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A bstvact 

The eflects of magnesia (MgO) on electrophoretic and 
rheological properties of aqueous alumina suspensions 
and on the characteristics of the slip cast bodies were 
evaluated. The influence of the dispersants and slip 
preparation procedure on all processing steps and 
on the ultimate properties of the sintered bodies was 
also discussed. 

The electrophoretic measurements showed a 
significant decrease in zeta potential when MgO was 
present in Al,O, aqueous suspension. This destabilising 
eflect of MgO was also confirmed by rheological 
measurements which showed an increase in viscosity 
and pseudoplastic behaviour of the slips. In slip 
casting, the destabilising efSect was expressed by a 
decrease in green body density. Nevertheless, the rela- 
tive density of the sintered bodies initially increased, 
reaching a maximum (99.7%) for 0.02 wt% MgO but 
decreased again with further additions. The results 
obtained showed that the optimal amount of magnesia 
resulted from its beneficial eflect on densification of 
alumina, and from its detrimental influence in slip 
stability and packing behaviour of suspended particles. 

The slip preparation procedure also aflected the 
ultimate properties of MgO-doped alumina. Namely, 
the dispersant used, and the order in which the pow- 
ders were added to the dispersant solution determine 
the degree of uniformity of the MgO distribution in 
the mixture, resulting in dixerent packing densities 
in both green and sintered states. The highest sintered 
density was obtained when magnesia was the first 
component added to the solution of the most efi- 
cient dtipersant used. Considering the observed results, 
an optimised route for the slip preparation was estab- 
lished. Copyright 0 1997 Elsevier Science Limited. 

1 Introduction 

Ceramic processing based on powder technology 
includes many steps from preparation of raw 

materials to sintering of shaped components. Each 
step is, in different ways, crucial for the ultimate 
material properties. In liquid based forming of 
ceramics such as slip casting or pressure slip casting 
the slip preparation, slip stabilisation and casting 
are processing steps which in an integrated way 
influence the final result regarding material homo- 
geneity, density and mechanical strength. Generally, 
an effective breakdown of particle agglomerates in 
the preparation of the powder suspension, an 
effective stabilisation of the particles and opti- 
mised casting conditions will favour the sintering 
and consequently, the ultimate properties of the 
ceramic material. 

Alumina is one of the most investigated ceramic 
materials owing to its wide use in the electroce- 
ramic field as well as a structural ceramic, some- 
times mixed with other materials in composites. 
Commercially available alumina powders usually 
contain some impurities that affect the ultimate 
material properties. Most of these impurities are 
not soluble in alumina and, at high temperature, 
form a thin liquid phase around the alumina particles 
that leads to abnormal grain growth. Hence, in 
monolithic alumina, some type of additive is used 
to enhance the sintering process and/or inhibit 
abnormal grain growth during sintering since 
large grains will decrease the mechanical strength. 
There exist many possible additives, mainly metal 
oxides which, with various efficiencies, act as sin- 
tering aids and grain growth inhibitors. One of the 
most used and also one of the most effective is 
magnesia (MgO). Because of its efficiency, very 
small amounts of MgO are needed for good 
densification and to limit abnormal grain growth 
during sintering.of alumina.lV3 

The role of magnesia in alumina was recently 
summarised by Bennison and Harmer4 in a historical 
review on the subject. However, most of the studies 
done so far have been focused on understanding 
the microstructural effect of MgO in the sintering 
process, such as an inhibitor of abnormal grain 
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growth, using various microscopic techniques. 
There are very few works which consider other 
processing effects of MgO, for example in slip rhe- 
ology or the forming process, which also will have 
a significant impact on the ultimate microstructure 
of alumina. 

An important factor to consider when using 
MgO in the processing of alumina is its special 
chemical and surface charge properties. One dis- 
advantage is the strongly basic nature of MgO 
displayed by a very high isoelectric point (pH 
10.5-12). This gives rise to difficulties in accurately 
dispersing and stabilising MgO particles using 
conventional dispersants such as polyelectrolytes. 
Further, MgO has a high solubility in acidic and 
neutral conditions which make it impossible to use 
pure electrostatic stabilisation at low pH which is 
otherwise a common way to stabilise alumina 
particles. 

The aim of this work was to evaluate the effects 
of MgO additions to alumina slips on the whole 
processing route from slip preparation to casting 
and sintering. Basically, the effects of two different 
dispersants and three different slip preparation 
routes on slip rheology and surface charge charac- 
teristics were examined. Two dispersants, one 
polycarboxylic acid (expected to give electrosteric 
stabilisation) and one sulfonic acid (expected to 
work mainly through an electrostatic stabilisation), 
were tested to evaluate the best stabilisation mech- 
anisms for the Al,O,/MgO system. 

