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Abstract

The study illustrates how rheology and electrokinetics
can be utilized in the investigation and optimization of
the properties of ceramic suspensions. Zeta potential
studies show that the isoelectric point of TiN particu-
lates is at pH=4, and for the pH range used, PMAA±
NH4 addition results in a more negative zeta potential
value. The rheological behavior of titanium nitride in
the presence of PMAA±NH4 is strongly dependent on
pH and three rheological types have been de®ned.
# 1999 Published by Elsevier Science Ltd. All rights
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1 Introduction

With high elastic modulus, thermal expansion
coe�cient and chemical stability, TiN has been
widely used as a particulate-reinforcing second
phase in ceramic composite. The properties of the
ceramic composite are controlled by the dispersion
of reinforcements in a ceramic matrix. Inhomoge-
neous dispersion of reinforcements, such as ¯occu-
lation or agglomeration, is damaging to the
sintering of composite materials and always intro-
duces processing ¯aws.1±5

Flaw minimization and processing optimization
can be successfully accomplished by colloidal pro-
cessing. This processing concept involves the
manipulation and control of interparticle forces in
powder suspensions to remove heterogeneities and
optimize suspension properties.6±8 Colloidal pro-
cessing concepts are often applied to forming

methods such as slip casting, pressure ®ltration,
tape casting, and injection molding which involve
handling of suspensions. During forming, a cera-
mic powder suspension is subjected to an applied
stress to form it into an engineering shape. In all
types of suspension forming techniques, ranging
from slip casting to injection molding, the rheolo-
gical properties of the suspension play a key role in
controlling shape-forming behavior, and in opti-
mizing the properties of the green body. Funda-
mentally, the rheological properties of colloidal
suspensions are determined by an interplay of
thermodynamic and ¯uid mechanical interactions.
This means that an intimate relation exists between
the particle interactions, including Brownian
motion, the suspension structure (i.e. the spatial
particle distribution in the liquid), and the rheolo-
gical response.
Polyacrylic acids (PAA) are frequently used to

disperse oxide particles such as alumina,9,10 rutile,
and hematite.11,12 The adsorption of polyacrylic
acid on these particles was found to be responsible
for the dispersion. It was shown that polyacrylic
acid strongly adsorbed on positively charged parti-
cle surfaces from an acidic pH to pHiep (de®ned as
the pH where the charge at the stern layer is zero).
Above pHiep, the particles became negatively
charged and started to repel the polymer. Also, it
was reported that polyacrylic acid did not adsorb on
a negatively charged silica (pHiep�2.5).11
On the other hand, the e�ectiveness of acrylate-

based polymers, such as polyacrylic acid and ammo-
nium polymethacrylate, as dispersants for silicon
nitride was demonstrated.13±20 These studies empha-
sized the general rules of dispersion, and well-dis-
persed silicon nitride suspensions can only be
obtained in both the neutral and alkaline pH range
by the application of polyelectrolyte. However these
studies have focused on relatively dilute suspensions
and narrow ranges of polymer concentration. In our
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previous investigation,21 the electrostatic repulsion
between the PAA-NH4-modi®ed particle surface
was found to be the primary mechanism governing
the dispersion in both the neutral and alkaline pH
range; on the other hand the steric repulsion of
PAA-NH4 in the acidic pH range was demon-
strated to make a positive contribution to the dis-
persion. However, whether the above reported
results are applicable to the system of TiN ceramic
particles remain to be determined.
This paper describes the results of an experiment

focusing on the TiN±H2O±PMAA±NH4 system.
The ionization chemistry of the ammonium salt of
poly(methacrylic acid) was characterized by the
potentiometric titration method. Interaction of
PMAA-NH4 with the TiN surface was analyzed
using electrokinetic measurements. The rheological
characterization was used to determine the degree
of stability. The e�ects of polymer concentration
and pH were also evaluated.

