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ABSTRACT

In this paper, studies were made on the preparation of ceramic inkswith: (i) alumina powder
in ethyl alcohol and (ii) zirconiapowder in ethyl alcohol at different volume fractions of ceramic.
Different amounts (0.75-3.00 vol %) of an organic dispersant (oleic acid) were added to ceramic
ink containing 5 per cent of ceramic by volume in ethyl alcohol. The viscosities of the suspensions
were determined with Brookefield viscometer (model: DV-E), which is suitable for measuring
the viscosities of suspensions accurately. These inks were deposited on a substrate to see their
spread. The sediment packing densities (¢,) of the resulting suspensions were cal culated using
theoretical models which can be related to the density that can be achieved in the final product.
The highest sediment packing density was arrived at |ow viscosity values of the ink and occurred
when 1 per cent of dispersant by volume was used for 5 per cent alumina content. For 5 per
cent zirconia content, 2 per cent of dispersant by volume gave a similar result. Experiments
were also conducted to find the value of ¢ for different solid loadings (5-25 vol %) of ceramic
with 1 per cent dispersant. It was observed that the sediment packing density and the apparent
viscosities were increasing when solid loading concentrations were increased for both alumina
and zirconia-based inks. The optimum value of ¢ _and viscosity have been determined from this
study. The results of this preliminary study will be useful for further investigations on the
rheological behaviour of ceramic inks for direct ceramic inkjet printing.
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assembling ceramic particlesinto a complex shape

Direct ceramic inkjet printing (DCIJP) uses
ceramic powder contained in a carrier medium which
is deposited using a delivery system actuated by
apiezoelectric device. Since the diameter of nozzles
used in the DCIJP is in the range 20-75 um, the
typical droplet diameter is 60 um. Successful DCIJP
depends on the preparation of suitable ceramic ink
which is essentially awell-dispersed suspension of
a fine powder. The dispersion must be stable and
free from agglomerates. The DCIJP technique, for

layer by layer ready for sintering, is suited for the
manufacture of components of advanced materials.

Microfabrication of ceramic parts at the
submillimeter scale is atime-consuming and expensive
process. Lithographic techniques used for ceramic
microfabrication, which are also used to fabricate
the integrated circuits and microel ectromechanical
systems (MEMSs), take several weeks to go from
CAD drawingsto completed chips and require very
expensive facilities and extreme processing conditions.
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An alternate approach in which multiple small volumes
of ceramic material isdeposited at computer-defined
positions, could enable tool-1ess all-additive fabrication
of such devices on a much faster and economical
basis. The droplet shape, its spread, and quantity
of ink delivered, are to be controlled for making
the process economical. In the modified drop-on-
demand jet printer, a droplet of ink is formed by
a pressure pulse generated by a piezoelectric actuator
adjacent to the orifice.

In such aprocess, increasing the volume fraction
of the ceramic isdesirable to increase the deposition
rate. However, the volume fraction of ceramic in
theink islimited, because the ink must flow through
small (micro) nozzles, to form fine droplets. The
study revealsthat an active research istaking place
in the area of DCIJP.

Thus, an attempt has been made to carry out
a systematic study in the preparation of ceramic
inks, and determination of their propertiesfor DCIJP.
These studies are aimed at providing actual data
relevant to the preparation of ceramic inks and
their rheolological behaviour so that researchers
can use these as initial values and further refine
these.

2. PREPARATION OF CERAMIC INK

The success of DCIJP is dependent on the
rheological behaviour of ceramic ink, which is
essentially a well-dispersed dilute suspension of
a powder in a liquid.

The important requirements of ceramic ink are:

* Theink should have appropriate viscosity and
surface tension for consistent droplet formation.

®* The ink should possess good dispersion and
stability of ceramic powdersto prevent blockage
at the nozzles and to avoid sedimentation in
the valves and pipelines of the printer.

®* The ink should have sufficiently high drying
rate to increase the printing speed while avoiding
sagging and obtaining good edge quality.

* The ink should have sufficient strength and
flexibility for subsequent handling.
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The sedimentation behaviour of a ceramic
suspension is often used as an indication of the
degree of deflocculation. The rate of sedimentation
can be used to assess the state of flocculation.
Viscosity of a ceramic suspension is influenced by
the degree of dispersion.

Attempts have been made to prepare ceramic
inksin the form of zirconia suspension and suspension
of alumina powder in paraffin wax with viscosity
values sufficiently low to allow inkjet printing using
acommercially available printes-s | these studies,

viscosity, surface tension, and dispersion achieved
in the inks, drying rate, and green strength of the
deposit were considered.

