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Abstract: Two natural calcium carbonate (CaCO3) powders were dispersed in
aqueous media and their colloidal processing ability was studied. In absence of
dispersant, electrophoretic measurement showed a very low surface charge den-

sity on calcium carbonate particles that do not allow the preparation of stable
suspensions suitable for the casting process. However, the addition of an appro-
priate dispersant caused a signi®cant increase of the surface charge density of
CaCO3 powders, enabling the preparation of relatively dense suspensions. Cal-

cium carbonate suspensions with very high solid loading (60 vol%) and viscosities
low enough for casting operations could be prepared. Rheological measurements
and casting experiments were performed in order to correlate the ¯ow character-

istics of the slips with the particle ability towards packing. Very high green and
sintered densities were obtained, reaching more than 74 and 95% of the theore-
tical density, respectively. Considering the availability, low price and the proces-

sing ability of calcium carbonate by colloidal techniques, as revealed in this work,
this material can represent a useful option for ceramic manufacture. # 1998
Elsevier Science Limited and Techna S.r.l.

1 INTRODUCTION

Calcium carbonate (CaCO3) is a material widely
used for many applications in di�erent industrial
®elds such as Portland cement,1 soda-lime glass-
ware, smelting of iron ore in foundry. In a near
colloidal size, calcium carbonate is widely employed
as a ®ller in paper and plastics industries.2,3

In the domain of ceramic science, calcium car-
bonate has been considered as a ¯ux in earthen-
ware and pottery production.4 Recent applications
as a bioceramic material for implantation purposes
have been proposed, due to its biocompatibility
and bioresorbability properties.5,6 Although this
ceramic material does not closely match the com-
position of the mineral bone as hydroxyapatite
does, it has some interesting advantages compared
to hydroxyapatite. Namely, it is a simple and
inexpensive raw material, and sintered bodies of
CaCO3 are mechanically stronger. The typical
decomposition reaction with the formation of
CaO and CO2 starting at a relatively low tem-
perature (700�C under air) can be avoided during
sintering by using a CO2 atmosphere or sintering

aids like Li3PO4.
7 Besides its potential use as bio-

ceramic material, calcium carbonate can represent
a useful option when a cheaper material with
complex shapes is required, provided that the
mechanical performance and/or temperature and
chemical environment conditions are not extreme.
The aim of this work was to study the processing

ability of the calcium carbonate by colloidal tech-
niques, namely slip casting, and obtain knowledge
for further processing of ceramic components
based on this material.

2 EXPERIMENTAL PROCEDURE

2.1 Materials and slip preparation
Two commercial calcium carbonate powders (M1
and M�, Mineraria Sacilese, Italy) were used.
XRD analysis (XDMAX, Rigaku Inc., USA)
revealed that calcite was the only crystalline phase
present in both powders. The chemical composi-
tion of the calcium carbonate used in this study, as
furnished by the supplier, and the pH of the
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suspensions in their full stabilised state are shown
in Table 1. Despite their natural origin, these pro-
ducts were relatively high purity containing more
than 99% of CaCO3. The SEM micrographies
(Hitachi S-4100, Japan) of the calcium carbonate
M1 and M� are presented in Fig. 1(a) and (b),
respectively. Both powders exhibit similar mor-
phological characteristics, consisting of polyfaced
particles with rounded corners. Initiated cleavage
cracks characteristic of the calcite materials can be
also observed in some particles at high magni®ca-
tion. These characteristics are not surprising since
the powders M1 and M�, are di�erent size frac-
tions of the same raw material prepared by grind-
ing. This can be con®rmed by the particle size
distributions of the powders (Mastersizer 4, Mal-
vern Intr., UK) reported in Fig. 2.
The dispersant used was an ammonium polycar-

bonate (Targon 1128, BK Ladenburg, Germany)
that in previous work8 was revealed to be very
e�cient in stabilising calcium carbonate suspen-
sions. The solid loading was varied from 40 up to
60 vol%. For each powder and solid loading tested,
the amount of dispersant that gave the lowest
viscosity was determined.
Experimentally, the suspensions were prepared

by ®rst mixing water and dispersant for 1min with
a mechanical stirrer. Then the powder was pro-
gressively added and kept under stirring for a

further 20min. Deagglomeration of the calcium
carbonate was performed by ball milling in a
plastic container for 16 h, using silicon nitride balls
as grinding media (diameter=15mm). Finally,
the balls were removed and the suspensions homo-
genised for 5 h by rolling in the same plastic
container.

