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Abstract The effects of dispersant ammonium poly
(methacrylic acid) (PMAA-NH,) and poly(acrylic acid)
(PAA) on nano-Al,O5; particle dispersion have been
investigated. Under the same dispersion viscosity, Al,O3 of
38 nm size requires 20 times more PAA dispersant than
Al,O3 of 0.2 pum size but with only 9 times specific surface
area increase. For the same carboxylic acid group to Al,O;
mole ratio, the PAA dispersant adsorbs more readily onto
nano-Al,O5 particles than the PMAA-NH, dispersant and
has better dispersion efficiency. Rheology measurements
confirm the better dispersion and higher dispersion effi-
ciency when PAA is used. Maximum solids loading has
been predicted for each suspension based on the rheolog-
ical data; this predication capability can serve as the
important guidance for future dispersion designs.

Introduction

Nanoceramics can be densified at much lower sintering
temperatures and provide excellent structural properties as
well as unique functional properties. Because of these
processing and performance advantages, there has been
continuous research effort in nanoceramic forming and
sintering areas, such as pressure infiltration of yttria sta-
bilized zirconia and hot pressing of Al,O5 [1-3]. However,
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nano-oxides are more susceptible to agglomeration than the
micron-sized counterparts due to extremely high specific
surface area. Undesired agglomerates can be created during
powder synthesis, drying, or even storage. To avoid
agglomeration and form uniform components, colloidal
processing of nanopowders is often preferred [4, 5].

Like numerous other species, ceramic particles exhibit a
net electrodynamic attraction to one another due to oscil-
lating dipoles, commonly referred to as van der Waals
forces. A net surface charge results when the particles are
immersed in H,O. For Al,O3, the net surface charge is
positive at low pH and negative at high pH with isoelectric
point (IEP) at 8.7 in pure H,O [6, 7] There are three col-
loidal stabilization mechanisms. When the pH of the
solution is adjusted according to the surface charge of
Al,Os, the stabilization mechanism is called electrostatic
stabilization. When one end of a polymer species adsorbs
onto the particles and the other end of the polymer species
extends into the liquid to physically repel one another; this
method of stabilization is called steric stabilization. If the
adsorbed polymer is ionic, it generates strong electrostatic
forces while polymer strands repel one another [8]; this
method of colloidal stabilization is called electrosteric
stabilization [9].

Complex chemistry of a dispersion system

Although stable suspensions can be created, a delicate
balance must be maintained in the amount of dispersant in
the system. The adsorbed polymer must be thick enough to
prevent particle close contacts and counteract van der
Waals forces. This means that there must be enough
polymer present to provide complete coverage of the
ceramic particles. Incomplete coverage will cause polymer
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strands to ‘‘bridge’’ the gap between particles, resulting in
bridging flocculation [10]. However, as the adsorption of
polymer dispersant increases, the net charge of the system
decreases. This results in a barrier for further adsorption. A
suitable amount of excessive dispersant is needed to attain
saturation adsorption. If the dispersant amount is increased
further, the non-adsorbed free polymer will flocculate the
suspension [11]. The amount of adsorbed polymer needed
to attain Al,O5 surface saturation and stable dispersion is
dependent on the particle size, the polymer dispersant, the
solids loading, and the pH of the system. The saturation
level of PMAA-Na in sub-micron Al,O; suspension
decreases by a factor of 2 when pH is increased from 8.2 to
9.8 [8]. Electrosterically stabilized Al,O5; suspensions
generally have IEP around 8.8. At pH higher than IEP,
excessive dispersant hinders steric stabilization. At pH
lower than IEP, polymer adsorption onto Al,O5 particles is
promoted and this condition is usually used as a desirable
intermediate state for dispersion stabilization [6], but this
generally occurs at low dispersant and solids loading
levels.

