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Abstract 

A new, hydrolysis-assisted solid$cation (HAS) 
concept for net-shaping of ceramic green parts from 
aqueous suspensions is presented, The process is 

based on thermally activated hydrolysis of alu- 
minium nitride powder added to highly loaded 

ceramic suspensions. During hydrolysis of AIN, 
water is consumed and ammonia is formed, which in 
turn may increase the pH of the suspension. Both 
mechanisms can be used to increase the viscosity 
and ultimately to set a cast or injection-moulded 
ceramic green body. Different ceramic suspensions 
containing various amounts of AIN powder were 
prepared at ambient temperature without increasing 
their viscosity and subsequently set in heated imper- 

meable moulds. The setting time ranged from a few 
seconds to a few minutes, depending on the solids 

loading, AIN addition and the thickness of the green 
body. 0 1996 Elsevier Science Limited. 

Introduction 

The role of advanced ceramics in engineering 
structures largely depends on the possibility of 
reliable mass production of complex-shaped arti- 
cles. Among wet-forming techniques enabling 
near-net-shaping, powder injection moulding 
(PIM) is most widely used for the production of a 
wide range of smaller ceramic components for 
high-performance application. The basic concept 
of the PIM forming technique, which has been 
known since the early 1930s’ is based on mixing 
the ceramic or metallic powder with a liquid 
binder system (usually a blend of molten polymers 
or waxes) to create a viscous suspension, forming 
the part by injection moulding in a closed metallic 
die, removal of the binder usually through a 

moderate temperature heat treatment, and densifi- 
cation.‘.2 

During the last decade rapid technological and 
commercial progress in high pressure PIM has 
been made, so that PIM using polymer carriers 
and high injection pressures is now a well estab- 
lished process, in spite of some serious technologi- 
cal drawbacks and relatively high production 
costs. Therefore efforts have been made to find 
cost-effective alternatives to existing high-pressure 
systems, leading to reconsideration and modifica- 
tion of the low-pressure (LPIM) system using a 
hydrocarbon carrier.3 

At the same time, LPIM systems containing 
gelling agents which cause setting of the feedstock 
on temperature change are being intensively devel- 
oped. In Japan, for example, a nonaqueous non- 
polar solvent, containing propylene + alkyl groups 
is used to dissolve hydroxystearic acid as a gelling 
agent,4 whilst water-based systems are favoured in 
the USA. Due to the ease of debinding, the envi- 
ronmental benefits and the lack of fire and health 
hazards, these aqueous systems are certainly 
among the most promising ones. 

Aqueous injection moulding is thus a relatively 
new ceramic forming process which has been first 
developed based on the thermogelling properties 
of methylcellulose polymers which are soluble in 
cold water and gel on heating.5 Agar is a member 
of the same general chemical family but it is 
soluble in hot water and gels on cooling. The 
combination of two critical properties, namely, 
favourable rheology and high gel strength, makes 
agar systems more attractive for development of 
the injection moulding process for ceramic and 
metal powders. These materials form nonviscous 
solutions at a temperature near 100°C which 
solidify to rigid gels on cooling below the gel 
point temperature. Gels formed by these materials 
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were reported to be strong for agar and even 
stronger for agarose. Moulded parts can be dried 
and fired without the use of adsorbent powders or 
special debinding operations.6 A somewhat similar 
technique - gelcasting - favours acrylamide 
monomers for in&u polymerisation on heating, 
through which a macromolecular network is cre- 
ated to hold the ceramic particles together.’ The 
organic binder concentration in this system is sig- 
nificantly higher than in the case of agar and so is 
the viscosity of the suspension before gelling. This 
reduces the solids loading and hence the green 
density of the moulded part, which consequently 
leads to higher shrinkages of the ceramics. On the 
other hand, high green strengths have been 
reported for gelcast samples, which facilitates 
manipulation of the green parts and also enables 
green machining. 

Besides gelling of water-soluble organic addi- 
tives, other physical and/or chemical principles 
can be used in solidification of ceramic parts from 
aqueous suspensions. Thus for example, the ‘quick- 
set’ process is based on freezing of a suspension in 
a mould, kept below the freezing temperature of 
water,* whereas ‘direct coagulation casting” is 
based on the enzymatic decomposition of urea 
resulting in a shift of the pH value of the aqueous 
suspension toward the isoelectric point (IEP), 
which causes coagulation and setting of the highly 
loaded ceramic suspension. 