2 Experimental Procedure 

2.1. Materials 
Two commercial powders were used in this study: 
alumina (A16 SG, Alcoa Chemicals, USA) with a 
BET specific surface area of 11 m’/g and magnesia 
(Analytical grade, Merck, Germany) with a BET 
specific surface area of 30 m2/g. Table 1 reports the 
chemical analysis of both powders as furnished by 
the suppliers. 

The dispersants used were Dolapix CE 64 
(Zschimmer & Schwarz, Germany) based on a 
polycarboxylic acid that imparts stability by elec- 
trosteric interaction’ and 4,5-dihydroxy- 1,3benzene- 
disulfonic acid, (Tiron, Aldrich-Chemie, Germany) 
that imparts stability preferentially by electrostatic 
interactions.6 

Fig. 1. Samples description (T = Tiron, D = Dolapix CE64). 

2.2 Slip preparation 
A first set of experiments, aimed to establish the 
best way to prepare MgO-doped alumina slips, was 
carried out by using suspensions with a constant 
solid loading of 40 ~01% without or with MgO 
powder addition (0.10 wt% based on alumina). 
The amounts of Tiron (0.25 wt%) and Dolapix 
CE 64 (0.45 wt%) were determined in a pre-study 
carried out with pure alumina suspensions. These 
values correspond to the optimised amount of 
each dispersant that gave the most stable and low- 
viscosity aqueous alumina suspension. 

Basically, each slip was prepared by first mixing 
dispersant and water. Then, while stirring, the 
powders were added and the resulting suspension 
was kept stirred for 30 min more. Deagglomeration 
and homogenisation was performed by ball 
milling in a plastic container for 24 h with A&O3 
cylindrical grinding media. After milling, the slip 
was conditioned for 24 h, by rolling in milling 
containers without balls, to stabilise its properties. 

In order to analyse the effects of MgO additions 
on slip preparation procedure, eight samples were 
prepared (see Fig. 1). In six of the samples MgO 
powders were mixed with Al,O, in three different 
ways, using both dispersants. 

The optimised slip preparation procedure was 
then chosen to evaluate the effects of different 
amounts of magnesia on alumina slip properties, 
the subsequent influence on slip casting and on 
the green and sintered body densities achieved. 

Table 1. Chemical analysis reported by the manufacturer of the A&O, and MgO powders used 

AW3 MgO NazO CaO SO, coj2- b03 

Alumina, Alocoa, Al6 SG, (wt%) 99.9 0.01 0.05 0.02 0.02 0.01 
Magnesia, Merck, (wt%) - min 97 0.03 1.5 0.005 



Influence of magnesia on colloidal processing of alumina 1343 

Alumina suspensions containing five different 
amounts of magnesia were tested. The total solids 
loading, 4, of the earlier slips was 40 ~01% (A&O, 
+ MgO), except for the composition with the 
highest MgO content (0.5 wt%) where 4 had to be 
lowered to 25 ~01% owing to a remarkable 
increase in slip viscosity caused by the additive. 

2.3 Slip characterisation 

2.3.1 Electrophoresis measurement 

The electrophoretic analysis was carried out with 
a Malvern Zetasizer 4 (Malvern Instruments Ltd, 
UK). This instrument uses a photon-correlation 
spectroscopy technique that enables particle size 
and zeta potential measurements. The zeta poten- 
tial was detected from the motion of particles 
caused by an external electric field applied to the 
sample. Measuring the rate of motion (elec- 
trophoretic mobility) and using the Smoluchowski 
equation, the zeta potential of the particles was 
determined.7 

The analysed suspensions were very dilute 
(< 0.01 wt%). The solvent used was an aqueous 
electrolyte solution (0.001 M KCl) and the pH 
adjustment was done with aqueous solutions of 
HCl or NaOH. The pH was measured with a pH 
meter (Corning 240), calibrated with buffer solu- 
tions (pH 7 and 10, Merck, Germany). 

2.3.2 Rheological measurements 
Rheological measurements were done with a rota- 
tional controlled stress Rheometer (Carrimed 500 
CSL), immediately after the 24 h slip conditioning 
at a controlled temperature of 20°C. The measuring 
configuration adopted was a concentric coaxial 
cylinder and steady shear measurements were per- 
formed determining the equilibrium viscosity 
(maximum equilibrium time 5 min) at several 
shear rates from about 0.5 s-l up to 550 s-‘. Before 
starting a measurement, 
formed at high shear rate 
same rheological history 
being tested. 

pre-shearing was per- 
in order to transmit the 
to all the suspensions 

2.4 Green and sintered body characterisation 
Cylindrical discs (diameter = 28 mm, thickness 
c. 10 mm) were prepared by unidirectional slip 
casting on a plaster plate and used for the density 
measurements both in green and sintered state. 
The samples were sintered at 1600°C for 4 h (from 
20°C until 1580°C at 5Wmin and from 1580°C 
until 1600°C at l”C/min). 

