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Abstract

This paper reports on process dependant microstructural and mechanical properties of MgAl2O4 spinel (MAS) ceramics. Two MAS powders

with different chemical compositions were synthesized by solid-state reaction of alumina and calcined caustic magnesia at 1400 8C for 1 h. The

surface of the as obtained MAS powders was passivated against hydrolysis by coating it with H3PO4 and Al(H2PO4)3 species dissolved in ethanol at

80 8C for 24 h. The as protected powders could then be dispersed in aqueous solutions of tetramethylammonium hydroxide (TMAH) and Duramax

D-3005 as dispersing agents to obtain stable slurries with 45 vol.% solids loading. The stable aqueous MAS slurries were consolidated by slip

casting (SC), gelcasting (GC), hydrolysis assisted solidification (HAS) and hydrolysis induced aqueous gelcasting (GCHAS) routes, fully dried and

then sintered for 1 h at 1650 8C. For comparison purposes, dense MAS ceramics were also prepared following a conventional dry-powder pressing

(DP) and temperature induced gelation (TIG) routes. All the sintered MAS ceramics were thoroughly characterized for bulk density, apparent

porosity, water absorption capacity, SEM microstructure, XRD phase, hardness, 3-point bend strength, and percentage of shrinkage to evaluate the

suitability of the processing routes for fabricating defect free components with near-net shape. Among the various techniques employed, the

GCHAS was found to be best for fabricating near-net shape MAS ceramics.
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1. Introduction

Recently, magnesium aluminate (MgAl2O4) spinel (MAS)

has received a great deal of attention as a technologically

important material [1–12]. It has been employed in several

applications such as, optical windows for pressure vessels and

bullet proof vehicles [1–3], alternative materials to replace the

conventional carbon anode in aluminium electrolytic cells [4],

humidity sensors [5], and refractory materials for cement rotary

kilns and steel ladles [6,7] owing to its important properties

such as high melting point (2135 8C), high hardness (16 GPa),

relatively low density (3.58 g/cm3), excellent transmittance in
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the range of 0.25–5.0 mm wavelength, high strength at room

and at elevated temperature (180 MPa), high chemical

inertness, relatively low thermal expansion coefficient

(9 � 10�6 8C�1 between 30 and 1400 8C), high thermal shock

resistance, etc. [8–12]. Furthermore, MAS does not react with

SiO2 until 1735 8C, with MgO or CaO until 2000 8C, with

Al2O3 until 1925 8C [12]. In spite of the above mentioned

advantages, the formation of MAS by solid-state reaction is

associated with a severe volume expansion (�8%) that hinders

full dense MAS ceramics to be achieved in a single-stage-firing

process [13]. In order to overcome the volume expansion

problem, dense MAS ceramics are normally prepared following

a double stage-firing process [14,15]. In this process, the raw

materials mixtures are initially calcined at around 1500 8C to

obtain spinel phase contents>85%, followed by re-grinding the

calcined powder, re-compaction and re-firing at >1650 8C to

obtain the desired density. The involvement of two consecutive
d.
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Table 1

Compositions of precursor mixtures and characteristics of calcined (1400 8C, 1 h) MAS ground powders.

Samplea Composition (wt.%) Crystalline phases formed

(1400 8C, 1 h) (%)

Average particle

size (mm)

Expected MAS phase upon

complete reaction (%)

BET surface

area (m2/g)

Al2O3 MgO

MAS-0 71.8 28.2 MgAl2O4 (98.1), MgO (1.9) 1.92 100 3.88

MAS-5 70.3 29.7 MgAl2O4 (89.2), Al2O3 (1.92)

and MgO (8.88)

2.29 93.04 5.22

a MAS-0 and MAS-5 stand for stoichiometric MgAl2O4 spinel, and a 5 wt.% alumina deficient composition, respectively.
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high temperature firing cycles significantly increases the

production costs of dense MAS ceramics. Moreover, the

preparation of MAS components for certain important strategic

applications such as infrared domes and radomes is also quite

expensive [16–19]. At present, MAS components for infrared

dome and radome applications are being fabricated by hot iso-

static pressing (�1500 8C and 200–400 MPa pressure) fol-

lowed by extensive and expensive machining to obtain the

desired final shape [16,17]. Near-net shape forming techniques

like aqueous gelcasting can reduce the processing cost of MAS

infrared domes and radomes very significantly as post-sintering

machining operations can be minimized or even eliminated

[19–21]. However, the basic nature of MAS powder and its

promptness to react with water make the aqueous gelcasting

routes troublesome [5,21]. In our lab, a process for passivating

MAS powder against hydrolysis has been successfully

developed [22]. The surface passivated MAS powder could

then be dispersed in water to obtain stable slurries with

45 vol.% solids loading, suitable for colloidal processing.

