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The objective of this study was to investigate the effects of
temperature and solids loading on the viscosity of two non-
aqueous ceramic suspensions. In this article, the viscosity of
Al2O3 suspensions with 5%–50% solids loading and hydroxy-
apatite suspensions with a solids loading of 5%–40% were
measured at temperatures of 25°, 45°, 65°, and 75°C. The
high-shear Newtonian viscosity at various temperatures was
reduced to a single curve by the reduced viscosity and the
temperature-adjusted solids volume fraction of the suspen-
sions. The Krieger–Dougherty model, with the intrinsic viscos-
ity corrected for particle geometry, was fitted to the data and
was observed to provide a satisfactory description to the
solids-loading–viscosity data for both suspensions.

I. Introduction

TRADITIONALLY , ceramic slurries are processed at room temper-
ature. Lately, processes for making complicated ceramic parts

have been developed by jetting and printing ceramic slurries at
elevated temperatures.1–3 An understanding of the effect of solids
loading on the viscosity of the suspensions at elevated tempera-
tures is fundamental and essential in these processes. Theories on
the effect of solids loading on the viscosity at room temperature
have been developed by many researchers.4–8 Many of these
groups used idealized systems that contained monodispersed hard
spherical particles and a one-component liquid medium to verify
their theories. However, in practice, in ceramic processing, highly
loaded ceramic suspensions deviate from the ideal system in
several ways. The liquid medium usually contains more than one
component, the ceramic particles are not always monodispersed,
and dispersants usually are used to modify the interparticle force.
Mathematical models on the solids-loading–viscosity relation of
these “nonideal” ceramic suspensions are needed.

Relatively little literature was found regarding the temperature
effect on the viscosity of highly loaded suspensions. Krieger9 used
the relative shear stress and the reduced viscosity to explain the
temperature effect on Brownian force. Tsutsumi and Yoshida10

used the product of the viscosity of the suspension medium and the
shear rate to describe the effect of temperature on hydrodynamic
force. An important factor in the high-temperature flow behavior
of the highly loaded suspension is the effect of thermal expansion
of the liquid medium. The flow behavior of a highly loaded
suspension is known to be very sensitive to the variation in the
solids loading.4 One possible reason for a variation in solids
loading is the temperature change in the suspensions. Because of
the large difference in the coefficient of thermal expansion
between solid and liquid, a change in the suspension temperature
can have a strong effect on the solids loading, which, subsequently,
would change the flow behavior. Although the effect of thermal

expansion of the liquid phase has been mentioned,11 no special
treatment in this aspect has been noticed.

The first objective of this article is to study the effect of
temperature on the viscosity of nonaqueous Al2O3 suspensions and
hydroxyapatite (HA) suspensions. The intent is to correlate the
viscosity to the temperature-adjusted solids loading of the ceramic
suspensions at various temperatures. Generally, if a well-dispersed
dilute ceramic suspension is prepared from a Newtonian fluid, the
flow behavior of the suspension will remain Newtonian; the
viscosity will be constant, regardless of the shear rate. However, in
well-dispersed highly loaded suspensions, the viscosity of the
suspension may or may not change with the shear rate, depending
on the magnitude of the shear rate. In most cases, at extremely low
shear rates, Brownian motion dominates and the structure of the
particles in the suspension remains relatively undisturbed, despite
the shearing. The viscosity in this region is independent of the
shear rate and usually is called the “low-shear Newtonian limit” of
the suspension. As the shear rate increases, the particle structure in
the suspension is disrupted; the viscosity of the suspension
decreases as the shear rate increases. This region usually is called
the “shear-thinning region” of the flow curve. As the shear rate
increases further, the particle structure in the suspension becomes
grossly oriented; the viscosity of the suspension remains constant,
irrespective of the shear rate. This region usually is called the
“high-shear Newtonian limit” of the suspension.4,12 For our
research, we have focused on the high-shear Newtonian limit of
the suspensions, because this region is most relevant to our
processing condition.

The second objective of this study is to provide a mathematical
description to the solids-loading–viscosity relation for these highly
loaded ceramic suspensions. The Krieger–Dougherty model was
applied to the solids-loading–viscosity data of both ceramic
suspensions, where the solids packing factor and liquid intrinsic
viscosity each were corrected for the particle shape. The usefulness
of the model was evaluated.

