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Abstract

The fabrication of complex-shaped alumina ceramics following a new near-net shape technique based on hydrolysis induced aqueous gelcasting

(GCHAS) is reported in this paper. Aqueous suspension containing 50 vol.% solids loading was prepared by dispersing alumina in an aqueous

solution of methacrylamide and methlynebisacrylamide (17 wt.% in 6:1) using polycarboxylic acid as dispersing agent. Consolidation was

accomplished by adding a polymerization initiator, a catalyst and AlN powder (4 wt.%). For comparison purposes, alumina ceramics were also

consolidated by aqueous gelcasting (GC) and by hydrolysis assisted solidification (HAS) from the same concentrated suspensions, and by

conventional dry pressing (DP) from freeze dried granules prepared from the same suspensions by freeze granulation. Among the four shaping

techniques used, GCHAS was found to be best for consolidating near-net shape alumina components like thin wall radomes with the highest green

strength ever reported for alumina ceramics. Green samples were sintered for 2 h at 1600 8C and then characterized for microstructure and

mechanical properties.
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1. Introduction

Alumina is one of the most investigated ceramic materials

owing to its widespread industrial applications and because of

its high quality/price ratio [1–4]. It has been demonstrated that

the final properties of ceramic materials are highly dependent

on the processing route and processing variables [5]. This is

particularly true for complex-shaped parts in which high

density and high uniformity of the microstructure are the key

factors. Such demands are easier to achieve by using colloidal

shaping techniques than by conventional dry pressing.

Colloidal processing routes such as slip casting or pressure

slip casting enable an effective break down of particle

agglomerates, the control of interaction forces between the

dispersed particles and a good packing ability, which, in turn,
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enhance the sintering ability at lower temperatures, avoiding

coarsening of the sintered microstructure and thus improving

the reliability of performance [5]. Moreover, a great variety of

direct consolidation techniques such as, aqueous gelcasting [6],

hydrolysis induced aqueous gelcasting [7], hydrolysis assisted

solidification [8], temperature induced forming (TIG) [9], etc.,

have been developed recently. These techniques enable to

preserve in the green bodies the high degree of homogeneity

achieved in the suspensions due to absence of liquid removal

that in some instances could promote particles segregation [5].

The suitability of aqueous gelcasting for near-net-shaping

ceramic parts with relatively high green strength, which enable

green machining is well recognized [6,10,11]. Despite several

advantages, the main limitation of this process is the high

sensitivity of the green parts to drying, namely, they are prone to

form cracks during this step. This is even more severe in parts

having different cross sections at different places such as in the

case of nose and walls of a radome as they often crack due to the

involved thermal gradient. To address the problems associated

with GC, a new near-net-shaping technique namely, hydrolysis
d.
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induced aqueous gelcasting (GCHAS) has been proposed

recently [7,12,13]. This new process is a combination of HAS

and GC and was found to be a versatile, easy, fast, effective and

economic process for consolidating all kinds of aqueous

particulate suspensions that have alumina as a major or minor

constituent. The synergetic effects of these two processes are

quick setting of the suspension into a stiff gel under ambient

conditions with an exceptionally high strength and an absence

of differential shrinkage during drying, avoiding cracking of the

part upon drying as water is partially consumed upon hydrolysis

of AlN (AlN + 2H2O! AlO(OH) + NH3). The concomitant

increase in pH of the system can also favourably change the

permeability of the green bodies and minimize the thermal/

moisture gradients.

In view of the above, a systematic study was undertaken to

utilize the GCHAS technique to make dense near-net shape

alumina ceramics from suspensions containing 50 vol.%

alumina. For comparison purposes, the performance of other

processing routes: aqueous gelcasting, hydrolysis assisted

solidification and dry pressing was also tested in this study.