The density was measured by the Hg immersion 
method. Before measurement the green bodies 
were dried at 120°C in a stove for at least 24 h, 

whereas the sintered samples were dried in a stove 
at 120°C for 1 h in order to eliminate superficial 
humidity. 

3 Results and Discussion 

The presentation of the results is focused on the 
following four points: (i) the general MgO effect 
on aqueous alumina suspensions, (ii) the effect of 
the dispersant in Al,O,/MgO suspensions, (iii) the 
effect of the slip preparation route on the final 
material and (iv) the effect of different amounts of 
additive on colloidal processing of alumina. 

The first point was evaluated by comparing the 
results of samples TO and Tl, and DO and Dl . The 
evaluation of the second point was conducted by 
comparing the result of the samples T and D. For 
the evaluation of the slip preparation route the 
results of the samples Tl-T3 and Dl-D3 were 
compared. Finally, following the best slip prepara- 
tion procedure, the effect of different amounts of 
additive on colloidal processing of alumina was 
evaluated by comparing samples containing: 0 
(TO), 0.02, 0.05, 0.1 (Tl), 0.2 and 0.5 wt% of MgO. 

3.1 Slip characterisation 

3.1. I Electrophoresis 

Figure 2 shows zeta-potential curves for alumina 
and magnesia powders without any dispersant 
added. The isoelectric points (IEP) are located at 
pH 8.1 for A&O, and at pH 10.8 for MgO which 
is in agreement with the pH range reported in the 
literature.* In the case of MgO it was not possible 
to measure the electrophoretic mobility at pH 
values lower than pH 8.5 owing to the increasing 
solubility of this oxide with decreasing PH.~ 
Because of this reaction between the solid particles 
and the liquid medium the ionic strength should 
increase continuously with time at a given pH. 
This increase might be responsible for the low and 
almost constant zeta potential values observed in 
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Fig. 2. Zeta potential curves for MgO and Al,O, powders. 
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Fig. 3. Effect of the dispersants on zeta potential curves for 
A1203 powder particles. 

the pH range 8.5-10.5. When decreasing the pH in 
this region the electric double layer will be com- 
pressed by the increased ionic strength compensating 
the higher surface-charge density. Although these 
results should be regarded with caution they indicate 
clearly that the use of a pure electrostatic stabili- 
sation mechanism could only be possible for pH 
values above 12.5. However, such high pH will be 
very aggressive to plaster moulds as well as 
human skin. For lower pH values the opposite 
signs of surface charges on particles of individual 
oxides or an insufficient negative charge density 
on MgO particle surfaces will most likely lead to a 
hetero-coagulation phenomenon.1@‘3 Strong enough 
repulsive forces in this pH range can only be 
developed by using surface active agents or defloc- 
culants. 

The effects of Dolapix and Tiron on the electro- 
phoretic behaviour of alumina and magnesia par- 
ticles are shown in Figs 3 and 4, respectively, as a 
function of pH, For comparison, the curves with- 
out dispersant are also presented. It can be seen 
that the addition of dispersants causes significant 
changes in surface charge properties of both 
oxides. The IEP of the bare particles, as well as all 
the initial curves, were shifted in the acidic direc- 
tion. In the case of alumina, the displacement of 
the IEP was almost two pH units with Dolapix, 
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Fig. 4. Effect of the dispersants on zeta potential curves for 
MgO powder particles. 

and more than three pH units with Tiron. Further, 
the negative zeta potentials increase in the basic 
pH region and the positive values in the acidic pH 
region decrease. These effects were more pro- 
nounced when Tiron was used. In the case of 
magnesia the effects of the dispersants on the sur- 
face charge properties were similar to those observed 
with alumina. The presence of the dispersants also 
enabled electrophoretic measurements further in 
the acidic direction, suggesting that the solubility 
of the MgO particles might have been diminished 
by formation of some type of complex on the sur- 
faces (see Ref. 14). Again, this effect as well as the 
electrostatic charging was stronger when Tiron 
was used. However, independently of the disper- 
sant used, colloidal instability and almost com- 
plete dissolution of the MgO occurred before any 
isoelectric points could be detected. Zeta potential 
measurements were interrupted when the intensity 
detected by the photomultiplier decreased to about 
25% of the maximum counting rate observed at 
higher pH values, since reliable reading was 
impossible. 

