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Abstrucz 

Monohydroxy aluminium oxide (Boehmite, 

AIOOH) has been used as an extrusion aid along 
with a-alumina and y-alumina particulates. Extended 
ball milling of the mixture using alumina grinding 
media imparts nucleating seeds to boehmite for an early 
conversion to cy-alumina. The boehmite-y-alumina 
mixture appears to result in a denser alumina ceramic 
accompanied by an enhanced grain growth indicating 

the higher reactivity at higher temperatures com- 
pared to the boehmite-a-al>umina system. The reason 

for this novel behaviour is probably the coating of 
nanosize boehmite containing nucleating sites on the 
porous y-alumina powders resulting in enhanced 
difSusion reactions. The present study therefore pro- 
vides scope for low temperature alumina ceramics 
using boehmite binder along with partly dehydroxy- 
lated aluminium hydroxide. 0 1997 Elsevier Science 

Limited. 

1 Introduction 

Usually binders are employed in the shaping of 
ceramic materials because of their non-plastic 
nature. Of the various fabrication processes, 
extrusion of ceramic-binder mixture has attrac- 
tions in view of the possibility for continuous pro- 
cessing.’ Conventional binders are generally organic 
in origin, 2.3 but recent reports highlight inorganic 
binders in view of their advantages of fewer binder 
burnout problems and lower carbon residues.4 
Hydroxy metal oxides produced in the sol-gel 
method have shown binder characteristics with 
additional advantages. 5 hlonohydroxy aluminium 

*To whom correspondence should be addressed. 

oxide (Boehmite, AlOOH) was used as an extru- 
sion aid successfully in extrusion of a-alumina.6,7 
The boehmite also is converted to a-alumina 
above 1100°C. Boehmite has also been reported in 
applications such as the casting of Al,O, sub- 
strates’ and as intercalants in pillared smectites.’ 
The y-to-a-alumina conversion is a slow process 
and sometimes leads to porous vermicular network 
and a-alumina seeds are added to boehmite in 
order to aid the early conversion” and densification. 
The seed nuclei and their interaction with the 
transition alumina phase have been widely stud- 
ied.“-’ a-Alumina seed nuclei are either intro- 
duced as calcined a-alumina fine particles (-0.2 
pm) or by extended ball milling of the boehmite 
in presence of sintered alumina balls.14 However, use 
of a-alumina seeds with a mixture of y-alumina 
and boehmite for extrusion has not been reported, 
although the nucleation and growth could be 
more effective in such systems compared to that 
containing a-alumina. 

Hence, an attempt is made in this work to use 
boehmite as an extrusion aid for c-w-alumina and to 
compare with a mixture of partially dehydroxylated 
boehmite, rich in y-alumina phase. The extruded 
samples were dried and sintered to high densities 
and characterised. Further, cylindrical samples of 
diameter 8 mm were made by die compaction and 
processed in parallel for a comparison with extrusion 
process. 

2 Experimental 

The boehmite was prepared by controlled precipi- 
tation from aluminium nitrate by ammonium 
hydroxide as reported ear1ier.15 Further characteri- 
sation was done by thermogravimetric analysis 
(TGA-SOh, Shimadzu, Japan) and differential 
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Fig. 1. Differential thermal analysis curve of boehmite. 

thermal analysis (DTA-SOh, Shimadzu, Japan) 
techniques. One batch of boehmite (200 g) was 
calcined at 1250°C for 5 h (termed as alumina-A). 
Another batch of boehmite (200 g) was calcined at 
400°C for 5 h (termed as alumina-G). Both pow- 
ders were ball milled in separate PVC containers 
in propan-2-01 medium with alumina grinding 
balls for 48 h. Powder was collected and dried 
at 90 + 5°C for 24 h in a hot air oven. Both the 
powders were characterised for surface area 
(Gemini 2360, Micromeritics, USA), XRD 
(Rigaku, D/Max 2C, Japan, Nickel filtered Cu K, 
radiation) and tap density (Densitometer, India), 

Torque rheology of boehmite-alumina-A was 
carried out in a Brabender Plastograph (Brabender, 
Germany). The slurries containing 14 wt% boehmite 
and the A and G alumina powders were then ball 
milled separately for 50 h using alumina grinding 
balls in a PVC container, then transferred to a beaker 
with stirring and flocculated at pH 8.5 by slow 
dropwise addition of dilute ammonia. The flocculated 
mass was dried at 80°C to an extrudable consistency 
and extrusion was carried out in a laboratory scale 
plunger type hand extruder to 8 mm diameter rods. 