For most colloidal forming processes, a suspension with
a high solids loading level (=50 vol%) is desirable. A
polymer dispersant allows for well-dispersed suspensions
to be created. However, the polymer necessarily occupies
space, which decreases the maximum solids loading of the
suspension. The exact achievable solids loading is depen-
dent upon the length and morphology of the polymer chain.
Sigmund et al. [10] calculated the effect of interparticle
repulsion on relative packing density. Too short of a
polymer chain will yield a thin adsorption layer, resulting
in flocculation due to van der Waals attraction, while too
long a chain will result in a dramatically decreased maxi-
mum solids loading. The polymer dispersant type is also of
critical importance for effective dispersion and the maxi-
mum solids loading. The pH of the suspension must be
controlled to prevent imparting an attractive force between
particles since the dispersant efficiency is dependent on
steric mechanism as well as electrostatic mechanism for
high solids loading suspensions. Singh et al. [12] found that
use of ammonium poly(methacrylic acid) (PMAA-NH,) as
a dispersant shifts IEP of Al,O3 system from 9.14 to 5.65.
The positive surface charge of the Al,Oj3 particles attracts
negative ions from the polymer. The net charge of the
system is reversed due to the adsorption of the negatively-
charged polymer. Since the negative surface charge of the
PMAA-NH, polymer dominates the electrical charge of the
suspension, the pH needs to be purposely adjusted to
alkaline condition for a well dispersed suspension.

The work reported here is focused on understanding
PMAA-NH,; and poly(acrylic acid) (PAA) dispersant
effects on the stability and rheology of nano-Al,O5 sus-
pensions. By measuring the suspension rheology under
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different dispersion conditions, the maximum solids
loading for suspensions of different dispersants has been
predicted.

Experimental

Al,O5 nanopowder with average particle size of 38 nm and
specific surface area of 45 m*g was used in this study
(Nanophase Technologies, Romeoville, IL). A TEM image
of the particle size distribution was shown in Fig. 1. Even
though the average particle size is much less than 100 nm,
the particle size distribution is wide and there is a small
percent of large particles close to 100 nm. In this study, the
average particle size was used in comparing with micron
size powders. Detailed particle size distribution data would
be beneficial but not necessary due to the five times dif-
ference in the particle sizes studied. This Al,O; powder
was also reported to have 70:30 of J:y phases from the
vendor. PMAA-NH, (M,, 15,000, Vanderbilt Co., Inc.,
Norwalk, CT) and PAA (Myw 1,800, Aldrich, St Louis,
MO) were used as polymer dispersants. The polymer seg-
ment for PMAA-NH, is [-CH,C(CH3)(CO,H)-] and for
PAA is [-CH,CH(CO,H)-]. These two dispersants have
different chain length and functional groups to affect nano-
Al,O5 particle dispersion.

To prepare Al,O3 suspensions, glycerol (water basis,
Fisher Chemicals, Fairlawn, NJ) and water were mixed at
1:10 weight ratio and homogenized for 5 min using a ball
mill. The reason to use glycerol is for solid compact
forming, which will be reported in future publication
[K. Lu, C.S. Kessler, and R. M. Davis, to be published].
The Al,O3; powder was added for a specific solids loading

100 nmm
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Fig. 1 TEM micrograph of Al,O; nanopowder used in this study
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in 10 g increments along with an appropriate amount of
PMAA-NH, or PAA dispersant. Since low pH promotes
dispersant adsorption onto nano-Al,Oz particles, HCl
solution was added to lower pH to 1.5 [6]. The suspension
was ball milled for overnight with periodic adjustment of
pH to 1.5. This procedure makes suspensions of approxi-
mately 20 vol% Al,O3;. NH4OH was then used to adjust the
suspension pH to 9.5. High pH induces full dissociation of
the dispersants PMAA-NH, and PAA and creates mutual
repulsion among the particles, resulting in better disper-
sion. Depending on the desired final solids loading, nano-
Al,0O5; was again added in 10 g increments, along with an
appropriate amount of the PMAA-NH, or PAA dispersant.
The suspension was then mixed for 24 h for complete
homogenization.

Potentiometric titration was used to determine the
amount of dispersant adsorbed onto the Al,Os particles in a
suspension. pH was measured and adjusted to 9.5 = 0.05
before titrant HCI solution was added in order to ascertain
the dissociation of the dispersants in H,O. Adsorption
curve was developed for blank suspensions of PMAA-NH,
and PAA. To measure the adsorption of each dispersant in
an actual suspension, suspensions with PMAA-NH, or
PAA dispersant at 20 vol% solids loading were centrifuged
at 2500 rpm for 45 min before collecting the resulting
supernatant. A known volume of the supernatant was
titrated and the amount of un-adsorbed dispersant was
determined using the standard curve from the blank poly-
mer suspensions.