The electrophoretic behaviours of the oxide par- 
ticles observed in this work are closely related 
with the ability of the dispersant molecules to 
adsorb on the solid surfaces, which in turn depends 
on factors such as pH, ionic strength, molecular 
weight, adsorption behaviour, nature, number and 
steric arrangement of the functional groups.5,6J”‘6 
For the alumina particles, this dependence has 
been clearly shown by Kummert and Stumm14 and 
by Graule et. al.5*6-‘5,16 who correlated the efficiency 
of organic dispersants with their molecular struc- 
ture. Low molecular weight aromatic5J4J5 and 
aliphatic acids6J4J5 were used as model com- 
pounds which were adsorbed on particle surfaces 
as single or multiple charged ions. Maximum 
adsorption densities were observed in the pH 
range of the pKa values of the dissociable groups, 
according to a ligand-exchange model (see Ref. 6). 
For compounds based on the benzene molecule 
they concluded that their efficiency as defloccu- 
lants was enhanced when two or more hydroxyl 
groups in the ortho-position were used as adsorb- 
ing (anchor) groups and when other functional 
groups were arranged in the meta-position, rela- 
tive to the hydroxyl groups. This arrangement is 
favourable since repulsive electrostatic interactions 
between the charging groups are avoided and the 
alumina surface is highly negatively charged. 
Tiron fulfils all these specifications and was 
pointed out as a very effective deflocculant for 
aqueous alumina suspension.6 In agreement with 
these findings, our results show that Tiron is more 
effective as surface charge modifier than Dolapix 
for both oxides used and can be concluded to be 
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Table 2. pH of concentrated and diluted slurries and zeta potential of the suspended particles 

0.25 wt% Tiron 0.45 wt% Dolapix CE 64 

TO TI T2 T3 DO Dl D2 D3 

pH of the slips 10.1 10.4 10.4 10.4 9.9 10.3 IO.3 10.2 
pH after dilution 8.0 8.1 7.9 7.9 8.1 8.3 8.7 8.2 
5 (mV) -50.7 -34.1 -31.6 -30.2 4.4 -25.2 -23.3 -246 

SO also for the mixed system. This is also con- 
firmed by the single point measurements displayed 
in Table 2, conducted with the different disper- 
sants and slip preparation routes. Note here that 
in the concentrated slurries the pH obtained with 
the two dispersants without any adjustments is in 
the range of 10.2-10.4 for a fixed amount of MgO 
(0.1 wt%) and changes between 10 and 11.4 when 
the additive varies from 0 to 0.5 wt%. On dilution 
with electrolyte (OXlO M KCl) for zeta potential 
measurements, the basic character of the suspen- 
sions decreased about 2-3 pH units and for that 
containing MgO it was also time-dependent. For 
the slurries containing 0.1 wt% MgO, the average 
measured values immediately after dilution were 
roughly pH 8 and pH 8-4 when the dispersant 
used was Tiron or Dolapix, respectively. This 
instability in pH might be mainly due to the disso- 
lution process experienced by the MgO particles 
and in a lower degree, to small differences in 
solids content. Hence, the measured values should 
be regarded with caution. Nevertheless, they indi- 
cate that the differences in zeta potential observed 
using the two dispersants cannot be attributed to 
different extensions of the proton association- 
dissociation reactions between surface particles 
and the surrounding solution, but rather to 
specific interaction between dispersant molecules 
and oxide surfaces and the resulting surface- 
charge density. 

Table 2 also shows that for the binary system 
the zeta potential was somewhat higher when 
route 1 was followed. When MgO particles are 
first added to the dispersant solution, the abundant 
dissociated multiple charged ions or polyelec- 
trolyte chains adsorb at the solid/liquid interface, 
increasing the negative surface charge, and push 
the IEP of the magnesia particles close to that of 
the bare alumina particles. In these conditions the 
introduction of A&O3 does not cause strong elec- 
trostatic attractions between particles of different 
materials and enables a homogeneous distribution 
of both powders to be achieved. When solid com- 
ponents are added in a reverse order (route 2) the 
suspended alumina particles acquire a high nega- 
tive surface charge at the pH of the suspension 

(PH = 10.1, see Table 2) where MgO particles 
exhibit a net positive surface charge. So, strong 

electrostatic attractions between different particle 
materials should occur in these conditions leading 
to a hetero-coagulation process. Further, the alu- 
mina is the major component of the system (99.9 
wt%). This fact combined with the high affinity of 
the dispersants to the alumina surface5,6,1”‘6 
means that a solution will become almost com- 
pletely depleted of absorbing species when MgO is 
added. Hence, MgO particles must compete with 
alumina particles to share the dispersant mole- 
cules and change their surface charge properties to 
avoid flocculation effects. The distribution of the 
dispersant among different particle materials needs 
time, especially in a hetero-coagulated suspension, 
and a degree of homogenisation as high as that 
obtained when magnesia is the first component 
added (route 1) will probably never be achieved. 
As expected the result was even worse when route 
3 was followed since in this case no effective 
homogenisation procedure was used after MgO 
addition. 

