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Aqueous slip casting of MgAl2O4 spinel powder
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Abstract. A stoichiometric MgAl2O4 spinel (MAS) powder was synthesized by calcining a compacted mixture of
α-Al2O3 and calcined caustic MgO at 1400◦C for 1 h and was surface treated against hydrolysis using an ethanol
solution of H3PO4 and Al(H2PO4)3 after fine grinding. Aqueous suspensions with 41–45 vol.% treated powder were
prepared using tetra methyl ammonium hydroxide (TMAH) and an ammonium salt of polyacrylic acid (Duramax
D-3005) as dispersing agents. These stable suspensions were consolidated in plaster moulds by slip casting (SC) route
for the first time. For comparison purposes, the treated powder was also compacted by die-pressing technique after
converting into freeze-dried granules and sintered along with slip cast samples at 1550–1650◦C for 1–2 h. The MAS
ceramics fabricated by slip casting and die-pressing exhibited comparable properties.

Keywords. MgAl2O4 spinel; phosphate coating; aluminium dihydrogen phosphate; orthophosphoric acid;
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1. Introduction

Magnesium aluminate (MgAl2O4) spinel (MAS) possesses
many important thermal, chemical, mechanical and physical
properties (Hing 1976; Green et al 1989; Baudin et al 1995;
Sainz et al 1995). Furthermore, it does not react with SiO2

until 1735◦C, with MgO or CaO until 2000◦C, with Al2O3

until 1925◦C and, except alkaline earth metals, it can be in
contact with all other metals (Belding and Letzgus 1976).
Owing to these properties, MAS has been employed for vari-
ous purposes such as an optical system for pressure ves-
sels, bullet proof vehicles, IR window and dome applications
(Harris 1992; Patel et al 2000; Wei 2005) and as a humidity
sensor (Shimizu et al 1985), an alternative material to replace
the conventional carbon anode in aluminium electrolytic
cells (Angappan et al 2004), and an effective refractory mate-
rial for cement rotary kilns and steel ladles (Urita et al 1993;
O’Driscoll 1997; Ganesh et al 2002a). Recently, it has also
been considered as an attractive matrix material for ceramic-
matrix composites because of its good chemical compati-
bility with alumina, zirconia, and mullite ceramics. In spite
of these advantages, this material suffers from a problem of
volume expansion (∼8%) associated with its phase forma-
tion from alumina and magnesia (Nakagawa et al 1995). Due
to this problem, dense MAS ceramics cannot be prepared
following a single-stage reaction sintering process (Ganesh
et al 2005, 2008a). Alternatively, the compacted mixture of
alumina and magnesia raw materials are initially calcined
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at about 1400◦C to obtain powder with a spinel content of
>90%, followed by fine grinding, compaction, and sintering
at >1650◦C to form dense ceramics. Due to the involvement
of two firing cycles, the cost of production of these ceramics
has been increased considerably.

Furthermore, when hollow or complex shaped parts are
to be produced, colloidal consolidation techniques appear
as the most appropriate. However, the basic nature of MAS
powder makes the preparation of aqueous suspensions diffi-
cult because this powder undergoes hydrolysis that tend to
coagulate the slurries, limiting the practical solids loading to
about 30 vol.%, especially when the deagglomeration pro-
cess by ball milling is conducted for more than 2 h. Due
to these reasons, it is rather difficult to obtain stable and
concentrated aqueous MAS suspensions to be used in the
near-net shape forming of ceramics following colloidal pro-
cessing techniques. In fact, near-net-shaping is of great
importance because expensive post-sintering machining
operations can be minimized or even eliminated, reducing
the cost of production considerably (Janney et al 1998).
Besides these advantages, aqueous processing offers several
environmental and economic benefits apart from the ability
to manipulate inter-particle forces in aqueous suspensions.
The existing near-net-shape forming techniques include gel-
casting (Janney et al 1998; Ganesh et al 2008b), hydrolysis
assisted solidification (Kosmac et al 1997), hydrolysis-
induced aqueous gel-casting (Ganesh 2009), direct coagu-
lation casting (Graule et al 1994), and temperature-induced
forming (Bergström 1994). Since, the fracture in the ceramic
materials originates on microstructural imperfections such
as pores and inclusions causing poor mechanical reliability,
an effective deagglomeration of the powder particles in the

327



328 Ibram Ganesh

suspensions is very essential, which is difficult to achieve in
the case of aqueous MAS suspensions.