Differently consolidated green samples were sintered for 2 h at

1600 8C. The starting suspensions, green bodies and the

sintered ceramics were thoroughly characterized by various

techniques. The beneficial effects of aqueous colloidal

processing over conventional dry pressing and of GCHAS

over other colloidal processing routes are presented and

discussed in this paper.

2. Experimental procedure

2.1. Materials and reagents

An alumina powder (CT-3000SG, Alcoa-Chemie GmbH,

Ludwigshafen, Germany, with an average particle size,

D50 = 0.8 mm), and a high purity AlN powder (Grade AT,

H.C. Stark, Goslar, Germany, D50 = 0.33 mm, oxygen con-

tent < 1.3%) were used in this study as starting raw materials.

A polycarboxylic acid without alkalis, Dolapix CE 64

(Zschimmer and Schwarz, Chemnitztalstrasse, Germany)

was used as dispersing agent.

2.2. Powder processing routes

2.2.1. Dry powder pressing (DP)

In a typical experiment, initially, a stock suspension with

50 vol.% solids loading was prepared by dispersing the alumina

powder in double distilled water using Dolapix CE 64 as a

dispersing agent (0.4 wt.% on the dry powder weight basis).

De-agglomeration of the powder in the suspension was

performed by ball milling for 24 h in a polypropylene bottle

using alumina balls (the charge to balls weight ratio was 1:3).

Considering that the concentrated (50 vol.%) suspension

tended to exhibit shear thickening characteristics under high

shear rates, as those prevailing when flowing through the

narrow (0.7 mm diameter) spraying nozzle, the aqueous stock

suspension was diluted to 35 vol.% before freeze granulation.

The required amount of distilled water was added together with
3 wt.% (on the powder weight basis) of an emulsion binder,

Duramax D1000 (Rohm and Haas, Lauterbourg, France) as

processing aid. The diluted suspension was then freeze

granulated by spraying into liquid nitrogen (�196 8C) (Power

Pro freeze granulator LS-2, Gothenburg, Sweden). The

resultant granules were then dried at �49 8C under a pressure,

1 � 10�3 torr, in a freeze drying system (Labconco, LYPH

Lock 4.5, Kansas City, USA) for several days. The dried

granules were uni-axially pressed in a metal die by applying a

pressure of 200 MPa to obtain pellets with 30 mm diame-

ter � 8 mm height.

2.2.2. Hydrolysis assisted solidification (HAS)

To the stable and de-agglomerated 50 vol.% solids loaded

aqueous alumina suspension formed in the DP process, 4 wt.%

of AlN (on powder weight basis) together with the required

amount of water to keep the total solids loading unchanged

were added and ball milling process was continued for further

2 h under the same conditions as employed in the DP process.

The resultant suspension was then filtered off and degassed for

3 min by vacuum pumping. This degassed suspension was then

cast in split-type white petroleum jelly coated aluminium

moulds (60 mm � 30 mm � 30 mm) and was allowed to set

under ambient conditions via HAS.

2.2.3. Aqueous gelcasting (GC)

In this process, 50 vol.% solids loaded aqueous suspension

was prepared by dispersing a-Al2O3 in an aqueous-organic pre-

mix (CPM, conventional pre-mix solution) solution obtained by

dissolving 17 wt.% methacrylamide (MAM) and methylene-

bisacrylamide (MBAM) in 6:1 ratio in double distilled water in

the presence of the same dispersing agent (0.4 wt.% Dolapix

CE 64) [10,11]. After subjecting to de-agglomeration by ball

milling for 24 h in a polypropylene bottle using alumina balls

(the charge to balls weight ratio was 1:3), the suspension was

separated from balls and was added with a de-airing agent (1-

octanol at the ratio of 1 mL/g of suspension) to remove the air

bubbles from the suspension. This suspension was further

subjected to degassing process for 3 min by vacuum pumping.

A polymerization initiator (10 wt.% aqueous solution of

ammonium per-sulphate, APS) and a catalyst (tetra-methy-

lethylenediammine, TEMED) at the ratio of 4 and 2 mL/g of

suspension, respectively [10,11], were then added and the

suspension was once again degassed for 2 min prior to casting.