Nevertheless, the literature information on the relationship

between the microstructure and mechanical properties of

aqueous processed MAS ceramics is still scarce.

The present work aims at fulfilling the above mentioned

gaps. A stoichiometric MgAl2O4 spinel and a powder with

2.017 wt.% excess of MgO formed by the calcination of

alumina and calcined caustic magnesia mixture compacts at

1400 8C for 1 h were fine ground, surface passivated against

hydrolysis and dispersed in aqueous medium. The as obtained

slurries were consolidated by different processing techniques:

slip casting (SC), hydrolysis assisted solidification (HAS) and

hydrolysis induced aqueous gelcasting (GCHAS). For compar-

ison purposes, dense MAS ceramics were also fabricated by

gelcasting (GC), temperature induced gelation (TIG) and

conventional dry-powder pressing (DP) routes. Differently

consolidated MAS bodies were sintered for 1 h at 1650 8C and

then thoroughly characterized for various properties to

establish the effects of processing route on microstructure

evolution and its influence on the sintered and mechanical

properties of MAS ceramics.

2. Experimental procedure

2.1. MAS powder synthesis and processing

Alumina (CT-3000SG, Alcoa-Chemie GmbH, Ludwigsha-

fen, Germany, average particle size = 1.84 mm, BET SSA

�4 m2/g, consisting of corundum phase, ICDD File No: 00-
46-1212) and calcined caustic magnesia (José M. Vaz Pereira,

S.A., Porto, Portugal, average particle/agglomerate

size = 5.63 mm, BET SSA �15 m2/g, consisting of periclase

phase, ICDD File No: 00-45-946) were mixed in two different

proportions (Table 1): (i) a stoichiometric mixture (71.8%

Al2O3 + 28.2% MgO) termed MAS-0; (ii) a 5 wt.% alumina

deficient mixture (70.3% Al2O3 + 29.7% MgO) termed MAS-5.

The powders mixtures were dispersed in an azeotropic mixture of

60 vol.% methyl ethyl ketone (MEK) and 40 vol.% ethanol (E)

with the help of Hypermer KD1 as dispersant to achieve about

40 vol.% solids loading in the slurries. The resultant slurries were

de-agglomerated for 24 h in polypropylene bottles using alumina

balls and a powder to balls weight ratio of 1:3 and were

consolidated by temperature induced gelation (TIG) technique

[24]. The dried consolidates were then calcined in an electrically

heated open-air muffle furnace for 1 h at 1400 8C to obtain MAS

powders [14,15]. These calcined powders were crushed, ground

in an hammer mill (Retsch GmbH, model SK1, Haan, Germany)

and then planetary ball milled (Retsch GmbH, PM400, Haan,

Germany) for 3 h at 200 rpm in an absolute ethanol. The solids

loading in the slurry maintained was 30 vol.% and the powder to

balls weight ratio of 1:3.

The ground MAS-0 and MAS-5 powders were passivated

against hydrolysis according to a surface treatment procedure

reported elsewhere [22]. In a typical experiment, 245 g of MAS-0

or MAS-5 was suspended in an absolute ethanol to obtain

250 mL of a 30 vol.% suspension in a 500 mL volume three-neck

round-bottom (RB) flask. The RB flask was fitted with an

equalization funnel and a valve to pass dry nitrogen gas, and was

placed into a thermostatic oil bath (150 mm diameter and 80 mm

height Pyrex glass dish, Thermol-100, Biolabs, India, �50 to

+250 8C). In a separate experiment, 2 g of aluminium dihydro-

gen phosphate, Al(H2PO4)3 (assay �97.0%, Fluka, Seelze,

Germany) was digested in 5 mL of hot orthophosphoric acid,

H3PO4 (85% assay, AR grade, Qualigens, Mumbai, India) [23].

This solution was then mixed with 50 mL of ethanol and added

drop-by-drop to the above alcohol-based MAS suspension with

the help of an equalization funnel. The RB contents were then

refluxed for 24 h under a N2 flow rate of 100 mL/min and

magnetic stirring (5MLH-DX, Remi, India). The treated

MgAl2O4 spinel slurries were filtered off and washed with fresh

ethanol several times in order to remove the excess of H3PO4 and

Al(H2PO4)3 not bound to the powders’ surface.

The compositions and characteristics of MAS slurries

prepared for the various processing routes and the setting

times are reported in Table 2. Different codes were given to

each processing route: GC—gelcasting; SC—slip casting;



Table 2

Characteristics of MAS slurries.