In view of the above problems, at present MAS compo-
nents for infrared dome and radome (missile) applications
are being fabricated by hot isostatic pressing (∼1500◦C and
200–400 MPa pressure) followed by extensive (and expen-
sive) machining to obtain the desired final shape (Harris
1992; Patel et al 2000; Wei 2005). Alternatively, the cold
iso-static pressing (CIPing) and freeze casting/consolidation
(FC) techniques were also employed for fabricating near-
net shape components, which would minimize the cost of
production (Urita et al 1993; O’Driscoll 1997). The advan-
tages of these processes over hot-pressing technique are
low cost of production due to the involvement of ambient
conditions, the use of inexpensive materials (aluminium or
steel) for mould fabrication, and minimum post-sintering
machining operations. Furthermore, these ceramics were
found to have minimal residual stresses. However, the pro-
duct yield of these processes was found to be not encouraging
and the mechanical strength of the green consolidates was
poor.

Recently, a pressure-less molten metal infiltration tech-
nique has also been employed for the fabrication of these
components with near-net shape (Kumar and Sandhage
1998). In this process, initially, the molten Mg is infiltrated
into porous (65–70% dense) Al2O3 preforms at 680–700◦C.
After solidification, the Mg–Al2O3-bearing precursors are
oxidized in flowing oxygen at 430◦C for 40 h or 700◦C for
6 h. The mixtures of MgO and Al2O3 thus obtained are fur-
ther annealed in oxygen at 1200◦C for 15 h to obtain MAS
material, which is further sintered for 10 h at 1700◦C in flow-
ing Ar to achieve a maximum density of about 92·5% of
the theoretical. The linear shrinkage upon firing was about
0·6%. However, these products are not suitable for many of
the applications due to their low density.

Considering the suitability of aqueous colloidal shaping
techniques for the fabrication of IR domes and windows
for strategic applications, we have undertaken a systema-
tic study, and successfully prepared stable aqueous MAS
suspensions that could be slip cast into components with
near-net shape. Initially, a stoichiometric MAS powder
was synthesized by solid state reaction at 1400◦C for
1 h from a compacted stoichiometric mixture of α-Al2O3

and MgO (Ganesh et al 2009). This powder was surface-
treated in an ethanol solution containing orthophospho-
ric acid (H3PO4) and aluminium di-hydrogen phosphate
[Al(H2PO4)3] (Ganesh et al 2008c). The treated pow-
der could easily be dispersed to obtain stable aqueous
suspensions with 41–45 vol.% solids loading and used
for slip casting. For comparison purposes, the surface-
treated MAS powder was also die-pressed after converting
into granules by freeze granulation technique. The diffe-
rently consolidated samples were sintered for 1–2 h at 1550–
1650◦C and thoroughly characterized for bulk density, appa-
rent porosity, water absorption capacity, microstructure, XRD
phase, hardness, and flexural strength in order to evaluate

the effects of processing parameters on the shape forming
capability and densification ability of MAS powder.

2. Experimental

2.1 Synthesis of MAS powder

A stoichiometric precursor powder mixture of alumina (CT-
3000SG, Alcoa-Chemie GmbH, Ludwigshafen, Germany,
average particle size, 1·84 μm, BET SSA, 4·06 m2/g) and
calcined caustic magnesia (José M. Vaz Pereira, S.A., Porto,
Portugal, average particle/agglomerate size, 5·63 μm, BET
SSA, 15·15 m2/g) was dispersed in an azeotropic mix-
ture of 60 vol.% methyl-ethyl-ketone (MEK) (Honeywell,
Riedel-de Haen, Hanover, Germany) and 40 vol.% absolute
ethanol (E) (Merck, Darmstadt, Germany) with the help of
Hypermer KD1 (a polyester/polyamine copolymer having an
estimated MW of about 10000 g/mol, Imperial Chemical
Industries PLC, London, UK) to achieve about 40 vol.%
solids loading in the suspension. The resultant suspension
was deagglomerated for 24 h in polypropylene bottle using
alumina balls (12 mm diameter) by maintaining 1:3 weight
ratio between powder and balls. The homogenized suspen-
sion was separated from the alumina balls and then trans-
ferred to a glass beaker, which was placed in a refrigerator
(Whirlpool 310 Deluxe, Whirlpool, Madrid, Spain) at −5◦C.
The consolidated mass was evacuated under a pressure
of 1 × 10−1 torr using a turbo pump (98·93 l per min
capacity, Model: 949–9315, Varian DS-102; Torino, Italy)
at −5◦C and further dried at about 40◦C in an electric hot-
air oven. The gelation mechanism involved in this process
was mainly based on the cooling up of dissolved dispersant
molecules, inducing in situ gelation (i.e., TIG) and the for-
mation of a rigid network bridging the suspended particles
(Bergström 1994). The dried mass was calcined in an electri-
cally heated open-air muffle furnace for 1 h at 1000–1400◦C
to obtain a stoichiometric MAS powder (Ganesh et al 2001,
2002b, 2003, 2004). The MAS powder was then crushed,
ground in an hammer mill (Retsch GmbH, model SK1, Haan,
Germany) and planetary ball milled (Retsch GmbH, PM400,
Haan, Germany) at 200 rpm for 3 h in an absolute ethanol.
The solids loading in the slurry was 30 vol.% and the powder
to balls weight ratio was 1:3. Henceforth, this milled pow-
der, with a BET SSA of 3·98 m2/g, is termed as A-MAS
(as-milled) powder.