Zirconia has been doped with 5.4 wt per cent
yttria having density of 5954 kg/m?®in 99.5 wt per
cent butyl acetate of 881 kg/m® density with the
hypermer KDI dispersant. The average particle size
and specific surface area of the powder® has been
100 nm and 7 m?/g, respectively. Alumina powder
with a particle size of 400 nm and specific surface
area’ of 8.2 m?/g has been dispersed in alow melting
paraffin wax having viscosity of 2.8 mPa.s at
100 ° C, to produce stable suspensions of alumina
with hypermer FPI or hypermer LPI as dispersant.
Efforts have been made to optimise the dispersion
and viscosity of inks and it has been found that
addition of 1-2 wt per cent of dispersant corresponds
to the highest adsorption level of the powder, the
maximum sediment-packing efficiency, and the minimum
ink viscosity®. Attention has also been focused on
binders that will result in good surface finish,
dimensional accuracy, and high resolution.

3. INK DEPOSITION TECHNIQUES

Varioustechniques attempted on ceramic inkjet
printing are piezoel ectric drop-on-demand, continuous
inkjet printing, and thermal techniques. Studies have
been carried out on the deposition of ceramic inks
through piezoelectric continuous inkjet printing®’.
It has been identified that with the appropriate binders
and dispersants, the ceramic ink containing zirconia
can be printed to produce 2.5 mm thick bars. Deposition
of ceramic ink has also been carried out using
piezoelectric drop-on-demand inkjet printing®.
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4. THEORETICAL STUDIES ON VARIOUS
EMPIRICAL MODELS FOR PREDICTING
VISCOSITY OF CERAMIC SUSPENSIONS

Mooney® derived an empirical relation between
the relative viscosity and the effective dispersed
volume as

1.25¢
- ‘/1+ 0.5¢, e(_l"q’s )

I 1-¢y (1)
where, p is the viscosity of suspension (apparent
viscosity), u isthe viscosity of the organic carrier,
and ¢_is the solids loading volume fraction.

Later, studies conducted by Krieger and Dougherty?
led to an approximate model for concentrated solutions
given by the following equation:
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where ¢, isthe apparent maximum solids concentration
(depends on the additives used and the concentration
of the additives), and K, is the apparent hydrodynamic
shape factor of particles.

Krieger-Dougherty validated this equation with
experimental setup consisting of an agueous suspension
of latex spheres.

In the latest study made by Liu', all the above
model s were considered and several equationswere
used to correlate viscosity of suspension with solid
concentration, and an equation that can produce
arather satisfactory prediction for highly concentrated
suspensions was developed. The model has been
proven experimentally to be applicable to several
concentrated suspensions, and it has the following
form:

o, |
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After acritical literature survey, it was understood
that there is enough scope to carry out research

in the area of preparation of ceramic inks, their
rheological behaviour, and spread of these inks on
asubstrate. These results can provide the researchers
with valuable information on the properties of ceramic
ink and the characteristics of actuation mechanism
to gject the droplet, and spread of droplets for
different substrate conditions. Therefore, a systematic
study was carried out with the objectives as described
below:

4.1 Objectives

With the above background, apreliminary study
was carried out to prepare ceramic inks based on
the previous experiments conducted by other researchers
and study their properties for the DCIJP. The objectives
of this study were to prepare ceramic inks with
aluminaas the solid in ethyl alcohol (carrier) with
different levels of alumina content with a suitable
dispersant, measure their viscosities over a range
of shear rates, determine the maximum packing
densities using theoretical models, repeat the above
for zirconia-based ink, highlight the salient points
inferred from these studies, and suggest suitable
levels of ceramic and dispersant in the ink for the
best performance.

5. METHODOLOGY/EXPERIMENTAL
PROCEDURE

5.1 Preparation of Ceramic Ink

An electronic balance from Shimadzu
Corporation, Japan, having capacity: 220 g,
readability: 0.001 g, type BL: 220H was used
for accurately weighing the ceramic particles.
Ceramic inks were prepared using ultrasonicator
(Sonics Vibra Cell, USA). The frequency was
set at 20 kHz. The viscosity of suspension (with
different vol % of ceramic and dispersant) was
measured using Brookfield digital viscometer
(model: DV-E). Zirconia (ZrO,) having density
of 5.5 kg/m?, molecular weight of 123.22, and
assay 98.5 % and alumina having density of
3.96 kg/m?3, molecular weight of 101.96, were
used. Ethyl alcohol of 99.9 % purity was used
asacarrier medium and oleic acid as a dispersant.
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5.2 Determination of Packing Density

