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Particle packing and rheological property
of highly-concentrated ceramic suspensions:
¢m determination and viscosity prediction
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A model is proposed which is able to predict the maximum particle packing density (¢m)
over a wide variety of ceramic suspensions with very large difference in particle size/shape,
particle surface chemistry, and solvent chemistry. This model provides a simple method to
obtain ¢, directly through the use of a few viscosity-concentration data for a given colloidal
suspension, rather than a best-fitting approach. The model is also capable of predicting the
viscosity of a variety of ceramic suspensions under different conditions of shear. A
comparison with some existing viscosity model is also presented. © 2000 Kluwer
Academic Publishers

1. Introduction in ceramic processing, the predictiongf n relation
The use of colloidal processing to produce ceramidrom the viscosity models aforementioned is much less
parts has attractive great attention for years primarilyaccurate.

because this technique offers a simpler and cheaper However, the predictive capability has much im-
way to fabricate ceramic parts with more reliable prop-proved for concentrated suspensions by taking the par-
erties [1, 2] than those fabricated from other convendicle size distribution and most critically, the maximum
tional powder consolidation methods. For green-shapgacking density ¢,) into account, for instance, in an
processing through a colloidal suspension, a suspereariler study by Chongt al.[10]

sion with high solids loading and desirable rheological )

properties is essentially needed. The former require- _ [1 0-75(¢/¢m)] @)
ment may ensure considerable degree of microstruc- ' 1—(¢/dm)

ture homogeneity and higher particle packing density . . . . .
[3-5]. The latter provides critical information on the wheregp, is the maximum particle packing density of

feasibility of the suspensions for specific green-shapin@igé\gesr;tpct’&d desr.tésbgidr:;ﬁitfedle%ggl:k?gZglizé iléiiiﬁr'gn
applications such as slip casting, injection molding, etc,’. >~ 3}’1 on is ol Studi learl

In the study of rheological behavior of suspensions,tlon in the suspension Is close 4. Studies clearly
the relation between solid loading) and viscosity confirm that the value opm can be enhanced or re-

(n) has long received much attention. In short, increas%f\’,iuced by aItering the particle size distribution [11_13.]'
in solid loading ¢) increases suspension viscosity. urthermore, with th_e adyanceme_znt a_nd undgrstandmg
This¢ - n relationship has been afocus ofmanytheoret-mc cqllmdal processing, mter_partlcle interactions (at-
ical and experimental considerations for years. Almosfractive and_ repuls_|ve .potentlal) were found to play a
all of the theoretical work begins with the assumption Ofc_ruma[ roIe_ln dominating rheologl_cal properties, e.g.,
spherical, non-interacting rigid particles in a dilute so-ISCOSity, yield stress, and moduli of a suspension at

lution. After the first equation proposed by Einstein [6] a given particle size distribution [1, 14-17]. In a pre-
in describingg -  behavior, i.e., vious study [18], the author presented a changg,in

due to the formation of particle agglomeration originat-
= (1+ 2.5¢) (1) ing essentially from a change in interparticle potential
and found¢m, can be reduced once the particles are
wheren, is the relative viscosity defined as a ratio of agglomerated.
suspension viscosity){) to the viscosity of suspending  In view of the literature, the valuepn, is by far
medium o), @ number of equations with an extendedone of the most important parameters in describing the
form of Equation 1 were vigorously proposed [7—-9] for rheological properties of collidal suspensions [10, 17,
moderate concentration. However, for suspensions with9-23] as well as in the determination of interparticle
highly-concentrated solid fraction as commonly useddistance [24, 25]. This is particularly critical in some
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one-parameter equations (i.e., the solid concentratiorhigh shear rate, the value=2 and at low shear rate,
@), for instance, as proposed by Chagtgal. [L0] and  the n must be determined separately.