2.2 Surface treatment of MAS powder

In a typical experiment, 268·5 g A-MAS powder was sus-
pended in 250 mL absolute ethanol in a 500 mL volume
three neck round bottom (RB) flask. The RB flask was fitted
with an equalization funnel and valve to pass dry-nitrogen
gas, and was placed into a thermostatic oil bath (150 mm dia-
meter and 75 mm height, Thermol-100, Biolabs, Hyderabad,
India, −50◦ to +250◦C). In a separate experiment, 2 g of
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Al(H2PO4)3 (assay ≥97·0%, Fluka, Seelze, Germany) was
digested in 5 mL of hot H3PO4 (85% assay, AR Grade, Quali-
gens, Mumbai, India). This solution was then mixed with
50 mL ethanol and added drop-by-drop to the above alcohol-
based MAS suspension with the help of an equalization fun-
nel. The RB flask was then continuously refluxed at 80◦C
for 24 h while passing N2 at the rate of 100 mL/min (Ganesh
et al 2008c). The contents of the RB were agitated with a
magnetic stirrer (5MLH-DX, Remi, Hyderabad, India). The
treated MAS slurry was filtered off and washed with fresh
ethanol several times in order to remove the excess of H3PO4

and Al(H2PO4)3. After distillation, the ethanol was reused
several times for washing the treated powder. This treated
powder is henceforth referred to as T-MAS.

2.3 Powder processing

Aqueous suspensions with 41–45 vol.% solids loading were
prepared by dispersing the T-MAS powder in deionized
water with the help of 25 wt.% aqueous TMAH (Fluka,
Seelze, Germany) and Duramax D-3005 (polyacrylic acid
ammonium salt, a cationic dispersing agent, Rohm and Haas,
Lauterbourg, France) employed at the ratio of 35 μL and
30 μL per gram of powder, respectively. The above suspen-
sions were ball milled for 24 h in polypropylene bottles using
alumina balls (12 mm diameter) by maintaining 1:3 weight
ratio between powder and balls. After removing the balls,
the suspensions were degassed for 5 min by vacuum pump-
ing to evacuate the air bubbles. Afterwards, the suspensions
were cast into plaster moulds, which were then allowed under
ambient conditions to set and dried at about 40◦C for 12 h
followed by drying at 90◦C for further 12 h. Slip cast green

crucibles obtained from a suspension containing 45 vol.%
solids loading are shown in figure 1.

For comparison purposes, the treated powder was also
compacted by die-pressing of freeze dried granules under a
pressure of 200 MPa in a metal die to obtain pellets with
30 mm diameter and ∼8 mm height. It is well known that
deagglomeration of powder particles in a suspension is easier
at moderate-high solids loading in comparison to diluted sus-
pensions. On the other hand, concentrated suspensions tend
to exhibit shear thickening characteristics when submitted to
high shear rates as those prevailing upon passing through a
narrow (0·7 mm diameter) spraying nozzle. Because of these
reasons, the suspensions were diluted to 35 vol.% prior to
freeze granulation by adding the required amount of dis-
tilled water and 3 wt.% on powder weight basis of an emul-
sion binder, Duramax D-1000 (Rohm and Haas, Lauterbourg,
France). Freeze granulation was performed by spraying the
suspensions into liquid nitrogen (−196◦C) (Power Pro freeze
granulator LS-2, Gothenburg, Sweden). The resultant gra-
nules were then dried at −49◦C under a pressure of 1 × 10−3

torr in a freeze drying system (Labconco, LYPH Lock 4·5,
Kansas City, USA) for several days. The dried granules were
uniaxially pressed in a metal die by applying a pressure of
200 MPa to obtain pellets having 30 mm diameter and 8 mm
height. The die-pressed and slip cast MAS bodies were sub-
jected to binder removal at 500◦C for 2 h and then sintered
for 1–2 h at 1550–1650◦C.