Samplea Raw materials (wt.%) Slurry mediumb Slurry viscosity

at ġ ¼ 230 s�1 (mPa s)

Setting timec (min)

GC-45 T-MAS-0 (100) NVPNCPM 251 19 (30)

SC-45 T-MAS-0 (100) Distilled water 242 30

HAS-5-45 T-MAS-5 (95.9) and AlN (4.1) Distilled water 214 �1440

GCHAS-5-45 T-MAS-5 (95.9) and AlN (4.1) NVPNCPM 146 8.214 (15)

TIG-45 MAS-0 (100) 60%MEK + 40%E – �1440

DP T-MAS-0 (100) Freeze dried T-MAS-0 granules compacted uni-axially in a metal die under 200 MPa

a GC—aqueous gelcasting; SC—aqueous slip casting; HAS—hydrolysis assisted solidification; GCHAS—hydrolysis induced aqueous gelcasting; TIG—

temperature induced gelation; DP—dry-powder pressing of freeze dried granules. The numbers 0 and 5 in the sample codes stand for stoichiometric MgAl2O4

spinel, and a 5 wt.% alumina deficient composition, respectively. The number 45 stands for the volume fraction of solids in the slurries. In the T-MAS-0 and T-MAS-5

codes, T stands for surface treated MAS powders.
b NVPNCPM is a 20 wt.% solution of methacrylamide, methylenebisacrylamide and n-vinylpyrrolidone in a 3:1:3 weight ratio in de-ionized water; MEK-methyl

ethyl ketone, E-ethanol.
c Setting occurred at room temperature, except for TIG-45 (�5 8C). Setting time is defined as the time corresponding to the crossover point (G0 = G00, please see

experimental section for details). The values given in brackets represent the shortest time at which samples could be un-moulded.
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HAS—hydrolysis assisted solidification; GCHAS—hydrolysis

induced aqueous gelcasting; TIG—temperature induced gela-

tion; DP—dry-powder pressing of freeze dried granules made

from aqueous MAS slurries. The number 45 stands for the

volume fraction of solids in the slurries. In the case of SC and

DP processes, T-MAS-0 powder, and in the case of HAS, T-

MAS-5 powder were dispersed in double distilled water by

adding 25 wt.% TMAH and Duramax D-3005 aqueous

solutions at the ratios of 35 and 30 mL/g of powder,

respectively. The dispersed powders were de-agglomerated

by ball milling for 24 h in polypropylene bottles using alumina

balls with the charge to balls weight ratio of 1:3. The as

obtained slurries were sieved (through 150 BSS mesh) and then

degassed for 5 min by vacuum pumping. The resultant slurries

were directly cast in plaster moulds to obtain slip cast (SC-45)

samples or granulated by freeze drying to prepare green

samples (30 mm diameter, 8 mm height) by uni-axial DP

(200 MPa) [22]. In the case of HAS, 4.1 wt.% AlN on powder

basis, was added to 24 h ball milled T-MAS-5 slurry and the

milling process continued for further 2 h. The resultant slurry

was cast in split-type non-porous aluminium moulds

(60 mm � 30 mm � 30 mm) and allowed to consolidate by

HAS under ambient conditions [25,26].

The GC-45 and GCHAS-5-45 slurries (Table 2) were

prepared by dispersing the surface treated MAS powders (T-

MAS-0 and T-MAS-5) in a 20 wt.% premix (NVPNCPM: n-

vinylpyrrolidone non-conventional premix) solution in double

distilled water of methacrylamide (MAM), methylenebisacry-

lamide (MBAM) and n-vinylpyrrolidone (NVP) in the ratio of

3:1:3. Aqueous solutions of 25 wt.% tetramethylammonium

hydroxide (TMAH) and Duramax D-3005 were added at the

ratios of 35 and 30 mL/g of powder, respectively, as dispersing

agents. De-agglomeration was performed for 24 h in poly-

propylene bottles containing alumina balls (12 mm diameter)

using a roller mill and a powder to balls weight ratio of 1:3. In the

case of GCHAS-5-45, 4.1 wt.% AlN on powder basis, was added

to the T-MAS-5 slurry ball milled for 24 h in a 20 wt.% solution

of methacrylamide, methylenebisacrylamide and n-vinylpyrro-

lidone (NVPNCPM) and the milling process continued for
further 2 h. These slurries were sieved (through 150 BSS mesh)