For suspension characterization, the pH of the suspen-
sions was measured by a pH meter (Denver Instrument,
Arvada, CO). The zeta potentials were measured using
Malvern 3000 Zetasizer (Malvern Instruments, UK). The
viscosity was measured using an AR2000 rheometer (TA
Instruments, New Castle, DE).

Results and discussion
Zeta potential

Zeta potential measures the electrical potential at the sur-
face of moving nano-Al,O; particles in a suspension and is
an important guide to the suspension stability. In general,
the absolute value of zeta potential should be greater than
25 mV in order to obtain highly stabilized suspensions.
Even though it is best not to alter the solids loading of the
suspensions during zeta potential measurement, the most
widely used method for measuring the zeta potential is
microelectrophoretic technique and requires very dilute
suspensions. In this study, the suspensions were diluted at
1:250 ratio in order to examine the zeta potentials of the
suspensions with PMAA-NH, and PAA dispersants. As

shown in Table 1, all the suspensions have negative zeta
potentials at less than —40 mV and the measurements are
very close to each other. This result indicates that all the
suspensions have similar stability and provides the basis for
the comparisons of other parameters in evaluating the
suspensions.

It should be noted that even though the starting disper-
sants are PMAA-NH, and PAA, the adjustment of the
suspension pH to 9.5 using NH,OH has essentially con-
verted PAA and PMAA-NH, into the similar dissociated
format with polymer segments [-CH,C(CH3)(CO,)-]" and
[-CH,CH(CO,)-]". Here, we discuss the results by con-
tinuously using dispersant PMAA-NH, and PAA for con-
sistency.

Dispersion efficiency

As stated in the Experimental section, the PMAA-NH,
dispersant has M,, 15,000 and approximately 146 carbox-
ylic acid groups per molecule. The PAA dispersant has M,,
1800 and approximately 25 carboxylic acid groups per
molecule. In this study, the amount of the dispersants was
purposely controlled so that the carboxylic acid groups per
mole of Al,O3 are the same at 0.028 mol. This equals to
2.78 wt% of Al,O; for the PMAA-NH, dispersant and
2.2 wt% of Al,O5 for the PAA dispersant. The difference
in the dispersion efficiency should mainly come from the
polymer—particle interaction, which is a function of poly-
mer chain length and polymer molecular structure. For the
PMAA-NH, dispersant, the polymer chain is longer and
there is a methyl group for each polymer segment; thus it
should be more difficult for all the carboxylic acid groups
to attach to the particle surface while still providing the
steric stabilization; so lower dispersion efficiency is
expected. For the lower molecular weight and shorter chain
PAA, it is expected that more carboxylic acid groups will
adsorb onto the nano-Al,Os particle surface while the
polymer chains extend into the suspension; better disper-
sion should result. These predictions were verified by the
polymer adsorption results through potentiometric titration.
For the 20 vol% solids loading suspension with the
PMAA-NH, dispersant, only 72.84% PMAA-NH,
adsorbed onto nano-Al,Oj particles. For the 20 vol% solids
loading suspension with the PAA dispersant, 75.73% PAA

Table 1 Zeta potential of the suspensions with different solids
loading and dispersants

Solids loading Dispersant Zeta potential (mV)

20 vol% PAA -42.26
PMAA-NH, —-40.93

40 vol% PAA —41.10
PMAA-NH, —-43.35
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adsorbed onto nano-Al,Os. It can be predicted that as the
suspension solids loading increases, the dispersant
adsorption difference will become more obvious. The
quantitative comparison will be reported in future studies.

Comparison can also be made regarding the dispersion
efficiency between the PMAA-NH, and PAA suspensions
using viscosity results at the same solids loading. Figure 2
shows the viscosity results at 100 s~' shear rate and different
solids loading levels. Clearly, PAA has higher dispersion
efficiency than PMAA-NH, at all solids loading levels,
manifested by the lower suspension viscosity. At 20 vol%
solids loading, the viscosity of the PMAA-NH, suspension
is 62.5% higher than that of the PAA suspension. As solids
loading increases to 30 and 35 vol%, the viscosity differ-
ence increases to 213% and 295%. This clearly indicates the
higher the solids loading, the higher impact a specific
polymer has. This is extremely important for high solids
loading systems that many nanoceramic forming processes
demand and should be carefully evaluated.