2.4 Characterization of powders, suspensions and sintered
bodies

A Gemini Micromeritics BET surface area analyzer (Model
2360, Micromeritics, Norcross, GA, USA) was used for

Figure 1. Green MgAl2O4 spinel crucibles consolidated by aqueous slip casting from
a suspension containing 45 vol.% solids loading.
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surface area measurements of the powders. Surface area
was measured by nitrogen physisorption at liquid nitrogen
temperature (−196◦C) by taking 0·162 nm2 as the area of
cross section of N2 molecule. Particle size analysis of the
powders was performed by using light scattering equipment
(Coulter LS 230, UK, Fraunhofer optical model). The visco-
sity of suspensions was measured using a rotational Rheome-
ter (Bohlin C-VOR Instruments, Worcestershire, UK). The
measuring configuration adopted was a cone and plate (4◦,
40 mm, and gap of 150 μm), and flow measurements were
conducted between 0·1 and 800 s−1. The zeta-potentials of
powders in 10−3 M KCl aqueous solutions were measured
on a zeta meter (Delsa 440 Sx, Coulter, Buckinghamshire,
UK). Dilute HNO3 (AR Grade, Qualigens, Mumbai, India)
and TMAH solutions were used for pH adjustment. Stock
suspensions containing 5 wt.% of ball-milled (24 h) powder
were prepared without and with different added amounts of
TMAH, Duramax D-3005, or their mixtures. Particulates and
supernatant were separated by centrifugation (Model: R23,
Remi, Mumbai, India) at 3000 rpm for 30 min. The super-
natant solution was ultrasonicated for 5 min prior to zeta
potential analysis.

Bulk density (BD), apparent porosity (AP), and water
absorption (WA) capacity of sintered samples were mea-
sured according to Archimedes principle (ASTM C372)
using Mettler balance (AG 245, Mettler Toledo, Heuwinkel-
strasse, Switzerland). On an average, three density measure-
ments were performed for each sample in this study (±0·01
error) (Ganesh et al 2001, 2002b, 2003, 2004). XRD pa-
tterns were recorded on a Bruker (Karlsruhe, Germany) D8
advanced system using diffracted beam monochromated Cu
Kα (0·15406 nm) radiation source. Relative phase com-
positions of samples were calculated from the respective
peak height measurements (Cullity 1978). Crystalline phases
were identified by comparison with PDF-4 reference data
from International Centre for Diffraction Data (ICDD). To
obtain quantitative information of various phases, the most
intense peak of the individual phases was taken into con-
sideration. The peak heights of all the phases were summed
up and the percentage concentration of a particular phase
was estimated from the ratio of the strongest peak of that
phase to the sum of various phases present in a given
system.

Microstructures of dense spinel ceramics were examined
by SEM (JSM - 5410, JEOL, Tokyo, Japan) with an energy
dispersive scanning attachment (Sigma 3·42 Quaser, Kevex,
USA). The fracture surfaces of samples were examined after
coating with carbon for conductivity. The mechanical proper-
ties evaluated were hardness (H ) and flexural strength. Hard-
ness data was collected using a microhardness tester (Leitz
Wetzler, Germany) by holding a 137◦ indenter tip for 20 s
under a load (P) of 10 kg on the mirror finished surface of
the samples. Vickers hardness (H ) was calculated as H =
P/2d2, d being the half-diagonal indentation impression.
The flexural strength of the green and sintered samples was
measured using a 3-point bending test (JIS-R1601). About

15 to 20 samples were tested per case and the results are
presented as mean values (±0·01 error).

3. Results and discussion

The particle size distribution (PSD) and the average particle
size (D50) of raw materials, α-Al2O3, calcined caustic mag-
nesia, and A-MAS powder obtained at 1400◦C are presented
in figure 2. It can be seen that A-MAS and alumina powders
have uni-modal PSD and D50 values of 0·94 and 1·83 μm,
respectively whereas MgO powder has a relatively wider
PSD and D50 = 5·63 μm. A stoichiometric MAS with a D50

of 2 μm enabled reaching bulk density values >3·40 g/cm3

(i.e. >95% of the theoretical value) upon sintering at 1650◦C
for 1 h in our earlier studies (Ganesh et al 2001). In the
present case, although the starting magnesia raw material has
an apparently larger D50 = 5·63 μm, its specific surface area
of ∼15 m2/g indicates that its primary particles are finer. The
measured average size is for the agglomerates, which tend to
be destroyed during ball milling.