The suspension was then poured in non-porous white petroleum

jelly coated split-type aluminium moulds (60 mm � 30 mm

� 30 mm) and allowed to set under ambient conditions.

2.2.4. Hydrolysis induced aqueous gelcasting (GCHAS)

To the stable and de-agglomerated alumina suspension

with 50 vol.% solids loading formed in the above described

GC process, 4 wt.% of AlN (on powder weight basis)

together with the required amount of water to keep the total

solids loading unchanged were added and ball milling was

continued for further 2 h. This homogenous suspension was

then degassed by vacuum pumping to get rid of air bubbles

from it. The same polymerization initiator (APS) and catalyst
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(TEMED) used in GC process were added at the ratios of 2

and 1 mL/g of suspension, respectively. The suspension was

once again degassed for 2 min prior to casting in a split-type

Teflon lined aluminium mould and let to set under ambient

conditions after inserting a suitable mandrel to obtain a

hollow cone like shape (radome). After gelation (within

about 15 min), the mandrel was removed from the part and

the mould was filled with water miscible poly(ethylene

glycol) 400 (PEG400) (AR grade, Loba-Chemie, Mumbai,

India) [14]. Due to the difference in chemical potential, water

moves from gel into the PEG solution [14]. After 2 h, the

PEG was removed from the mould. At this stage, the radome

part was like a strong rubber and it could be removed from

the mould easily just by tilting the mould upside down. Small

bulk samples (30 mm � 30 mm � 60 mm) were also cast in

suitable moulds to check the gelation condition before

removing the mandrel and to allow a comparison with the

other consolidation techniques.

All green bodies prepared by the various processing routes,

including the radome consolidated by GCHAS (Fig. 1) were

placed in a humidity controlled oven preset at 40 8C and 90%

RH. After 24 h under these conditions, the temperature in the

humidity oven was raised to 70 8C and held for further 24 h.

The dried samples were heat treated at a rate of 1 8C/min up to

500 8C and held at this temperature for 2 h. Then the sintering

was conducted at a heating rate of 5 8C/min up to 1600 8C with

2 h holding time at this temperature.
Fig. 1. A green radome shape (about 290 mm height and 125 mm base

diameter) consolidated by hydrolysis induced aqueous gelcasting (GCHAS)

of a suspension containing 50 vol.% of alumina + 4 wt.% AlN in a split-type

Teflon lined aluminium mould.
2.3. Characterization techniques

Particle size analysis of the powders was performed by using

a light scattering equipment (Coulter LS 230, Miami, UK,

Fraunhofer optical model). The viscosity of suspensions 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 200 s�1. Oscillatory measurements were to access the

evolution of the internal structure during setting of GC and

GCHAS suspensions.

Bulk density (BD), apparent porosity (AP), and water

absorption (WA) capacity of various sintered alumina ceramics

were measured in water according to Archimedes principle

(ASTM C372) using a Mettler balance (AG 245, Mettler

Toledo, Switzerland). Three density measurements were

performed for each sample and the results are expressed as

the average � 0.01 error [11,12]. Microstructures of sintered

alumina ceramics were examined by SEM (Hitachi S-4100,

Tokyo, Japan) on thermally etched (1500 8C for 10 min)

surfaces after coating with carbon for conductivity. The

mechanical properties evaluated were hardness (H), fracture

toughness (KIc) and flexural strength. Hardness was determined

by applying a Vickers indenter and calculated as H = P/2d2, d

being the half-diagonal indentation impression and P the

indentation load (10 kg). The flexural strength was measured

using a 3-point bend test (JIS-R1601). Further, the fracture

toughness value (KIc) was calculated on the basis of the

indentation method [KIc = Ha1/2 � 0.203(C/a)�3/2] [15]. Here,

2a represents Vickers indent diagonal length, 2C the resulted

crack length, and H is the Vickers hardness (HV = kg/

mm2 = 10 MPa). Five to six samples were examined per case;

in order to check the reproducibility of results and all the five

readings were averaged out. The data of hardness, crack and

diagonal length were collected using a micro-hardness tester

(Leitz Wetzler, Germany) by holding the indenter tip (with

1378) under 10 kg load for 20 s on the surface of the sample

polished to mirror finish. The results presented are the average

of at least 25 indentations.

