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Abstract

Hydrolysis-assisted solidification (HAS) is a new method for net-shaping ceramic green parts from aqueous suspensions in non-
porous molds. The process exploits the thermally activated and/or accelerated hydrolysis of aluminium-nitride powder, which has
been added to ceramic suspensions. Several simultaneously occurring effects accompany the hydrolysis of AIN: an increased solids
content in the suspension due to internal water consumption, a decreased {-potential due to the pH change caused by ammonia
formation, and the formation of Al-hydroxides. The overall result is a dramatic increase in the suspension’s viscosity, which ulti-
mately leads to the formation of a solid body. The contributions of individual mechanisms were studied and are discussed in this
paper. At very high solids loading, each of these mechanisms can lead to a significant increase in the viscosity of the suspension. At
lower solids loadings, the precipitation of aluminium hydroxide seems to play the major role in the suspension’s solidification.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the last few decades, systems containing
agents which cause the setting of a water-based ceramic
feedstock after a temperature change have been inten-
sively studied and several new ceramic forming processes
have emerged. Due to the ease of de-binding, the envir-
onmental benefits and the lack of fire and health hazards,
the use of aqueous suspensions for forming ceramics is
becoming increasingly popular. The earliest aqueous
ceramic forming principles were those based on the gel-
ling of methyl-cellulose during heating! or agar during
cooling,? gel-casting? used the polymerisation of an acryl
amide monomer during heating, and direct coagulation
casting (DCC)* exploited an enzymatic decomposition
of urea for setting the water-based feedstock. Most
recently, temperature induced forming (TIF), a method
based on bridging flocculation of poly-acrylic acid, has
been reported.®> Kosmaé and co-workers developed a
method of ceramic forming based on setting due to the
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5400.
E-mail address: sasa.novak@ijs.si (S. Novak).

hydrolysis of AIN powder, which is admixed in a small
quantity into the aqueous ceramic suspension, i.e. the
hydrolysis assisted solidification, or HAS process.®

Each of the mentioned setting principles can be used to
form green parts in impermeable molds: they can be
classified as ‘“‘closed-mold” methods. The formation of
the green body is not affected by externally applied pres-
sure or water absorption by an absorptive mold, rather
the processes exploit various thermally activated chemi-
cal processes in situ. After opening the mold, the solid
green parts have only to be taken out and dried to remove
the water. Industrial application of these processes,
however, is still limited,” because the reliability of the
sintered ceramics is still in question. For this reason,
further studies to better understand and improve the
processes, are still needed.

This paper will focus on the mechanisms involved in
hydrolysis-assisted solidification (HAS). The process
exploits the hydrolysis of AIN powder to form aluminum
hydroxides, which decompose to form aluminum oxide
during sintering in the open air. The process is, therefore,
suitable for those ceramic materials that contain alu-
mina, at least as a minor phase, for example: all grades
of alumina ceramics, alumina-toughened zirconia, sia-
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lones, etc.® Fig. 1 shows a schematic of the HAS pro-
cess.

In contrast to many other techniques, in HAS the set-
ting agent does not increase the viscosity of the host sus-
pension and no organic binders are needed. The
hydrolysis reaction can be controlled by temperature
and/or by modification of the AIN surface character-
istics.” The process is effective in both acidic and alkaline
conditions,'? distinguishing it from the DCC process, and
after de-molding, the liquid vehicle (water) is removed by
simple drying. The HAS process can be used to produce
large and complex-shaped parts with a green strength
high enough to allow green machining.'!-!2

The increase in viscosity during HAS and the final soli-
dification of the ceramic suspension to form a solid green
part was proposed to be mainly the result of (1) internal
water consumption during the AIN hydrolysis reaction, (2)
ammonia formation, and (3) particles dissolution and pre-
cipitation. These individual contributions have been
analyzed and will be described and discussed below.

2. Experimental procedures

The powders used for the study were an AIN Grade B
(H. Starck, Berlin) with a mean particle size of 1.2 um
and a surface area of 3.2 m?/g, and Alcoa alumina A16
SG with a mean particle size of 0.7 pm.

The hydrolysis of the AIN powder was investigated by
analysis before and after soaking in hot water (60°C) for
different periods of time. SEM, TEM, XRD and BET
were employed to observe the morphology and the
composition of the formed phases.

Alumina was used as a model system and aqueous sus-
pensions with different solids contents at its inherent pH,
i.e. 9.5, were prepared by de-agglomeration and homo-
genisation in water containing a suitable amount of the
commercial poly-electrolyte Dolapix CE64 (Zschimmer
& Schwarz, FRG). In the last 10 min of the homo-
genisation, 1 wt.% of the AIN powder was added.