3. I .2 Rheology 
The rheological behaviours of suspensions, 
expressed by viscosity curves as a function of 
shear rate are shown in Figs 5 and 6, for the slips 
dispersed with Tiron and Dolapix, respectively. 
All suspensions displayed typical pseudoplastic 
character. However, this shear-thinning behaviour 
is stronger and the viscosity level is higher for the 
slips with MgO. These effects are consistent with 
electrophoretic results in that the strong repulsive 
interaction forces between alumina particles were 

+-TO 
---Tl 
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Pig. 5. Viscosity curves (equilibrium viscosity) for suspensions 
dispersed with Tiron. 
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Fig. 6. Viscosity curves (equilibrium viscosity) for suspensions 
dispersed with Dolapix. 

disturbed by the presence of magnesia. The detri- 
mental effect of the additive on slip stability can 
arise from the relatively low charge density on the 
magnesia particle surfaces and from an increased 
ionic strength (compressed double layer) due to 
partial dissolution of this oxide, or adsorption of 
Mg(I1) ions onto the alumina surface.’ 

Figures 5 and 6 also allow comparison between 
the effects of the dispersants on flow properties of 
A&O, and A1,03/Mg0 suspensions. Both are very 
effective in dispersing alumina, but Dolapix gives 
lower viscosities than Tiron, especially at lower 
shear rates. So, from the rheological point of view 
one could be tempted to choose Dolapix as the 
best deflocculant for alumina and attribute its dis- 
persing efficiency to a steric contribution, since its 
ability to change the surface charge is lower than 
that of Tiron. However, another completely differ- 
ent interpretation can also be given for the same 
rheological results using the concepts of hard size 
and interaction size.9*17 The calculated volume 
fraction corresponds to the solid loading of the 
slurry. The thickness of the hydrated, adsorbed, or 
electrical double layers around the particle pow- 
ders is not taken into account. However, collisions 
between particles do not necessarily involve hard- 
wall contact but could be mediated by interparticle 
forces, namely electrostatic repulsive forces which 
are stronger in the presence of Tiron. The inter- 
particle separation at which they may begin to 
‘feel’ each other’s presence depends on the range 
of surface forces. Thus each particle may be 
thought of as having an interaction size (effective 
diameter) which is something like its diameter plus 
twice the range of total surface force. The distinction 
between hard size and interaction size becomes 
important when high solid loadings and/or small 
particles are used.‘8,‘9 

The effect of dispersants with a low molecular 
weight such as Tiron is mainly based on the 
charging of the surface particles, thereby increas- 
ing the repulsive double layer forces. The steric 
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Fig. 7. Viscosity curves (equilibrium viscosity) for Al&& slips 
at various amounts of MgO. 

hindrance caused by the adsorption of these small 
molecules is believed to be insignificant except at 
very small particle/particle separations and/or for 
low surface potentials. 15,16 Nevertheless, the range 
of the repulsive interparticle forces should be 
longer when Tiron is used to disperse alumina as 
compared to Dolapix. The same holds for the 
binary system where Tiron gives lower viscosities 
than Dolapix. These results are in agreement with 
the electrophoretic measurements, in which the 
particles dispersed with Tiron had higher zeta 
potentials than when dispersed with Dolapix. 
Hence, the steric contribution to the interparticle 
potential expected by the polyelectrolyte-based 
dispersant can be concluded to be negligible. 

The rheological measurements also show differ- 
ences caused by the slip preparation route. Route 
1 (samples Tl, Dl) gives slips with higher viscosity 
than routes 2 and 3. This could be explained by a 
more homogeneous distribution of MgO particles 
which also might result in a more homogenous 
hetero-coagulation. With routes 2 and 3, MgO 
was not so well distributed and parts of the sus- 
pensions might exist where the flocculation effect 
of MgO was less pronounced. This trend was 
confirmed by the lower viscosities observed when 
route 3 is followed and Dolapix, the less efficient 
dispersant, is used. 

