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Abstract

The rheological properties of aqueous ceria dispersions are studied experimentally. In particular, the effects of particle concentration,
temperature, pH, and ionic strength are discussed. If the volume fraction is below 2%, ceria slurry exhibits Newtonian behavior, and for
higher volume fractions, shear-thinning behavior is observed. The effect of temperature on the behavior of ceria slurry is found to be pH-
dependent. If pH< IEP, IEP being the isoelectric point, the viscosity of the ceria slurry decreases as temperature increases, though the
temperature effect is inappreciable in the range of 28 t6&&@Mn the other hand, if pH IEP, the viscosity slightly increases with increased
temperature. A shift of IEP to a higher value of pH was observed for ionic strength, even for indifferent electrolytes. The influence of pH
on the rheological properties of ceria slurry decreases if the ionic strength is high. The pH at which viscosity and yield stress are maximum
coincide with IEP only for low ionic strengths. The slopes of acidic and basic branches of viscosity against pH and yield stress against pH
curves are not symmetrical at high ionic strength, and the alkaline branch deviates significantly from Hunter’s theory.
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1. Introduction electric point (IEP) reported in the literature varies from
6.75 to 7.9 [1,3,4]. At low ionic strengths, the IEPs of ox-
The performance of a chenal mechanical polishing ides do not depend on the nature and the concentration of
(CMP) process depends largely on the physicochemicall:1 electrolytes, the so-called indifferent electrolytes. On the
properties of the colloidal dispersion, or slurry, used in the other hand, a shift in the IEP of metal oxides was observed
process. Various types of metal oxide colloid dispersion have experimentally even for indifferent electrolytes [5] at high
been proposed for commercial CMP processes. These in-onic strengths. This behavior was explained theoretically by
clude, for example, silica, titania, anatase, ferric oxide, alu- Yaroshchuk[6]. It was reported that the variation of the rheo-
minum oxide, and zirconium oxide. Ceria is the most im- |ogical properties of slurry, for example, viscosity and shear
portant abrasive used for glass polishing. Cook estimatedstress, has a local maximum as pH varied, and this maxi-
that the polish rate of ceria is 43 times higher than that of mum occurs at IEP under pristine conditions [7-9]. The IEPs
silica abrasives for Si(OH)removal. This accelerated pol-  evaluated from electrokinetand rheological measurements
ish rate is due to the fact that the abrasive forms a chem-should match only under stine conditions [9,10].
ical bond with the glass surface [1]. The demand for ceria  Usually, dilute slurry exhibits the behavior of a New-
slurry is expected to increase owing to increased produc-tonjan fluid. However, if its concentration is higher than a
tion of semiconductors, liquid crystal display panels for PCs, certain level, deviation from Newtonian behavior can be ob-
and glass-substrate hard disks. Compared to other types oferved. In many cases, the viscosity of slurry is found to
colloidal dispersion, available results for Ce@ispersions  {ecrease with the increase ires rate, the so-called shear-
are very limited. The weight concentrations of commercial hinning behavior. The rheological properties, such as yield
Ce(, dispersions vary from 3 to 20 wt% [2], and the iS0-  giress and viscosity, of the slurry are sensitive to the variation
in pH. For most metal oxides, thejrpotential is positive at
~ " Corresponding author, Fax: +886-2-23623040. low pH and negative at high pH, and therefore there exists
E-mail address: jphsu@ntu.edu.tw (J.-P. Hsu). an IEP. Hunter and Nicol [7] were able to correlate the yield
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stress and 2 theoretically through a linear relation, which A DT-1200 acoustic and electroacoustic spectrometer,
was justified later by experiments [8,9]. On the basis of this purchased from Dispersion Technology Inc., USA, was used
relation, at lower pH the yield stress increases with increasedto measure the -potential. This device is a powerful ana-
pH, reaches a maximum at theR, and then decreases with lytical tool for quantifying a dispersed system. In particular,
a further increase in pH. Leong et al. [8] concluded that since properties of a conceated sample at arbitrary ionic
the acidic and basic branches of the yield-stress-against-pHstrength can be measured directly without pretreatment, it
plot are symmetrical, and the addition of multivalent anions is readily applicable to the present study. The software al-
has the effect of shifting the IEP of zirconia to a lower pH. lowed us to define the sample composition (particle and
A similar shift in the yield-stress-against-pH plot was also liquid phase), selecting them from an extensive database.
observed, and its acidic and basic branches remained symThe appropriate conductivity corrections for the concen-
metrical. Kosmulski et al. [9] demonstrated that the presencetrated NaCl solutions were made. The following parameters
of multivalent cations could shift the IEP to a higher pH. were directly measured: attenuation spectra, sound speed,
Moreover, they found that theddition of inert electrolytes ~ phase and amplitude of the colloid vibration current (CVI),
also had the effect of shifting the IEP to a higher pH, and the PH, and temperature. The attenuation spectra provide in-
shift in IEP was more pronounced at higher ionic strength. formation about particle size distribution, the sound speed
Kosmulski et al. [9] concluded that the IEP and the maximal is & measure for the system stability (stability confirmed
viscosity do not coincide except under pristine conditions, by pH and temperature), and CVI is used to calculate the
and the acidic and basic branches of the yield-stress-againstZ -potential. The pH of a sample containing 13 wt% GeO
pH plot are not symmetrical. Their result roughly confirmed changed from 5.1 to 5.4 after 24 h, and the difference of pH
the linear relation between yield stress arfdderived by ~ between 7 wt% Ce@and 13 wt% Ce@was only 0.1 units.
Hunter and Nicol [7]. The pH of the dispersion was measured by a Horiba D-24
Temperature is one of the important factors affecting the PH meter. Suspensions at various solid concentrations were
rheological properties of slurries. It is known that the varia- Prepared by adding distilled water to the powder, the con-
tion of the viscosity of a Newtonian fluid obeys the Arrhe- Centration then being accurately determined by drying. The
nius law. In general, the viscosity of a slurry is expected to Samples were magnetically stirred for at least 1 h and then
decrease with increased temperature [11]. exposed to an ultrasonic device for 60 min. All measure-
In the present study, the behavior of aqueous ceria disper-Ments were performed at room temperature, except when the
sions is investigated experimentally. We focus on the effects €ffect of temperature was investigated. The pH of the dis-
of the basic parameters such as particle concentration, temPersion was adjusted by addition of either 1 M HCl or 1 M
perature, pH, and ionic strength on their rheological proper- NaOH. All suspensions were left to stand for at least 24 h be-
ties. The results obtained are expected to provide necessaryr€ any measurements were conducted. When the effect of