and degassed for 5 min by vacuum pumping. After introducing a

polymerization initiator (10 wt.% aqueous solution of ammo-

nium per-sulphate, APS) and a catalyst (tetramethylethylene-

diammine, TEMED) at the ratios of 4 and 2 mL/g of slurry,

respectively, both slurries were once again degassed for 2 min

prior to casting in non-porous white petroleum jelly coated split-

type aluminium moulds (60 mm � 30 mm � 30 mm) and

setting allowed under ambient conditions [27,28]. All these

consolidated parts were dried under controlled humidity (>90%

RH and >90 8C) conditions to avoid cracking and non-uniform

shrinkage. For comparison purposes, the un-treated MAS-0

powder was also consolidated by TIG process. For this purpose,

the MAS powder was dispersed in an azeotropic mixture of

60 vol.% MEK and 40 vol.% E in the presence of 3 wt.% of

Hypermer KD1 as dispersant to achieve 45 vol.% solids loading

in the slurry. The resultant slurry was de-agglomerated for 24 h in

polypropylene bottles using alumina balls and a powder to balls

weight ratio of 1:3. The homogenized slurries were separated

from the alumina balls and then transferred to glass beakers and

placed in a refrigerator (Whirlpool 310 Deluxe, Whirlpool,

Madrid, Spain) at �5 8C to promote consolidation by

temperature induced gelation (TIG). The consolidated cakes

were evacuated for 24 h under a pressure of 1 � 10�1 Torr using

a vacuum pump (98.93 L/min capacity, Model: 949-9315, Varian

DS-102; Torino, Italy) at �5 8C. Complete drying was then

accomplished in an electric hot-air oven at 90 8C according to a

procedure described elsewhere [24]. The fully dried MAS

compacts formed by the six different consolidation routes were

sintered for 1 h at 1650 8C in open-air atmosphere electrical

furnace with MoSi2 heating elements. Heating and cooling rates

throughout the entire firing cycle were set at 3 and 5 8C/min,

respectively.

2.2. Characterization of powders, slurries and sintered

materials

BET surface area of the powders was determined by

nitrogen physisorption of liquid nitrogen at �196 8C using a



Fig. 1. XRD patterns of MgAl2O4 spinel powders formed by solid-state

reaction (1400 8C, 1 h) from alumina + magnesia: MAS-0, stoichiometric

mixture; MAS-5, a 5 wt.% alumina deficient mixture. P, periclase, ICDD File

No: 00-45-946; C, corundum, ICDD File No: 00-46-1212; S, spinel, ICDD File

No: 00-21-1152.
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Gemini Micromeritics analyzer (Model 2360, Micromeritics,

Norcross, GA, USA) and assuming a cross section area of N2

molecule as 0.162 nm2. Particle size distributions of powders

were measured using a particle size analyzer (Coulter LS230,

Buckinghamshire, UK). The viscosity of slurries was

measured using a rotational Rheometer (Bohlin C-VOR

Instruments, Worcestershire, UK). The measuring configura-

tion adopted was a cone and plate (48, 40 mm, and gap of

150 mm), and flow measurements were conducted between 0.1

and 800 s�1. The same configuration was used to obtain

information about the gelation behaviour and the evolution of

gel stiffness under dynamic measurements of G0 (storage

modulus) and G00 (loss modulus) in the linear viscoelastic

region for GC-45 and GCHAS-5-45 systems. A time sweep

was conducted for 30 min at a constant frequency of 1 Hz. A

frequency sweep from 1 to 100 Hz under a constant stress of

100 Pa was performed after 30 min of gel time, i.e., the time

corresponding to the crossover point of the G0 and G00 curves.

XRD patterns were recorded on a Rigaku advanced system

(Rigaku, Tokyo, Japan) using diffracted beam mono-chro-

mated Cu Ka (0.15406 nm) radiation source. Crystalline

phases were identified by comparison with PDF-4 reference

data from International Centre for Diffraction Data (ICDD)

[29]. To obtain quantitative information of various phases, the

most intense peak of the individual phases was taken into

consideration. 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 MAS ceramics were examined after

polishing and etching in boiling H3PO4 solution for 5 min

were observed by SEM on Hitachi S-4100 equipment (Tokyo,

Japan). The grain size and its distribution is measured on a

image analyzer using the software (ANSIS Five Digital

Imaging Solutions, Olympus soft imaging solutions) supplied

along with the equipment. For each sample, about 40–60

grains were considered to create histograms and to find the

average grain size. The lines in the grain size distribution plots

are the fitting curves according to a Poisson distribution

function. Bulk density (BD), apparent porosity (AP), and

water absorption (WA) capacity of sintered samples were

measured according to Archimedes principle (ASTM C372)

using Mettler balance (AG 245, Mettler Toledo, Heuwinkel-

strasse, Switzerland) [14,15]. For this purpose, about 10–15

sintered pellets were randomly selected from each batch and

crushed into 3–5 mm sized grains and �20 g of each sample

was taken for measuring the BD, AP and WA properties. For

each sample, three measurements of BD, AP, and WA capacity

were performed and the results presented are the average

(�0.01 error). The mechanical properties evaluated were

hardness (H), and flexural strength. Hardness data were

collected using a micro-hardness tester (Leitz Wetzler,

Germany) by holding a 1378 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. About 15–20 indenta-

tions were taken per sample for measuring hardness and the
presented results are the average of them (�0.01 error). The

flexural strength of the green and sintered samples was measured

using a 3-point bending test (JIS-R1601). About 8–10 specimens

were broke for each case and the estimated error is ��3.0 for

green samples and ��12.0 for sintered samples.