The viscosity of the suspensions was followed using a
rotational viscometer (Haake, measuring system NV,

Ceramic powder Aqueous Setting agent:
Water suspension AIN powder
Dispersant

Molding, heating

Wet green body

Drying, sintering

Sintered ceramic part

Fig. 1. Flow-chart of the HAS process.

shear rates up to 1000 s~!) during heating from room
temperature up to 80°C (heating rate ~1°C/min). The
time needed for the solidification of suspensions was esti-
mated by measuring the viscosity within a limited range
and by visual inspection of the green bodies formed.

3. Results and discussion
3.1. Viscosity increase in A1,03 —AIN suspension

Fig. 2 shows the thermally activated viscosity increase
for a suspension containing 58.7 vol.% alumina powder
and 1 wt.% AIN (with respect to solids) in water. For
comparison, the effect of temperature on the viscosity of a
suspension without AIN is also shown. Both suspensions
experience a slight decrease in viscosity at low tempera-
tures, however, above 60°C the viscosity of the AIN-con-
taining suspension starts to increase steeply and within a
few minutes reaches values above the measuring range.

The AIN hydrolysis also proceeds at lower tempera-
tures, even at room temperature, however, the viscosity
increase occurs much more slowly: a suspension con-
taining 58.7 vol.% alumina and 1 wt.% AIN needs more
than one day to solidify at room temperature. Irrespec-
tive of the temperature, the final result is the complete
transformation of a low viscous suspension into a wet
solid green part.

3.2. Mechanisms involved in HAS

The hydrolysis of AIN powder has been studied by
other authors'*'* and their studies have shown that the
reaction at 20°C initially produces an amorphous AIOOH
that transforms into crystalline bayerite AI(OH); by a
dissolution-crystallization process.
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Fig. 2. Viscosity increase during heating for the suspension containing
58.7 vol.% alumina and 1 wt.% AIN in comparison with the suspen-
sion without AIN.
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AIN 4+ 2H,0 = A10(OH),,+NHj (1)
NH; + H,0 = NH4OH ©)
A10(OH) + H,0 = AI(OH), 3)

From the above reactions it is clear that (1) water is
consumed during the hydrolysis of the AIN powder, (2)
ammonia is formed and that (3) AIN particles dissolve
and aluminum hydroxides are formed. The first phe-
nomenon may contribute to an increase in the solids
content and the second may have a significant influence
on the pH of the suspension, that effects its electro-
kinetic and consequently its rheological properties. The
dissolution of the AIN particles may affect the ionic
strength in the suspension, and the precipitation of the
phases formed by the reaction may result in an increase
in the surface area of the solids or in a change in the
rheological properties of the liquid media in the ceramic
suspension. It is clear, that all these reactions may sig-
nificantly change the rheological properties of the host
aqueous ceramic suspension, and so the contribution of
the individual effects was examined in this study.

3.3. Water consumption

The contribution to the increase in solids content due
to water consumption during the AIN hydrolysis was
analysed in alumina suspensions with different solids
contents and the addition of 1 wt.% AIN powder. The
suspensions were isothermally heated at 60°C in closed
molds and the time needed for solidification was esti-
mated by periodic visual inspection. The results given in
Table 1 show that the time for solidification increases
with decreasing solids content. The suspension with the
highest initial solids content (58.7 vol.%) solidified
within an hour, while the suspensions with less than
27.3 vol.% solids retained their viscous character even
after one day.

Table 1
Solidification time for alumina suspensions with different initial solids
contents and 1% AIN and the corresponding calculated final solids
content®

Time needed
for solidification

Final solids
content, vol.%

Initial solids loading,
vol.% (wt.%)

at 60°C, h
58.7 (85) 61.0 <1
50.1 (80) 51.8 1
36.9 (70) 38.1 3
27.3 (60) 28.1 5
20.1 (50) 20.6 No solidification
14.3 (40) 14.7 No solidification

2 The solidification was observed in a closed plastic mold of
dimensions ¢ =35 mm, 4= 15 mm. The final solids content was calcu-
lated according to the reactions (1) and (3).

