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Abstract

The gelcasting process for shaping of plasma syn-
thesized nanosized TiN with regard to the disper-
sion behaviour and the resultant microstructures has
been investigated. The dispersion behaviour of the
powder and rheology of the slurries under the infl-
uence of three different dispersants have been stud-
ied as a function of pH. Solid content of the slurries
was up to 22 vol%. The isoelectric points as mea-
sured by the streaming potential method were found
to be at a pH of 3-7 and lower. Sintering of the
dried and debindered green bodies was carried out
in a N, atmosphere with the application of 50 bar
gas pressure in the final sintering stage leading to
densities of 95-5%. Resulting microstructures are
strongly dependent on the dispersant used. © 1996
Elsevier Science Limited.

Der Polymerschlickergiefiprozef ist fiir die Formge-
bung von nanokristallinem TiN, das durch einen
plasmainduzierten Gasphasenreaktionsprozefs
hergestellt wurde, untersucht worden. Dabei standen
das Dispersionsverhalten und die entstehenden
Mikrogefiige im Vordergrund. Unter Verwendung
von drei unterschiedlichen Dispergatoren sind das
Dispersionsverhalten des Pulvers und die rheologis-
chen Eigenschaften der Schlicker in Abhdngigkeit
vom pH-Wert untersucht worden. Der Feststoffge-
halt der Schlicker betrug bis zu 22 vol%. Die
isoelektrischen Punkte, bestimmt mit der Methode
der Stromungspotentialmessung, lagen bei pH-
Werten von 3-7 und niedriger. Die Sinterung der
getrockneten und entbinderten Griinkérper wurde
unter einer N Atmosphdre in einer Gasdrucksinter-
anlage durchgefiihrt, wobei in der letzten Sinter-
phase der N,-Druck auf 50 bar erhoht wurde. Die
erreichten Sinterdichten betrugen bis zu 955%,
wobei die Homogenitdt der Gefiige stark vom ver-
wendeten Dispergator abhdngig war.
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1 Introduction

Gelcasting is a new forming method for the shap-
ing of ceramic green bodies. As shown in several
publications this process is applicable to shaping
of both monolithic ceramics and composite mate-
rials.'”* In this process the ceramic powder is dis-
persed in a liquid medium in order to obtain a
high solids loaded slurry which is then cast into a
mold of the desired shape. In aqueous gelcasting
the interaction between the particle surface and
water as the dispersing medium is of crucial
importance. In most cases a surface modifying
agent must be added in order to reduce the inter-
particle attractive forces and to obtain colloidally
stable, homogeneous slurries characterised by a
viscosity low enough for casting and for proper
de-airing prior to casting. Since the rheological
behaviour of slurries with high solids loading
tends to be non-Newtonian® the rheology of the
slurry is important to investigate. The characteri-
sation of the electrokinetic behaviour and the cor-
responding isoelectric points (IEP) is important
for working at pH values where the colloidal sta-
bility of the slurries is high enough. In the present
work the main objective was the screening of the
influence of commercially available dispersants for
dispersing nanocrystalline titanium nitride in
water and the investigation of the gelcasting
process for this material.

2 Experimental Procedures

The gelcasting process flow chart is shown in Fig. 1.
The slurries were prepared by suspending the
powder in distilled water with different disper-
sants. The dispersants used were PC 33, a polycar-
bonate; CE 64, a citric acid derivative and KV
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Fig. 1. Gelcasting process flowchart.

5088, an aminoalcohol (Zschimmer and Schwartz,
Lahnstein, Germany). Prior to measurement and
casting the slurries were mechanically stirred,
ultrasonicated and degassed under vacuum. The
electrokinetic characterisation and the measure-
ment of the IEP were carried out with the
particle charge detector PCD 02 (Malvern, Munich,
Germany) according to the streaming potential
method.” The adjustment of the pH was done
using hydrochloric acid. For these measurements
a slurry with 10 wt% TiN was prepared. Disper-
sants have been added at a concentration of 0-6 %
relative to the powder content. The viscosity mea-
surements were carried out by means of a rotary
viscosimeter (Haake Rotovisko RV 3) with a coni-
cylinder and cup geometry (measuring head DMK
50/500, measuring system MV-DIN), according to
the DIN Norm 53019-TO1-80, in the shear rate
range from 1 to 1000 s '. All measurements were
carried out at a temperature of 25°C in a ther-
mostated measuring device.