The X-ray diffraction patterns of the starting raw materi-
als and of the MAS powders synthesized by solid state reac-
tion at temperatures in the range of 1000◦ to 1400◦C for
1 h from a stoichiometric mixture of alumina and magne-
sia are presented in figure 3. For comparison purposes, the
XRD patterns reported in standard ICDD files for corun-
dum (ICDD File No: 00–46–1212), periclase (ICDD File
No: 00–45–946) and a stoichiometric MAS (ICDD File No:
00–21–1152) are also presented in this figure. Alumina and
magnesia raw materials exhibit XRD lines corresponding to
only corundum and periclase phases, respectively. Calcina-
tion for 1 h at 1000◦C resulted in the formation of a small
amount (∼10%) of spinel phase. The content of spinel phase
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Figure 2. Particle size distributions of as purchased α-Al2O3 and
calcined caustic MgO powders, and of the planetary ball milled
MgAl2O4 spinel formed at 1400◦C for 1 h.
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Figure 3. XRD patterns of as purchased α-Al2O3 and calcined
caustic MgO, and of the MgAl2O4 spinel powders formed upon
calcination for 1 h at temperatures between 1000 and 1400◦C. P,
periclase, ICDD File No: 00–45–946; C, corundum, ICDD File No:
00–46–1212; S, spinel, ICDD File No: 00–21–1152.

increased gradually with increasing heat treatment temper-
ature, reaching about 45% at 1100◦C, more than 80% at
1200◦C, and about 94% at 1400◦C (Ganesh et al 2001).

Temperatures higher than 1400◦C were not used in order
to keep a small amount of un-reacted alumina and magne-
sia raw materials in the calcined powder. It has been reported
that partially spinelized (90–95%) powders possess higher
reactivity during sintering when compared to un-calcined
powders or fully spinelized powders at elevated temperatures
(Ganesh et al 2001). This is mainly due to the higher calcina-
tion temperatures required for complete spinelization com-
pared to partial spinelization, leading to the formation of hard
agglomerated powders with low reactivity. The un-calcined
powders cannot be sintered into dense MAS bodies because
of the volume expansion associated with the spinel formation
(Nakagawa et al 1995).

In our earlier studies, a single-phase MAS was iden-
tified when a stoichiometric mixture of α-Al2O3 and
calcined caustic MgO was compacted by die-pressing
(200 MPa) or by extrusion and calcined at 1350◦C for

1 h (Ganesh et al 2001, 2002b, 2003, 2004, 2005, 2009).
In the present study, the mixture of raw materials was
consolidated by TIG (Bergström 1994) from organic-
based suspensions containing 40 vol.%. The lower pack-
ing green density of the consolidates means higher di-
ffusion paths of the species, and a heat treatment schedule
of 1 h at 1400◦C was required to reach a spinel content of
about 95%. Formation of MgAl2O4 by the solid-state reac-
tion of corundum and periclase is explained by the Wagner
mechanism (Nakagawa et al 1995). The reaction proceeds
by counter diffusion of the cations through the product layer,
with oxygen ions remaining at the initial sites. To keep the
electro-neutrality, 3Mg2+ diffuse toward the alumina side
and 2Al3+ diffuse toward the magnesia side to form 3 moles
of MgAl2O4. Therefore, shorter diffusion paths make the
reaction between alumina and magnesia to occur faster. Pow-
ders with fine average particles size (i.e. 2 μm) can be mixed
very intimately to accelerate the reaction. In the present case,
although the starting magnesia raw material has an appa-
rently larger D50 = 5·63 μm, its specific surface area of
15·15 m2/g indicates that the primary particles are finer and
the measured average size is for the agglomerates, which
tend to be destroyed during ball milling.

Figure 4 shows the ζ behaviour of T-MAS powder under
the influence of different concentrations of dispersing agents.
It can be seen that the absolute ζ values decrease gradually
with increasing amounts of added dispersants, reaching mini-
mum of about −34 mV and −35 mV in the presence of
20 μL Duramax D-3005, or 35 μL TMAH per gram of pow-
der, respectively followed by increasing trends for further
added amounts of individual dispersants. The combination
of a fixed amount of TMAH (35 μL per gram of powder)
with varying amounts of Duramax D-3005, enabled deve-
loping higher ζ values, more suitable to electrostatically sta-
bilized concentrated suspensions. According to DLVO theory
(Lewis 2000) a high ζ -potential > ±40 mV is necessary to
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Table 1. Slurry characteristics and properties of slip cast green MAS bodies.†

Solids loading H2O TMAH Duramax D-3005 MAS powder Slurry viscosity
Sample (vol.%) (mL) (μL) (μL) (g) at 140 s−1 (mPa.s)

SC-41 41 25·5 1834 1834 73·79 466·23
SC-42 42 25·0 1879·5 1879·5 75·18 577·64
SC-43 43 24·5 1924·2 1924·2 76·97 786·35
SC-44 44 24·0 1969·0 1969·0 78·76 821·91
SC-45 45 23·5 2013·7 2013·7 80·55 965·20

†Values were obtained as detailed in the experimental section.