The rheological results expressed by equilibrium 
viscosity, for suspensions with various MgO con- 
tents are presented in Fig. 7. From the viscosity 
curves it can be seen that ail suspensions exhibit 
typical shear thinning behaviour with a relatively 
weak deviation from Newtonian behaviour for the 
slurries with no, or a small amount of MgO. These 
suspensions also showed a low degree of time- 
dependency. However, both shear thinning and 
thixotropic characteristics of the suspensions grad- 
ually increase with increasing amounts of MgO. 
From Fig. 7 it can be also observed that the equi- 
librium viscosity always increases with increasing 
MgO content, even for the suspension containing 
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Table 3. Density of the green bodies (the samples TO and Tl are without and with 0.1 wt% of MgO, respectively) 

0.25 wt% Tiron 0.45 wt’% Dolapix CE 64 

Amount of MgO 

TO Tl T2 T3 0.02 0.05 0.2 0.5* DO Dl D2 D3 

Density (g/cm3) 2.63 2.25 2.26 2.25 2.48 2.36 2.17 1.99 2.57 2.12 2.18 2.35 
TD(%) 66.1 56.5 56.8 56.5 62.3 59.3 54.5 50.0 64.6 53.3 54.1 59.0 

- 

*(4 = 25%). 

O-5 wt% MgO that has a total solid loading of 
only 25 vol%, compared with 40 ~01% in the other 
suspensions. 

The rheological results are in close agreement 
with the electrophoretic measurements. In the 
absence of magnesia, strong repulsive forces exist 
between alumina particles owing to the high nega- 
tive surface charge density given by the adsorbed 
and dissociated molecules of Tiron6 as referred to 
before. Owing to the strong basic character of 
MgO, its surface charge density is always lower 
than in the case of alumina at a given pH value. 
So, repulsive electrostatic interactions between 
unlike particles in suspension are weaker than 
electrostatic interactions between alumina- 
alumina particles. The solubility of magnesia and 
the consequent increase in ionic strength and pos- 
sible adsorption of Mg(I1) ions onto the alumina 
particles’ surface further reduces the range of the 
electrostatic repulsions. The affinity between A&O,- 
MgO particles will tend to build up a structure 
within the slurry leading to a hetero-coagulation 
process.1”12 The connective network formed can be 
broken down by shearing. Firth and Hunte?C23 
discussed this concept in the context of low solids 
loadings (C#J c 0.2) and flocculated slurries. They 
suggest that the yield stress and viscosity levels in 
these systems result from the bond formation 
between particles when there is no net interparticle 
repulsion. The bulkiness of the structure formed 
and the amount of liquid entrapped therein 
always increases as the repulsive component of the 
interaction decreases. The hydrodynamic forces 
exerted by the flow field, break this structure into 
smaller and smaller flow units releasing the liquid 
immobilised in the agglomerates and the viscosity 
decreases. The results show a close relationship 
between the flow characteristics of the suspensions 
and zeta potential near the particle surfaces in 
agreement with the DLVO theory.24*25 

3.2 Green body characterisation 

The relative density of the slip cast bodies pre- 
pared with undoped and MgO-doped alumina is 
shown in Table 3. In both cases the theoretical 

density (TD) was assumed to be that of the pure 
alumina (3.98 g/cm3). It can be seen that high 
green packing densities could be achieved in the 
absence of MgO, 66 1 and 64.6% for samples TO 
and DO, respectively. These results show that the 
highest packing density corresponds to the slurry 
with the strongest repulsive interparticle forces. 
Repulsive forces imply the retention of some 
stabilising medium (the difference between ‘inter- 
action size’ and ‘hard size’) which can lubricate 
the particle ‘contacts’, enabling particle rearrange- 
ment. Furthermore, a homogeneous microstructure 
will be maintained as each particle tries to remain 
as far away as possible from all its neighbours. 

Addition of magnesia causes a general decrease 
in green densities which gives additional confirma- 
tion about the flocculation effect of MgO. In fact, 
a linear relationship between the bulkiness of the 
flocculation and the green density achieved by slip 
casting has been established before.2” The decrease in 
green density is about 10% units of the TD when 
suspensions are dispersed with Tiron, independent 
of the route used to mix the powder components. 
With Dolapix the difference is even higher, 12.8% 
for sample Dl and 11.4% for sample D2, but 
smaller (7.1%) when suspensions were prepared 
according to route 3. These results are in close 
agreement with the electrophoretic and rheological 
measurements and clearly show that Tiron is the 
better dispersant. As discussed above, slip prepa- 
ration route 1 should give the higher degree of 
homogeneity and higher viscosity, considering the 
flocculating effect of MgO. When magnesia is 
added in a reverse order, before (route 2) or after 
the milling step (route 3) an increasing tendency 
to form local heterogeneities is expected and the 
flocculating effect of MgO is not transmitted to 
the whole suspension. This tendency should be 
accentuated when the less efficient dispersant is 
used. Hence, the observed results with lower sus- 
pension viscosity and higher cast green density, 
using Dolapix and route 3, are explained and further 
confirmed by a less effective sintering which will 
be shown later (Section 3.3). This situation gives 
emphasis to the importance of conducting the slip 
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Table 4. Density of the sintered bodies (the samples TO and Tl are without and with 0.1 wt% of MgO, respectively) 