2 Experimental Procedure

2.1 Powder and dispersant characterization
Commercially available TiN powders and PMAA±
NH4 (R. T. Vanderbuilt Co, Norwalk, C.T.) were
used as raw materials in this investigation. The che-
mical compositions and physical properties of TiN
powder are shown in Tables 1 and 2, respectively.
The poly-electrolyte used was the NH4

+salt of
poly(methacrylic acid). The PMAA±NH4 structure
and dissociation reaction shown below illustrate the
functional groups of carboxylic acid that can be
COOH or dissociated to COOÿ. For each acid group

Rÿ COOH�H2O $ Rÿ COOÿ �H3O�

R �ÿÿ�HCÿ CH2�ÿÿ

Ka �
Rÿ COOÿ� � H3O�

� �
RCOOH

pka � ÿlogka � pHÿ log
�

1ÿ �
� �

where � is the fraction of dissociated carboxyl
groups.
The pH value was adjusted with standardized

analytical-grade HCl and NaOH solutions (0.1 to
1.0 mol. dmÿ3) and analytical-grade NaCl was
used to adjust the ionic strength desired.

2.2 Experimental methods

2.2.1 Potentiometric titration experiments
The procedure of using potentiometric titration to
determine polymer behavior is clearly outlined

by Arnold and Overbeek22 and by Hunter.23

Titrations were completed on a blank electrolyte
solution and a corresponding polyelectrolyte
solution containing a known amount of sample.
The di�erence between the amounts of titrant
added to the blank solution and the sample at a
speci®ed pH corresponds to the amount of titrant
that reacted with the sample. With this informa-
tion, the polymer behavior was determined using
an automatic titration unit (Orion RSCH 950) in
the ®rst-derivative mode and the fraction of
functional groups dissociated on poly-electrolyte
then can be calculated by the ratio of reacted
titrant.9,23

The total amount of PMAA±NH4 dosage was
calculated based upon a mass balance for PMAA±
NH4. But it is determined with respect to the
amount of TiN particles added. A known amount
of the PMAA±NH4 was diluted with de-ionized
water to approximately 25 ml in the range of
0.01�5 wt%. This solution was then sealed in the
titration cell and the pH was adjusted to 12 to
ensure that PMAA±NH4 was fully dissociated. The
®rst-derivative titrations were then conducted with
0.5 mol. dmÿ3 HCl and the distance between peaks
recorded. The fraction of dissociated carboxyl
groups ��� at a speci®ed pH can then be calculated
from the ratio of the amount of titrant that reacted
with the sample.

� � amount of titrant reacted at a specified pH

amount of titrant reacted at pH � 12 �� � 1�

Table 1. The chemical compositions of the TiN powdersa

Composition Speci®cation (wt%) Typically (wt%)

Ti min 77 77
N min 20 21
C max 0.2 0.1
O max 1.5 1.2
Al max 0.01 0.008
Ca max 0.01 0.008
Fe max 0.2 0.15
S max 0.01 0.002
Si max 0.02 0.005

aH.C. Starck Inc.

Table 2. The physical properties of the TiN powdersa

Properties Speci®cation

Density 5.44 (g cmÿ3)
Particle size distribution 95 wt%<7�m
(cumulative mass, wt%) by X-ray 50 wt%<1.2�m
Adsorptive 5 wt%<0.8�m

aH.C. Starck Inc.
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2.2.2 Zeta potential measurements
The experimental procedures conducted in the
present study were strictly performed and these as-
received powders are known to be free of any
intentionally added manufacturing aids which
might alter their colloidal behavior in a manner
uncharacteristic of the pure solid. For the purpose
of eliminating the possible unknown history-
dependent contamination introduced on the pow-
der surface during normal shipping and handling
procedures24 the following rinse process was taken.
To a�rm the IEP of the TiN colloid, the as-
received powders were ®rst rinsed with de-ionized
water, and the washed powder was dried overnight
at low temperatures (approx. 40�C) before colloid
preparation. Electrophoretic mobility was mea-
sured and used to calculate zeta potential, which
can be completed in a very dilute suspension
(<1000 ppm). Therefore, the 2 vol% TiN samples
were centrifuged and the supernatant was carefully
decanted into a beaker. Subsequently, a very min-
ute amount of sediment was re-mixed with the
supernatant. The samples were ultrasonicated and
stirred for 15 min prior to the measurement to
ensure that only the mobility of the single particle
was measured. The zeta potential of TiN with var-
ious amounts of PMAA±NH4 and pH was deter-
mined by Zeta III, zeta meter, USA.