information for the assessment of the performance of com- ONiC strength was examined, NaCl was used as electrolyte.
mercial slurries. The mass of electrolyte plus the base used for pH adjustment

was kept constant.

2. Experimental 3. Resultsand discussions

Tizox, 99.9% pure ceria, was used as purchased from  The stability of DT-1200 wastecked by performing the
Derwey Co, Taiwan. The pH of an aqueous dispersion was ; -potential measurement in parallel for an aqueous disper-
found to be in the range of 4 to 6. The pH after the disper- sjon with a Malvern 2000 ZetaSizer. The results obtained
sion was prepared increased slightly in 24 h, but not by more are in good agreement with those obtained using the DT-
than 0.5. The BET surface area of Tizox is estimated to be 1200. Ceria slurries, with a volume fraction higher than 1%
30 n?/g and the mean particle size is about 220 nm. All at different ionic strengths, were titrated manually with 1 M
the other reagents were aytital grade and were used as base and the-potential was read every 0.5 pH units. Ceria
purchased. A Brookfield digital viscometer, Model DV-1I+,  slurry exhibits a reasonable short equilibration time and we
Version 3.0, was used to measure the viscosity and the sheaivere able to perform a complete titration from pH 4 to pH 9
stress. The operating principle for this device is to drive a within 2 h. At low ionic strength the IEP is between 5 and 6,
spindle immersed in the tested fluid through a calibrated considerably lower than reported in the literature, possibly
spring. The viscous drag of the fluid against the spindle is due to different crystallization form.
measured by spring deflection. The instruments give the vis-  Fig. 1 shows the variation aof-potential as a function
cosity in cP, the shear rate ims and the shear stress in  of pH at various ionic strengths. This figure reveals that at
N/m?. The spindle used, SO0, allows us to vary the shear ratehigh ionic strengths=0.1 M), IEP shifts toward a higher
in the range of 0.37 to 122.3'8. The maximal measurable  pH. The shift in IEP at high ionic strength was reported for
viscosity and shear stress are 2000 cP and about /h&N other types of colloidal particles such as zirconia and anatase
respectively. and seems to be a common behavior for metal oxides [5].
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is applicable only for ionic strength lower than 0.1 M. As ~ '® a .
. | |
pointed out by Rowlands et al. [12] and Hunter [13], for < so- -
electrolyte concentrations abe 0.1 M, the calibration pro- g 60
cedure becomes difficult, and the value of the measured< "
¢-potential may not be very accurate. In our study, the po- 401 o ¥
sition of the IEP for the case where the salt concentrationis 2o ov ¥ .
. . . . [u]
high was conflrmgd by ad_dltlonal eIectrophoretl_c measure- o o ce o UV W T
ments. Areversal in the shift of IEP was reported in literature
for cations such as potassium and cesium. Kosmulski and o1 : 0 100 1000

