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Well-dispersed aqueous slurries of fine ceramic powders with high solids loading are often
required for various shape forming techniques such as slip and tape casting in order to
fabricate advanced ceramics with a dense and uniform microstructure. Colloidal processing
of lead lanthanum zirconate titanate (PLZT) powders was conducted at various pH using
ammonium polymethacrylate as a dispersant. Suspensions were characterized by viscosity
and zeta-potential measurements. The effect of pH on polymer adsorption and the
rheological behavior of the slurries were investigated and stabilization mechanisms
discussed. Through optimization of the dispersant concentration and pH, solids loadings of
the suspensions up to 50 vol.% with a relatively low viscosity were obtained.
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1. Introduction the electrokinetic and rheological behavior of aqueous
Piezoelectric ceramics are used in various electroni®LZT suspensions in order to prepare well-dispersed
devices such as actuators, sensors, and transducesturries with a high solids loading. Possible stabiliza-
Piezoceramic and polymer composites found applition mechanisms are discussed with regard to the dis-
cations as ultrasound transducer materials to replageersant concentration and pH of the suspensions.
monolithic piezoceramics [1]. Recently, lead zirconate
titatanate (PZT) ceramic tapes were utilized as an
alternative to traditional dice and fill method to pro- Experimental procedure
cess laminated layered (2-2) structures for uItrasoni%‘h g . ';;’ di f PLZT i
transducers [2]. To achieve a reliable performance of . € dispersion studies ol aqueous suspen
piezoceramic/polymer composites, fabrication of densg!ONS Were conducted by viscosity and zeta potential
ceramic tapes is a prerequisite that requires Optimizegpeasurements.
colloidal processing of fine powders during slurry
preparation.

Tape casting is a common shape forming techniqu&.1. Materials and sample preparation
to process thin and flat ceramics. Tape casting slurHigh purity (99.9%) 5H type PLZT powders (Prax-
ries should be well dispersed and have high solidsir Specialty Ceramics Inc. Woodinville, WA), with an
loading in order to process green and sintered bodaverage particle size 0.51m and a specific surface
ies with dense and uniform microstructure. In the pastarea 7.83 rflg, were used in this study. The disper-
organic solvents were favored to prepare slurries fosantwas ammonium polymethacrylate (Darvan C, Van-
tape casting due to their low latent heat of evaporaderbilt Co., Inc., Norwalk, CT) with molecular weight
tion and low surface tension. Recent developments oof 10,000-15,000. The structure of ammonium poly-
tape casting gear towards aqueous processing of thmethacrylate is shown in Fig. 1.
slurries in view of the cost, health and environmental Aqueous suspensions were prepared using deionized
considerations. However, hydrogen-bonding linkagesvater at various pH and dispersant concentration by
in agueous suspensions can resultin flocculation of passtirring, ultrasonication as well as milling techniques
ticles and prevent preparation of ceramic slurries withas described in more detail in the Sections 2.2 and 2.3.
a high solids loading [3, 4]. Colloidal processing of Samples, named as “S-A", are the suspensions prepared
ceramic powders towards a reliable manufacturing oby adding only dispersant without pH adjustment. Two
advanced ceramics is reviewed in several recent articledifferent methods were used to study the effect of the
[5-8]. order of dispersant addition and pH change on the col-

Extensive studies have been conducted on prepar#idal processing of powders. Samples, which are pre-
tion of aqueous tape casting slurries using e.g. aluminpared by first adding of the dispersant into the sus-
[9-11], mullite [12], CaCQ@ [13], SiC [14] and PLZT pension and followed by the pH change, are named
[15] powders. The objective of this work is to study hereafter as “S-B”, while the suspensions prepared in
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CH; CH; CH; and dispersant concentration. The measurement of the
sediment- height was conducted using 5 vol% suspen-
| | | sions after a settling time of three days.

C C C
2.3. Viscosity measurements
| | | Suspensions with high solids loading were prepared by
dispersion of the powders using a roll-mill at a con-
COO" COO COO stant pH and dispersant concentration prior to viscos-
. N . ity measurements. Milling was carried out in polyethy-
NHy" NHs NHq lene jars using zirconia grinding media for 24 hour.