2.2.3 Rheological measurements
Ten vol% TiN suspension with various amounts of
PMAA±NH4 and pH values were milled for 24 h.
Each resultant suspension was analyzed directly by
measuring viscosity to determine the degree of
coagulation of particles in solution. Rheological
characterization was performed on a rheometer
(model DV II, Brook®eld Engineering Labora-
tories, Inc., USA) at 25�C with a concentric cylin-
der measurement geometry. Suspensions were
subjected to a high shear rate of 100 sÿ1 to break
up any initial network structure, then lower rates
were employed. A maximum time of 1 h for each
sample minimized the e�ect of sedimentation.

3 Results and Discussion

3.1 Polymer behavior of PMAA±NH4 in solutions
An important characteristic of the ionizable poly-
mer is its ability to undergo expansion from a
coiled to a stretched conformation as charge density
increases along the ¯exible chain. This cooperative
transition is due to electrostatic repulsion between
neighboring ionized sites. Leyte and Mandel25 inter-
preted their titration curves for poly(methacrylic
acid) (PMAA) in terms of a similar reversible transi-
tion between two stable conformational states and

con®rmed these results using spectroscopic meth-
ods.26 In PMAA, the transition occurs over a rela-
tively narrow range of ionization, roughly 0.1<
a<0.3, as evidenced by a fairly abrupt change in
the slope of the titration curves in the region. In
this case, stabilization of the coiled structure at low
� (low pH) is prompted by the hydrophobic inter-
actions of the � methyl groups. Mathieson and
Mclaren27 examined PAA (Mr=2.6�106),which
lacks the hydrophobic side groups of PMAA, and
found a similar,although less-pronounced, transi-
tion in the titration data that occurs at inter-
mediate � values (roughly 0.45<a<0.65). These
authors distinguished four regions in the titration
curve, analogous to those identi®ed by Wada,28

and they associated these regions with conforma-
tional changes in PAA.
Figure 1 depicts the typical behavior of the frac-

tion of dissociated functional groups as a function
of pH. Similar behavior was observed for the range
of PMAA±NH4 concentration 0.01�5 wt% in this
study. The one shown in Fig. 1 is plotted for 2
wt% PMAA±NH4 added. As pH increases the
fraction dissociated (�) increases from �0 to �1.
The curve in Fig. 2 is qualitatively similar to those
reported by Mathieson and Mclaren27 for PAA
dissociation, the region labeled `A' and character-
ized by a sharp upward curvature is attributed to
instabilities that are possibly caused by precipita-
tion of the coiled form of PMAA±NH4. Region `B'
represents ionization of the coiled (`a') state, region
`C' is the transition region that is associated with
coil expansion, and `D' represents ionization of the
stretched (`b') state. The values of � and pH that
roughly correspond to these four stability regions
are listed in Table 3. An interesting point is that

Fig. 1. Typical behavior of fraction of dissociated carboxyl
groups as a function of pH plotted for PMAA±NH4 con-

centration of 2 wt%.
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extrapolation of pka values to � � 0 yields a value
of 3.0. This value is constant with those for simple
organic acids which only have one acid group. In
this condition the polyelectrolyte chains approach
insolubility and are unstable for region A. As pH is
increased, the number of negatively charged sites
also continually increases until the polyelectrolyte
is e�ectively ionized near pH12 and � � 1 for
region D, where the polyelectrolyte is in the form
of relatively large expanded random coil (�10 nm)
in solution.22