Table 2. Properties of slip cast MAS ceramics (SC-41 to SC-45) sintered at 1600◦C for 2 h and die-pressed
sample (DP) sintered at 1650◦C for 1 h.†

Green Green Bulk Apparent Water Flexural
density strength density porosity absorption Hardness strength

Sample (g/cm3) (MPa) (g/cm3) (%) capacity (%) (Hv or Kg/mm2) (MPa)

SC-41 1·722 9·246 3·435 1·341 0·407 674·61 ± 13·4 176·47 ± 15
SC-42 1·693 8·821 3·412 1·165 0·356 678·96 ± 26·1 144·99 ± 16
SC-43 1·648 8·123 3·364 2·013 0·622 668·87 ± 22·5 125·67 ± 12
SC-44 1·633 7·983 3·359 2·404 0·662 637·51 ± 13·7 113·94 ± 13
SC-45 1·623 7·832 3·356 3·034 0·785 655·89 ± 19·3 111·93 ± 11
DP 1·665 0·245 3·506 0·064 0·018 811·36 ± 18·63 173·03 ± 6·7
†Values were obtained as detailed in the experimental section.

prepare stable and high solids loaded aqueous suspensions
required for near-net shape forming of ceramics (Parks and
De Bruyn 1962; Pugh 1994). A repulsive force of enough
magnitude is necessary between particles to overcome the
Van der Waals attractive interactions that tend to hold them
together forming agglomerates. Aqueous ceramic suspen-
sions are stabilized normally either by adjusting the pH of
the suspension away from the iso-electric point (pHiep) of
the powder (electrostatic stabilization) or by using polyelec-
trolytes as dispersing agents (electrosteric stabilization). Pure
electrostatic stabilization usually requires higher absolute
ζ values, which will increase the adlayer thickness around
the particles, limiting again the achievement of high solids
loading. Duramax D-3005 acts by electrosteric stabilization,
enabling the preparation of stable and concentrated aqueous
suspensions.

The surface of the MAS powder particles presents AlOH
and MgOH groups. These hydroxyl groups dissociate into
water and confer to the particles a surface charge according
to reactions (1) and (2):

(
MgAl2O4

) − M − OH + H+ ↔ M − OH+
2

(where M = Al and Mg) , (1)

(
MgAl2O4

)−M−OH + −OH− ↔ M−O− +H2O. (2)

The as-synthesized powder exhibited a pHiep in the range
of 9–10 (between those of alumina and magnesia) (Parks and

De Bruyn 1962), whereas the treated one presented a pHiep

at about 3 (results not shown). This shift in the pHiep con-
firms the anionic nature of the adsorbed phosphate species.
The surface hydroxyl groups play an important role in the
formation of the protective layer against hydrolysis when the
MAS powder is treated with H3PO4 and Al(H2PO4)3. The
chemisorption of these species onto the surface of the MAS
powder particles can be described by reaction (3):

Al (OH)3 + Mg (OH)2 + H3PO4 + nAl (H2PO4)3

→ (n + 1) Al (H2PO4)3 + Mg (H2PO4)2 + 5H2O. (3)

The reaction occurs between Al(OH)3 or Mg(OH)2 and
H3PO4. The Al(H2PO4)3 is expected to perform only a seed-
ing action as the Al(OH)3 or the Mg(OH)2 ultimately con-
verts into Al(H2PO4)3 or Mg(H2PO4)2 by reacting with
H3PO4 under the mild reaction conditions employed (Ganesh
et al 2008c). It has been reported that ∼1·1 mg H2PO−

4 is
required to form a continuous single uni-molecular phos-
phate monolayer on a square meter surface of hydrated
alumina-based materials (Ganesh et al 2008c). The measured
BET surface area for the MAS powder of 3·98 m2/g will only
require about 4·38 mg per gram for providing a continuous
protective layer. However, a higher concentration of 2·18 mg
of H2PO−

4 ions in the form of H3PO4 and Al(H2PO4)3 per
square meter of MAS powder (i.e. 2·18 × 3·98 = 8·676
mg per g of powder) was used in the present work to
ensure an effective coating of all MAS particles. The excess
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unreacted phosphate was removed from the treated MAS
powder surface by washing with absolute ethanol.