Any pH change during milling was adjusted to the ini-
tial set value. A concentric cylinder viscometer (Haake

i ) ) VT550 and sensor MV-1, Germany) was used for vis-
a reverse order (first pH adjustment, then dispersantjr, measurements. Viscosity of each suspension was
addition) referred to as "S-C". determined at shear rates between 0 to 80and re-
ported at a shear rate of 20'sunless a different rate

2.2. Electrokinetic analysis and was indicated.
sedimentation tests
Electrokinetic behavior of the slurries was character-
ized using an Electrokinetic Sonic Amplitude Analyzer 3. Results and discussion
(ESA 8000, Matec Applied Sciences Inc., Hopkinton, 3-1. Dissociation of dispersant
MA). Zeta potential or dynamic mobility was calcu- Dissociation of functional group, -COONtof ammo-
lated by measuring the electrokinetic sonic amplitudeNium polymethacrylate to COOoccurs through the
(ESA), which is the measured pressure amplitude ofollowing reactions.

the sonic wave per unit applied electric fie®/E), and
expressed as [13]: R-COONH; — R-COO™ + NHj (2)

R-COOH+ H,0 = R-COO™ + HzOt  (3)

Figure 1 Structure of ammonium polymethacrylate.

ESAW) = ¢ = cApplona@) (1)

Dissociation of the dispersant is strongly affected by

wherew is frequencygc is sound velocityAp is the  the pH of solvent and ionic strength. R-COOH is ther-

density difference between particles and medigrnis ~ modynamically favorable at acidic pH as shown in
the particle volume fractionfg is a geometrical factor Equation 3.

that depends on the electrode geometry apds dy- The degree of the polyelectrolyte dissociation was
namic mobility. A general guide to calculate the zetastudied by conducting of the ESA measurements, con-
potential can be found elsewhere [15]. sidering that the dispersant molecules are charged

For measurement of the zeta potential, the susperspecies and their density is sufficiently different than
sions were prepared by mixing of deionized water andhat of the solvent. Since the ESA signal is not affected
dispersant for 1 minute and adding the powder intoby the particle size or surface area, it is used to in-
the solution at a concentration of 1 vol.%. The sus-vestigate the charge of the polymer in aqueous solu-
pensions were then dispersed by ultrasonication (5500ns. Fig. 2 shows ESA of ammonium polymethacry-
Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA)late solution as a function of pH whereas a low signal
at 95 W power for 3 minutes, and subsequently stirredvould indicate a low dissociation of the polyelectrolyte.
for 15 minutes to remove the trapped air bubbles. Thé'he ESA continuously decreases below pH 8 and ap-
zeta potential of the suspensions was measured by coproaches to zero at low pH. Above pH 8, the ESA
secutive potentiometric-titration at 2 minutes intervals
with acid or base using an automatic titrator (Microlab
500, Hamilton, Reno, NV). A fresh suspension was pre- 0 ",
pared for each titration with acidic or basic solutions, s *
1N HCl and 1N NHOH, respectively.

To study the effect of dispersant concentration on thez -0.11 N
zeta potential, the dispersant was added incrementall £
into the suspension by titration at a constant pH. Theg !5 @ > v <y et
slurry was stirred for 3 minutes after each step of dis-% . | ) \_ *
persant addition. The interval time was determined by~
the time concentration mode of the system so that an'  _g.2s| SR
significant change of zeta potential value was not ob-
served after 3 minutes. The pH of the suspension wa 03
also monitored during titration with the dispersant and
adjusted to the initial value if it was necessary.

Dispersion state of the particles was studied by adrigure 2 EsA of 5 vol% ammonium polymethacrylate solution at vari-
ditional sedimentation tests as a function of the pHous pH.

2 3 4 5 6 7 8 9 10
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remains constant, indicating that dispersant molecule 20 10
are fully dissociated. It is known that ammonium poly-
methacrylate is negatively charged and stretched at hig
pH because of the repulsive forces between the negég
tively charged segments of the polymer. Similarly, it3 _ |
has been shown using potentiometric titration methocg
that other common dispersants such as polyacrylic acifg 20
(PAA) and sodium polymethacrylic acid (Na-PMAA) ~ |
are negatively charged and stretched in basic aqueot
solutions [17, 18].