Rosenholm [5] observed this reversal for anatase dispersions Shear Rate (")
at NaCl concentrations higher than 1 M, but no further com- ®)
ments were made. In contrast, Gustafsson et al. [10] found
that charge reversal could no longer be observed at a NaClrig. 2. variation of shear stress (a) and viscosity (b) as a function of shear
concentration of 1 M, and the-potential of anatase was al- rate at various pH under electrolyieee conditions and 13.63% weight con-
most constant and positive for all values of pH at this ionic centration of ceria.
strength. If the level of the-potential is low, care must be
taken in the estimation of IEP. Here, the IEP at a low volume (pH < 4); that is, the dispersion is Newtonian. However, if
fraction of ceria is double-checked using the electrophoretic the pH is close to the IEP, the viscosity increases with the
apparatus adopted by Hsu et al. [14], which is similar to decreases in the shear rate, and the dispersion acts like a
that used by Mironov and Dolgaya [15]. The results based non-Newtonian fluid. Also, it remains non-Newtonian even
on electroacoustic and on electrophoretic experiments are inif the pH is higher than the IEP. Although the first New-
good agreement regarding the position of IEP. Fig. 1 also re-tonian region (the region of constant viscosity at very low
veals that if the ionic strength is high, tigepotential of the shear rates) could not be observed due to the limitations of
ceria slurry has a local minimum in the acidic branch, but it the instrument, the slurry is shear-thinning. According Fer-
does not appear if ionic strength is low. guson and Kemblowski [16], thixotropy might occur when a
Fig. 2 illustrates the variations of the shear stress and fluid is shear-thinning. In our case, when shear rate was in-
the viscosity as functions of shear rate at various pH for creased first and then decreased, the hysteresis loop of shear
a ceria dispersion of 13.6 wt% when no NaCl was added. stress observed was inappreciable, and therefore, the disper-
Fig. 2a reveals that the shear stress increases monotonicallgion was considered to be time-independent. This might be
with the increase in shear rate for pH far from the IEP. It due to our experimentlasting only for a relatively short time.
was pointed out by some researchers that close to the IEP a The variations of the viscosity and the yield stress at con-
slight local maximum might appear at very low shear rate, stant shear rate as a function of pH are presented in Fig. 3.
which is considered to be the real yield stress. In our case,Fig. 3a reveals that the maximum viscosity appears at IEP, as
the local maximum does not always show. As suggested byexpected. Apart from the viscosity, the yield stress is of prac-
Fig. 2b, for a weight concentration of 13.6%, the viscos- tical interest. Still, there is serious doubt about whether yield
ity is almost constant if the pH is much lower than the IEP stress exists for present dispersions. In many cases, close to
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Fig. 4. Variation of viscosity as a function of shear rate for various weight
Fig. 3. Variation of viscosity (a) and yield stress (b) as a function of pH for  fractions at pH 5.7 (a) and variation of yield stress as a function of volume
the case of 13.63% weight concentration of ceria. fraction of solid particles (b).