3. Results and discussion

The X-ray diffraction patterns of MgAl2O4 spinel powders

formed by solid-state reaction within the compact mixtures of

alumina and calcined caustic magnesia (MAS-0 and MAS-5) at

1400 8C for 1 h are presented in Fig. 1 together with the XRD

patterns reported in ICDD files for corundum (ICDD File No:

00-46-1212), periclase (ICDD File No: 00-45-946) and

MgAl2O4 spinel (ICDD File No: 00-21-1152). The main

XRD peaks belong to MgAl2O4 spinel phase. Some minor

peaks belonging to corundum and periclase phases could also

be identified. As expected, the percentage of MgAl2O4 spinel

phase is higher for MAS-0 (98%) than for MAS-5 (89%) that

presents higher amounts of un-reacted alumina and magnesia.

These values are close to those expected (100 and 95.5%,

respectively) from complete reactions between the raw

materials. The extent of the reaction is expected to depend

on the degrees of intimacy of powders mixture and compact-

ness achieved in the consolidated bodies [30]. Although the

TIG process has the ability to preserve in the green cake the

homogeneity achieved in the colloidal slurry, the degree of

compactness achieved in this process is somewhat lower in

comparison to those achieved in a dry pressing process

[7,14,15,30]. Good sintered (1650 8C, 1 h) properties were

reported for powder compacts having about 90% MgAl2O4

spinel phase, an average particle size of 3 mm, and a relative

green density of �55% [7,30], while a similarly sized powder

compacted to the same relative green density but with MgAl2O4

spinel phase content <80% could not achieve the required

degree of densification under the same sintering conditions due

to the volume expansion (�8%) associated with the formation



Fig. 2. A MgAl2O4 spinel crucible (�500 mL capacity) consolidated by

hydrolysis induced aqueous gelcasting (GCHAS) from a slurry containing

45 vol.% of T-MAS-5 + AlN (4.1 wt.%) powders.
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of MgAl2O4 spinel phase from un-reacted alumina and

magnesia [7,14,15,30].

It was also found that partially (80%) spinelized powders

exhibited higher reactivity upon sintering at 1650 8C in

comparison with fully spinelized powders [30] that require

higher calcination temperatures, which, in turn lead to the

formation of hard agglomerates. Based on these findings, the

calcination temperature used in the present work was restricted

to 1400 8C in order to retain some small amounts of un-reacted

alumina and magnesia in the calcined powders, which would

react during sintering thereby promoting the densification.

According to Wagner mechanism, during the solid-state

reaction of corundum and periclase, the MgAl2O4 spinel phase

formation takes place by the counter diffusion of cations

through the product layer, while oxygen ions remain at the

initial sites [13]. To keep the electro-neutrality, 3Mg2+ diffuse

toward the alumina side and 2Al3+ diffuse toward the magnesia

side to form 3 mol of MgAl2O4. Therefore, it is of paramount

importance to have short diffusion paths between alumina and

magnesia particles in the green body by increasing the packing

density and by reducing their average sizes.

Attempts to prepare stable and concentrated aqueous

suspensions of MAS powders in the presence of several

dispersing agents revealed to be unsuccessful [22,23]. Solids

loading could never go beyond 30 vol.% and even so, the

slurries coagulated within the first 30 min of the de-

agglomeration process. It was concluded that the basic nature

and hydrolysis of MAS powder were responsible for the

dispersing difficulties. Surface passivation of MAS powders

according to the procedure described in the experimental part

enabled preparing stable suspensions towards hydrolysis and

achieving a solids loading of 35 vol.% in absence of any

dispersant. The fabrication of thin wall components like

radomes, crucibles and domes with near-net shape requires

colloidal slurries with a minimum solids loading of about

45 vol.%. A mixture of TMAH (35 mL/g powder) and Duramax

D-3005 (30 mL/g powder) revealed to be effective in preparing

aqueous suspensions containing 45 vol.% of the surface treated

MAS powders (T-MAS-0 and T-MAS-5, or T-MAS-

5 + 4.1 wt.% AlN) [22], enabling zeta potential value of

�45 mV for the T-MAS-0 powder [24]. It has been reported

that zeta potential values of >�40 mV are required to obtain

suitable aqueous slurry for net shape forming of thin wall

complex shape components like radomes [31]. Fig. 2 shows a

defect free 500 mL capacity crucible consolidated by GCHAS

from a slurry containing 45 vol.% of (T-MAS-5 + 4.1 wt.%

AlN) in an indigenously made split-type non-porous aluminium

mould.