3. Results and discussion

Table 1 lists the dispersion media, powder composition, the

viscosity of 50 vol.% solids loading suspensions measured at a

shear rate (ġ) of 140 s�1, the setting time, and compares the

characteristics of green bodies consolidated by GC, HAS, and

GCHAS with those of dry pressing samples obtained from the

freeze dried granules.

It can be seen that viscosity at 140 s�1 seems to be more

dependent on powder composition than on the dispersing

medium. As a matter of fact viscosity decreased from

437 MPa s for GC to 141 MPa s 140 s�1 for GCHAS

suspensions, which only differ on the added 4 wt.% of AlN

(GCHAS). These results suggest that AlN enhances the fluidity

of the suspension, especially when the pre-mix solution is used

as dispersing medium. Besides a more favourable particle size



Table 1

Suspension characteristics and properties of green bodies consolidated by conventional dry pressing, aqueous gelcasting, hydrolysis assisted solidification, and

hydrolysis induced aqueous gelcasting from suspensions containing 50 vol.% alumina.

Samplea Suspension

mediumb

Starting powders Suspension viscosity

(mPa s at ġ ¼ 140 s�1)

Suspension setting

time (min)c

Density Linear shrinkage

upon drying (%)

Green strength

(MPa)
Al2O3 (wt.%) AlN (wt.%) Bulk (g/cm3) RD (%)d

DP H2O 100 – – – 2.27 � 0.13 57.0 – <0.25

GC CPM 100 – 437 �12 (30) 2.39 � 0.16 60.1 2.4 � 0.2 18.4 � 1.4

HAS H2O 96 4 244 �1440 2.17 � 0.19 54.5 1.6 � 0.3 7.1 � 2.0

GCHAS NCPM 96 4 141 8.5 (30) 2.33 � 0.12 58.8 1.7 � 0.3 22.4 � 2.2

a In the sample codes, DP, GC, HAS, and GCHAS stand for dry pressing, aqueous gelcasting, hydrolysis assisted solidification, and hydrolysis induced aqueous

gelcasting, respectively.
b CPM stands for conventional pre-mix solution.
c The setting time for GC and GCHAS systems is the time corresponding to the crossover point (G0 = G00). The values given in brackets represent the shortest time at

which samples could be un-moulded.
d RD stands for relative density, assuming a theoretical density of 3.98 g/cm3 for Al2O3.
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distribution towards packing, this difference can also be due to

some specific synergetic interactions, at least for short times of

contact between AlN and water, which are not easy to

discriminate in such a complex system.

The viscosity versus shear rate curves of GC and GCHAS

(Table 1) are presented in Fig. 2. It can be seen that both

suspensions exhibit shear thinning behaviours along the low

shear rate range suitable for casting operations, i.e., up to

ġ � 75 s�1, where a slight shear thickening trend starts to appear.

The presence of some remaining agglomerated particles is the

probable reason for the shear thickening behaviour exhibited by

both the suspensions. The AlN containing suspension (i.e.,

GCHAS) is somewhat less viscous as can be seen from Table 1.

Nevertheless, both suspensions exhibited viscosity values that

are suitable for near-net-shaping of ceramics.