the IEP the shear stress exhibits a local maximum at low at 7% weight concentration of ceria. For higher weight con-
shear rates, but we failed to observe this local maximum for centrations, the dispersion is non-Newtonian, and the higher
all the samples. Therefore the yield stress is estimated bythe weight concentration the more shear-thinning a disper-
using a Bingham-type extrapolation to zero shear rates. It ission is. Fig. 4b shows that the yield stress increases with the
also true that the device used does not allow us to work onincrease in the concentration of ceria.
shear rates below 0.37% The yield stress and the viscosity Fig. 5 illustrates the variation of viscosity as a function of
show very similar behavior, as can be seen in Fig. 3. This is shear rate at various temparats. According to Fig. 5a, if
consistent with the observation that viscosity and yield stress pH is below IEP, the viscosity decreases with the increased
correlate linearly [9]. The yid stress (and accordingly the temperature. The degree of decrease, however, is not very
viscosity and shear stress) in the present study is relativelysignificant in the temperature range 34.8-5€3a more
low compared with those reported in the literature [8,9] be- significant decrease is observed for the range 54.3<°64.1
cause the solid load used in our experiments is low. Rather insignificant temperature effects on the viscosity of
Fig. 4 shows the variations of viscosity and yield stress as rutile and anatase dispersions were also reported in the liter-
a function of shear rate at various weight fractions of ceria ature [9,19]. As shown in Fig. 5b, the ceria slurry exhibits a
at constant pH, which is close to IEP. Our experimental ob- peculiar behavior if its pH is higher than IEP, where the vis-
servation shows that if the weight concentration is low, the cosity increases with the inease in the temperature. A pos-
viscosity of the dispersion is close to that of water even if sible explanation for this is that the viscosity—temperature
the pH is close to IEP. Fig. 4a reveals that if the weight con- relation does not necessarily follow the Arrhenius law. As
centration is sufficiently high, the dispersion becomes non- pointed out by Barnes et al. [11], when the continuous phase
Newtonian. A slight local maximum in viscosity is observed becomes less viscous, the dispersed particles acquire more
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is used to correlate the temperature dependence of the vis-
cosity. For illustration, the shear rate of 2.45'$s chosen,
and the fitted results are summarized in Fig. 6.

Fig. 5. Variation of viscosity as a function of shear rate at various tempera-
tures for 18% weight concentration, pHIEP (a) and pH> IEP (b).

Table 1 :

Variation of pH as a function of temperature for two samples having differ- Severa.l ?quatlons are prOpOSEd to rglate the structural
ent initial pH: (a) pH> IEP; (b) pH< IEP characteristics of a suspensitrits rheological model [16].
Temperatre’C) 280 348 448 460 543 641 In our case, since both a shear—thmnm_g region anq a New-
Sample (a) &5 855 837 - 833 816 tonian region are present, the appropriate choice is a four-
Sample (b) - M0 - 434 431 429 parameter power-law model. Among the available rheolog-

ical models, the one proposed by Quemeda includes both
volume fraction and shear rate and is applicable to a wide
energy and the rate of structure formation might increase, class of concentrated dispersions and complex liquids [18].
leading to an increase in its viscosity. Another possibility is The generalized Quemeda model,

the decrease in the pH of slurry as the temperature increases, 1 4

as shown in Table 1. Note that the calibration of pH meter for /100 = {1 - [1 = (1100/10) /a]k} ’ ()

the wide range in temperature in our experiment s extremely js adopted to describe our experimental data. In this expres-
difficult. However, we did our best to minimize possible er-  sjon the parameter is a function of particle concentration,
rors by performing three-point calibrations in pH (4,7, and 9) ,, andn., are respectively the viscosity at zero and infinite
before reading its value at vatis temperatures. The calibra-  shear rates, andis a structural parameter defined by

tion was conducted based on the pH values of pH standard 1

solution at various temperatures provided in the operation) — — ~— (3)
manual, but since the relevant information for standard so- 1+ (tey)l/e

lution for temperatures higher than 496 are unavailable, = wherey is the shear rate ang is a time constant, which is
the pH values shown in Table 1 for temperature higher than related to the rate of aggregation of particles due to Brown-
45°C are approximate results only. ian motion. The estimated values of the adjustable parame-
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Table 2
Estimated values of the adjustable parameters in Eq. (1) for various solid
fractions " e oM
. . 100 "o m  0.1MNaCl
Concentration ~ Concentration 7ng (cP) 7neo (CP) 1c(s) «a ma,, A 0.5M NaCl
(Wt%) (vol%) g mA,
9.62 214 181 238 0424 199 = | . T,
10.34 232 575 3.29 0166 199 8 ® . LN
1363 314 2171 401 0041 149 g . "4
18.00 432 6900 872 0053 153 ® .

ters are summarized in Table 2. For lower solid ratios our
results are consistent with those of Yang et al. [17], who
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concluded that for many suspensianss about 2.0 and is
independent of shear rate.