Table 1 reports the data concerning suspensions prepara-
tion and their characteristics including solids loading, water
content, concentrations of dispersing agents TMAH and
Duramax D-3005, amount of MAS powder and viscosity at
γ̇ = 140 s−1. For simplicity purposes, different codes are
given to samples, with SC standing for slip casting and num-
bers 41–45 denoting the solids volume fractions in the sus-
pensions. A significant increase of the suspensions’ viscosity
with increasing solids loading can be observed, reaching
a highest value of 965·20 mPa.s at 140 s−1 for the sus-
pension containing 45 vol.% solids (SC-45). According to
Janney et al (1998), 45 vol.% solids loading is high for cer-
tain powders, such as Ube E10 silicon nitride Starck, B10
silicon carbide, TOSOH TZ zirconias, and Baikowski high
purity aluminas. In all these cases, the powders are exceed-
ingly difficult to disperse because of their high specific
surface areas.

The values of bulk density (BD), apparent porosity (AP),
water absorption capacity (WA) and the hardness and flexural
strength of the SC-41 to SC-45 and the one obtained by the
die-pressing of freeze-dried granules (DP) sintered for 1–2 h
at 1550–1650◦C are presented in table 2 together with green
density and 3-point bend strength values. It can be seen that
the green density of slip cast bodies decreased gradually with
increasing solids loadings from 1·722 g/cm3 (48·92% of theo-
retical density (TD)) for the sample SC-41, to 1·623 g/cm3

(45·34% of TD) for the sample SC-45. However, these values
are well comparable with the one noted for die-pressing of
freeze-dried granules (1·665 g/cm3, 46·50% of TD). Often,
when there is a coagulation trend, lower viscosity suspen-
sions undergo better compaction upon slip casting as pow-
der particles can more easily slid over each other leading to
better interlocking and to consolidate with high green den-
sity and green strength. This seems to have occurred in the
present study since the measured green strength values show
the same decreasing trend observed for green density.

It can be seen that BD gradually decreased from about
3·435 g/cm3 to 3·356 g/cm3 with solids loading increasing
from 41 to 45 vol.% upon sintering at 1600◦C for 2 h.
This decrease is accompanied by concomitant and consistent
increases in both AP and WA capacity values. Sintered SC-
41 to SC-43 samples exhibit values of AP and WA capacity
of 2·013% and 0·622%, respectively whereas the SC-44 and
SC-45 samples are clearly more porous, with the SC-45 one
presenting an apparent porosity of about 3·034% and a water
absorption capacity of about 0·785%. As can be seen from
data in table 2 BD of the sintered materials is strongly depen-
dant on green density of consolidates, which in turn is a func-
tion of the viscosity of the suspension. The stoichiometric
MgAl2O4 spinel consists of 71·8 wt.% Al2O3 and 28·2 wt.%
MgO (theoretical density, TD = 3·58 g/cm3, ICDD File No:
00–021–1151, Fd3m structure). The die-pressed (DP) sam-
ple exhibited a BD value of 3·506 g/cm3, apparent porosity
of 0·064% and a water absorption capacity of 0·018% upon
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Figure 5. Evolution of bulk density (BD), apparent porosity (AP)
and water absorption (WA) capacity of MgAl2O4 spinel consoli-
dated by slip casting route using aqueous suspension containing
45 vol.% solids and sintered for 2 h at 1550–1650◦C.

sintering at 1650◦C for 1 h. The difference noted in the sin-
tered properties of slip cast samples and the die-pressed one
could be attributed to the difference in the sintering tem-
peratures. It is known that the rate of sintering increases
exponentially with increase in temperature.

The evolution of BD, AP and WA capacity of SC-45
sintered for 2 h through 1550◦ and 1650◦C is presented in
figure 5. BD gradually increased from 3·01 g/cm3 to
3·37 g/cm3 when the sintering temperature changed from
1550◦C to 1600◦C. However, a lower value of BD
(3·32 g/cm3) was measured with a further increase in sinter-
ing temperature, against the expectations, but a good consis-
tency is observed between the values of AP and WA capacity,
and of BD. Sintering for 2 h at 1550◦C resulted in AP and
WA capacity values of about 11% and 3·7%, respectively
which then approached zero with further increase in sintering
temperature to 1650◦C. One reason for the slight decrease
in the BD for sintering temperatures above 1600◦C could
be ascribed to the increased grain size in the samples or
to any volume expansion associated with the spinel forma-
tion from the remaining unreacted powders (Nakagawa et al
1995).