For longer contact times of AlN and water, AlN undergoes

the following hydrolysis reactions (Eqs. (1)–(3)) [8]:

AlN þ 2H2O ! AlOðOHÞ þ NH3 (1)

NH3þH2O ! NH4OH (2)

AlOðOHÞ þ H2O ! AlðOHÞ3 (3)

Water consumption in all these reactions leads to an increase

of solids volume fraction and a concomitant decrease of liquid

available for flowing, which contributes to an increase in
Fig. 2. Viscosity vs. shear rate of GC and GCHAS suspensions (details are

available in Table 1).
viscosity of suspension. Further, the release of ammonia tends

to change pH towards the iso-electric point (IEP) of alumina,

therefore, coagulating the suspension. Moreover, the formation

of aluminium hydroxide as a reaction product from hydrolysis

will act as cement bonding the alumina particles thereby

stiffening the consolidating body [8].

The amount of NH3 released upon hydrolysis of AlN and its

kinetics should be kept under strict control to avoid the

formation and entrapment of gas bubbles in the consolidating

suspension, which will remain as pores in the green bodies. In

the present case, the amount of NH3 (1.67 wt.%, relative to the

volume fraction of water) released upon hydrolysis of 4 wt.%

AlN is well within the solubility limit of ammonia in water (at

20 8C, 31.34 mol% NH3 per litre of water at STP, or �532 g of

NH3 in 1000 g water). Therefore, the entrapment of gas bubbles

in the green consolidates is not expected to occur to a great

extent under these conditions [16].

The evolution of the internal structure of GCHAS

suspension upon addition of polymerization initiator (APS)

and catalyst (TEMED) is presented in Fig. 3 as a function of

reaction time. Both the storage modulus or elastic component

(G0) and the loss modulus or viscous component (G00) increase

with the increasing time. The viscous character predominates

over the elastic one throughout the first period that starts with

the addition of polymerization initiator and ends at the

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

point is usually taken as the gelation time, above which the

elastic character of the gelling systems predominates over the

viscous one (G0 > G00) by values that can go beyond more than

two orders of magnitude. The GCHAS suspension took about

8.5–9 min to completely turn into a stiff gel upon addition of

APS and TEMED. The setting/gelling of GC and HAS

suspensions under ambient conditions upon addition of APS

and TEMED, and upon hydrolysis of added AlN (4 wt.%),

respectively, were accomplished in about 12 and 1440 min

(24 h), respectively (Table 1). Due to the involvement of

synergetic effect of both GC and HAS setting mechanisms the

GCHAS system took a relatively shorter time for acquiring

handling strength.

The mechanical spectra of the GC and GCHAS systems

recorded under ambient temperature immediately after the



Fig. 3. Combined effects of free radical polymerization of organic monomers

and AlN hydrolysis (4 wt.%) on the setting behaviour of GCHAS (details are

given in Table 1).
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crossover point are presented in Fig. 4. Due to the great

differences in magnitude between G0 and G00, the dynamic

analysis was restricted to the 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 [12]. Fig. 4 shows

that both the curves run parallel to the x-axis, a characteristic

behaviour of stiff gels. The body consolidated by GCHAS is

much stiffer than the one obtained by GC. However, the latter

gel is more stable over a frequency range of 0–100 Hz in

comparison to the former one. The un-hydrolyzed AlN present

in GCHAS gel could be undergone further hydrolysis upon

increased frequency leading to changes in the gel stiffness.

Nevertheless, the stiffness of the gels measured was found to be

quite sufficient to fabricate thin wall near-net shape compo-

nents such as radomes, domes, crucibles, etc. [8,12].
Fig. 4. Mechanical spectra measured immediately after the gelation time