3.2 Interaction of PMAA±NH4 with TiN
For electrostatic stabilization it is vital to know the
position of the isoelectric point (IEP) so a pH
region can be identi®ed where there is su�ciently
high surface charge density to generate a strongly
repulsive double-layer force. Figure 3 shows the
dependence of zeta potential of TiN suspension on
pH value for 0, 0.7, and 5 wt% PMAA±NH4

additions. The zeta potential changes from ÿ53
mV at pH=11 to +28 mV at pH=3, with an iso-
electric point(IEP) at about pH=4. For 0.7 wt%
PMAA±NH4 addition, the zeta potential changes
from ÿ55 mV at pH=11 to 0 mV at pH=3. For

the pH range used, PMAA±NH4 additions result in
a more negative zeta potential. The IEP value
measured for TiN in the present study is similar to
that obtained by Nass et al.29 The IEP value for
their as-received powder (marketed by the same
manufacturer of H. C. Starck, Inc.) was pH�4,
and higher negative zeta potentials were observed
for pH values greater than 4. Their systematic
investigations also revealed that the suspension
could be stable for several months at pH�8±9.
The electrokinetic behaviors of TiN in the pre-

sence of PMAA±NH4 is strongly dependent on pH,
Fig. 4 shows that for pH=3�5 the PMAA±NH4

addition results in a more negative zeta potential
than pH=9�11. At pH=3�5, where approaches
zero the coiled polymer is essentially neutral. It is
evident, as re¯ected by the electro-kinetic curves,
that increasing the concentration of PMAA±NH4

results in a reduction of the positive shear plane
potential. There are two possible causes for this
behavior. First, according to the proposed model
by Bohmer et al.,30 dissociation of carboxyl sites
increases as the proximity to the surface increases
in response to the local potential ®eld that is gen-
erated by the charged surface sites. The ionization
of near-surface segments then partially screens the
charge on the particles, thereby decreasing the
shear plane potential. Second, the presence of
polymer chains may disturb the hydrodynamic
plane of shear, shifting it further out from the par-
ticle surface. Because potential decreases exponen-
tially with distance,23 the modi®ed shear plane will
experience a lower potential. The second interac-
tion type,which is found at strongly alkaline pH
values where � approaches a value of 1 and the
stretched polymer is essentially charged as shown

Table 3. Approximate conformational stability regions for
PMAA±NH4, based on analysis of potentiometric titration

data

Region a range pH range State

A �<0.08 <2.3 Unstable
B 0.08±0.4 2.3±6.7 Coiled (a state)
C 0.4±0.7 6.9±9.3 Transition
D >0.7 >9.3 Stretched (b state)

Fig. 2. Dissociation reaction constant (pka=ÿlog ka) of car-
boxyl group for PMAA±NH4 as a function of fraction of

dissociated.

Fig. 3. E�ect of pH on the zeta potential of TiN suspension
with 0.7 wt%, 5 wt% and without PMAA±NH4 additions.
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for pH=9�11 in Fig. 1. The weak interaction
revealed by this electro-kinetic curve is attributed
to the mutual repulsion between the highly ionized
PMAA±NH4 and negative charged particle sur-
face.

3.3 Rheological properties of titanium nitride using
PMAA±NH4 at various pH value
The surface charge on the particles is also re¯ected
in the rheological behavior as Figs 5 and 6 show
the dependence of viscosity on shear rate for 10
vol% titanium nitride slurries without PMAA±
NH4. The suspension formed in the range of pH
(=9.9�11) has nearly Newtonian ¯ow, i.e. the
viscosity is independent of shear rate up to the
limit of instrument resolution. In this range, there
is a strong electric double-layer repulsion between
the titanium nitride particles which inhibits
agglomeration. Suspensions formed in the range of
pH (=3.4�5) with no surfactant exhibit a viscosity
maximum at any shear rate, and viscosity decreases
(`shear thinning') with increasing shear rate. No
repulsive forces exist in the pH range near the iso-
electric point (Fig. 3), and the large attractive van
der Waals force produces an attractive, touching
particle, network. Michaels and Bolger,31, Firth
and Hunter32,33 and Ho�man34 describe a number
of mechanisms to explain the viscosity of particu-
late slurries. When the network is sheared, it
breaks into agglomerates that decreases in size with
increasing shear rate. The liquid within each
agglomerate is relatively immobile since it must
¯ow with the agglomerates. Based on this model,
Firth and Hunter32,33 explained that the decrease
in viscosity with increasing shear rate was a result
of the increasing liquid volume released by the
agglomerates as they became smaller.