0.25 wt”/o Tiron 0.45 wt% Dolapix CE 64 

Amount of MgO 

TO Tl T2 T3 0.02 0.05 0.2 0.5* DO Dl D2 D3 

Density (g/cm3) 3.86 3.88 3.86 3.82 3.97 3.94 3.84 3.83 3.86 3.84 3.80 3.78 
TD(%) 97.0 97.5 97.0 96.0 99.7 99.0 96.4 96.2 97.0 96.5 95.5 95.0 

*(@I = 25%). 

preparation in a proper way in order to avoid 
local agglomeration between A&O3 and MgO par- 
ticles and starting by homogeneously distributing 
the magnesia. To accurately disperse the MgO 
particles they should be added to the dispersant 
solution in order to approach the surface charge 
properties of the alumina. Otherwise, the opposite 
net-charge on different oxide particles will pro- 
mote strong local flocculation which gives rise to 
microstructural heterogeneities. 

The relative density of slip cast bodies prepared 
from suspensions containing different amounts of 
magnesia is also reported in Table 3. It can be 
observed that the packing density decreased with 
increasing amounts of MgO. The strong basic 
nature of MgO surface particles, their appreciable 
solubility in water and the low surface charge den- 
sity developed even in presence of Tiron, a very 
powerful surface charge modifier, might be the 
factors responsible for the modification of the 
structure of particles in suspension and, conse- 
quently, in consolidated bodies. It has been suggested 
that increased flocculation leads to increasing 
number and bulkiness of flocculations.2@23 Further, 
a linear relationship between the bulkiness of the 
flocculation and the green density achieved by slip 
casting has been established before.26 In agree- 
ment, the present results show that the structure 
of the particles in suspension is transmitted to the 
solid wall being built up at the plaster mould sur- 
face, as was already suggested,2628 and that MgO 
exerts a detrimental effect on slip casting perfor- 
mance of Al*03 suspensions. 

3.3 Sintered body characterisation 
Table 4 shows the results of density measure- 
ments. The relative density values were calculated 
assuming that the theoretical density of Al,O, is 
3.98 g/cm3. It can be observed that the density of 
the undoped alumina is quite high (97.0%) and 
independent of the dispersant used, in close agree- 
ment with electrophoretic and rheological results 
where samples TO and DO have the highest zeta 
potential values and the lowest viscosities. Under 
these conditions particles are expected to be 
strongly repulsive, and act as individual flow units 

enabling homogeneous and high packing green 
densities to be achieved in slip casting, and more 
effective densification during sintering. 

When MgO is added, the final sintered density 
depends on the type of dispersant and slip prepa- 
ration route. The densification level of the samples 
with MgO using Tiron as dispersant was always 
higher than with Dolapix, confirming that Tiron 
has greater potential to disperse the binary system. 
The milling action in the slip preparation appears 
also to be an important factor influencing the final 
material properties, since the density of the sam- 
ples steadily decreases from route 1 to 3, contrary 
to the trend observed in the green state, especially 
with Dolapix. Obviously, less homogeneously dis- 
tributed MgO gives a lower degree of flocculation 
resulting in higher green density, but lower sin- 
tered density owing to less favourable sintering 
properties. However, compared to the pure alu- 
mina, only a small gain in degree of densification, 
was obtained using Tiron and the suspension 
preparation route 1 (sample Tl) in which MgO 
powder was introduced into the dispersant solu- 
tion before the Al,O,, followed by a milling step. 