After studying various viscosity models, Equation
(3) given by Liu® was used to calcul ate the apparent
maximum solid concentration (¢,_) and to determine
its value, the procedure was followed as found in
literature. The values of logarithmic viscosity
(log n) have been plotted against y¥2, where y is
shear rate (s) and the value of viscosity corresponding
to y¥2 approaching zero is obtained (infinite shear).
The shear rate, that is used to achieve the extrapolation,
aretypically 1000-15000 s* for all the suspensions'.
Using Egn (3) the value of ¢ was found. This
procedure was applied to determine the value of
¢, for: (@) ceramicink containing 5 per cent alumina
by volume and ethyl alcohol with different vol per
cent of dispersant and (b) ceramic ink containing
5 per cent zirconia by volume and ethyl alcohol
with different vol per cent of dispersant. This was
to study the effect of dispersant content in achieving
the desired levels of packing density. The value of
¢ was determined for ceramic inks containing: (a)
different vol per cent of alumina with dispersant
content of 1 per cent by volume and (b) different
vol per cent of zirconia with dispersant content of
1 per cent by volume, asin the previous procedure.
This was to study the effect of solid content in
achieving the desired levels of packing density.
After carrying out these studies, the results have
been plotted graphically.

6. RESULTS & DISCUSSION

6.1 Discussion on Measurement of Viscosity
and Calculation of ¢

In this study, ceramic inks with different
compositions: (a) 5 per cent alumina by volume
and ethyl alcohol with different dispersant contents,
(b) 5 per cent zirconia by volume and ethyl alcohol
with different dispersant contents, (c) different vol
per cent of alumina contents and ethyl al cohol with
1 per cent of dispersant, and (d) different vol per
cent of zirconia contents and ethyl alcohol with 1
per cent of dispersant, were prepared and viscosity
measurements were carried out at different shear
rates. The observations are graphically represented
in Figs 1-4.
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Figure 1 represents the variation of viscosities
with shear rate for the ceramic ink containing different
vol per cent of alumina and ethyl alcohol with 1
per cent of dispersant. It isevident that with increase
of shear rate, viscosity is reduced, typical shear
thinning (pseudo plastic) behaviour represented by
several ceramic inks. With ceramic content increasing
also the sametrend isobserved. The sameisobserved
for zirconia-based ink as shownin Fig. 2. At higher
volume content of ceramic, the viscosity values
significantly differ for thesetwo inks. Theincreased
density of zirconia (5.5 kg/n#) compared to alumina
(3.96 kg/m3) results in faster settling of particles,
thereby increase in viscosity.

Figures 3 and 4 represent the variation of viscosity
with dispersant content at several shear rates for
ceramic inks containing 5 per cent alumina by volume
and ethyl alcohol, and 5 per cent zirconiaby volume
and ethyl alcohol, respectively. The addition of

250 1
—— 5% ALUMINA
—@— 15 % ALUMINA
2004 —tr— 25 % ALUMINA
1 VOL % DISPERSANT
w
& 150+
£
>
'_
D
3
S 100 4
1 '\‘\‘\1
0 T T T 1

39.6 66.0 79.2 132.0
SHEAR RATE (S%)

Figure 1. Variation of viscosity with shear rates
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Figure 2. Variation of viscosity with shear rates

dispersant influences (increases) the viscosities of
the ceramic inks significantly at lower shear rates
when the dispersant content is 1.5-2.0 per cent for
alumina-based ink and at 1.5 per ent (approximately)
for zirconia-based ink®. Theinfluence of dispersant
isfelt only for aparticular level because the interaction
between the ceramic particles depends upon pH
values and the net electric field created. It may be
noted that oleic acid isaviscousliquid (180 mPa.s).

The packing densities were calculated using
Eqgn (3) as mentioned in methodol ogy. To determine
the viscosity at infinite shear rate as required by
Eqgn (3), Fig. 5 isused in which logarithm of viscosity
values are plotted against square root of shear
rates. Fig. 5 representsthisvariation for the ceramic
ink containing 5 per cent aluminaby volume, ethyl
alcohol and 0.75 per cent dispersant. Thisisrepeated
for inks with different ceramic (aluminaand zirconia)
contents keeping dispersant level constant and for
inks with varying dispersant content maintaining
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Figure 3. Variation of viscosity with dispersant content
(5% alumina).

constant ceramic content. Thus, ¢_ is determined
for a large set of experiments.

Figure 6 represents the variation of packing
densities with dispersant content for 5 per cent
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Figure 4. Variation of viscosity with dispersant content
(5% zirconia).
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Figure 5. Determination of p at infinite shear rate

aluminaink. The maximum packing density is achieved
at 1 per cent dispersant content. As dispersant content
is increased, there is reduction in packing density
at 1.5 per cent dispersant content and there is a
marginal increase beyond this.