It should be pointed out that each of the above 
mentioned setting principles can be applied either 
to casting in an impermeable mould or to injec- 
tion moulding. Setting, i.e. solidification of the 
green body is not affected by the externally 
applied pressure,’ except in the case of ‘adiabatic 
moulding’ not mentioned above, which also requires 
pressure for the solidification of the slurry.” 

In the present paper yet another concept suit- 
able for casting or aqueous LPIM is presented, 
termed hydrolysis-assisted solidification (HAS), 
and its performance demonstrated. It is based on 
chemical bonding of water in a concentrated 
aqueous suspension by thermally activated and/or 
accelerated hydrolysis of added aluminium nitride 
powder. 

Theoretical Considerations 

The HAS concept of using thermally activated 
and/or accelerated hydrolysis of added aluminium 
nitride powder is based on the following consider- 
ations: 

(i) The relative viscosity of a concentrated sus- 
pension exponentially increases with the solids 
loading, which can be described by an empirical 

equation in the form:’ 

(1) 

where n, is the relative viscosity, (7 suspens,on/q disper_ 
san,), 4 the volume fraction of the solid in the sus- 
pension and +C the critical solids loading. The 
critical value corresponds to the composition 
where all particles are in close contact and all void 
space between the particles is filled with disper- 
sant.” The coefficient A (typically near unity) and 
the exponent n (typically near 2.0) contain factors 
such as the shear rate sensitivity of the suspension, 
the packing density of the powder and its interac- 
tion with the liquid vehicle,‘,” which, however, are 
not a main concern for the theoretical considera- 
tions relevant to HAS. 

According to eqn (1) the relative viscosity of a 
suspension approaches infinity as the solids load- 
ing approaches the critical value. At 4 > 4, the 
fluid character of the suspension is lost, i.e. the 
mixture becomes too stiff to be considered vis- 
cous. Depending on the capillary and/or interpar- 
title forces holding the particles in place such a 
‘saturated solid’ or cake may behave plastically or 
elastically.‘3 Equation (1) generally holds for any 
concentrated suspension, regardless of the pow- 
der(s) and dispersant(s) used and regardless of 
how the solids loading is increased.14 Thus, 
solidification of an aqueous suspension can be 
achieved not only by incremental addition of pow- 
der to the suspension but also by physical separa- 
tion of water by centrifugation or by external 
removal of water in a porous mould, as in the 
case of slip casting. Solidification will also occur if 
a sufficient amount of water is internally con- 
sumed by a chemical reaction with one of the 
solid constituents in the aqueous suspension, as 
for example by hydration or hydrolysis. Of course. 
in wet ceramic forming by internal chemical bond- 
ing of water, such additives should be chosen as 
will react with water under technologically accept- 
able conditions, but which will not hinder the sub- 
sequent densification nor reduce the functional 
properties of the sintered ceramics. 

(ii) If a pola r iquid is used as a vehicle, the vis- 1 
cosity of the ceramic suspension at a given solids 
loading depends on the particle surface charge, 
usually described by the zeta potential on the 
shear plane of the electrical double layer; this can 
be greatly influenced by changing the pH of the 
suspension. In general the viscosity is a maximum 
in the pH range close to the isoelectric point (IEP) 
of a given system and decreases with increasing 
zeta potential, regardless of the sign of the surface 
charge. Hence, if a chemical reaction between 
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solid particles and water results in a change in the 
pH of the suspension, the surface charge and con- 
sequently the viscosity can be changed as well, 
which can be exploited for setting a cast or 
moulded ceramic green body in a similar way to 
that in the DCC process.’ 

(iii) Besides o d r inary hydraulic binders, several 
metal nitrides are known to react with water, 
forming metal oxides or hydroxides and ammonia. 
Thus, one of the problems in the production of 
AlN ceramics is the reactivity of the AlN powder 
with water or humidity. The hydrolysis of AlN 
follows the reaction scheme:” 

AIN+ZH,O + AlOOH,,,,,,, + NH3 (2) 

The reaction rate is temperature-dependent, 
being rather low at room temperature or below 
and greatly accelerated at higher temperatures.“j 
According to eqn (2), during hydrolysis of AlN, 
water is consumed and ammonia is formed, which 
in turn may increase the pH of the suspension. As 
described previously, both can be used to increase 
the viscosity and ultimately to set a cast or 
moulded ceramic green body. In addition, gelling 
of Al(OOH) can further assist solidification of the 
slurry and/or contribute to the green strength of 
the solid body thus formed. 