-50 7
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3.2. Electrokinetic behavior Dispersant/Powder (wt.%)
The c_:hange of the. zeta pOte_ntlaI of l_VOI% PLZT Sus'Figure 4 Effect of dispersant concentration on the zeta potential and pH
pension as a function of pH is shown in Fig. 3. The pHof 1 vol% PLZT suspension.
and zeta potential of a fresh prepared 1 vol.% suspen-
sion were 7.2 and 5 mV, respectively. The isoelectric
point (IEP) of the PLZT particles used in this work
was measured at pH 8.2. It should be noted that vari 01
ations of the IEP between 8 and 9.5 were observed.. | |
when powders of similar composition but from dif-
ferent lots of the manufacturer were used to prepareg -107
suspensions for the zeta potential measurements [15§ 201 * no dispersant EX n%
This can be attributed to the complex surface chemistry ® 1.0w% N
of PLZT particles and the excess PbO phase which§ -30 " 2w AAA‘I‘
is often required to promote the sintering of ceramic 104 %m%
parts. ) *%
With the decrease of the pH, the zeta potential in- _so
creased to~15 mV. According to Shanefield [19], zeta 2 3 4 5 6 7 8 9 10 1l 12
potential larger than 25 mV is required in order to ob-
tain highly stabilized suspensions. The colloidal sta-
bility may become sensitive to pH and ionic strengthFigure 5 Effect of pH on the zeta potential of suspensions containing
of the system, which may be affected by the increasedifferent amount of dispersant.
solubility of possible free-PbO in acidic PLZT suspen-
sions. Prior to addition of the dispersant, net surface

charge of the particles was positive (Fig. 3) Gener.Sant concentration. When a small amount of dispersant

ally, since a polyelectrolyte is electrically charged and"/@s added, zeta potential decreased and approached to

composed of long chain polymers, both electrostati€™ due to the charge neutralization. With the addition
1) 0 . .

and steric effects control stabilization of the system.0f80'2 wi.% g_lspetrs;nt,lg::-)l 0{ ;hze ?{Steml ||t1_creased to

Once the dispersant is dissociated and adsorbed on tﬂe approaching lo the at ©.2. Flocculation can oc-

surface, dispersion of the particles is governed predon=d" at low dispersant concentrations due to the effects

inantly by polymer/particle interaction. of charge neutralization as well as polymer bridging.

Fig. 4 shows the change of the zeta potential and pl¥Vith the increase of dispersant concentration, the zeta
' potential (negative value) increased and reached a max-

of a 1wl.% PLZT suspension as a function of dISper-imum at about 2 wt.% dispersant. The slight decrease
of the zeta potential at higher dispersant concentrations
20 can be attributed to the decrease of dynamic mobility
due to the increasing concentration of Ni#ns, which
may compress the double layer and/or shield the nega-
o, tive charge of the adsorbed polymer.
“m.““ The pH dependency of the zeta potential of 1 vol.%
“S-B” suspensionsis shownin Fig. 5. The zeta potential
\\ at low pH decreases slightly as the amount of disper-
£ 4

‘e sant increases. This behavior can be explained based
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5 on a model by Bhmeret al. [20] suggesting that some
\ segments of polymer may dissociate at the near surface
~, of particle due to the local potential field generated by

o, surface charge of the particle.

Sedimentation experiments (Fig. 6) reveal a good
agreement between the dispersion state of the parti-
cles and the zeta potential results in Fig. 5. While floc-
Figure 3 Zeta potential of 1 vol% PLZT suspension as a function of pH Culated particles at low pH result in a larger sediment-
(without dispersant). volume with a clear supernatant, dispersed suspensions
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Figure 6 Comparison of the sedimentation height of 5 vol% “S-B” suspensions containing 2 wt% dispersant at various pH.

20

sorption of negatively charged polyelectrolytes on the
particles with highly negative charge is hindered at high
pH. Similarly, reversible and irreversible adsorption be-
havior of Na-PMAA on alumina particles was observed
in basic suspensions [18]. As discussed in the previous
section, anionic polymers are easily attached on the pos-
itive surface sites at pH 2.2 so that sequential adsorption
of dispersant lead to a decrease of the zeta potential and
dispersibility. At pH 7.2, a significant increase of the
zeta potential is observed with the increase of disper-

Zeta Potential (nV)