For zirconia-based ink (5 % volume), the maximum
packing density is achieved at 2 per cent dispersant
content. Beyond thisthereis adrop. Thisis shown
in Fig 7. The behaviour of packing density with
dispersant vol per cent is found to be non-monotonic.
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Figure 6. Variation of packing density with disper sant content
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As discussed earlier, the role of dispersant is to
alter theinterparticleforces (electrostatic in nature)
and control several rheological properties. Thus,
there will be an optimum level for a dispersant for
a given ceramic suspension so that more ceramic
particles are bonded together, eading to a maximum
concentration in an ink droplet. For other ranges
of dispersant content, interparticle forces developed
may not lead to the same particle content.

When ceramic content is increased, keeping
dispersant content constant as expected, there is
an increase in packing density for both the types
of inks. Thisis due to the increased concentration
of particles Figs 8 and 9.

These observations are useful to relate the
frequency of actuating membrane with viscosity-
shear rate relations, dispersant content-viscosity
relations and dispersant content-packing density
relations of these inks. The preparation of inks and
design of nozzle can benefit from these studies.

Qualitative studies were made on spread of
droplets made of inks as discussed. These inks
were deposited from a burette on wetting substrate
(black colour thick conventional paper) and photographs
are presented in Figs 10(a) to 10(j). The pattern
of spread of droplets of inks (alumina, zirconia)
arefound to be distinctly different. This difference
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Figure 7. Variation of packing density with dispersant content
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Figure 8. Variation of packing density with alumina content
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Figure 9. Variation of packing density with zirconia content

can be attributed to the force system existing on
the drop-substrate interface, which is governed by
the forces devel oped due to the particle interactions
in the drop. Aszirconiais heavier compared to alumina,
the settling of zirconia particlesis significant and it
is indicated by the higher viscosity values. As the
viscous forces oppose the capillary forces, spread is
reduced in the case of zirconia-based ink droplet.

7. CONCLUSIONS

Ceramic inks were prepared with different ceramics
with varying contents of ceramics and dispersant
using ultrasonic equipment. Viscosities of these
inks were measured with Brookfield viscometer.
The packing density was cal cul ated using theoretical
models proposed by the researchers. The addition
of dispersant influences the viscosities of the inks
for a specific range of dispersant content. Beyond
thisrange, this effect is not very significant. Basically,
the role of dispersant is to alter the electric field
surrounding each particle when it is suspended in
a carrier. As this is controlled by pH values, it is
possibleto have an optimum range for the dispersant
content to influence the particle interactions. | ncreased
shear rate reduces the viscosity of the inks significantly.
Thisisin agreement with the observation that ceramic
inks are shear thinning.

The dispersant content influences packing
density also. Thisisagain attributed to the dispersion
achieved in the ceramic ink. When particles are
well separated, a drop can contain less number
of ceramic particles. But when these are less
dispersed, the deposit will have an increased
content of ceramics. Thus, an optimum can be
determined from these studies. As dispersant content
isincreased, there isreduction in packing density
at 1.5 per cent dispersant content and there is
a marginal increase beyond this.

Spread of the droplet of these inks, as seen in
the photographs, indicates the variation in diameter
and drop shape for these two inks. The interfacial
energy of the ink-substrate system controls the dropl et
spread. Alumina-based ink is seen to have good
spread compared to the zirconia-based ink. Zirconia-
based ink is found to settle faster, which can be
attributed to the higher density of zirconia. Thus,
it is more viscous and resists the capillary forces,
leading to reduced spread.

This preliminary study can help researchersin
the preparation of inks with suitable rheological
properties and simulation studies can provide them
with directions to the design of the equipment for
ink delivery.
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(a) 1 vol % dispersant + 5 vol % Al,O,+ ethyl alcohol (f) 1 vol % dispersant + 5 vol % ZrO,+ ethyl alcohol

(b) 2 vol % dispersant + 5 vol % Al,O,+ ethyl alcohol (9) 2 vol % dispersant + 5 vol % ZrO, + ethyl alcohol

(c) 3vol % dispersant + 5 vol % ALO,+ ethyl alcohol (h) 3 vol % dispersant + 5 vol % ZrO,+ ethyl alcohol

(d) 15 vol % ALO, + 1 vol % dispersant + ethyl alcohol (i) 15 vol % ZrO, + 1 vol % dispersant + ethyl alcohol

(e) 25 vol % ALO, + 1 vol % dispersant + ethyl alcohol (i) 25 vol % ZrO, + 1 vol % dispersant + ethyl alcohol

Figure 10. Droplet spread for varying volume per cent of dispersants and ceramic particles
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