Fig. 4. E�ect of PMAA±NH4 concentration on the zeta
potential of TiN suspension at pH=3, 5, 9,11, respectively.

Fig. 5. E�ect of pH on the viscosity under a steady shear rate
(100 sÿ1) for 10 vol % TiN suspension in the pH range 2.4±11.

Fig. 6. (a) E�ect of pH on the rheology of a 10 vol % aqueous
TiN suspension in the pH range 2.4 to 3.4 (b) e�ect of pH on
the rheology of aqueous TiN suspension (10 vol%) in the pH

range of 3.4±11.
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The rheological behavior of TiN in the presence
of PMAA±NH4 is strongly dependent on pH. As
shown in Fig. 7 the three pH values chosen for
further discussion can well represent the corre-
sponding three characteristic types of rheological
behavior of titanium nitride suspensions. The
rheology of a titanium nitride suspension as a
function of the amount of PMAA±NH4 added at
pH=3 is shown in Fig. 8. The results display an
abrupt change from a shear thinning behavior at
low additions to Newtonian behavior with a very
low viscosity (�=15 mPa s) at higher additions of
PMAA±NH4.The decrease in viscosity and degree
of shear thinning with the addition of more PMAA±
NH4 implies that the degree of ¯occulation decreases.

At a critical addition of dispersant the viscosity is
at a minimum and the suspension becomes New-
tonian, implying the suspension is now colloidal
stable. Examination of the results presented in Figs
4 and 8 re¯ects that at pH=3, a lower � value (Fig.
1), the polyelectrolyte is constant with those for
simple organic acids which only have one acid
group. In this condition the polyelectrolyte chains
are insoluble and unstable. The amount of
PMAA±NH4 required for mono-layer coverage
from the zeta potential measurements using elec-
trokinetics correlate very well with the amount
required for reaching the minimum in viscosity. It
re¯ects that minimum viscosity occurs at mono-layer
coverage of the polyelectrolyte on the particles, which
corresponds to no charged polyelectrolyte-coated
particles. This implies that no electric repulsive forces
exist in the presence of PMAA±NH4 and in acidic

Fig. 7. E�ect of PMAA±NH4 concentration on the viscosity
under a steady shear rate (100 sÿ1) for aqueous TiN suspen-

sion (10 vol%) at pH=3, 7.4 and 9.7, respectively.

Fig. 8. E�ect of PMAA±NH4 concentration on the rheology
of aqueous TiN suspension (10 vol%) in the range of 0.01 to

5 wt% at pH=3.

Fig. 9. (a) E�ect of PMAA±NH4 concentration on the rheol-
ogy of aqueous TiN suspension (10 vol%) in the range of 0.01
to 1 wt% at pH=7.4 (b) e�ect of PMAA±NH4 concentration
on the rheology of aqueous TiN suspension (10 vol%) in the

range of 1 to 5 wt% at pH=7.4.
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pH range the steric repulsion of PMAA±NH4 has a
positive contribution to the dispersion.
Figure 9(a) and (b) show the e�ect of the amount

of PMAA±NH4 on the rheological properties of 10
vol% titanium nitride suspensions at pH=7.4. The
initial additions of PMAA±NH4 [Fig. 9(a)] result in
a further decrease in viscosity and shear-thinning
¯ow behavior. This is also indicated by decreased
yield stress values as the amount of polymer dosage
from zero to 1 wt%. With further PMAA±NH4