All the samples were dried in a humidity- 
controlled oven (REMI, Environmental Testing 
Chamber, India) at 65% RH and 45°C for 24 h. 

Alumina A and G powders were uniaxially 
pressed at -200 MPa to 8-mm diameter pellets in 
order to compare with the extruded samples. 
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Fig. 2. Thermogravimetric curve of boehmite. 
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Fig. 3. XRD patterns of (a) alumina-A, (b) alumina-G. 

Green densities were calculated by mass-volume 
method. Thermomechanical analysis of both 
extruded samples was carried out (TMA-SOh, 
Shimadzu, Japan). Samples were sintered at 
1650°C with a soaking of 2 h. Shrinkage parameters 
and sintered densities were calculated. Sintered 
microstructures were observed on fractured samples 
using a scanning electron microscope (S-2400, 
Hitachi, Japan). 

3 Results and Discussion 

3.1 Boehmite and the alumina powders 
Figure 1 shows the DTA curve for the boehmite 
used throughout this experiment. The initial endo- 
therm at less than 100°C is due to the evolution of 
free water in the boehmite. The endotherm at 
456.9”C indicates the formation of y-alumina and 
the exotherm at 1028.6”C represents transformation 
to a-alumina. This lowering of the transition tem- 
perature may be due to the nucleation effects of 
the long ball milling. The broad exotherm in the 
range 50%1000°C is indicative of the formation of 
various transition alumina phases before conver- 
sion to a-alumina. Thermogravimetric analysis of 
the boehmite binder is presented in Fig. 2. The 
initial weight loss corresponds to loss of absorbed 
water. About 80% of the weight loss takes place at 
below 500°C and the remaining by -700°C. Thus 
there are two major steps in the weight loss curve 
extended up to about 500°C. However, the weight 
loss takes place over a wide range and hence a 
comparatively faster debinding schedule can be 
tolerated for extruded samples. The higher tem- 
perature phase formation indicated for a-alumina 
in DTA at -1030 is without any weight loss as 
seen from Fig. 2. Since the binder as such is being 
converted into a-alumina, which forms part of the 
ceramic matrix, no contamination including that 
of carbon usually found in conventional binders, 
is imported which is a unique advantage. Figure 3 
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Fig. 4. Tap density curve of (a)’ alumina-A, (b) alumina-G. 

shows the XRD patterns of alumina-G and alu- 
mina-A. Alumina-A calcined at 1250°C is fully 
converted to a-alumina phase whereas alumina-G 
is still in the dehydroxylated form. BET surface 
area measurements showed that alumina-A has 
11.143 m2 g-’ and alumina-G has 200.34 m2 g-‘, 
indicating the extremely high surface activity in the 
case of the latter. Tap densities of both the powders 
are presented in Fig. 4. The low-temperature alu- 
mina is a well-known catalyst material with high 
porosity and hence possesses poor tap density. 
Compaction density of alumina-A is higher com- 
pared to alumina-G as sel:n from Fig. 5. Further 
the compaction density inc:reases linearly with appli- 
cation of pressure. Sintered densities of these powder 
compacts at 1650°C for 2 h are presented in Fig. 6. 
Alumina-G showed comp,aratively higher sintered 
densities than alumina-A, probably due to the 
higher surface reactivity. The sintered density indi- 
cates a sudden upward jump beyond the compac- 
tion pressure of 300 MPa., indicating the break-up 
of powder agglomerates. There should be the 
added advantage of introduction of extremely fine 
seed nucleii into the mixture from the long ball 
milling in presence of a-alumina grinding media.14 

3.2 Boehmite-alumina mixture for extrusion 
The blending of the boehmite-alumina mixtures 
was carried out at low pH in the beginning and 
later condensed by flocculation at pH 7, because 
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Fig. 5. Compaction response diagram of (a) alumina-A. 
(b) alumina-G. 
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Fig. 6. Compaction response on sintering of (a) alumina-A, 
(b) alumina-G. 

the sol at low pH (34) is most effective for blend- 
ing with alumina and the subsequent gelation of 
the extrusion mixture will impart sufficient viscos- 
ity. There was no remarkable difference observed 
between the two alumina samples in the prepara- 
tion of the precursors for extrusion. 