II. Experimental Procedure

Al2O3 powder (Product A-16, Alcoa, Pittsburgh, PA) with an
average size (d50) of 0.4 mm was used in this study. The 90th
percentile particle size (d90) of this powder was 1.2mm, and the
10th percentile particle size (d10) was 0.14mm (according to data
from the manufacturer). Scanning electron microscopy (SEM)
(Model S-800, Hitachi, Tokyo, Japan) indicated that the shape of
the particles was approximately spherical. The density of the
powder was 3.92 g/cm3, and the specific surface area of this
powder was 9.5 m2/g (according to data from the manufacturer).
The HA powder used was acicular, with a diameter of 60 nm and
a length of 600 nm. The density of the powder was 3.14 g/cm3, as
measured via helium pycnometry (Model AccuPyc 1330, Micro-
meritics Instrument Corp., Norcross, GA.). The Brunauer–Em-
mett–Teller (BET) specific surface area of this powder was 17
m2/g, as reported in the literature.13

The liquid medium was a 1:1 mixture of propoxylated neo-
pentoglycol diacrylate (PNPGDA) and isobornyl acrylate (IBA).
The dispersant used for the Al2O3 powder was a commercial
product that was based on quaternary ammonium acetate (Emcol
CC-55, Witco Corp., Houston, TX). First, the optimal dose of
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dispersant for the ceramic powder was determined. Al2O3 powder
was dispersed in a PNPGDA/IBA premix to make a 20 vol%
suspension. Six groups of suspensions, with dispersant doses of
0.5–3.5 wt% (dry powder weight), were prepared from the 20
vol% suspension. The viscosity of the suspension at different
dispersant dosage levels was measured with a rheometer (Model
CS-50, Bohlin, East Brunswick, NJ) in a cone-and-plate setting at
shear rates of 1–1000 s21. The dispersant dose that yielded the
lowest viscosity was used to prepare the Al2O3 suspensions in the
rest of the experiments. The HA powder was dispersed with 5%
(relative to the dry powder weight) of a 1:1 mixture of the
propopoxy quaternary ammonium acetate and aromatic phosphate
ester (Emphos CS-1361, Witco Corp.). The characterization and
determination for the optimal dispersant dose for HA powder have
been reported elsewhere.14 With the optimal dispersant dose, a 50
vol% Al2O3 suspension and 40 vol% HA suspension were pre-
pared by incrementally adding the ceramic powder to the
PNPGDA/IBA premix along with the dispersant. Vigorous mixing
was needed after each powder addition to disperse the powder.

Then, the 50 vol% Al2O3 suspension was diluted with the
PNPGDA/IBA premix to make 5, 15, 30, 40, 42, 44, 46, 48, and
49 vol% suspensions. The viscosity of the suspensions at temper-
atures of 25°, 45°, 65°, and 75°C was measured using the
previously mentioned Bohlin rheometer with a cone-and-plate
geometry. The temperature was controlled by a heating plate on
the cone-and-plate assembly and monitored by a thermocouple that
was mounted in the lower plate. The gap size was set at 200mm,
and the steady shear viscosity was measured at each shear rate. The
40 vol% HA suspension also was diluted with the PNPGDA/IBA
premix to make 5, 15, 30, 32, 34, 36, 38, and 39 vol% suspensions.
The viscosity at 25°, 45°, 65°, and 75°C was measured as
described previously. The viscosity of the PNPGDA/IBA premix
without any ceramic fillers at these temperatures also was mea-
sured.

III. Results and Discussion

(1) High-Temperature Viscosity
In the PNPGDA/IBA premix, the viscosity was Newtonian at

any given testing temperature. The viscosity of the premix de-
creased from 10 mPazs to 4 mPazs as the temperature increased
from 25°C to 75°C. When the viscosity is plotted against the
inverse of temperature, an Arrhenius relation is observed, as
shown in Fig. 1. The calculated apparent activation energy was 17
kJ/mol. In the dispersant-dose study, the 20 vol% Al2O3/PN-
PGDA/IBA was pasty before any dispersant was added. The
suspension started to flow with the addition of 0.52% of dispers-
ant. The suspension viscosity gradually decreased as the dispersant
dose was increased; the viscosity finally stabilized to;40 mPazs
after a dispersant dose of 2%, as shown in Fig. 2. The excess
amount of dispersants, in the range of 2%–3%, did not seem to
have a significant effect on the viscosity of the 20 vol% Al2O3

suspension. A dispersant dose of 2% (or;2 mg of dispersant per
square meter of powder surface) was used to prepare the 50 vol%
Al2O3 suspension. The dispersant dose for the HA suspension was
5%, relative to the dry powder weight (or;3 mg dispersant per
square meter of powder surface).