Experimental Procedure 

Concentrated aqueous suspensions were prepared 
by wet ball milling of selected commercial ceramic 
powders: alumina (Alcoa A-16 SG); yttria sta- 
bilised tetragonal zirconia (YTZP; Htils Troisdorf 
Dynazircon F5Y); silicon nitride (H. C. Starck, 
LC 12) in distilled water. Appropriate electrolytes 
and deflocculants were used to assist deagglomera- 
tion and formation of a stable dispersion of the 
powder, in order to maximise the solids content at 
a viscosity enabling mould cavity filling by cast- 
ing, or low-pressure injection moulding. Technical 
grade AlN (H. C. Starck, Grade B) powder was 
mixed with the fully deflocculated aqueous sus- 
pensions, which were cast or injected in a heated 
non-porous mould. After demoulding, the green 
parts were dried in air and sintered under condi- 
tions appropriate to the materials selected. The 
characterisation methods encompassed viscosity 
measurements, green and sintered density mea- 
surements and microstructural examination of the 
sintered ceramic parts. 

Results and Discussion 

The variation in pH of an aqueous suspension 
containing 1.5 wt% of AlN powder on continuous 

I 
II. 

20 30 40 50 60 

Fig. 1. Variation in pH of an aqueous suspension containing 
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1.5 wt% AlN powder, starting from two different pH values: 
A, the inherent pH; and n , pH 4.8 adjusted by the 

T (‘Cl 

addition of dilute HCI. 

heating (l”C/min) is represented in Fig. 1 for two 
starting pH values: firstly the inherent pH value, 
after dispersing AlN powder in deionised water 
and secondly pH 4.8 developed in 15 min after 
dispersing AlN powder in deionised water, at pH 
3.3, adjusted by the addition of a diluted (0.1 N) 
HCl. To avoid continuous dissolution of CO2 
from the ambient atmosphere in the suspension 
during stirring, the pH measurements were per- 
formed under a protective (N,) atmosphere. In the 
case of the inherent pH of the suspension, the ini- 
tial pH value starts to increase steadily with tem- 
perature, the hydrolysis being greatly accelerated 
at temperatures above 45°C and at 60°C the maxi- 
mum pH is reached. In the latter case the starting 
pH of 4.8 decreases slightly up to c.45”C where it 
starts to increase rapidly and reaches the equilib- 
rium pH value at c.7O”C. In both cases the varia- 
tion in pH on heating is very similar to that 
reported by Barba et al. ” and Egashira et al. I8 for 
the time-dependent pH variation of suspensions 
containing 10 wt% AlN and 0.05 wt”/o AlN at 
room temperature, respectively. It is worth men- 
tioning that above c.45”C the addition of HCl to 
adjust the starting pH of the suspension to the 
value of 4.8 does not show any significant infl- 
uence on the hydrolysis of dispersed AlN powder 
on further heating. It can thus be expected that 
several technically important ceramic suspensions 
can be prepared in the acidic region enabling 
attainment of a positive zeta potential on the 
particles’ surface (e.g. on the left-hand side of 
the IEP) which can be subsequently set by using 
both mechanisms of HAS, i.e. water consumption 
and pH shift toward the IEP due to ammonia 
formation. 
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Fig. 2. Temperature dependence of the apparent viscosity of 
an aqueous suspension of alumina (80 wt’X solids loading at 
pH 9.8). containing 1 wt’%, AIN powder. The viscosity-tem- 
perature profile of the same alumina suspension without AIN 

addition is represented by the dashed line. 

The temperature dependence of the apparent 
viscosity of an alkaline (pH 9.8) aqueous suspen- 
sion containing 80 wt% alumina powder and 1 
wt’% of AlN addition is represented in Fig. 2. At a 
certain temperature T, (indicated by the arrow), 
which corresponds well to the onset of a sharp rise 
in the pH of a diluted aqueous AlN suspension on 
heating (with reference to Fig. I), the viscosity 
starts to increase rapidly until at ~.70”C the liquid 
character of the suspension is lost. Since the 
apparent viscosity of the same alumina suspension 
without AIN addition (represented by the dashed 
line in Fig. 2) starts increasing at temperatures 
above 80°C along with water evaporation, the 
abrupt rise in viscosity at T, can be mainly 
ascribed to the decreased water content in the sus- 
pension due to thermally activated hydrolysis of 
AlN. Namely, at pH 9.8 the surface charge of dis- 
persed alumina particles is negative (the IEP of 
this particular alumina powder is at pH 8.2) and 
sufficiently high to enable almost complete defloc- 
culation. Since even at higher concentrations 
NH’, is not a powerful enough counterion to 
reduce the thickness of the electrical double layer, 
any further increase in pH due to ammonia for- 
mation by AlN hydrolysis can only increase the 
repulsive forces between dispersed alumina parti- 
cles but cannot lead to electrolytic coagulation.” 
The contribution of coagulation to the solidifica- 
tion of an alkaline alumina suspension is thus neg- 
ligible, revealing that chemical bonding of water 
due to thermally activated hydrolysis of the 1 wt% 
AlN powder added to the suspension alone has 
the potential to set it in an impermeable mould. 