As can be seen from table 2, there is a decreasing trend
in the hardness and flexural strength values of slip cast
MAS samples sintered for 2 h at 1600◦C with solids loading
increasing from 41 to 45 vol.%. The sample SC-41 exhibits
hardness and flexural strength values of about 674·61 ±
13·4 kg/mm2 and of 176·47 ± 15 MPa, while those of sam-
ple SC-45 are 655·89 ± 19·3 kg/mm2 and 111·93 ± 11 MPa,
respectively. A gradual decrease in the hardness and flexu-
ral strength with decreasing BD is evident. The higher poro-
sity fractions of less dense MAS ceramics are responsible
for their lower hardness and flexural strength values. The
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Figure 6. XRD patterns of DP and SC-45 consolidated bodies
sintered for 1 h at 1650◦C and 2 h at 1600◦C, respectively. S, spinel,
ICDD File No. 00–21–1152.

DP sample upon sintering at 1650◦C for 1 h exhibited a
hardness of 811·36 ± 18·63 Hv and 3-point bend strength
of 173·03 ± 6·7 MPa. Interestingly, the mechanical prop-
erties of slip cast samples are comparable with those of
DP. Bhaduri and Bhaduri (2002) reported a hardness of
779 kg/mm2 for a nanocrystalline dense MAS consolidated
by aqueous slip casting, followed by cold isostatic press-
ing (CIPing) at 275 MPa for 10 min, and then by hot iso-
static pressing (HIPing) at 1300◦C for 4 h. The hardness and
flexural strength values obtained in the present study with-
out using such heavy equipments are comparable to those
reported in the literature for MAS ceramics (Porter et al
1977; White and Kelkar 1992).

X-ray diffraction patterns of DP and SC-45 sintered
for 1 h at 1650◦C and 2 h at 1600◦C, respectively exhibit
peaks corresponding to only stoichiometric MgAl2O4 spinel
phase (figure 6). For comparison purposes, the XRD pat-
tern reported in standard ICDD files for stoichiometric MAS
(ICDD File No. 00-21-1152) is also presented in this fig-
ure. According to the phase diagram of binary MgO–Al2O3,
MgAl2O4 is the only phase formed at temperatures up to
1600◦C. At this temperature, the solid solubility of MgO
and Al2O3 in the spinel is 2 and 6%, respectively. On

(A)

(B)

Figure 7. SEM micrographs of fracture surfaces of DP and SC-45
consolidated bodies sintered for 1 h at 1650◦C and 2 h at 1600◦C,
respectively.

increasing the firing temperature to 1700◦C, the solubility in
the spinel increases to 3·0 and 10·0%, respectively (Ganesh
et al 2008a). This solid solubility helps to explain why
minor phases could not be identified by XRD in the samples
sintered above 1600◦C.

The SEM micrographs of DP and SC-45 samples sintered
at 1650◦C for 1 h, and at 1600◦C for 2 h, respectively are pre-
sented in figures 7(a) and 7(b). It can be seen that both sam-
ples appear relatively dense. Some small intragranular pores
are observed in the sample DP, while few larger intergra-
nular pores are apparent in the SC-45 sample. The first kind
of fine pores might be due to porosity present in the freeze
dried granules, while the larger ones in the sample SC-45
might be attributed to pull out of grains during fracture or to
pores entrapped in the green consolidates. Nevertheless, both
samples have similar microstructures with equi-axed grains
which are tightly packed. These results are well comparable
with those reported for the MAS materials in the literature
(Ganesh et al 2003).
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4. Conclusions

Stoichiometric MgAl2O4 spinel (MAS) powder could be pre-
pared from a mixture of α-Al2O3 and calcined caustic MgO
compacted by temperature-induced gelcasting (TIG) using
azeotropic mixture of methyl-ethyl-ketone and ethanol in
60:40 volume ratio followed by calcination at 1400◦C for
1 h. Orthophosphoric acid and aluminium dihydrogen phos-
phate enabled to achieve an extensive degree of surface pa-
ssivation of the MAS particles and increase by 50%
(from 30 vol.% to 45 vol.%) the solids loading of this
powder in aqueous suspensions making them suitable for
slip casting. This study demonstrates the near-net shape
fabrication of MgAl2O4 spinel ceramics from aqueous
suspensions containing 41–45 vol.% solids loading. The
die-pressed and slip cast samples exhibited comparable pro-
perties upon sintering.
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