Kitano et al. [20]. However, the value opn, can be However, all the equations given above need a known
further complicated by irregular particles, e.g., high-and precise value apn, or A and then a further pre-
aspect-ratio particles, and this makes a theoretical pradiction of suspension viscosity can proceed. Unfortu-
diction more difficult for a real suspension system. Sonately, so far, the determinationgyf, both by analytical
far, the most frequently-used method in determirdpg  prediction [27] and by experiment, e.g., sedimentation
is by means of a best-fit procedure to the rheologicatechnique [23], has its limitation on providing reliable
data for a give suspension. The lack of a formulationinformation. Therefore, the prediction gk, is criti-

for ¢y may have drawbacks on a deeper understandzally important and it should be best determined di-
ing on the effect of material parameters on rheologicatectly from rheological data measured experimentally
properties for a further improvement of the suspension realistic systems.

for specific green-shaping process as well as for other Inspection of the relationship on viscosity - concen-
applications, e.qg., in the field of chemical engineering tration equations, we found that they have a very basic
This is thus the primary goal of the present study. Inform of

this paper, we propose an empirical equation primarily

for ¢m determination and verify it by comparing the 1—n V" = f(¢) (6)
calculatedp, with the reported, available in the lit-

erature for a number of suspensions. Calculation will beheren is equal to 2 for most high-shear applications as
conducted in detail as a demonstration of the predictivglescribed in Equations 3-5. Further, an extensive anal-
ability of the proposed model on highly-concentratedysis reveals that a linear relationship betweenik /2
ceramic suspensions principally for injection mold- andg¢ is frequently observed for a large variety of sus-
ing applications. Furthermore, an experiment is perpensions with sufficient solid concentrations. (In fact,
formed by preparing a set of highly-concentrated zircosuch linearity can also be extracted from a number of
niawax mixtures with different solid concentrations for existing models, e.g., Equations 3-5. Therefore, Equa-

a close comparison @i, between the experimentally- tion 6 can be expressed in an analytical form of,
determined value and the calculated one.

1-nY?=ag+b @)

2. Model The constanta (slope of the straight line) arl(inter-

A variety of equations have been suggested for descripeept value) have to be determined experimentally. From
tion of ¢ - n behavior of suspensions. Among them, oneEquation 7, it is clear that whe is close togy, the

of the very simple forms for spherical particles is de-relative viscosity £;) of suspensions becomes infinite,
rived theoretically by Maron and Pierse [26], i.e.,n =0, and Equation 7 is expressed as,

77r:(1—¢>)—2 @) 1=apm+b (8)

¢ , . :
" Therefore, the maximum particle packing density

Latter, a remarkable empirical expression was carefully@n be calculated from Equation 8 by,

evaluated by Kitanet al.[20] by modifying Equation 3

with a parameteA which is related to the packing con- bm = 1;b (9)
figuration of a given filler of arbitrary geometry, a

2 Once the constanta and b are determined via
= <1 — ¢> 4 1- nfl/z — ¢ relation, a model which is basically used
A to describe the viscosity behavior of suspensions is es-
tablished. This model can be expressed by rearrange-

Equation 4 is known to be applicable to a large variety ofment of Equation 7, which yields
suspensions having low to high solids loading, and most
importantly, is also valid for high-aspect-ratio fillers. m=(1—agp—h)? (10)
However, Equation 4 is only useful for suspensions at a
shear stress greater thar? B This is then improved oy highly-concentrated suspensions, Equation 10 can
by Dabaket al. [23] who proposed a model which is e gpproximated as a form similar to that of Equation 4.
applicable over both low and high shear regions, having By incorporating Equation 9 into Equation 10, a new
a general form of viscosity model is then proposed, having an expression

N of,
m:[l L g ] )

N (¢m — ¢) e = [algm — ¢)] 2 (11)

wheren is a suspension-dependent parameter g@hd [ The term ¢, — ¢) is clearly defined as the effective
is the intrinsic viscosity which has a value of 2.5 for space available for the particles to move in the matrix
non-interacting, rigid spherical particles. At sufficiently media. Wherp => ¢n, the effective space will reduce
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and the viscosity of suspensions becomes thicker anBABLE | A list of the comparison between reportgg [23] and

finaIIy turns to be infinite at the point @fm- Equation calculatedgr, from Equations 7-9 for different ceramic powder sus-

11is essentially a two-parameter equation and the pi_ensions. The range of solid fraction for the calculatioggffor each
. . . . uspension is also tabulated in parentheses

rameters and¢gny, can be determined easily via a single

1- nr_l/z — ¢ plot through the use of a few viscosity - Suspension

concentration data. (solid fraction) ¢m (Reported) ¢m (Calculated)