0 sant concentration due to the steric effect of adsorbed
0 0.5 1 15 2 25 3 35 polymers. At pH 10.9, the zeta potential is not signifi-
Dispersant/Powder (wt.%) cantly affected by the amount of dispersant that can be

attributed to a hindered adsorption of polymers on the

surfaces with a high negative charge. However, when

the dispersant was added prior to the pH increase, sig-

. . . nificantly higher values of the zeta potential were ob-

at higher pH reveal a low sediment-height and aCIOUd3fained as shown in Fig. 5. Similar dispersion behavior

supernatant.. . . of the particles has been observed in suspensions of
The behav!or of polyme_r _adsorptlon dgpendlng OMharium titanate dispersed in solutions containing PAA

the order of dispersant addition and pH adjustment wag 5 dispersant [21]

studied by zeta potential measurements (Fig. 7). The '

zeta potential of the “S-B” samples where the disper-

santwas added first and followed by the pH adjustment,

showed a larger value than that of the “S-C” samples3.3. Rheology

with the reverse order oftitration. This indicates that ad-Fig. 8 shows the viscosity of a 40 vol.% PLZT sus-

sorbed polymers at lower pH are highly stable againspension as a function of dispersant concentration. The

desorption as the pH increases. On the other hand, adecrease of the viscosity with addition of the dispersant

2400

Figure 7 Effect of dispersant concentration on the zeta potential of
1 vol% “S-C” suspensions at various pH.
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Figure 8 Effect of dispersant concentration on the viscosity of the Figure 9 Viscosity of 10 vol% suspensions as a function of dispersant
suspensions. concentration at pH 4.2 and proposed stabilization mechanisms.

to a minimum value and the increase of that at highetey ision and “coiled-up” configuration of the disper-
dispersant concentrations are in good agreement WitGant At Jow pH, anionic dispersants are hardly dis-
the zeta potential measurements in Fig. 4. This can bgyiated, but they still carry sufficient negative charge
attributed to the increase of the ionic strength due toalong the polymer chain allowing them to adsorb on
NH; -ions and/or the effect of depletion flocculation the surfaces. Thus, adsorbed polymers screen the posi-

[22]. Nonadsorbed dispersants are not able to penetrajge g rface charge of particles and reduce electrostatic
into the space between particles since the mterpartlclﬁepwsion_

distanceis smallerthan_ the stretched poly_mersin highly Fig. 9 shows the viscosity of 10 vol.% PLZT sus-
concentrated suspensions. Thus, osmotic pressure dansjons as a function of dispersant concentration at
velops between the polymer-free and polymer-rich rey 4 4 5 1t is suggested that both mechanisms, the re-
gions and induces attractive forces between particlegy,,ction of surface charge and polymer bridging, are ef-
It has been reported that the viscosity of alumina SuSrecive up to 3.0 wi% dispersant concentration. At low
pensions with excess dispersant increases dramaticallfsnersant concentrations1 wt.%, electrostatic stabi-
with increasing molecular weight of the polymer [23]. izaion is effective to overcome the polymer bridging
The effect of the order of pH adjustment and disper-g,,e g repulsion between the positively charged surface
sant addition on the viscosity of 40 vol.% suspensions;jtes of particles at which polymers are not attached. As
atashearrate of 20 $is depicted in Table . Inanalogy e gispersant concentration increases, apparentsurface
to the zeta potential measurements using 1vol.% PLZ Ty 446 is reduced resulting in flocculation, which is also
suspensions, Vviscosity results |nd|ca_1te the irreversiblgg affected by polymer bridging. On the contrary, as the
desorption of adsorbed polymer at high pH. _dispersant concentration increased,wt.%, total sur-
Suspension “S-A" was prepared by addition of dis-¢5ce coverage of the particles with adsorbed polymers
persant without pH adjustment and resulted in the lowyg4 45 16 deflocculation of the suspension. This behavior
est viscosity. Preparation of suspension “S-B” was Caryt particle-particle interaction can be attributed to the
ried out by adding the dispersant first, ball-milling for yangjtion from polymer bridging to steric stabilization.
1 hour and followed by the increase of pH. Suspenywiiy increasing amount of adsorbed polymer, steric

sion “S-C" was prepared by adding the powder into theispersion becomes the dominant mechanism whereas
dispersant solution at pH 11. Suspension “S-B” rephe electrostatic effect decreases.

