Fig. 4) due to the bonding
effect of the starch gel that avoids the collapse of the matrix.

3.3. Relation with green machining

The mechanical properties and the microstructure of the green
unburned mullite disks can be correlated with their green machin-
ability (although ‘machinability’ is a parameter hard to define for
green compacts, as asserted by [26]). One of the properties that
clearly correlated with good behavior in green machining pro-
cesses is the mechanical strength of the compact due to its effect
on the clamping and the wear of the piece. A mechanical strength
of 2 MPa  was considered [3,4] high enough to bear the stress
induced during the clamping and machining of the body. In this
sense, the action of the binders is a key issue since these additives
strongly determine the mechanical strength of green compacts
as much as the quality of the surface finish and the wear of the
machining tools do. Owing to their organic nature, these additives
usually give a certain degree of plasticity to the system, which
favors machining since this generally leads to an increase in the
toughness and/or work of fracture that is also considered a favor-
able condition for a better green machinability [3,7]. The hardness
of the compact has been also considered as a parameter to be
taken into account in the analysis of the green machining behavior
[2,7].

The elucidation of which properties influence the machining
behavior is easier if the wear mechanism dominant in the opera-
tion is known. Regarding this aspect, it has been found that ductile
[26] or brittle [3] mechanisms of chip formation could prevail; the
type and content of the binder are two of the factors that strongly
determining the dominant mechanism. Even in the case of brittle
chip formation, in general the green compact has a more or less
developed plastic–ductile behavior [3,7,8,25,26].

In this context, and bearing in mind the measured mechanical
properties of mullite green bodies containing different starches,
those compacts prepared from cassava and corn starches have
sufficient mechanical strength to bear the green machining,
using the above-mentioned limit value (2 MPa) as a reference.
However, the tensile mechanical strength measured in flexural
tests is always higher than that determined by diametral com-
pression [27], up threefold higher. Taking this fact into account,

the three types of unburned mullite compacts would have tensile
mechanical resistances higher than 2 MPa (Table 1), with the
values measured for compacts prepared with cassava and corn
starches being even higher than those reported by Santacruz et al.



3 e and

[
p
s
h

t
w
fi
t
T
h
[
p
e
c
p
r
h
c
w
t
i
s

u
c
i
t
w
i
r

m
t
m
f
b
i
o
6
t
s
e
t
i
t
s

s
o
p
c
i
o
m
o
t
w
m

s
r
t
t
a
a

[
[

[

[
[
[

[

[

6 M.H. Talou et al. / Materials Scienc

5] and Millán et al. [28] for alumina compacts prepared using
olysaccharides (agar, agarose and carragenate) with porosities
imilar to those of the green unburned mullite disks studied
ere.

In addition, there is evidence of non-linear behavior due to duc-
ility and microcracking in both starch-containing materials, from
hich a high toughness and/or work of fracture is expected to bene-
t the green machining operation. However, from the way in which
he specimens broke, a mainly brittle chip formation is expected.
his behavior, whether associated with a certain ductility or not,
as been considered even better than completely ductile behavior
24]. Taking into account the measured values of the mechanical
arameters, the green compacts prepared from cassava starch are
xpected to be more easily machined than those prepared from
orn starch. At the other extreme, the low bonding power of the
otato starch (plus the microstructural characteristics of this mate-
ial, with a high amount of large pores) prevents the compact from
aving the required mechanical strength to be green machined suc-
essfully. In addition, the toughness and/or the work of fracture,
hich is rather lower than the corresponding values of the other

wo starches, causes one to expect low performance in the machin-
ng process of the green mullite bodies prepared from potato
tarch.

Even though the experimental measurement of the Young mod-
lus in relation to the green machining is carried out [24], a
orrelation between this parameter and the green machinabil-
ty has not been reported. In this study, it has been verified
hat those compacts more able to be green machined were those
ith the higher values of the apparent elastic modulus (which

s related to the Young modulus even with the above-mentioned
estrictions).

As for the burned mullite disks, they do not have the required
echanical strength (>2 MPa, even taking into account the correc-

ion made for the type of mechanical test used) to withstand a
achining operation due to their low toughness and/or work of

racture. This would be expected if it is taken into account that the
urn-out process only removed the starch but did not favor any

ncipient cohesion of the matrix that would counteract the absence
f the binder (to achieve this goal, a temperature rather higher than
50 ◦C would have to be used). Moreover, from the fracture pat-
ern observed in this set of disks (Fig. 3), a high susceptibility to
hear stress and a typical brittle mode of fracture become appar-
nt. On the other hand, evidence of densification by compacting in
he region of the specimen in contact with the compression platens
ndicates a tendency to generate density gradients in the materials
hat could negatively affect the integrity of the ceramic piece after
intering.

In short, based on the experimental data obtained in this
tudy, native cassava and corn starches are the additives rec-
mmended for the preparation of porous mullite bodies by
re-gelling of ceramic–starch suspensions if green machining is
onsidered as an alternative to reduce the production cost. It
s also worth emphasizing the benefits associated with the use
f native cassava and corn starches in the processing of porous
ullite bodies: minimization of environmental impact, reduction

f production cost and, as a key issue regarding the material,
he generation of small pores before the burning-out process,
hich favors the thermal and mechanical properties of the final
aterial.
For future work, the quality of the final pieces as a function of

tarch type and the presence of microcracking damage and surface
oughness in particular still needs to be done. Moreover, even when

he machining of the burned mullite compacts is advised against,
he incorporation of a further step at a higher temperature to obtain

 pre-sintered compact (white machining) might be evaluated as
n alternative to green machining.

[

[

[
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4. Conclusions

The green compacts prepared from the thermal consolidation
of pre-gelled suspensions of mullite with cassava and corn native
starches were shown to have better mechanical properties than
those prepared using native potato starch. This was attributed
to the features of the gel and the sizes of the pores developed
for each starch and the positive effect of irreversible mecha-
nisms of deformation, especially some degree of ductility. Once
the starches were removed, the mechanical superiority of those
disks prepared with cassava and corn starches was maintained
due to the smaller pores generated during the burn-out; more-
over, compacting of material was  observed in the contact region
of the specimens with the compression platens, together with a
high susceptibility to shear stress. From the analysis of the exper-
imental data, it was  considered that the cassava native starch
possesses the set of properties more suitable to be employed as
a bonding agent in the forming of mullite bodies by direct con-
solidation, followed by the native corn starch. In this manner,
both types of porous compact are able to be green machined with
a view to reducing production costs. In addition, both starches
generate green compacts with pores of smaller sizes, which will
contribute to the development of materials with final porous
microstructures more apt for using in thermal insulating applica-
tions.
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