2.2 Slip characterisation
Electrophoretic analysis was carried out with a
Zetasizer 4 (Malvern Instr., UK). The zeta poten-
tial was detected from the motion of particles
caused by an external electric ®eld. Measuring
the rate of the motion (electrophoretic mobility)
of the particles and using the Smoluchowski
equation, the zeta potential of the particles was
determined.9

The suspensions were characterised electrophor-
etically after dilution of the concentrated CaCO3

slurries in an aqueous electrolyte solution (KCl in
de-ionized water, 0.001M) up to solid concentra-
tions less than 0.01wt%. The pH was measured
with a pH meter (Corning 240, UK), calibrated
with bu�er solutions (pH 7, 10 Merck, Germany)
and pH adjustment was done with aqueous solu-
tion of HCl or NaOH (0.1 and 0.01M).
Rheological measurements were carried out with

a rotational controlled stress rheometer (Carri-med
500 CSL, UK), immediately after the 5 h slip con-

Table 1. Sample's description, pH of the suspensions and chemical analysis of the calcium carbonates used (as
furnished by the supplier)

40vol% 50vol% 55vol% 60vol%
M1 M� M1 M� M1 M� M1 M�

pH
9.1 9.1 9.2 9.1 9.1 9.1 9.0 8.9

CaCO3 SiO2 Fe2O3 Al2O3 MgCO3 S Mn Cr
M1/M� 99.6% 0.02% 0.005% 0.005% 0.33% <60ppm <10ppm <5ppm

Fig. 1. SEM micrographs of the starting calcium carbonate powders: (a) M1 and (b) M�.
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ditioning at strictly controlled temperature of
20�C. The measuring con®guration adopted was a
concentric coaxial cylinder and multi-step shear
measurements (10 points, max. equilibrium time of
3min) were performed in the shear rates range
from about 0.1 sÿ1 until 550 sÿ1. Before starting a
measurement, pre-shearing was performed at high
shear rate for 1min followed by at rest of 2min in
order to transmit the same rheological history to
all the suspensions tested.

2.3 Green and sintered body characterisation
From each suspension, three cylindrical samples
(diameter=28mm, thickness�4mm) were formed
by pouring the slip into plastic rings based on an
adsorbent plaster plate. The slip cast samples so-
obtained were dried in an oven at 120�C for 24 h,
and then sintered at 850�C in a vertical tubular
furnace under 1 atmosphere of CO2 (¯ow rate=3 -
litreminÿ1). The ®ring schedule adopted was
5�Cminÿ1 from 20�C up to 820�C, 1�Cminÿ1 up to
the sintering temperature, followed by a holding
time of 2 h, and free cooling down.
Densities of the green and sintered bodies were

measured by the immersion method in mercury.

3 RESULTS AND DISCUSSION

3.1 Slip characterisation
Figure 3 shows the zeta potential curves of the
CaCO3 powders in the presence and in the absence
of the surface active agent. It can be seen that the
surface charge density of calcium carbonate parti-
cles is very low (z&10mV). Without dispersant
added, the isoelectric point (IEP) appears to be
located at pH 7.3. However, this result should be
regarded with caution since the solubility of cal-
cium carbonate strongly increases with decreasing
pH. For pH values lower than pH&7 it was not
possible to measure the electrophoretic mobility
owing to rapid dissolution.10 In these conditions,
the ionic strength increases and consequently the
zeta potential should decrease even if the surface
charge was unchanged. The low negative surface
charge density might be due mainly to the relative
concentrations of calcium and carbonate ions in
solution, since they are the potential determining
ions.11 Both the magnitudes of the zeta potential
and the IEP of the calcium carbonate particles are
in close agreement with the ®ndings of other
authors.11,12

When Targon was added the repulsive forces
among particles increase considerably, as can be
depicted from Fig. 3. The negative zeta potential
increases and the presence of Targon also enabled
electrophoretic measurements further in the acidic
direction, suggesting that the solubility of the
CaCO3 particles might have been diminished by
the adsorbed polyelectrolyte chains. The composi-
tion of the functional groups of this dispersant
might have some relation with its e�ciency.
However, colloidal instability and almost com-
plete dissolution of the dispersed CaCO3 powder
occurred before any IEP could be detected. Zeta
potential measurements were di�cult in the low
pH region when the intensity detected by the pho-
tomultiplier decreased to about 25% of the max-
imum counting rate observed at higher pH
values.
Figure 4(a) and (b) show the viscosity curves of

the calcium carbonate suspensions at di�erent solid
loading and prepared with M1 and M� powders,
respectively. At low shear rates, all the slips show a
typical shear thinning behaviour with a decreasing
viscosity with increasing shear rate. In the case of
suspensions prepared with M1, this pseudo-plastic
behaviour is observed over all shear rate range
tested, whereas in the case of M�, they become
progressively shear thickening as the shear rate
increases. Further, it can be observed that the
viscosity level of the suspensions prepared with

Fig. 2. Particle size distribution of the starting calcium carbo-
nates powders.

Fig. 3. Zeta potential curves of calcium carbonate powders
without and with addition of dispersant (Targon 1128).
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M1, the ®ner powder tested, is generally higher
than in the case of M�. Overall, these ¯ow charac-
teristics become more evident as the solid loading
increases.
The shear thinning behaviour is usually associ-

ated with the slurry structure. At low shear rates,
liquid is immobilised in void spaces within ¯ocs
and the ¯oc network. As the shear rate is increased,
the ¯ocs and ¯oc network break down and the
entrapped liquid is released and a more ordered
structure in the ¯ow direction is formed.13 The
higher viscosity and the more pronounced shear
thinning character of calcium carbonate M1 can be
attributed to its higher speci®c surface area. The
e�ective volume of one particle is given by the sum
of the bulk particle and the thickness of the adsor-
bed or solvated layer. For a given solid loading, the
number of the suspended particles is considerably