Since Equation 11 is proposed originally for highly-

. _ d/-\Iumina—xylene 0.468 0.466
concentrated suspensions under sufficient shear condi-g 450 4s)
tions, it may be used to characterize the suspensiongsumina-Glycerin 0.550 0.542
over a wide variety of materials as well as shearing (0.48-0.50)
conditions. For this purpose, we further propose thaﬁll(lgaégéh%ngég) 0.652 0.655
Equation 11 can have a more general form of, Silica-Glycerol 0.640 0.639
(0.574-0.600)
nr = [a(pm — )] " (12)  Talc-Polyethylene 0.44 0.41
(0.15-0.30)

. . CaCQG-Polyethylene 0.52 0.55
wheren is a flow-dependent parameter and is also (0.22-0.34)

suspension-specific. However, in the investigation, we
find a fairly good predictive ability of the newly-

proposed viscosity model with the use & 2, i.e., ) , ) i
Equation 11, for many ceramic powder suspensions t@/S0 given in the legend of Fig. 1. The agreement is

be presented in following section. excellent. _ _
Using the same methodology, the maximum packing

density of a variety of ceramic suspensions which are
o . . selected simply because each has a repaftedalue
3. Applications to ceramic suspensions is computed and is given in Table I. It is obvious that

To examine the validity of Equations 7-9 for, de- . .
termination, rheological data available from the exper-the calculatedpn has a value identical or close to the

imental work performed by Song and Evans [28] forreportect;5m for each suspension. Since all the available

o S - o data used for the determination of the maximum pack-
primavily ceramic injection molding applications are ing density in this study cover a wide spectrum of mate-
first used for demonstration. The solid concentration 2 Y Y b

are relatively high, e.g., up to 70 vol% and the averag%?dpa;?tggSi;se?i(;?rasag%cgﬁlggﬁzsgr?gg’ g'rfé?nbugqoat'
particle size employed is from Oudn to 1.5um. These P Y P 9

) . : rix fluids, it may further confirm the feasibility of the
ﬁmgﬁgg{ ife zsglrgﬁg;t:gﬁrem In geometry as wel aéproposed equations, i.e., (7)—(9), for the determination

By inserting the rheological data and correspondin of the maximum packing density for given colloidal

solid concentration into Equation 7, Fig. 1 shows thgsuspensmns.

resulting 1— nfl/z — ¢ curves for four different Zr@

powders. As expected, the correlation is linear and by, Experimental verification

extrapolation of the value & m-l/z to 1, acorrespond- However, the rheological data af, from the litera-

ing valuegn, is obtained for each powder. A comparison ture are mostly obtained through the use of best-fitting

of the maximum packing density between the calcuprocedure. It may need to have a close and direct exam-

lated values (cém) and the reported valueg) is  ination. For this purpose, Ze@wax suspensions with
different solids loading, i.e., 55-64 vol% (the prepa-
ration procedure was detailed elsewhere [19, 29]) with

1 anincremental volume fraction of 1-2% were prepared.
zsH The use of small fractional interval of the solid parti-
099 o cles in the suspensions may ensure a better approach
with accuracy to the value @y, directly observed in
0 o ; : . .
0.98<¢ K comparison with the one calculated. The viscosity of

the suspensions was measured &tC85ising a cap-

097 illary rheometer (Shimadzu, CFT-500D, Japan). Ac-

o
e (PSH cordingly, if the suspensions can not be sheared under
- b C20y, a given shear stress (25 MPa) until the solid loading
056 O 059,058 is increased up to some critical value and the critical
(PKH O 066, 066 value can then be considered as the solid loading that
0.954 A 066, 065 should be the fraction closest to the maximum packing
ot o 068 067 Qensity Om)- In_ ordgr to jL_Jstify the test, a corr_espond-
0.94 . T r r ing concentration-viscosity curve was established and
0.45 0.5 0.55 0.6 0.65 0.7

' . we find the extrapolateg, (to infinite viscosity) from
Solid Fraction (¢) the curve is rather close to the one observed from the