(crossover point of G0 and G00) for consolidates derived from GC and GCHAS

(details are given in Table 1).
Upon drying, the GC and GCHAS consolidates shrunk more

in comparison to the one obtained by HAS. This difference is

consistent with a more intricate 3D network of fine pores

derived from the polymerization of organic monomers (i.e.,

MAM and MBAM) upon gelcasting. The higher capillary

pressures developed in these finer pores is responsible for the

higher sensitivity of gelcast bodies to drying [10,11], which are

equivalent to a higher external pressure applied to consolidate

during this processing step. Contrarily, the HAS setting

mechanism involves a coagulation process driven by the shift

of pH towards the iso-electric point of alumina, which is prone

to generate a more open pore structure. Therefore, the expected

magnitude of capillary forces developed upon drying the HAS

consolidates is lower, explaining the observed smaller linear

shrinkage values. Interestingly, all consolidates exhibit linear

drying shrinkage values well below 3%, which was considered

the upper limit range for safe fabricating complex-shaped

ceramic components with near-net shape by gelcasting [6,7].

Green strength data reported in Table 1 show that the GC and

GCHAS consolidates are stronger than those obtained by HAS.

This was expected considering that the 3D polymerization of

organic MAM and MBAM monomers leads to enhanced

mechanical properties in comparison to those derived from the

HAS setting mechanisms [7,8,12]. On the other hand, the

bodies consolidated by GCHAS exhibited higher strength in

comparison to those obtained by GC. This difference seems

quite obvious considering the synergy of both strengthening

mechanisms active in the GCHAS: (i) polymerization of

organic MAM, and MBAM monomers; and, (ii) the cementing

action of Al(OH)3 formed by AlN hydrolysis. Accordingly,

these are the highest green strength values ever reported for

alumina ceramics [1–5]. Green bodies with strength of about

20 MPa can be machined to obtain desired dimensions so that

the extensive and expensive post sintering machining opera-

tions can be minimized or even eliminated.

The green density values appear to be strongly dependent on

the consolidation route adopted (Table 1 and Fig. 5). The

following trend is observed in the relative density of green

samples: GC (60.1%) > GCHAS (58.8%) > DP (57.0%) >
HAS (54.5%). This sequence is closely related to the drying

shrinkage since both depend on the 3D network of pores formed

upon consolidation, as explained in the above paragraphs. The

polymerization of organic monomers in GC (Fig. 5a) and

GCHAS (Fig. 5c) led to more closely packed particles than in

the case of HAS (Fig. 5b), which exhibits some pores (shown in

circles).

The values of bulk density, apparent porosity, water

absorption capacity, hardness, fracture toughness, and flexural

strength of sintered (2 h, 1600 8C) alumina ceramics con-

solidated by the four processing routes are presented in Table 2

together with the percentage of linear shrinkage associated with

sintering process. The following sequence can be established

for relative density: GC (97.7%) > DP (97.6%) > GCHAS

(94.5%) > HAS (91.2%). The lower values for the ceramics

derived from suspensions with added AlN suggest that some

gas bubbles (NH3 released from hydrolysis of AlN) have been

entrapped in the green bodies hindering a high sintered density



Fig. 5. SEM micrographs of green alumina bodies consolidated by: (a) GC; (b)

HAS; and (c) GCHAS (details are given in Table 1).

Table 2

Properties of sintered (2 h, 1600 8C) alumina ceramics consolidated by conventi

hydrolysis induced aqueous gelcasting from suspensions containing 50 vol.% solid

Samplea Bulk density

(g/cm3)

RD (%)b Apparent

porosity (%)

Water absorption

capacity (%)

DP 3.88 97.6 0.185 0.045

GC 3.89 97.7 0.213 0.002

HAS 3.63 91.2 0.244 0.058

GCHAS 3.76 94.5 0.312 0.046

a In the sample codes, DP, GC, HAS, and GCHAS stand for dry pressing, aqueou

gelcasting, respectively.
b RD stands for relative density, assuming a theoretical density of 3.98 g/cm3 fo
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to be achieved, pointing out to the need of a better balance

between the kinetics of hydrolysis and of the overall setting of

the suspensions.