higher for M1. Hence, for the same solid loading,
the e�ective volume fraction should be higher in
the case of calcium carbonate M1 and, conse-
quently, an increase of the viscosity level is expec-
ted and observed, in comparison with M�. At low
shear rate the interparticle forces still dominate the
particulate system. However, the agitation action
can gradually break down this structure by over-
coming the attractive energy corresponding to the
secondary minimum and thus the viscosity of the
suspension decreases. At high shear rates, the
hydrodynamic interactions between particles
become dominant and the number of collisions per
unit time increases. On the other hand, for particles
to slide over each other they have to increase their
average separation distance, especially when coarse
particles are present. This causes an apparent
increase in solid volume fraction that is responsible
for the increased viscosity, i.e. shear thickening,14

which tends to be more pronounced in the case of
M�.

3.2 Green and sintered body characterisation
Table 2 summarises the slip cast and sintered den-
sity of samples at di�erent solid loading. It can be
seen that for both powders tested, the density of
the green compacts steadily increases with increas-
ing solid loading, reaching a maximum value of
73.8% of the theoretical density, in the case of M1
at 60 vol%. However, for the other solid loading
tested, the density of the slip cast bodies tends to be
slightly higher with M� powder than with M1.
These results can be explained in terms of solid
loading and particle size distribution e�ects on
packing density of slip cast bodies.
An increasing number of particles in suspension

leads to higher viscosities, diminution of the segre-
gation phenomena, and to a closer mutual
approach between particles in suspension and so,
to a higher cast density in the wet state. In analogy
with alumina and silicon carbide powders,15,16

these results suggest that two solid loading regimes
(low and high) control the packing behaviour dur-
ing the forming process. At low solid loading, the
high amount of water available and the lower fre-
quency of collisions between particles enables the
formation of relatively thick hydrated layers

Table 2. Relative density of the green and sintered bodies at different solid loading (the theoretical density of
CaCO3 was assumed to be 2.71gcmÿ3)

M1 M�
Solid loading (vol%)

40 50 55 60 40 50 55 60

�(gcmÿ3) 1.79 1.85 1.90 2.00 1.84 1.87 1.95 1.99
TD (%) 66.1 68.3 70.1 73.8 67.9 69.0 72.0 73.4
�(gcmÿ3) 2.57 2.56 2.57 2.58 2.42 2.43 2.46 2.46
TD (%) 94.8 94.5 94.8 95.2 89.4 89.7 90.8 90.8

Fig. 4. Viscosity curves of the CaCO3 suspensions at di�erent
solid loading: (a) M1 and (b) M�.
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surrounding the particles. This higher interaction
size persists during the deposition stage, and even
in the wet cake, resulting in lower packing densi-
ties. In addition, the segregation phenomena are
enhanced at low solid concentration and further
decreases the ability of particles towards packing.
At high solid loading, the thickness of the hydrated
layer around particles is reduced due to the lower
amount of water available and to the higher fre-
quency of collisions between particles during slip
preparation. On the other hand, the segregation
phenomena become less and less important as the
solid loading increases. Assuming that no air is
entrapped within the green compact, a higher
packing density is expected in comparison with the
situation at low solid loading.
The small di�erence in packing behaviour

between M1 and M� might be related to the shape
of their particle size distributions (PSDs). In fact,
Fig. 2 shows that powder M1 has a narrower PSD
than M�. Many studies17±19 have demonstrated
that broader and/or bimodal PSDs are favourable
in terms of the packing performance, since ®ne
particles can occupy the interstitial pore spaces
between the coarser ones. This higher packing
ability of the M� powder should also occur in sus-
pension as can be depicted from the previous
rheological characterisation. Besides its lower spe-
ci®c surface area, the lower viscosity and the shear-
thickening behaviour of M� suspensions give fur-
ther evidence about the ability of this powder to
packing.
Results of sintered body density are also repor-

ted in Table 2. It can be observed that the density is
always higher in the case of M1, despite the slightly
lower density in green state. This results can be
explained as follows. The ®ner M1 particles are more
reactive than the coarser M�, owing to the higher
speci®c surface area. So, the high reactivity of M1
particles enhances solid state reactions with an
increased densi®cation level during sintering.20 For
each powder, an increasing trend of the sintered
density with solid loading is also observed, like in
the green state, suggesting that the particle packing
in¯uences the densi®cation during sintering.

4 SUMMARY AND CONCLUSION

. The naturally low surface charge density of
calcium carbonate in aqueous media can be
enhanced by using an anionic dispersant
based upon ammonium polycarbonates (Tar-
gon 1128).

. Colloidal processing of calcium carbonate
revealed to be very easy. It was possible to
prepare suspensions with very high solid
loading (60 vol%) and viscosities low enough
for casting operations. High dense slip cast
bodies were obtained, reaching about 74% of
the theoretical density, which after sintering
attain densi®cation levels of about 95%.

. Considering the availability, low price and the
processing ability of calcium carbonate by
colloidal techniques, this material represents a
useful option for ceramic manufacture.
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