Suspensions containing various amounts of AlN 
can thus be prepared at temperatures below TH 
without increasing their viscosity, and subse- 

Table 1. Setting times and corresponding green and fired den- 
sities of rectangular 5 x 5 x 50 mm bars injection moulded 

from various aqueous ceramic suspensions 

Sturting A IN Setting time Gwen dwsity” Sintrwti 

muterids ddition” ( ‘!% T. D. ) titvsit~~ 
(wt’:;,) (:A T.D.) 

----__ 

AllO, 1 

YZTP 3 

Si,N,(Y,OJ 17 

15 s 60 98’ 

30 s 58 99’ 

10 min 40 -94” 

“Referred to the solid content in the suspension. 
“Roughly corresponds to the entire solids loading in the sus- 
pension. 
‘After sintering in air for 4 h at 1580°C. 
“After sintering for 2 h at 1800°C in flowing N,. 

quently set in a nonporous mould, kept at/or 
above TH. As discussed previously, the assistance 
of pressure during mould cavity filling has no infl- 
uence on the setting kinetics, so that either casting 
or injection moulding can be used for forming 
ceramic parts using the HAS concept. Most of our 
forming experiments were performed using a low- 
pressure injection moulding machine of our own 
construction. Moulded parts were rectangular 5 X 

5 X 50 mm bars, various water seals and laser 
reflectors, the latter two geometries being commer- 
cially produced by LPIM using a paraffin-wax 
carrier. The setting time ranged from a few sec- 
onds to a few minutes, depending on the solids 
loading in the suspension, AlN addition and the 
thickness of the green body formed. For rectangu- 
lar bars, setting times are listed in Table 1 for 
three different ceramic suspensions, together with 
the corresponding green and sintered densities. 
Due to the high solids loading in alumina and zir- 
conia (YZTP) suspensions, the setting times are 
short and high green densities (60% of theoretical) 
can be obtained. In contrast, S&N, powder cannot 
be dispersed in water at such a high solid loading. 
Consequently, higher amounts of AlN and longer 
times are needed for setting and the green density 
is correspondingly low. An addition of 4 wt”% 
Y,O, was deliberately chosen to assist pressureless 
sintering of these SiAlON specimens, which will 
certainly need major corrections to optimise the 
microstructure and to design the required phase 
composition. 

The corresponding microstructures of sintered 
parts formed by low-pressure injection moulding 
of alumina, YTZP and Si,N,(YZO,) suspensions, 
containing 1, 3 and 17 wt’% of AlN, respectively, 
are represented in Fig. 3, which also illustrates the 
potential of the HAS process for shaping high- 
performance ceramic parts. During sintering in 
air, the hydrolysed AlN particles are ultimately 
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low fractional density of green parts does not 
allow a high sintered density to be reached, 
although the major contribution to the rather low 
sintered density (94% T.D.) arises from the 
trapped air bubbles in the suspension (not shown 
in Fig. 3c), emphasising the importance of de-airing 
before mould cavity filling. 

Summary and Conclusions 

. Thermally activated hydrolysis of alu- 
minium nitride powder, added to highly 
concentrated and fully deflocculated aque- 
ous suspensions, was used for fast setting 
of wet-formed ceramic parts. 

. During hydrolysis, water is consumed, 
thereby increasing the solids content in the 
suspension while ammonia formation can 
be used to shift the pH of the suspensions 
toward the isoelectric point, resulting in 
coagulation of solid particles; both effects 
result in rather fast solidification of the 
slurry within the mould. 

. By using the HAS (hydrolysis assisted 
solidification) process, high green and sin- 
tered densities were obtained indicating 
the potential of this forming concept for 
the near-net-shaping of various high-per- 
formance ceramics. 

Acknowledgements 

The financial support of the Ministry of Science 
and Technology of Slovenia is acknowledged. The 
authors also wish to thank Dr M. Haviar from 
the Institute of Inorganic Chemistry, Slovak 
Academy of Sciences, Bratislava, SK, for carrying 
out the plasma etching of SiAlON samples. 