The measured flow curves of both Al2O3 and HA suspensions,
with various solids loadings at 25°C, are shown in Figs. 3 and 4,
respectively. The Al2O3 suspensions and HA suspensions both
were Newtonian at a solids loading of,15%. Shear-thinning
regions appeared at a solids loading of$30%. Following the
shear-thinning region, these suspensions approached a constant
viscosity value: the high-shear Newtonian limit. As expected, the
viscosity of the suspensions increased as the solids loading
increased in both suspensions. The viscosity of the HA suspension
was much higher, in comparison to the Al2O3 suspension. This
result was not surprising, because the needle-shaped HA particles
are less favorable hydrodynamically, in comparison to the spher-
ical Al2O3 powders. The flow curves at 45°, 65°, and 75°C for
both types of suspensions were similar to the 25°C data curves and
are not shown here.

The effect of solids loading on the flow behavior at different
temperatures was studied. The high-shear Newtonian viscosity of
each suspension was determined from the high-shear Newtonian
limit of the flow curves, where the viscosity stabilized to a constant
value. Then, the high-shear Newtonian viscosity for the Al2O3 and
HA suspensions were plotted against their respective solids load-
ings, as shown in Figs. 5 and 6, respectively. These curves have the
typical shape of a plot of solids loading versus viscosity: low
viscosity at low solids loadings and a sharp increase at high solids
loadings. The viscosity of the suspensions was lower at higher
testing temperatures. The high-shear Newtonian viscosity de-
creased in the 50% Al2O3 suspension when the temperature
increased from 25°C to 75°C, from 0.95 Pazs to 0.16 Pazs (an 83%
reduction). The high-shear Newtonian viscosity of the HA suspen-
sion also decreased, from 15.2 Pazs to 2.2 Pazs, which is an 86%
reduction.

However, as the temperature increases, the monomer viscosity
also decreases. To account for the change in suspension viscosity
that resulted from the reduction in the monomer viscosity, a
reduced viscosity was used instead of the apparent viscosity. The
reduced viscosity was obtained by dividing the apparent viscosity
of the suspension by the viscosity of the monomer at the same
temperature. The other important factor is the thermal expansion of
the liquid medium. As the temperature increases, the liquid
medium undergoes considerably larger thermal expansion than the
ceramics. The difference in the volume expansion between solidFig. 1. Arrhenius plot of the monomer premix viscosity.

Fig. 2. Viscosity versus dispersant dose of 20 vol% Al2O3/PNPGDA/
IBA. Al 2O3 was dispersed with ammonium acetate, and the dispersant dose
is the weight ratio of dispersant to Al2O3 dry powder. (Shear rate of 400
s21.)
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and liquid can change the solids loading in the suspension. The
temperature-adjusted solids volume fraction (f(temp)) can be ex-
pressed as follows:

f~temp! 5
VS 1 DVS

~VS 1 DVS! 1 ~VL 1 DVL!
(1)

whereVS andVL are the respective volume fractions of solid and
liquid in the suspension, andDVS and DVL are the respective
amounts of volume increase in the solid and liquid due to thermal
expansion. The volumetric coefficient of thermal expansion of the
liquid medium was measured to be 0.63 1023 °C21. In Eq. (1),
the amount of volume increase in ceramic powder due to thermal
expansion (DVS) is considerably small and can be ignored. Thus,
the temperature-adjusted solids volume fraction becomes

f~temp! 5
VS

VS 1 VL 1 DVL
(2)

The temperature-adjusted solids fraction of suspensions at various
temperatures was calculated with Eq. (2) and plotted against the
corresponding reduced viscosity. The solids-loading–viscosity
data were reduced to one curve for both Al2O3 and HA suspen-
sions, as shown in Figs. 7 and 8, respectively.