Table 1 also lists the final solids content, calculated
according to reactions (1) and (3), assuming that all the
added AIN powder had reacted. It is clear, that even in
this utmost situation, the increase in solids content is
rather small, for example just 1.3 vol.% for the suspen-
sion with the highest initial solids loading. In an
attempt to quantify this effect, in terms of the relative
viscosity (n,) of the suspensions, the viscosity of several
experimental alumina suspensions was plotted as a
function of the relative solids loading, ¢,, (Fig. 3). The
maximum solids loading, ¢,, was estimated by cen-
trifugal sedimentation and was assumed to be 63 vol.%
for the analysed suspension. As known also from the
literature, ' the viscosity of ceramic suspensions increa-
ses exponentially with increasing solids content. At high
relative solids loadings the particles are so close together
that their mobility becomes limited, and with a further
increase the suspensions tend to behave more like an
elastic body. In the graph the initial solids contents for
the HAS suspensions listed in Table 1 are represented as
solid squares, while empty squares illustrate the calcu-
lated final solids contents and their corresponding visc-
osity. The exponential increase in viscosity with solids
loading means that the viscosity of the suspension hav-
ing an initial 58.7 vol.% solids, which corresponds to
¢,=0.93, could increase by a factor of 6 after AIN
hydrolysis, whereas the suspensions with moderate
initial solids contents (for example 50.1 vol.% solids, i.e.
¢, =0.8), show a negligible viscosity increase. This sug-
gests that the contribution of the internal water con-
sumption during AIN hydrolysis to the overall
solidification is limited just to highly loading suspensions
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Fig. 3. Relative viscosity, n;, for aqueous alumina suspensions as a
function of relative solids loading, ¢., at D=1000 s~ (n,n, = viscosity
of suspension and of liquid, respectively; ¢=solids loading,
¢m =maximum solids loading =0.63).
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and can not explain the solidification of suspensions
with moderate solids loadings.

3.4. Ammonia formation

The hydrolysis of AIN is accompanied by the forma-
tion of ammonia. According to reaction (1), | mol NH;
will be formed by the hydrolysis of 1 mol AIN. Assum-
ing that the AIN particles in the alumina suspension
react completely, 0.4 g of ammonia will be released per
gram of AIN powder. Hence, in aqueous alumina sus-
pension containing 58.7 vol.% solids and 1 wt.% AIN
(with respect to solids), 2.6 g of NHj per litre of water
will form, which is below the solubility of ammonia at
temperatures less than 80°C. As a result, the pH of an
alumina aqueous suspension with the addition of a
small amount of AIN increases progressively from 9.5 to
11. In this pH range, the {-potential of alumina tends to
decrease with increasing pH (Fig. 4a), which in turn
causes an increase in the viscosity as shown in Fig. 4b.
This increase is small for a suspension with a low solids
content (dashed line), but much larger in a suspension
with a higher solids loading (solid line). For the sus-
pension containing 58.7 vol.% solids the viscosity
increased by a factor of 4 after increasing the pH from
9.5 to 11. This result suggests that for alkaline suspen-
sions the contribution of an ammonia-induced pH
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Fig. 4. (a) {-potential as a function of pH for an aqueous alumina
suspension with a polyelectrolyte; (b) corresponing viscosity increase
for suspensions containing 14 and 58.7 vol.% solids; D= 1000 s~!.

change, and the resulting ZP decrease, to the solidifica-
tion of the suspensions is rather small.

When starting from an acidic alumina suspension, the
contribution of the pH change to solidification may be
more significant, since an increasing pH will cross the
iso-electric point (IEP) causing flocculation. This work,
however, is only concerned with processes in the alka-
line region, since most ceramic suspensions are alkaline
by nature and the process is much more serviceable and
economical in the alkaline region.

3.5. Dissolution and precipitation

Another proposed contribution to the hydrolysis-
induced viscosity increase is the dissolution of solid AIN
particles in the suspension and the precipitation of new
phases.

Aluminum oxide, hydroxides and particularly nitride
are moderately soluble in water; their solubility depends
primarily on temperature and pH. Bell and co-authors®
suggest that a temperature increase and a simultaneous
increase in pH result in a higher concentration of [Al
(OH),J>~~ ions in the suspension. This may affect the (-
potential because of an increase in ionic strength in the
suspension® and an increase in the viscosity. However,
since this would result in the formation of solid alumi-
num hydroxides, dissolution is not thought to be sig-
nificant for solidification and so has not been estimated
quantitatively.

The precipitation of aluminum hydroxides, in contrast,
has been examined [reactions (1) and (3)]. According to
the literature data, amorphous mono-hydroxide
AIO(OH) is formed first, but after aging in the super-
natant at room temperature, it crystallizes into bayerite
Al(OH); by a dissolution-precipitation process; aging at
80°C results in the crystallization of boehmite
AIOOH.'®!7 In order to examine the hydrolysis of AIN
in the presence of a poly-electrolyte, we analysed the
powder before and after soaking at 60°C for 1 or 22 h.
The results are given in Table 2 and Figs. 5 and 6.

The morphology of the AIN powder changed drasti-
cally with the reaction and during aging, Fig. Sa—c.
After soaking for 1 h, fine, clustered platelets (Fig. 5b),
characteristic of boehmite were observed.!® After aging
for 22 h in water, this fine structure was lost (Fig. 5c),

Table 2
The BET and XRD of the AIN powder before and after soaking in hot
water

AIN powder Specific surface ~ Phases observed
area, m?/g by XRD
As-received 3.2 AIN
Soaked 185.7 Boehmite, Nordstandite, AIN
at 60°C for 1 h
Soaked 51.9 Boehmite

at 60°C for 22 h
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and necks were formed between the clusters by the dis-
solution and precipitation process.'’