Figure 1 The lfnfl/zversus concentratiop] curves, showing a well- Shear—deformed method. . X
fitted linear correlation, for highly-concentrated suspensions preparedby 1 N€ resulting flow behavior of the suspensions at an

Songet al. [28] for ceramic injection molding application. increasing solid loading and the calculatgd shows
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1 300003500

. (o] present work
Present Work in the ZrO,-wax % x o AbOsxylene
suspension system 2500
0.995+ X & AlOs-glycerin
200004 A Si0z-ethanol
0
& 0 2500 5000 B SiOz-glycerol
0.99- g ©  wloPE
=S é ®  CaCO3PE
= 10000 Vv ZiOs-wax(ZSH)
0.985 X ZrOz-wax(ZKH)
% =® ZrOz-wax(PSH)
0.984 o . . * ZrO2-wax(PKH)
0 10000 20000 30000
Predicted v,
¢y = 0.639
0.975 I J 1 J J . . . . . .
0.59 0.6 0.61 0.62 0.63 0.64 0.65 Figure 3 A comparison of the predicted viscosity using the newly-

proposed viscosity model (Equation 11) with the measured viscosity

Solid Fracti . ) .
olid Fraction (¢) for a wide variety of suspensions.

Figure 2 A comparison between the calculatggl via 1— nfl/z —¢

relation and the value obtained by a close examination on a series ¢* 4900
highly-concentrated zirconia-wax suspensions with small increment of

solid fraction prepared currently.

(a) low shear rate

From Eq.(5)

30004 with R? = 0.998

that the suspensions are virtually flowable until a solid
loading of 0.64 is reached where no visible sign of _
flow can be detected under the maximum shear forceg
The suspension with the fraction of 0.64 behaves es§
sentially like a rigid solid under the condition of shear. =
This indicates the maximum packing density should
probably be in the range of 0.63-0.64. By inserting the
obtained rheological data (some are abandoned due -
the limitation of the instrument) into the equations and
Fig. 2 shows, albeit not perfectly fitted, a linear relation 045
with correlation coefficient as good as 0.98, together
with an extrapolated value @f,, = 0.639. The extrap-
olated¢m, = ~0.64 (estimated) was obtained from the @)
concentration-viscosity curve. Both show good agree- 1250
ment. Therefore, it is reasonable to show that the cal (b) high shear rate

culated¢m, has a value just lying between the critical 1000 From Eq, (i1)
solids loading experimentally observed. The agreemen withR2 =099
on the maximum packing density between the experi-
mental examination and the calculation is good. This _ 750

2000+ From Eq.(11)

with R? = 0.999

1000+

T 1 1
1000 2000 3000 4000
Predicted n;

(=)

further provides a direct and strong evidence on supg From Eq. (5)
porting Equations 7-9 for a given real suspension. § ViR = 0.998

S 500
5. Viscosity prediction 250
With the achievement op,, via an extrapolation of
Equations 7-9, it should be possible to use the viscosit
model described in Equation 11 to predict the viscosity 0 T T T T

0 250 500 750 1000 1250

of suspensions. Since the parameters aggnére de-
termined experimentally for a given suspension, Equa:
tion 11 is a suspension-specific model which allows the (b)

viscosity of a given suspension to be predlcte_:d preCIseI)éigure 4 A comparison of the predictive capability of the viscosity
oncg the parameters are aCCUfate'Y dete_rm'n?_d' To b%'odel between the Dabak-Yucel model (Equation 5) and the model cur-
ter illustrate this, the data of relative viscositieg)( rently proposed (Equation 11) over (a) low shear rate and (b) high shear
from all the suspensions mentioned above are used anate regions.

plotted against the relative viscosity calculated from

Equation 11. Fig. 3 shows the resulting correlation (thecolloidal suspensions with a wide range of solid con-
plot in the inset is the data at lower viscosity values).centrations.

As expected, the correlation is fairly good with a cor- In comparison with existing viscosity models, the
relation coefficienR? > 0.99. This finding strongly in- Dabak-Yucel model, i.e., Equation 5, is selected which
dicates that the proposed viscosity model does offer &as readily been confirmed to predict well the viscos-
simple and reliable method for viscosity prediction of ity for a large variety of ceramic suspensions over a

Predicted n,
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wide range of shear conditions. The relative viscosi-References
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