Table 2 reports the composition of the slurries in terms of

raw materials and dispersing medium, as well as the viscosity

measured at a shear rate of 230 s�1, and setting time. The

relatively low viscosity values make the suspensions suitable

for net shape fabrication of components [26–28]. The setting

times of the GC-45 and GCHAS-5-45 systems upon addition of

polymerization initiator (i.e., APS) and catalyst (i.e., TEMED)

were relatively short. Slip cast sample (SC-45) could be un-

moulded after 30 min, while the bodies consolidated by HAS
and TIG (HAS-5-45, TIG-45) took more than 24 h for acquiring

the handling strength. These results are quite comparable with

those reported for other ceramics consolidated by similar

processing techniques [20,25–28].

The evolution with time of storage (elastic) modulus (G0)
and of the loss (viscous) modulus (G00) of GC-45 and GCHAS-

5-45 slurries upon addition of polymerization initiator and

catalyst is plotted in Fig. 3(a) and (b), respectively. A gradual

increase of both elastic and viscous components with increasing

time is noticed. The viscous character predominates over the

elastic one along a first period that ends at the crossover point

where G0 = G00. The elapsed time up to this point is usually

taken as the gelation time [28], beyond which the elastic

character of the gelling systems predominates over the viscous

one (G0 > G00) for about 1–2 orders of magnitude (Fig. 3(b)).

The mechanical spectra of GC-45 and GCHAS-5-45 slurries

recorded at ambient temperature after about 30 min of gelation

are presented in Fig. 4. Due to the large differences in

magnitude between G0 and G00, the dynamic analysis was

restricted to elastic component only. In fact, under the tested

conditions, the measurement of G00 is no longer reliable because

it depends on the instrumental resolution of the phase lag

between sinusoidal stress and strain [28]. Fig. 4 shows that both

the curves run almost parallel to the X-axis, a characteristic

behaviour of stiff gels. The GCHAS-5-45 system is stiffer than

GC-45 due to the synergetic effect of added AlN, the hydrolysis

of which is accompanied by consumption of water and the

formation of ‘cementing’ aluminium hydroxides that

strengthen the gel [25,26].

Table 3 presents the values of bulk density (BD), relative

density (RD), apparent porosity (AP), water absorption (WA)

capacity, grain size (minimum, maximum and average), linear

shrinkage (LS), hardness and 3-point bending strength of MAS



Fig. 3. Evolution of G0, G00 with time after adding the polymerization initiator

and catalyst to: (a) GC-45 and (b) GCHAS-5-45 slurries. The gelation time is

given by the crossover point when G0 = G00.
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ceramics sintered for 1 h at 1650 8C together with their

corresponding green (density, strength and linear shrinkage)

properties. The relative density values of greens varied from

45.16 to 46.50%. Bodies consolidated by non-liquid removal

colloidal processes (HAS-5-45, GCHAS-5-45, GC-45 and TIG-

45) were expected to possess lower green densities as the

degree of packing is dictated by the solids loading of the slurry

and the shrinkage on drying. However, no appreciable density

differences were measured between these samples and that
Fig. 4. Frequency dependent elastic modulus of the GC-45 and GCHAS-5-45

systems measured after their respective gelation times.
consolidated by slip casting (SC-45). The presence of 4.1 wt.%

AlN, a component less dense (3.26 g/cm3) than MAS (3.58 g/

cm3), did not negatively affect the green density (GD) of

GCHAS-5-45 in comparison to GC-45. Therefore, the lower

GD of HAS-5-45 can be attributed to the absence of a fine three-

dimensional network formed by the in situ polymerization of

monomers that creates a higher driving force for shrinkage,

which is expected to strengthen the consolidates, as observed.

The percentage linear shrinkage (LS) upon setting and drying is

inversely related to the GD, as expected. All LS values are in the

safety range (<4%) for a successful fabrication of complex-

shaped components by near-net shaping routes [27,28].

TIG-45 samples were found to be hard but very fragile not

permitting measuring the 3-point bending strength. In fact, no

binding mechanism other than chain entanglement of

dispersant molecules and mechanical interlocking of particles

is involved in the TIG process [24]. In the case of HAS process,

the particles are held together by the cementing action of

Al(OH)3 formed upon hydrolysis of AlN [25,26]. The sample

GCHAS-5-45 is benefited from both strengthening mechanisms

offered by gelcasting and HAS processes being the strongest

one. Based on green strength, the MAS consolidates can

be ordered as: GCHAS-5-45 (21.23 � 0.42 MPa) > GC-

45 (15.64 � 2.38 MPa) > HAS-5-45 (11.849 � 1.76 MPa) >
SC-45 (7.832 � 2.16 MPa) > DP (0.245 � 0.3 MPa). These

results clearly suggest GCHAS as the most interesting process

for fabricating thin wall MAS components like radomes and

domes as it confers a very high green strength to the greens

permitting green machining to obtain the desired shape.