Finally, the influence of Brownian rotation of the rod-shaped
HA particles on the viscosity in the high-shear Newtonian region
was evaluated at various temperatures. The rotary diffusivity for
the rod-shaped HA particles can be calculated using the relation15

D 5

3kTF ln SL

dD 2 0.8G
ph0L

3 (3)

whereD is the rotary diffusivity,k the Boltzmann’s constant,T the
absolute temperature, andh0 the viscosity of the solvent;d andL
represent the diameter and length of the rod, respectively. The
Brownian influence on the suspension viscosity can be evaluated

Fig. 3. Apparent viscosity of Al2O3/PNPGDA/IBA dispersed with 2% ammonium acetate at 25°C.

Fig. 4. Apparent viscosity of HA/PNPGDA/IBA dispersed with 5% ammonium acetate and phosphate ester at 25°C.
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by the rotational Peclet number (Pe):

Pe;
ġ

D
(4)

Here,ġ is the shear rate. Atġ 5 100 s21 and testing temperatures
of 25°, 45°, 65°, and 75°C, the Pe value for the HA suspension was
30–40. Because Pe.. 1, HA particles can be considered to be
non-Brownian.15

The results show that the reduced viscosity and the corrected
solids fraction are useful scaling factors for reducing the high-
temperature viscosity of highly loaded suspensions. The effect of
solids loading on high-shear Newtonian viscosity at various
temperatures can be explained by the reduction in monomer
viscosity and the reduction in solids fraction in the suspension due
to thermal expansion of the monomer.

It is recognized that dispersant adsorption in organic solvents
can be temperature dependent and very complicated.11 Variation in
the temperature can influence the dispersant behavior in the

solvent, which leads to changes in the interparticle interaction and,
therefore, the floc structure of the suspension. This observation
should be reflected in a shifting of the solids-loading–viscosity
curve. The direction of shifting will be dependent on whether a
formation or disruption of flocs has occurred from the change in
interparticle interaction. In our results, all our high-temperature
viscosity data were reduced to a single curve, which was indicative
of the absence of significant floc formation or floc disruption. A
possible reason for this observation is that the powder surface is
completely covered by the dispersant at all times that these
concentrated suspensions are fully dispersed; therefore, they have
no significant floc structure. The exact mechanism for the com-
plete dispersion is beyond the scope of this study. However, if the
particles are, essentially, fully dispersed as singlets, the viscosity
of the suspension can be modeled by the hydrodynamic interaction
of well-dispersed particles. Thus, we expect our data to be
described well by a hydrodynamic model such as the Krieger–
Dougherty model.

Fig. 5. Apparent viscosity of Al2O3/PNPGDA/IBA in the high-shear Newtonian region.

Fig. 6. Apparent viscosity of HA/PNPGDA/IBA in the high-shear Newtonian region.
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(2) Krieger–Dougherty Model
The relationship between the viscosity and the solids volume

percentage in a suspension has been modeled by Krieger and
Dougherty6 as

h 5 h0S1 2
bf

f0
D2@h#f0

(5)

In Eq. (5), h is the viscosity of the suspension andh0 is the
viscosity of the solvent. The variablef0 is the theoretical packing
factor; a maximum packing fraction of 0.64 for random close
packing is used in the following calculation. The true volume
fraction of the powder dispersed in the suspension is represented
by the variablef. The intrinsic viscosity of the suspension
(denoted as [h]) is a function of particle geometry; a value of
[h] 5 2.5 is appropriate for spherical particles.b is the effective
packing factor of the ceramic powder; this factor is used to account
for the thickness of the dispersant absorbed on the particles. No
information on the thickness of the dispersant on our ceramic

particles is available; therefore, this factor was determined empir-
ically to beb 5 1.21. Figure 9 shows that the model provided a
satisfactory description to the solids-loading-corrected viscosity–
solids-loading data for the Al2O3 suspension.