The influence of the amount of magnesia on TD 
of sintered bodies is also shown in Table 4. It can 
be seen that, despite the observed decrease in 
green density with increasing amounts of MgO, 
the relative density of the sintered bodies increased 
initially, reaching a maximum (99.7%) at 0.02 wt% 
MgO, but decreased with further additions. This 
maximum in relative density occurs when the con- 
centration of MgO equals that of CaO (see Table 
1). These results are in close agreement with the 
findings of Bae and Baik.* These authors studied 
the effects of MgO on densification and grain 
growth of an ultrafine (> 99.999%) alumina in 
absence of any other impurities, as well as in the 
presence of various amounts of CaO. The dopants 
were introduced from aqueous solutions of 
hydrated calcium nitrate and magnesium acetate 
tetrahydrate and the doped powders were consoli- 
dated by dry pressing techniques. They concluded 
that MgO addition to ultrapure alumina enhanced 
both grain growth and densification kinetics. For 
a given concentration of CaO, at least the same 
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amount of MgO was necessary to prevent abnormal 
grain growth and maximise the sintered density. 
However, despite the higher sintering temperature 
used (1900°C, compared to 16OO”C), the maximum 
relative density values were considerably lower (= 
96%) than the almost full density obtained in the 
present work. Although differences in the physico- 
chemical characteristics of the starting materials 
can account for these results, the higher densities 
achieved in our work can mainly be derived from 
the efficient consolidation technique used and also 
from the optimised slip preparation procedure 
adopted. Consequently, it has been recognised 
that colloidal methods for treating and consolidat- 
ing powders offer the potential to produce more 
reliable structural ceramics.29 

Besides the interference that other impurities 
might have on the role of MgO as a sintering aid of 
alumina ceramics, which seems still not to be very 
well understood, *v3 the maximum in relative den- 
sity observed for O-02 wt% MgO might result from 
the two contradictory effects of magnesia. Firstly, 
the reduction of electrostatic repulsive forces with 
increasing amounts of magnesia enables free parti- 
cle agglomeration promoted by Van der Waals 
forces and leads to a continuous lowering of parti- 
cle packing and to the formation of intra- and 
inter-agglomerate pores with different size.29 The 
larger pore sizes formed between agglomerates are 
stable and can persist during and after the heat 
treatment determining the densification behaviour 
and final microstructure of the sintered bodies. On 
the other hand, the sintered density is higher when 
using up to 0.1 wt% MgO compared to the pure 
alumina sample, despite the considerably lower 
green density. Obviously, MgO has a significant 
impact on sintering and densification behaviour, 
also at these higher amounts. This is probably the 
case at the highest MgO contents (0.2 and 0.5 
wt”) where the sintered density still is in the same 
range as that of pure alumina, considering the 
much lower green densities for these samples. 

4 Summary and Conclusion 

MgO additions have been shown to increase the 
viscosity as well as the degree of pseudoplasticity 
of alumina slips. This gives a clear indication of a 
destabilising effect owing to the dissolution of 
MgO and the consequent increase in ionic 
strength. The decrease in stability was further 
confirmed by electrophoretic measurements, in 
which the zeta potential of the alumina particles 
was significantly lower with MgO than without. In 
slip casting, the destabilising effect was expressed 
by cast bodies with lower densities. 

The electrostatic stabilising effect in the 
Al@3/MgO system given by Tiron is more effec- 
tive than the electrosteric effect expected from 
Dolapix. This fact was confirmed in all the steps 
of the colloidal processing. The slip dispersed with 
Dolapix showed higher viscosity and lower zeta 
potential than that with Tiron. Further, the densi- 
ties of green as well as sintered bodies were lower 
with Dolapix than with Tiron. 

The slip preparation route 1, where the MgO 
was dispersed before the alumina, was shown to 
be the most favourable conception since the density 
of the sintered body obtained with this route was 
the highest for both dispersants used. Further, the 
gain in alumina densification with MgO existed 
only when the slip was prepared with Tiron using 
route 1. 

Finally, the extent of the hetero-flocculation 
phenomenon caused by addition of magnesia to 
aqueous alumina suspensions is directly connected to 
the amount of MgO added. This destabilising effect 
of MgO caused an increase in equilibrium viscosities 
as well as in the shear thinning behaviour of alu- 
mina slips. The hetero-flocculation effect of MgO 
particles was also confirmed by the slip casting 
experiments that clearly showed a continuous 
decrease in green densities with increasing 
amounts of MgO. On the other hand, the density 
of the sintered bodies initially increases by addi- 
tion of MgO, reaching a maximum (99.7%) for 
0.02 wt% MgO and then decreases again with fur- 
ther additions. This maximum in relative density 
might result from two contradictory effects of 
magnesia on processing alumina by colloidal tech- 
niques: the beneficial effect on densification during 
sintering, and the deleterious hetero-flocculation 
effect between different powder components. Con- 
sequently, eventual positive effects on the sintering 
using higher MgO contents, cannot compensate 
the low green density obtained in slip casting. 

To take full advantage of using magnesia as a 
sintering aid in colloidally processed alumina bodies, 
its positive influence on densification process 
needs to be correctly balanced by the negative 
effect on rheological properties of slips and their 
ability towards packing. 
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