The dispersant amount needed to achieve the same
viscosity can be used as another parameter to evaluate the
dispersion efficiency. Here, the data from Cesarano and
Aksay [6] on 0.2 pm Al,O5; were included to compare the
suspensions of different particle sizes. The comparison was
shown in Table 2. At the same 0.06 Pa s viscosity, the
PAA amount needed increases more dramatically than the
particle specific surface area does. Al,Oz of 38 nm size
requires 20 times more PAA dispersant than Al,O; of
0.2 um size but with only 9 times specific surface area
increase. This means the smaller the particle size and the
higher the specific surface area, the more PAA is needed

1.00 .
0.90 :

e PAA
u-- PMAA-NH4

Viscosity (Pa-s)

0.10 - °
0.00 L ; ; ;
15 20 25 30 35 40

Solids Loading (vol%)

Fig. 2 Dispersion efficiency comparison for the PMAA-NH, and
PAA suspensions at the same carboxylic acid group to Al,O; mole
ratio of 2.8:100

Table 2 The amount of PAA dispersant needed at 0.06 Pas
suspension viscosity

Al,O; Particle size 0.2 pm 38 nm
Specific surface area (m?/g) 4.5 45
PAA wt% of Al,O3 0.10 2.0
Suspension solids loading (vol%) 50 20
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and the lower the PAA dispersion efficiency is. For the
0.2 pm Al,O3, 50 vol% solids loading can be achieved
with PAA amount at only 0.10 wt% of Al,O5 [8]. For the
38 nm Al,Oj3 used in this study, the PAA amount used is
2.0 wt% of Al,O; to achieve only 20 vol% solids loading.

Rheology

The rheological behavior of a colloidal suspension is crit-
ical for the flow properties and the subsequent forming
process. The rheology of nano-Al,O3 dispersions depends
on many parameters, such as shear rate, solids loading,
particle size, and surface potential, and can be measured by
monitoring changes in flow behaviors in response to an
applied stress (or strain). Ogawa et al. [13] theorized that
viscosity increases with the decrease of the particle size
due to the increase in the overlapping area of the electrical
double layer around each particle and verified that with
experimental data. For the present study, it is shown in
Table 2 that the nano-Al,O3 suspensions will have much
higher viscosity than the 0.2 um Al,O3 suspensions under
the same solids loading, most likely due to the increase of
the overlapping areas between the particles. For the dis-
persant effects on the suspension viscosity, the PMAA-
NH, dispersant has longer chains but poorer adsorption
onto Al,O3 nanoparticles than the PAA dispersant; it is
more likely that the longer PMAA-NH, chains will extend
into the suspension around each Al,O5 nanoparticle. Based
on the steric interaction theory, these long chains will result
in thicker electrical double layer and larger overlapping
area; the PMAA-NH, suspension will have higher viscosity
compared to the PAA suspension. These trends are clearly
shown by the measurements in Figs. 3 and 4.

Figure 3 shows the shear stress ~ shear rate correlation
for the PMAA-NH, suspension at 20-35 vol% solids
loading (a) and the PAA suspension at 20-40 vol% solids
loading (b). The shear rate for both suspensions is from 10
to 200 s~'. Shear stress difference can be easily observed
for the PMAA-NH, and PAA suspensions at all shear rates.
For example, at 35 vol% solids loading, the shear stress
approaches 100 Pa for the PMAA-NH, suspension while
for the PAA suspension the shear stress is only 37 Pa. Also,
suspension solids loading has a direct effect on the shear
stress. Figure 3 shows that the higher the solids loading,
the higher the shear stress under a constant shear rate.
Another important observation from Fig. 3(b) is the rapid
shear stress increase from 35 to 40 vol% solids loading.
This means that there is a critical solids loading between
35 and 40 vol% for the PAA dispersant. When the parti-
cle—particle distance reaches such critical state, it is very
difficult to overcome the inter-particle force for the sus-
pension to flow. For the PMAA-NH, dispersant, such
transition is less clear.
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Fig. 3 Shear stress-shear rate correlation: (a) PMAA-NH, suspen-
sion, (b) PAA suspension
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Fig. 4 Viscosity-shear rate correlation: (a) PMAA-NH, suspension,
(b) PAA suspension