Sintering has been carried out in nitrogen with
a heating rate of 10 K/min to the sintering tem-
perature of 1550°C*'* and with the application of
50 bar gas pressure in the final sintering stage.
The consolidation of the samples during sintering
was observed and controlled by means of an inte-
grated high temperature dilatometer, placed inside
the sintering chamber of the gas pressure sintering
device. Temperature, gas pressure, shrinkage and
shrinkage velocity were recorded for the analysis

of the sintering process. Binder burnout took
place prior to sintering in a special debindering
furnace at temperatures of 700°C under a nitrogen
atmosphere. The corresponding green densities of
the cast dried bodies were measured to be about
26% of the theoretical density. Green bodies made
by die-pressing under a pressure of 100 MPa had
a green density of 34%.

3 Results and Discussion

3.1 Powder characterisation

Table 1 gives an overview of the main powder
data. The powder, which was prepared via a gas
phase reaction process from gaseous precursors,”!?
contains spherical particles the primary diameter
of which is in the range of about 15-30 nm. These
primary particles cluster together to form irregu-
larly shaped powder agglomerates. The diameter
of these agglomerates may reach several hundreds
of nanometers as may be seen from Fig. 2. The
specific surface as measured by the BET method
was found to be about 36 m*g. The chlorine con-
tent, which is a remainder of the manufacturing
process, was found to be 0-5 wt%. The oxygen
content was found to be 7-1 wt% and is due to the
thermodynamic instability of TiN towards oxy-
gen. TiO, 1s formed by the oxidation of TiN
through the following reaction:'*'!

TiN + O, — TiO, + 1/2N, (1)
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The powders in use were already contaminated by
air prior to shipping, so that a spontaneous oxida-
tion reaction and a burning of the powders during
handling was not observed. The investigation of
the oxidation behaviour showed that complete
oxidation of the powder starts at temperatures of
about 250°C and is completed at 400°C leading to

Fig. 2. Transmission electron micrograph (TEM) of TiN
powder.

the rutile phase which is in good agreement with
the results of Gogotsy and Yoshimura.'" XPS
measurements have also shown, that the powder
particle surface is covered by an oxide layer which
protects the particles at room temperature from
further oxidation. Further oxidation of the pow-
ders during handling in air or during aqueous pro-
cessing during long time periods was not
observed. These oxide phases are at least partly
crystalline as indicated by the X-ray diagram of
the powder shown in Fig. 3. Beside the peaks for
the anatase (101) and (200) reflections there is
another reflection at an angle of 26 = 34-4°
which is assumed to be caused by the presence of
a substoichiometric TiO, phase.’ This phase disap-
pears during the sintering step whereafter with
X-ray diffraction only anatase could be identified
as a second phase in the microstructure.

3.2 Electrokinetic characterisation and rheology of
the slurries

Figure 4 shows the measurement of the PCD
streaming potential as a function of the pH for
pure titanium nitride and for TiN with different

Table 1. Characterisation of the TiN-powder

Manufacturer

Tioxide Ltd, Billingham, UK

Phase content

Spec. surface (m%/g)
Mean grain size (nm)
Oxygen content (wt%)
Chlorine content (wt%)

Titanium nitride (Osbornite), traces of TiO,

8100

0

[Impulsel 4 TiN sintered: lower graph

6400 4
powder: upper gragh

4900 0

ANATASE (101)
b 25.250

ANATASE (200)
48.013

OSBORNITE (0; 3B1420)

ANATASE (211272)

2o ' do ' do '

80 ' 80 r 70 (*bel do

Fig. 3. X-ray diffraction diagram of TiN powder.



424

R. Wiische, G. Steinborn

Table 2. Influence of dispersant on the limit of solids loading and the sintered density

KV 5088

Dispersant PC 33
Chemical Polycarbonate
classification
Maximum of solids 19
loading (vol %)
Sintered density (%) 70
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Fig. 4. Streaming potential and isoelectric points (IEP) as a
function of pH for TiN slurries with different dispersants
(solid loading 10 wt%)
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Fig. 5. Viscosity as a function of shear rate for TiN slurries
with different dispersants.

dispersants as shown in Table 2. The correspond-
ing IEPs have been found in all cases to be below
pH 3-7 with a tendency to shift the IEP to lower
pH values when a dispersant was added. Accord-
ingly the working range for the slurries was in the
basic side of the pH scale at values between pH 8
and 10. Since the particle charge was highest in
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Fig. 6. Viscosity as a function of shear rate for TiN slurries
with KV 5088 as dispersant and with different solids loading.

this range, the corresponding slurries were also
most stable with low viscosity values.