3.3 Torque rheology of boehmite-alumina mixture 
Figure 7 shows the weight percentage of ceramic 
loading against torque developed for alumina-A 
and boehmite at pH -8.5. Above -86 wt% of 
ceramic loading, the torque has a sharp increase 
(> 15 N m) and therefore this value was selected 
as the critical powder volume concentration 
(CPVC).16 The torque behaviour was similar for 
alumina-G also and hence the CPVC has been 
fixed at 86 wt%. 

3.4 Debinding and sintering 
The binder burn-out procedure was derived by 
comparing the DTA and TGA of boehmite (Figs 
1 and 2) and TGA of alumina-G (Fig. 8). The 
thermogravimetric curve for alumina-A did not 
show any specific change in the temperature range 
up to 1100°C as expected. The heating schedule 
was selected to have a slow rate up to 700°C. 
Debinding and sintering were conducted in a 
single schedule as shown below: 

Alumina (wt W) 

Fig. 7. Torque versus ceramic loading curve. 
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Fig. 8. Thermogravimetric curve of alumina-G. 

RT + 300”C(2”/min) + 700”C(5”/min) + 
1650°C (lO”/min) 2 h 

The TMA corresponding to extruded alumina-A 
(Fig. 9) has a very small shrinkage near 460°C 
indicating the initial decomposition of the 
boehmite binder, in line with the phase change in 
DTA and also the weight loss in the TGA. How- 
ever, in the case of alumina-G (Fig. lo), the 
shrinkage is quite appreciable. 

The TMA of alumina-A shows a small shrink- 
age at about 1050°C corresponding to the DTA of 
boehmite. Sintering is indicated at 1425°C. On the 
other hand, the composition containing alumina-G 
has an appreciable shrinkage around 1050°C (Fig. 
10) and further shrinkage as early as 1200°C. This 
indicates the enhanced reactivity of the binder 
phase with alumina-G. Precalcined boehmite thus 
appears to be a better candidate for extrusion 
along with boehmite. Boehmite appears to catalyse 
the transformation reaction in precalcined gel. On 
the other hand, in the case of a-alumina, boehmite 
should be acting only as an inorganic extrusion 
aid, since the transformation had already taken 
place, The boehmite therefore could not only be a 
binder for alumina, but also enhance sintering in 
the case of calcined boehmite. 

Sintering of the uniaxially pressed (200 MPa) 
samples was also carried out under identical con- 
ditions. Densities and volumetric shrinkages of the 
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Fig. 9. Thermomechanical curve of extruded alumina-A. 
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Fig. 10. Thermomechanical curve of extruded alumina-G. 

various sintered samples are presented in Table 1. 
Extruded alumina-G has the’ highest density 
(98.9%) whereas extruded A has 96%. Uniaxially 
pressed samples of alumina-G and alumina-A 
achieved 94 and 92% densities, respectively. 

3.5 Microstructural features 
The fractographs (Figs 1 l(a) and (b)), correspond 
to those of sintered alumina-G and alumina-A. 
The alumina-G has a higher density with occa- 
sional intragranular pores. The average grain size 
is also large. The grain size distribution appears to 
be more uniform in the extruded sample com- 
pared to the pressed counterpart. The boehmite + 
alumina-G mixture after extrusion and sintering at 
1650°C indicates a very uniform grain size and 
distribution, having an average less than 10 pm, 
with sufficiently large intragranular pores and 
much smaller ones at the grain boundary [Fig. 
1 l(c)]. This fractograph clearly indicates the opti- 
mum condition of fabrication and sintering, but 
the sintering temperatures employed in this case 
are still higher. This composition should have sin- 
tered into a compact at much lower temperatures. 
The behaviour of alumina-A is quite different in 
that there is inhomogeneous grain growth varying 
from > 10 pm to as small as 34 pm ([Fig. I l(d)]. 
Most of the pores are in the range less than 1 pm. 
Hence it appears that the seed nuclei introduced 
during the ball milling of the gel precursor are 
compatible with sintering of aluminium oxide. 

Table 1. Physical properties of sintered samples 

Sample Method 

of 
shaping 

Green 
density 

(kg m ‘1 

Sin tered 
densit c’ 

(kg m -j) 

Volumetric 
shrinkage 

I!%, 

Alumina-A Extruded 2300 3800 46.0 
Pressed 1960 3670 45.2 

Alumina-G Extruded 1600 3930 68.8 
Pressed 1580 3741 68.0 
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Fig. 11. SEM of the fracture surfaces of (a) alumina-G (uniaxially pressed). (b) alumina-A (uniaxially pressed), (c) boehmite + 
alumina-G (extruded), (d) boehmite + alumina-A (extruded). 