Based on sintered density, the MAS ceramics can be arranged

as: GC-45 (98.43%) > DP (97.93%) > GCHAS-5-45 (96.92%)

> SC-45 (94.89%) > HAS-5-45 (94.07%) > TIG-45 (93.74%).

Though having theoretical pore volume fractions in the range of

1.57–6.26%, the values of apparent porosity and water absorption

capacity are lower than 1.5 and 1%, respectively, indicating the

presence of significant closed porosity fractions. Table 3 reveals

that the densification behaviour is strongly influenced by the

degree of packing achieved in the green compact. Accordingly,

DP, GC-45 and GCHAS-5-45 samples with relatively higher

green densities show superior sintered properties. Although the

green SC-45 and GC-45 samples exhibit similar degrees of

packing, the sintered density of SC-45 is about 3.5% lower. This

suggests the occurrence of some particle segregation during the

liquid removal due to the clogging effect [32]. The poor

densification ability of TIG-45 could be ascribed to its low green

density and weak adhesion among the particles reflected in the

poor green strength. Oppositely, the intricate 3D network of fine

pores derived from the polymerization of organic monomers in

GC-45 and GCHAS-5-45, causes the development of high

capillary pressures in the pores, enhancing particles packing in

the green consolidates, their sintering ability [20] and final

mechanical properties. MAS ceramics with �95% of the

theoretical density were considered suitable for several applica-

tions [4,7,33,34], qualifying DP, GD and GCHAS as promising

processes for their fabrication.

A MgAl2O4 spinel with a BD of 2.98 g/cm3, an AP of 16.0%, a

Vickers hardness of 340 VHN and an average crystallite size of
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43.6 nm formed upon sintering (for 50 h at 1550 8C in a single-

stage reaction sintering process) a stoichiometric mixture of

MgO and Al2O3 compacted in a 2.5 cm diameter metal die uni-

axially under a pressure of 400 MPa exhibited an electrical

conductivity of 1.2 S/cm. This material has out performed the

carbon electrode in an aluminium metallurgical industry [4]. A

stoichiometric MgAl2O4 spinel formed with a BD of 3.40 g/cm3,

AP of 0.193% and WA capacity of 0.057% upon sintering for 1 h

at 1550 8C under the influence of 2.733 wt.% AlCl3, a sintering

aid, has improved the slag erosion and penetration resistance of

high Al2O3 refractory by 58 and 14.5%, respectively, and slag

erosion resistance of MgO–C refractory by 48% when 20 wt.%

of it was added to the latter bricks and heated to 1650 8C for 2 h in

an electrical furnace [7]. A polycrystalline ceramic formed by the

sintering of a mixture of stoichiometric MgAl2O4 spinel powder

and an organic fugitive material at 1600 8C for 4 h had a porosity

of about 5.5% and exhibited a breakdown dielectric strength of

450 kV/cm [33]. A stoichiometric MgAl2O4 spinel powder

formed upon calcination of reagent grade MgO and Al2O4 mass

ball milled for 24 h in water using zirconia balls in air at 1500 8C
for 3 h was fine ground, added with 6 wt.% PVA, and pressed into

disks measuring 12 mm in diameter and 2–6 mm in height and

then sintered at 1650 8C in air for 3 h. These sintered

polycrystalline ceramics had a grain size of about 5 mm and a

porosity of about 1% exhibited a dielectric constant (e) of 7.8 and

a product of quality factor (Q) and frequency ( f) of about

82,500 GHz at 14.5–15.7 GHz measured according to the

resonator method [34].

Table 3 confirms that the MAS ceramics consolidated by the

present colloidal processing routes exhibit better mechanical

properties (hardness and 3-point bend strength) in comparison

to those prepared by the other shaping techniques. A hardness

of 779 kg/mm2 was reported by Bhaduri and Bhaduri [35] for a

nanocrystalline dense MAS consolidated by the non-aqueous

slip casting, followed by cold iso-static pressing (CIPing) at

275 MPa for 10 min and then by hot iso-static pressing

(HIPing) at 1300 8C for 4 h. The hardness and flexural strength

values observed in the present study without using such heavy

equipments are therefore comparable to those reported in the

literature for MAS ceramics [36].