Although the eclectrokinetic behaviour of the
three dispersants used in this investigation is very
similar, the dispersing abilities and results are
quite different. The best dispersing behaviour was
found with the aminoalcohol KV 5088. This dis-
persant allowed the highest solids loading and as
later described in greater detail also the most
homogeneous microstructure and the highest
sintering density.

Figure 5 shows the viscosity as a function of the
shear rate for TiN slurries with 18 vol% and diff-
erent dispersants. With solids loading in this range
slurries without any dispersant could not be pre-
pared. As observed in all slurries used in this
investigation the viscosity is strongly decreasing
with increasing shear rate and shows the shear-
thinning effect. Best results were shown by the
slurry with KV 5088 as dispersant.

Figure 6 characterises the effect of increasing
solids loading on the viscosity, but all with disper-
sant KV 5088. As found also in the viscous
behaviour of alumina powders.'” at a given shear
rate the viscosity increases exponentially with
increasing solid content of the slurry. However, in
the system investigated here, the presence of the
acrylamide monomers had a beneficial effect with
regard to lowering the viscosity by about a factor
of three but without changing the flow behaviour.
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Disp. KV5088

Volume of Poly-dadmac (ml)

pH-value
[ A TiN-slurry O TiN-cf £t TiN-sol. |

Fig. 7. Titration volume of Polydadmac as a function of
pH for the TiN slurry, centrifuged and redispersed powder
{TiN-cf) and the centrifuged solvent (TiN-sol.)

Ball milling of the slurry improved the rheology
also, but to a minor extent. In some cases ultra-
sonic treatment of the slurries turned out to be
problematic because of the start of polymerisation
before casting. This phenomenon is already
known for highly activated fine particle surfaces
as described during the gelcasting process of
silicon.'?

3.3 Adsorption behaviour

In order to investigate the adsorption behaviour
of the best-performing dispersant KV 5088, the
slurry was titrated with 0-1 Polydadmac, a poly-
electrolyte. At a given pH, the titration volume
corresponds to the amount of ions present in the
slurry due to the ionic dispersant. By centrifuging
of the slurry the solvent (water) and the powder
can be separated from each other. The back-titra-
tion of the centrifugate on the one hand and of
the powder after redispersion in water on the
other hand may reveal how much of the disper-
sant is attached to the powder surface. Figure 7
shows the polyelectrolyte titration curve of the
slurry, of the redispersed powder and of the cen-
trifuged solvent. It can be seen that the titration
volumes of the slurry and of the redispersed pow-
der are practically identical, whereas almost no
dispersant was found in the centrifuged solvent.
Moreover, in slurrigs the pH of which had been
adjusted to 6 prior to centrifuging, the suspension
of the redispersed powder showed a pH value
shifted to about 8, which corresponds to the disso-
ciation equilibrium of the dispersant. So it may be
deduced that practically the whole amount of
dispersant is adsorbed to the powder surface. Only
at the more basic pH values does there seem to be
a tendency of less adsorption, because some dis-
persant was found in the centrifuged solvent at
pH 5-7.

Fig. 8. Scanning electron micrographs (SEM) of gelcast
microstructures, with (a) dispersant KV 5088, (b} CE 64 and
(c) PC 33.

3.4 Sintering and microstructures

Table 2 shows the resulting sintered densities
according to the dispersant used for suspension in
relation to the maximum solids loading. The
aminoalcohol KV 5088 gave the best results and the
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Fig. 9. Optical micrograph of the polished surface of gelcast
TiN dispersed with KV 5088 - magnification 100 X.

sintered density reached 95-5% of the theoretical
density, whereas the use of the two other disper-
sants led to strongly inhomogeneous microstruc-
tures and low sintering densities (Figs 8 a-c).

Figure 9 shows an optical micrograph of the
polished microstructure of the TiN-sample dis-
persed with KV 5088 and a density of 95-5%. The
dark spots within the microstructure are the resid-
ual porosity and the TiO, second phase. It can be
seen that porosity and second phase are not
homogeneously distributed and that areas within
the microstructure are found, which contain less
porosity than others and are obviously more
dense. These microstructural inhomogeneities
therefore reveal that the dispersion of the powder
is still not ideal.

4 Conclusions

Gelcasting of nanosized TiN was successfully car-
ried out with a maximum solids loading of 22
vol% and a commercially available dispersant on
the basis of an aminoalcohol. The limit of solids
loading was found to be at 22 vol%. The rheologi-
cal properties (structural viscosity) were positively
influenced by both ball milling of the slurry prior
to casting and the presence of the acrylamide
monomers. The density of the sintered body was
measured to be 95% of the theoretical.
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