References 
Fig. 3. Microstructures of sintered ceramic parts formed by 
LPIM of aqueous suspensions using thermally activated 
hydrolysis of added AIN powder: (a) Al?O, + 1 wt?/o AlN, 
158O”C, 4 h in air, (b) YTZP + 3 wt% AIN, 158O”C, 4 h in 
air and (c) Si,N, (4 wt’% Y?O,) + 17 wt’% AlN, 1800°C 2 h 

in flowing Nz. 

transformed into a-A&O3 so that they cannot be 
distinguished in the microstructure of sintered alu- 
mina. They are, however, visible in the SEM 
micrograph of sintered YZTP as dark grains, also 
indicating the distribution of former AlN particles 
in the suspension. From the micrograph of 
sintered SiAlON it is also evident that the very 

1. 

2. 

3. 

4. 

5. 
6. 

Hennicke, H. W. & Neuenfeld, K., Injection moulding as 
a shaping method in ceramics. Ber. DKG, 45 (1968) 
469493. 
German, R. M., Powder Injection Molding. Metal Powder 
Industries Federation, Princeton, NJ. 1990. 
Peltsman, M., Low pressure injection molding and mold 
design. Metal Powder Report, 41 (1985) 367-369. 
Enokishima, H., Doi, T. & Masuda, S., A new mold pro- 
cess for ceramic rotors. Presented at 96th Annual Meet- 
ing of the Am. Ceram. Sot., Indianapolis, 1994. 
Rivers, R. D., US Patent No. 4113480, 1978. 
Fanelli, A. J., Silvers, R. D.. Frei, W. S., Burlew, J. V. & 
Marsh, G. B., New aqueous injection molding process 
for ceramic powders. J. Am. Ceram. Sot.. 72 (1989) 
1833-1836. 



432 T. Kosma f, 5 Novak, M. Sajko 

7. Janney, M. A. & Omatete, 0. O., Method for molding 
ceramic powders using a water-based gel casting. C’S 
Putrnr 5028362, 1991. 

8. Quichaud, C., The Quickset Process. Proc. PM’94, Vol. 
11. Les editions de Physique, Les Ulis, France. 1994. pp. 
1101-I 105. 

14. Davies, .I., Binner, J. & Samrook, R.. A novel processing 
route for the fabrication of complex shaped advanced 
ceramic components. In Proc. Third Euro-Ceramics, 
Vol. 1. Processing of Cerumics. ed. P. &ran & J. F. 
Fernandez. Faenza Editrice Iberica S. L., 1993, pp. 
431435. 

9. Gauckler, L. J. & Graule, T., Process for producing 
ceramic green bodies. WO 94102429, PTCICH93100192. 

10. King, A. G. & Keswani, S. T., Adiabatic molding of 
ceramics. AI??. Cerunl. Sot. Bull.. 73 (1994) 96-100. 

I I. Markhoff, C. J., Matsuddy. B. C. & Lennon. W., A method 
for determining critical ceramic powder concentration in the 
plastic forming of ceramic mixes. In Advances 0f Cerumics. 
Vol. 3 Forming of Cerumics, ed. J. A. Mangles & G. L. Mess- 
ing. Am. Cerum. Sot.. Columbus, OH, 1986, pp. 246-250. 

12. Mangles, J. A. & Williams, R. M.. Injection molding 
ceramics to high green densities. Am. Cercrm. Sot. Bull.. 
62 (1983) 601-606. 

15. Bowen, P., Highfield, J. G., Mocellin, A. & Ring, T. A., 
Degradation of aluminum nitride powder in aqueous 
environment. J. Am. Ceram. Sot., 73 ( 1990) 72&728. 

16. Reetz, T., Miinch, B. & Saupe, M., Aluminium nitride 
hydrolysis. cj/DKG, 69 (1992) 464465. 

17. Barba, F.. Ortega, P., Bermudo, J., Osendi, M. I. & 
Maya, J. S., Effect of oxygen content on the corrosion of 
AlN powder in diluted acid solution, J. Europ. Cerum. 
Sot., 13 (1994) 335-338. 

13. Velamakanni, B. V., Lange, F. F., Zok, F. W. & Pear- 
son. D. S., Influence of interparticle forces on the 
rheological behaviour of pressure-consolidated alumina 
particle slurries. J. Am. Ceram. SW., 77 (1994) 
2 I b-220. 

18. Egashira, M., Shimizu, Y. & Takatsuki, S., Chemical sur- 
face treatments of aluminium nitride powder suppressing 
its reactivity with water, J. Mut. Sci. Lett., 10 (1991) 
994996. 

19. Bleier, A. & Westmoreland, C. G., Effect of pH and par- 
ticle size on the processing of and development of 
microstructure in alumina-zirconia composites, J. Am. 
Cernm. Sot., 74 (1991) 3100-3111. 