The extrusion procedure is very convenient for 
fabrication and y-alumina could be a better 
source of alumina. The reason for the low temper- 
ature densification of y-alumina could be due to 
the availability of sufficient nucleation sites devel- 
oped through extended periods of grinding. 

boehmite as an inorganic carrier, but also the fact 
that y-alumina could be a better source for alumina, 
when long milling time using alumina grinding 
media are used. 
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alumina, it has been seen that the alumina-G, 
which is rich in y-alumina, undergoes much faster 
densification, but grain growth and intragranular 
pores occur, due to it !s enhanced activity. The 
boehmite binder could Ihold up to -86% (by wt) 
of the alumina powder at the point of critical 
powder volume concentration. Individual powders 
made by compaction and sintering at the same 
temperature showed les,s tendency for sintering. 
This study not only highlights the possibility of 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Fukuura, I. and Hirao, T., Production processes for 
ceramics. In A~LYIIII.C~ Technid Cermnics, ed. S. Somiya. 
Academic Press. CA, 1984, pp. 76-77. 
Hyde. C., Vertical extrusion of non-clay composition. In 
Ceramic Fuhricution Processes. ed. W. D. Kingery. MIT 
Press, Cambridge, MA, 1963, pp. 107-l I I. 
Wright, J. K.. Thomson, R. M. and Evans. J. R. G.. On 
the fabrication of the ceramic windings. J. Mater. Sci.. 
1990, 25. 1499156. 
Miller, M. and Harber, R. A., The use of montmoril- 
lonites as extrusion aid for alumina. Ceram. Engng Sri 

Proc., 1991, 12( l-2), 3348. 
Kindl. B.. Carlsson, D. J.. Deslandes, Y. and Hodden- 
bagh. J. M. A., Preparation of o-alumina ceramics: The 
use of boehmite sols as dispersing agents. Ceramics Inter- 
nutiond, 199 1. 17, 347-350. 
Chen, A. Y. and Cawley. J. D., Extrusion of n-A1103 
ceramics with low organic content. Cercrnr. Eqrrg Sci. 
Pm,.. 1989, 10(7-g), 7733783. 
Chen, A. Y. and Cawley. J. D.. Extrusion of (Y-AI~O~- 
boehmite mixtures. J. Am Cc>rcr/rr. Sot.. 1992, 75(3), 
575-579. 



1172 C. Sunil Kumar et al. 

8. Lannutti, J. J. and Clark, D. E., Sol-gel derived alumina 
substrates. Ceramics International, 1985, 11(3), 91-99. 

9. Sivakumar, S., Warrier, K. G. K. and Damadaran, A. 
D., Synthesis of pillared smectites from hydrous metal 
oxide sol-smectite mixtures under reflux conditions. Poly- 
hedron, 1983, 21(12), 2587-2591. 

10. Jagota, S. and Raj, R., Sapphire whiskers from boehmite 
gel seeded with a-alumina. .I. Crystar Growth, 1987, 85, 
527-534. 

11. Prouzet, E., Fargeot, D. and Baumard, J. F., Sintering of 
boehmite-derived transition alumina seeded with corun- 
dum. J. Mater. Sci. Lett., 1990, 9, 779-781. 

12. Messing, G. L. and Kumagai, M., Low temperature sin- 
tering of a-alumina seeded boehmite gel. Am. Ceram. 
Sot. Bull., 1994, 73( lo), 88-9 1. 

13. Kumagai, M. and Messing, G. L., Controlled transfor- 
mation and sintering of a boehmite sol-gel by o-alumina 
seeding. J. Am. Ceram. Sot., 1985, 68(9), 500-505. 

14. Cottringer, T. E., Van de Merwei, R. H. and Vauer, R., 
Abrasive material and method for preparing the same. 
US Patent 4623364, 18 Nov 1996. 

15. Varma, H. K., Mani, T. V., Damodaran, A. D. and War- 
rier, K. G. K., Characteristics of alumina powders pre- 
pared by spray-drying of boehmite sol. J. Am. Ceram. 
Sot., 1994, 77(6), 1597-6000. 

16. Sunilkumar, C., Balagopal, N., Pai, B. C., Damodaran, 
A. D. and Warrier, K. G. K., Injection moulding 
of ceria-zirconia mixtures using an aqueous HPMC- 
PVA binder system. Br. Ceram. Trans., 1994, 93(2), 
53-56. 