resents a dispersed state where ponmers are alreadyViscosity of 40 vol.% PLZT suspensions at pH 11
adsorbed at lower pH and subsequent increase of pHg 5 fynction of dispersant concentration and pro-

does not lead to a significant increase of the viscosity,ose( stabilization mechanisms are depicted in Fig. 10.
The lower viscosity of suspension “S-B” than that of

“S-C” can be attributed to the hindered desorption of , -

the pre-adsorbed polymers at pH 11 [14].
1000 A

3.4. Dispersion mechanisms
Well-dispersed suspensions with high solids loading ar&
difficult to achieve at low pH due to weak electrostaticg

Viscosity

TABLE | Viscosities of 40 vol.% PLZT suspensions depending on
the order of dispersant addition and pH adjustment

g

Insufficient

| surface coverage:

Electrosteric
dispersion

Effect of nonadsorbed
free-polymer

Sample Addition of 2.0 wt% dispersant Viscosity [mPa-s] ‘ ‘ ' ‘ ‘ '
0 0.5 1 15 2 2.5 3 35
S-A Dispersant only, pH 8.9 223.7 Dispersant/Powder (wt.%)
S-B First dispersant, then pH to 11 246.1 ) ) ) ] ] ]
S-C First pH to 11, then dispersant 315.3 Figure 10 Viscosity of 40 vol% suspensions as a function of dispersant

concentration at pH 11 and proposed stabilization mechanisms.
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Suspension with 1 wt.% dispersant revealed the lowest. Conclusions
viscosity, which is in good agreement with the zetaDispersion and electrokinetic behavior of agueous
potential measurements as shown in Fig. 5. The inPLZT suspensions were investigated at various pH us-
crease of the dispersant concentration led to an increasgg ammonium polymethacrylate as a dispersant. Pos-
of the viscosity that is attributed to the non-adsorbedsible stabilization mechanisms were discussed depend-
free polymers in the solution. As mentioned previously,ing on the pH and the amount of the dispersant. Freshly
polymer adsorption on particles at high pH is hinderedprepared suspensions showed a positive zeta poten-
due to the repulsive interaction between the negativelyial and pH~ 7 whereas |IEP was measured~8.2.
charged dispersant molecules and negatively chargeld was pointed out that the PLZT slurries were sensi-
surface sites of the particles. However, polymer adtive to lot-to-lot variations of the powders due to the
sorption can still take place on the surface sites withcomplex surface chemistry of the particles and possi-
a positive charge although the net charge of the partible formation of free-PbO phase. Because of the pos-
cles is strongly negative. Hence, both electrostatic anitive charge of PLZT particles below pH 8.2, adsorp-
steric repulsion (electrosteric) are the proposed stabtion of the non-streched polymers increased with the
lization mechanisms at pH 11 and a dispersant condecrease of pH.
centration of about 1 wt.%. However, in suspensions Different electrokinetic behavior and rheology of the
at higher pH, only electrostatic repulsion may becomesuspension were observed depending on the order of
dominant since positively charged surface sites are nadispersant addition and the pH adjustment. Addition of
existing. It has been reported that stabilization of negaeispersant, followed by pH increase, led to higher zeta
tively charged SN4 suspensions at pH 10.5 with PAA potential values. Thus, once the polymer adsorption
as a dispersant is governed only by the electrostatitakes place at low pH, reversible desorption is strongly
repulsion [17]. hindered at higher pH.
Adsorption of the dispersant was reduced at high pH

due to the repulsive forces between the highly neg-
3.5. Effect of pH on solids loading atively chargeq particles 'and the ionized dispgrsant
Slurries suitable for ceramic shape forming often re-molecules having a negative charge. Electrosteric sta-
quire high solids loadings to achieve high green densiPilization mechanism was effective in preparation of
ties with a uniform microstructure. Fig. 11 shows the Well-dispersed slurries at high pH. PLZT suspensions
effect of pH on the solids loading of a suspension conWith solids loading up to 50 vol.% and relatively low
taining 2 wt.% dispersant. Note that a different batchVIScosities were prepared at pH 11.5 with addition of
of PLZT powders was used in these studies, and there? Wt-% dispersant.
fore, the measured data are comparable but not in exact
agreement with the results in the previous sections. The
viscosity of the suspensions becomes more pH depergcknowledgment
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