addition, the trend observed in Fig. 9(b) is reversed.
Relative viscosities increase and suspensions
become more shear thinning as the amount increa-
ses above 1 wt%. Examination of the results pre-
sented in Figs 3 and 9 shows a decrease in degree of
¯occulation decreases with an increase in the zeta
potential (i.e. became more negative) except for
very high concentrations. However, at this pH
value, PMAA±NH4 interactions with the particle
surface resulted in a complex array of suspension
e�ects including electrosteric stabilization and
polymer-bridging ¯occulation. Figure 10 shows the
e�ects of the amount of PMAA±NH4 on the rheo-
logical properties of 10 vol% suspensions at
pH=9.7. This implies that the suspension is a col-
loid stable at a critical addition of PMAA±NH4.
With further PMAA±NH4 addition, it re¯ects a
transition from stabilization to ¯occulation. As
shown for pH=9.7 in Fig. 1, at strongly alkaline
pH values � approaches a value of 1. The weak
interaction revealed in Fig. 4 suggests that the
electro-kinetic curve is attributed to the mutual
repulsion between the highly ionized PMAA±NH4

and negatively charged particle surface. In this
alkaline pH range, non-adsorbed PMAA is appre-
ciably present in solution, and dispersion proper-
ties of the titanium nitride suspension with the

presence of PMAA±NH4 were basically dominated
by the surface (interfacial) charge primarily
between the titanium nitride particles.

4 Conclusions

Based on the above experimental results and dis-
cussion, the following conclusion can be drawn.
Characterization of the stabilization of aqueous
titanium nitride suspensions with the ammonium
salt of poly(methacrylic acid) at various pH values
was conducted in order to understand the basic
mechanisms of dispersion.

1. Zeta potential studies show that the isoelectric
point of the TiN used is at pH=4 and PMAA±
NH4 addition results in a more negative zeta
potential value in the pH range of 3 to 11. The
surface charge of TiN in the presence of PMAA±
NH4 is strongly dependent on pH and shows that
for pH=3�5 the PMAA±NH4 addition results in
a more negative zeta potential than pH=9�11.

2. The rheological behavior of TiN in the presence of
PMAA±NH4 is strongly dependent on pH, three
characteristic types may be de®ned.

i. The rheology as a function of the amount
PMAA±NH4 added at pH=3 shows an abrupt
change from shear thinning at low additions to
Newtonian behavior with a very low viscosity
(�=15 mPa s) at higher additions. Examination
of the results show a transition from polymer-
bridging to steric stabilization and in acidic pH
range the steric repulsion of PMAA±NH4 has a
positive contribution on the dispersion.

ii. The rheology of a titanium nitride suspension as
a function of the amount PMAA±NH4 at
pH=7.4 shows that the initial additions of
PMAA±NH4 result in a further decrease in
viscosity and shear-thinning ¯ow behavior. This
is also indicated by decreased viscosity as the
amount of polymer dosage increases from zero
to 1 wt%. With further PMAA±NH4 addition,
the trend observed is reversed. Relative viscosities
increase and suspensions become more shear
thinning as the amount increases above 1 wt%.

iii. Studies of the e�ect of the amount of PMAA±
NH4 on the rheology of 10 vol% titanium
nitride suspensions at pH=9.7 show that the
suspension is de¯occulated at a critical addition
of PMAA±NH4. With further PMAA±NH4

addition, a transition from stabilization to ¯oc-
culation occurs. In this alkaline pH range, non-
adsorbed PMAA is appreciably present in
solution, and dispersion properties of the tita-
nium nitride suspension with the presence of
PMAA±NH4 were basically dominated by the
surface (interfacial) charge primarily between
the titanium nitride particles.

Fig. 10. E�ect of PMAA±NH4 concentration on the rheology
of aqueous TiN suspension (10 vol%) in the range of 0.01 to

5 wt% at pH=9.7.
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