BET analysis of the as-received AIN powder and the
powder after soaking for 1 h at 60°C confirmed an
enormous increase in specific surface area from 3.2 to

Fig. 5. SEM micrographs of (a) as received AIN powder and of the
reaction products formed by the hydrolysis of AIN at 60°C (b) after 1
h and (c) after 22 h of soaking in hot (60°C) water.

185.7 m?/g. After 1 h of soaking, the phases determined
by XRD were boehmite AIO(OH), nordstrandite
Al(OH); and the remaining un-reacted AIN, (Fig. 6a).
After 22 h, the surface area decreased to 51.9 m?/g, and
XRD shows only the presence of boehmite, (Fig. 6b).

The enormous increase in BET for the hydrolysed
AIN powder, however, contributes only slightly to the
average specific surface area of the dispersed powder in
the suspension of alumina with 1 wt.% of the AIN, i.e.
less than 1%, which implies a limited effect on the visc-
osity of the suspension. On the other hand, a much lar-
ger contribution to the solidification of the alumina
suspension can be attributed to the boehmite, which was
observed to form necks between the particles (Fig. 5c).
It is reasonable to suppose that the boehmite formed in
the fluid between the ceramic particles in the suspension
connects them into a stiff body or at least drastically
increases the viscosity of the aqueous ceramic suspen-
sion due to an increase in the viscosity of the fluid
between the particles.

This assumption was strongly supported by TEM
analysis of green alumina parts solidified at 60°C in a
closed mold and dried in air at room temperature. The
technique used to study the microstructure of the green
parts and detailed results are described in Ref. 20. The
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Fig. 7. TEM micrograph of the solid green alumina part (A-alumina
particle, H-amorphous hydroxide layer).

micrograph in Fig. 7 shows that the alumina particles
are covered by a continuous layer of mostly amorphous
phase with some embedded nano-sized crystallites. We
suppose that this phase plays an important role in the
solidification of the ceramic suspension. When all the
water is still present in the body (before opening the
closed mold), the hydroxide uniformly precipitates in
the liquid and hence causes the increase in its viscosity
or the hydroxide precipitates preferentially on the sur-
face of the ceramic particles forming necks between
them. In both cases the mobility of the ceramic particles
in the suspension becomes highly restricted. The pre-
sence of boehmite between the particles can also explain
the high green strength of the solid bodies, which was
also described in Ref. 4.

4. Conclusions

The hydrolysis assisted solidification (HAS) process
was studied with the aim of explaining the mechanisms
involved in the solidification of ceramic aqueous sus-
pensions. The particular effects of the hydrolysis of the
AIN powder, used as the setting agent, were analysed:
water consumption, ammonia formation, dissolution of
AIN particles and precipitation of new phases.

The results obtained in this study show that internal
water consumption has a minor effect on the viscosity of
the aqueous ceramic suspension. For suspensions con-
taining high initial solids loadings, however, viscosity
could increase due to this effect, but for the suspensions
with a lower solids content the viscosity increase is negli-
gible. Nevertheless, the suspensions with solids contents
above approximately 27 vol.%, did eventually solidify.

The {-potential modification may be the result of two
mechanisms: first, a pH change due to ammonia evolu-
tion and second, an increase in ionic strength due to the
dissolution of particles. The contribution of the first

effect was estimated to be similar to that of the water
consumption, while the increase in ionic strength was
considered to be insignificant, since the concentration of
ions in the solution decreased after the reaction product
was formed. In general, the effect of the (-potential
change seems to be moderate, but the resulting viscosity
increase driven by this mechanism is not enough for
solidification of the ceramic suspensions.

The enormous increase in surface area observed dur-
ing the hydrolysis of AIN powder seems to be negligible
in terms of the overall alumina suspension with its small
AIN addition, since no isolated hydroxide particles were
observed within the solid parts. Instead, the amorphous
phase observed between the ceramic particles in the
suspension using TEM seems to play an important role
in the viscosity increase in ceramic suspensions.

Several different phenomena accompany the hydro-
lysis of the AIN powder added to an alumina aqueous
suspension and finally result in the solidification of the
suspension to form a solid green part. According to the
results of this study, the solidification is a cumulative
effect of internal water consumption, {-potential decrease
and the formation of amorphous aluminum hydroxides
within the liquid. The most significant role is believed to
be played by the formation of amorphous aluminum
hydroxides, either creating necks between the ceramic
particles or increasing the viscosity of the liquid.
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