The linear shrinkage upon sintering of these MAS ceramics

did not exceed 18.5%, being within the safety range for net

shape fabrication of thin wall components devoid of any defect

[27]. All the MAS ceramics exhibited (not shown here)

diffraction peaks only due to MAS phase (ICDD File No: 00-

21-1152) upon sintering for 1 h at 1650 8C. Such results were

expected even for the HAS-5-45 and GCHAS-5-45 systems,

which designed in such a way that after complete hydrolysis of

AlN (4.1 wt.%) the stoichiometric MAS composition should be

attained. According to the binary MgO–Al2O3 phase diagram,

MgAl2O4 is the only phase formed at temperatures up to

1600 8C [13]. At this temperature, the solid solubility of MgO

and Al2O3 in the spinel is 2 and 6%, respectively. On increasing

the firing temperature to 1700 8C, the solubility in the spinel

increases to 3.0 and 10.0%, respectively. This solid solubility

helps to explain why minor phases could not be identified by

XRD in none of the samples sintered for 1 h at 1650 8C.



Fig. 5. SEM micrographs of sintered (1650 8C, 1 h) ceramics consolidated by (a) DP, (b) TIG-45, (c) SC-45, (d) GC-45, (e) HAS-5-45, and (f) GCHAS-5-45.
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The SEM micrographs of DP, TIG-45, SC-45, GC-45, HAS-

5-45 and GCHAS-5-45 samples sintered for 1 h at 1650 8C are

presented in Fig. 5(a)–(f), respectively, and their corresponding

grain size histograms and the average grain size (AGS) in

Fig. 6. The lines in the grain size distribution plots are the fitting

curves according to a Poisson distribution function. It can be

seen from Fig. 5 that all the samples consist of equi-axed grains

(in the size range of 3.01–18.27 mm, Table 3) packed with

varied closeness. In general, these microstructures reveal the

presence of both intra- and inter-grain porosities. In accordance

with the findings of Archimedes principle, the microstructures

reveal considerable amount of closed porosity (intra-grain

porosity), what is seen very clearly in the microstructures of

HAS-5-45 (Fig. 5(e)) and GCHAS-5-45 (Fig. 5(f)), which had

AlN (4.1 wt.%) in their starting slurries. Furthermore, the
sintered GC-45, DP and GCHAS-5-45 samples seem to possess

more densely packed grains then the others. Among the six

samples, the HAS-5-45 and GCHAS-5-45 consist of an

apparent higher fraction of larger grains, which could be

responsible for their measured higher hardness. Nevertheless,

the SEM micrographs of these ceramics are quite comparable

with those reported for MAS ceramics in the literature

[3,14,15,30,35,36].

The grain size histograms reveal that the DP (3.43–12.8 mm

and 6.48 mm) and SC-45 (3.01–12.92 mm and 5.73 mm) possess

narrow grain size distributions and lower average grain sizes,

whereas, the HAS-5-45 (3.73–17.17 mm and 8.40 mm) and

GCHAS-5-45 (3.45–18.27 mm and 8.33 mm) contain relatively

wide grain size distributions and large average grain sizes. The

GC-45 and TIG-45 contain intermediate grain size distributions



Fig. 6. The grain size histogram and the average grain size of DP, TIG-45, SC-

45, GC-45, HAS-5-45, and GCHAS-5-45 ceramics sintered for 1 h at 1650 8C
measured from SEM micrographs shown in Fig. 5 using an image analyzer. The

lines in the grain size distribution plots are the fitting curves according to a

Poisson distribution function (AGS stands for average grain size).
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and average grain sizes (Table 3 and Fig. 6). The flexural

strength of these ceramics appears to depend more on the degree

of the densification achieved upon sintering in comparison to

the grain size and its distribution. Nevertheless, the measured

grain size and grain size distribution data are similar to those of

MAS ceramics consolidated by other techniques and sintered

[33,34].

4. Conclusions

The following conclusions can be drawn from this study:

1. The magnesium aluminate spinel (MAS) powders with more

than 89% spinel phase could be prepared by calcining at

1400 8C for 1 h the mixtures of alumina and calcined caustic

magnesia consolidated by the temperature induced gelation

(TIG) process.

2. The surface of the MAS powders was passivated against

hydrolysis by coating with phosphate species [H3PO4 and

Al(H2PO4)3] dissolved in ethanol and kept at 80 8C for

24 h.
3. The surface passivated MAS powders could be dispersed in

aqueous media to prepare stable slurries with 45 vol.% solids

loading using suitable amounts of TMAH and Duramax

D-3005 as dispersing agents.

4. Dense MAS ceramics with 94–98% of theoretical density

could be obtained by sintering for 1 h at 1650 8C green

bodies consolidated by gelcasting, slip casting, hydrolysis

assisted solidification, and hydrolysis induced aqueous

gelcasting.

5. Among the various colloidal processing routes, the hydro-

lysis induced aqueous gelcasting was found to be the most

promising process for fabricating near-net shape thin wall

MAS ceramics.
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