The b factor can be estimated from the ratio between the
volume of the ceramic particles with and without the absorbed
dispersant layer in the following expression:

b 5 Sd 1 2b

d D 3

(6)

whered is the diameter of the particle andb is the adsorbed layer
thickness. Using Eq. (6) and the valueb 5 1.21 from the empirical
fit, the thickness of the absorbed layer of the dispersant on the
spherical Al2O3 particle was estimated to be;13 nm. This value
is on the same order of the thickness of the adsorbed layer that was
estimated by Bergstro¨m in his 50 vol% nonaqueous suspension.16

The result suggests that the empiricalb factor is in a reasonable
range.

Fig. 7. Reduced viscosity of Al2O3/PNPGDA/IBA versus the temperature-adjusted solids loading.

Fig. 8. Reduced viscosity of HA/PNPGDA/IBA versus the temperature-adjusted solids loading.
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In the HA suspension, the ceramic powder is acicular, with an
aspect ratio of 10. The intrinsic viscosity of the suspension is a
function of the particle geometry; therefore, a modified intrinsic
viscosity in the Krieger–Dougherty equation is needed to accom-
modate for the acicular nature of the powder. The HA suspension
is not in the Brownian range; therefore, the theoretical intrinsic
viscosity for Brownian rods15 does not apply. For the non-
Brownian cases, Barnes4 proposed an equation for the intrinsic
viscosity [h] of rod-shaped powders:

@h# 5

7 3 SL

dD
5/3

100
(7)

Thus, a value of [h] 5 3.25 was appropriate. The Krieger–
Dougherty model again was fitted to the viscosity data of the HA
suspensions. The factorb 5 1.58 was determined via empirical
fitting. Figure 10 shows the match between the calculated and the
experimental values; note that this observation explains the sharp
increase in viscosity versus solids loading for the HA powder. The

b factor again can be estimated from the ratio between the volume
of the HA rods with and without the absorbed dispersant layer in
the following expression:

b 5 Sd 1 2b

d D 2

3 SL 1 2b

L D (8)

whered is the diameter of the particle,L the length of the particle,
and b the thickness of the adsorbed layer. Using Eq. (8), we
determined that the factorb 5 1.58 corresponded to an adsorbed-
layer thickness of 6–8 nm on the powder, which is in the same
thickness range that was calculated in our Al2O3 suspension. The
parameters used in the Krieger–Dougherty model for both suspen-
sions are listed in Table I.

The above-discussed results show that the viscosity data can be
reconciled with the hydrodynamic Krieger–Dougherty theory,
which suggests that the interparticle interactions are predominantly
hydrodynamic. Floclike interactions are not necessary to reconcile
the observation, which suggests that these suspensions are fully
dispersed. The Krieger–Dougherty model is useful in providing the

Fig. 9. Krieger–Dougherty model fitted to the experimental data of Al2O3/PNPGDA/IBA.

Fig. 10. Krieger–Dougherty model fitted to the experimental data of HA/PNPGDA/IBA.
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mathematics in regard to the effect of solids loading on the
suspension viscosity. The model is useful, even with these con-
siderably complicated suspension systems that include ceramic
powders, nonaqueous acrylate liquid medium, and commercial
dispersants. The model describes spherical particle suspensions
well. With the modified intrinsic viscosity, the same model also
can describe the acicular-HA-particle-filled suspension.

In practice, the model curves obtained with the Krieger–
Dougherty equation can be used as the master curves to estimate
the high-shear Newtonian viscosity of our suspensions at various
temperatures. A master curve will be needed only for the temper-
ature range of interest. For a suspension of a given solids loading
at room temperature, the effective solids loading at the processing
temperature can be calculated first. The corresponding reduced
viscosity can be estimated from the model, and the apparent
viscosity of the suspension at that temperature can be obtained.

IV. Conclusions

The effect of temperature and solids loading on the viscosity of
a nonaqueous Al2O3 suspension and a HA suspension was studied.
The solids-loading–viscosity curves for both suspensions were
reduced by the temperature-adjusted solids loading and the re-
duced viscosity. The results show that these two variables are the
dominant factors in controlling the high-shear Newtonian viscosity
of the suspension at various temperatures.

The Krieger–Dougherty model has provided a satisfactory
description of our reduced solids-loading–viscosity data of both
suspensions. The results suggest that the particles in the suspen-
sions are fully dispersed and that a hydrodynamic Krieger–
Dougherty theory is needed only to reconcile the data.
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