All sintered samples exhibited apparent porosity and water

absorption capacity values less than 0.312 and 0.002%,

respectively. The highest linear shrinkage value (20.2%) was

measured for the ceramics that achieved the highest degree of

densification. According to Janney et al. [6], the total linear

shrinkage associated with sintering of samples consolidated by

colloidal processing routes should not exceed 25% to safely

fabricate components with near-net shape. The data of sintered

density, apparent porosity, and water absorption, presented in

Table 2 are quite comparable with those reported for alumina

ceramics consolidated by colloidal processing routes and

sintered under similar conditions [5,18,19].

The measured hardness, fracture toughness and flexural

strength appear to be highly dependent on the degree of

densification achieved upon sintering (Table 2). It is known that

the flexural strength and hardness properties are very sensitive

to the presence of structural defects as pores. The highest values

of hardness (1544 � 19 kg/mm2) and flexural strength

(153 � 21.0 MPa) consolidated by GC, which are not far from

those consolidated by DP (1536 � 34 kg/mm2 and

142 � 15 MPa); and the poorest mechanical properties of

HAS ceramics (1394 � 31 kg/mm2 and 129.1 � 30 MPa)

confirm the expected trends. The GCHAS ceramics exhibit

intermediate mechanical properties: (1476 � 23 kg/mm2, and

138.3 � 13.0 MPa). The relatively low values of fracture

toughness are certainly related to remaining pores that can be

easily seen in the SEM micrographs presented in Fig. 6(a–d) for

the GC, HAS, GCHAS and DP ceramics, respectively. All of

them show equi-axed/hexagonal type grains in the size range of

about 0.5–5 mm with intergranular pores. The HAS ceramics

possess higher number of grains and grain boundaries for unit

area, probably due to the small aluminium hydroxide particles

formed upon hydrolysis. In general, GC and DP exhibit

relatively large size grains (2–5 mm) in comparison to those

observed in HAS and GCHAS ceramics in the range of about

0.5–3.5 mm. The larger grains of DP and GC together with their

higher densification levels are certainly responsible for the

higher measured hardness values. The flexural strength seems

to be more influenced by the degree of densification rather than

by the number of grains and grain boundaries present in the

sintered microstructure. In line with sintered density values, GC
onal dry pressing, aqueous gelcasting, hydrolysis assisted solidification, and

s.

Linear shrinkage

(%)

Hardness

(kg/mm2)

Fracture toughness

(MPa m1/2)

Flexural strength

(MPa)

14.9 � 0.1 1536 � 34 2.5 � 0.2 142 � 15

20.2 � 0.1 1544 � 19 2.6 � 0.1 153 � 21

17.3 � 0.1 1394 � 31 2.6 � 0.2 129 � 30

19.9 � 0.1 1476 � 23 2.5 � 0.3 138 � 13

s gelcasting, hydrolysis assisted solidification, and hydrolysis induced aqueous

r Al2O3.



Fig. 6. SEM micrographs of (a) GC; (b) HAS; (c) GCHAS and (d) DP sintered

for 2 h at 1600 8C (other details are given in Table 2).
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has relatively less number of pores in comparison to other three

samples. Nevertheless, the mechanical properties measured for

these samples and the observed SEM microstructures are

similar to the information reported for alumina ceramics
consolidated by colloidal processing routes and sintered under

similar conditions [17–19].

4. Conclusions

Dense alumina ceramics with near-net shape could be

consolidated following hydrolysis induced aqueous gelcasting

(GCHAS) of suspensions containing 50 vol.% solids loading.

The yield of GCHAS process for producing alumina radome

shapes with about 290 mm height and 125 mm base diameter

from a suspension containing 50 vol.% solids was found to be

more than 95%. The polyethylene glycol (PEG400) can be used

to partly dry the wet-green radome shapes before removing

them from the mould. The mechanical properties of sintered

(1600 8C, 2 h) alumina ceramics consolidated by GCHAS can

be compared very well with those of alumina ceramics

consolidated by aqueous gelcasting (GC), hydrolysis assisted

solidification (HAS), and by conventional dry pressing of freeze

dried granules.
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