Fig. 7 shows the variation of shear stress and viscosity asFig. 8. Variation of viscosity as a function of shear rate for various ionic
a function of shear rate for various pH at two levels of ionic strengths at pH 4 for the case of 18.0% weight concentration of ceria.
strength. This figure suggests that pH still influences the rhe-
ological properties, but its effect decreases with increased mentation of viscosity. At an ionic strength as highas 0.1 M
ionic strength. Even at a low pH«4) the addition of saltin-  the coagulation of ceria particles is fast and the system is
creases the viscosity dramatically. The addition of salt gives unstable. Fig. 8 reveals that an increase in the ionic strength
raise to flocculated structures, resulting in the observed aug-from 0.1 to 0.5 M does not induce a significant further in-

Shear Rate (s™)
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25

Table 3
Estimated values of the adjustable parameters in Eq. (1) for various ionic
strengths 20 1

CeO,, 18%wt

NaCl concentration (M) no (cP) Noo (CP) tc (S) a

0 172 14 0.29 089
0.1 2900 31 0.04 177
0.5 3166 39 0.06 199 10

Viscosity (cP)

crease in the viscosity. The Quemeda model expressed in

Eq. (2) is used to describe the experimental data and the es- oo

timated values of the adjustable parameters are summarized °7 - ' 'IEP ' —m— 0.1M NaCl

in Ta'ble 3 pristine 0.1M loEgM —®— 0.5MNaCl
Fig. 9 shows the variations of viscosity and yield stress ) . . : - ;

as a function of pH at various ionic strengths. As can be
seen from Fig. 9a, at low ionic strength the point of high-

est viscosity matches the IEP obtained from electrokinetic
measurements. This confirms the results reported in the lit-
erature for other metal oxides [8-10]. As the ionic strength
increases, the pH at which the maximal viscosity occurs
shifted to a higher pH. The extent of shift, however, is not as

]
pronounced as that obtained by electrokinetic experiments.N’E‘ ;1
Also, the slope of the basic branch is less steep than that of 2 /
the acidic branch, in accordanafth other results [9,10] but "

in opposition to the results of Leong et al. for zirconia [8],
which suggested that the acidic and basic branches of the=
viscosity curve are symmetrical. This finding is reasonable
since the stability of the system decreases with increased
electrolyte concentration, drthe system is not restabilized
after passing the IEP. According to Kosmulski et al. [9], the
discrepancy between the electrokinetic and viscosity data is i : .
due to the fact that they correspond to electric potentials 2 4 6 8 10

at two different distances from the surface, and only un- pH

der pristine conditions is, the IEP the same as the point of (b)

zero charge (PZC). The dependence of yield stress on pH

exhibits the same trend as the viscosity (Fig. 9b). At low Fig. 9. Variation of viscosity (a) and yield stress (b) as a function of pH at
ionic strength the low- and high-pH branches of yield stress various ionic strengths for the caseld.0% weight concentration of ceria.
(pH) match the IEP, in accordee with the viscosity behav-

ior. For high ionic strengths, the acidic and basic branches’ the sedimentation height is maximum at IEP; the suspension
intersection does not match the IEP and is situated at a loweris still stable at pH 3, but not stable at pH 10. Measurements
pH than the IEP. Under pristine conditions the slopes of of the particle size were made during the titration of a ceria
the acidic and basic branches are almost the same, but ofample at high ionic strength. The particle size was found
opposite sign, in accordance withetiwell-established lin-  to be almost doubled at the end of the titration. This is an-
ear relation between yield stress angotential derived by  other proof that the aggregated structures appear around the
Hunter and Nicol [7]. For high ionic strengths, on the other IEP and the flocs do not break with increased pH, even when
hand, the basic lines are almost horizontal parallel lines. Thethe suspension is strongly stirred. At very high ionic strength
slopes of acidic branches decrease at high ionic strength, buthe rheological properties not only do not drop when the pH
to a lesser extent than those of the basic ones. This is in acdincreases, but might even increase.

cordance with other literature reports [10]. As known, at IEP

the system is destabilized and aggregation/sedimentation oc-

cur. Continuing the titration after passing through the IEP 4. Conclusions

does not stabilize the system, and the formed aggregates do

not brake even at high pH. This fact is supported by the set-  Ceria suspensions exhibit Newtonian behavior at low vol-
ting test. Suspensions of different pH were prepared for a ume fraction, but non-Newtonian shear-thinning character-
settling test and poured into graduated test tubes that werdstics when the volume fractiog is higher than a critical
then sealed and the sedimentation height versus setting timevalue. The pH strongly influences the rheological properties,
was determined. The results showed that after half an hourespecially for a higher volume fraction of solid particles. For

pH

2
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