As shown in Fig. 4, pseudoplastic or shear thinning
behavior occurs for all the dispersions. Shear thinning
becomes more severe as the solids loading increases. There

have been many interpretations of shear thinning based on
the microstructure. It is widely believed that shear thinning
is due to ordering of the particles into layers or strings
which reduces the energy dissipated under shear [14]. It is
also postulated that shear thinning is due to a distortion of
the liquid-like structure which presumably leads to a
decrease in the energy dissipation. Two orders of magni-
tude difference can be observed in viscosity between 20
and 40 vol% solids loading. The ability to predict flow
behavior of concentrated suspensions is clearly needed.

Maximum solids loading prediction

Maximum solids loading is the solid loading under infinite
viscosity for a specific suspension system. Since most of
the ceramic components require a low or zero porosity, the
maximum solids loading prediction during colloidal pro-
cessing is of great interest. With a known maximum solids
loading, effective strategies can be purposely devised to
achieve the highest solids loading in a real system. For
micron size particle suspension systems, random particle
packing can be realized and actual solids loading can
approach 60 vol% or higher. However, nano-Al,O5; has
large specific surface area that adsorbs large amount of
dispersant, which can quickly reduce the particle packing
efficiency based on effective solids loading theory [15]:

b = H(1 + 0 -4 - py) (1)

where ¢ is the solids loading with no dispersant or dis-
persing medium influence, ¢ is the effective solid load-
ing taking into consideration of the dispersant and
stabilized suspension, ¢ is the thickness of the adsorbed
dispersant layer, A; is the specific surface area of the dis-
persed particles, i.e., nano-Al,03, and pg is the particle
density. If excessive dispersant is used, some polymer
chains stay freely in the suspension, which further
decreases the maximum solids loading. Achieving high
solids loading for nano-oxides has been a challenge for
numerous nanoparticle suspensions.

The viscosity of suspensions (0.3 < ¢ < 0.6) has been
well modeled by Krieger and Dougherty [16]:

¢m is the maximum solids loading of the suspension. #; is
the relative viscosity of the suspension:

s
n=— 3
Mo ®)

ns is the viscosity of the suspension and 7, is the viscosity
of the dispersing media. Equation (2) is a suspension
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Fig. 5 Maximum solids loading prediction map for the PMAA-NH,
and PAA suspensions

specific model which allows the viscosity of a given sus-
pension to be predicted once the parameters are accurately
determined.

In this study, a best-fit procedure was followed to pre-
dict the ¢, for different suspensions. By assuming that at
¢m Viscosity 7, approaches infinity, Eq. (2) can be trans-
formed into [17]:

L—n'=a-¢+bh 4)

a and b are suspension specific constants. Equation (4) can
be used to predict the maximum solids loading for both
PMAA-NH, and PAA suspensions. As shown in Fig. 5, the
maximum solids loading for the PMAA-NH, suspension is
41.5 vol% and for the PAA suspension is 47.5 vol%. There
is a 6.0 vol% maximum solids loading difference just by
using different dispersants. By obtaining these critical
values, judicious decision can be made on dispersant
selection in order to obtain the desired level of solids
loading.

Conclusions
Lower molecular weight and shorter chain PAA has better

adsorption onto nano-Al,Oj3 particles than higher molecu-
lar weight and longer chain PMAA-NH,. The smaller the
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particle size and the higher the specific surface area, the
more PAA is needed for achieving stable suspension.
Desired PAA content increases more dramatically than the
particle specific surface area does. PAA has higher dis-
persion efficiency than PMAA-NH, for Al,O3 nanoparti-
cles at all solids loading levels. The higher the solids
loading, the higher impact a specific dispersant has. Higher
shear stress and viscosity are observed for the PMAA-NH,
suspensions at all shear rates when compared to the PAA
suspensions. Also, shear stress and viscosity exhibit much
faster increase at high solids loading. The predicted max-
imum solids loading for the PMAA-NH, suspension is
41.5 vol% and for the PAA suspension is 47.5 vol% in the
studied systems. These critical values are important for
obtaining the desired level of solids loading in practice.
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