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Abstract

Wax-based zirconia mixtures with solid content ranging from 55 to 60 vol% were prepared for low-pressure injection molding

(LPIM) application. In LPIM, an appropriate yield stress of the suspension may be critical for two speci®c processes, namely,
molding and thermolytic debinding. The former requires a low viscosity and yield stress which facilitates conveying and molding of
the suspension at elevated temperatures. However, the latter requires the molded artifacts to have su�cient yield stress preventing

deformation on thermolytic debinding. Therefore, to properly manipulate the suspension property, a better understanding and
control of the yield stress of the suspensions becomes critical for optimization between the two processing stages in the LPIM
process. In this investigation, the yield value of the suspensions together with the corresponding value for a successful LPIM
application is described with an additional help by visual examination of the molded specimens during thermal debinding. The yield

stress is correlated linearly with a dimensionless parameter, �=Aÿ � de®ned as ¯ow resistance parameter, where A represents the
maximum particle packing density and is shown to be related dynamically to the shear force. A further analysis also explain the
yield stress as a result of the van der Waals attraction in the suspensions. A model is proposed for the determination of interparticle

distance �l� which produces the l consistent in magnitude with those reported in literature. # 1999 Elsevier Science Ltd and
Techna S.r.l. All rights reserved
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1. Introduction

Low-pressure injection molding (LPIM) has recently
been recognized as an attractive forming technique in
the fabrication of high-precision, complex-geometry
ceramic/metal parts in comparison to conventional
injection molding. The latter technique usually requires
a higher temperature and particularly a much higher
pressure than those in LPIM. This would cause a num-
ber of drawbacks such as higher friction rate along
molding system and particularly higher residual stresses
within the molded artifacts in conventional injection
moldings [1,2], which would frequently cause defects
formation in subsequent thermal processing and
damage ®nal property [3].

In LPIM, the mixture must possess relatively high ¯ow-
ability at elevated temperatures typically in the neighbour-
hood of around 100�C. More speci®cally, the mixture
should have a viscosity that is low enough to facilitate easy

injection into the mold cavity, typically by a pressure
source, such as compressed air, with a pressure fre-
quently below 0.7MPa [1]. In contrast, the molded parts
should have enough strength, despite its low viscosity,
which enables the parts to be survived during handling
and subsequent thermal debinding without deforma-
tion. The former requires a lower yield stress; however,
the latter, a higher yield stress. Therefore, some strength
in between seems to be critical. In view of the literature,
many e�orts can be used to adjust suspension strength,
for instance, solid concentration, degree of powder dis-
persion, particle property, and binder property, for
speci®c green-shaping application. In this investigation,
the solid concentration is chosen as the major variable
for tailoring the suspension strength. Increase in solid
concentration o�ers advantages such as better particle
packing e�ciency, improving shape retention ability,
and ease of binder removal; however, it causes an
increase in yield strength which enhances risk of mold-
ing ability in the LPIM process.

In practical LPIM application, binder removal of the
molded parts is frequently carried out in a powder bed
where both organic extraction by thermal wicking and
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shape retention of the parts can be achieved simulta-
neously. This is not a cost-e�ective process and in some
cases particularly for parts requiring a delicate dimen-
sional control, an improper embedding of the parts in
powder bed may cause undesired deformation after
debinding. Therefore, an optimization of suspension
strength, or, in other words, the yield stress of the sus-
pension under the LPIM process is critically required
and this is the focus of the current investigation. As one
realized, the yield stress of a powder suspension is a
direct re¯ection of the forces between particles, such as
interparticle repulsive/attractive forces and friction for-
ces [4] provided that the stress of matrix ¯uid is negli-
gible. These forces can be manipulated through the use
of dispersant/additives [5,6] and/or solid content in the
suspension [7,8]. In this study, we characterize the
rheological behavior, particularly the yield stress, of
the suspension as a function of solid content. An
optimal strength for a successful LPIM application is
determined.

2. Experimental procedures

In this investigation, mixtures containing yttria-stabi-
lized zirconia powder (Tosoh-3YS, Japan, average par-
ticle size = 0.25 mm, Fig. 1) in 55%±60% solid fraction
and para�n wax (Echo Chemicals, Taiwan, melting
point=56�C and average molecular weight=500) were
prepared. A proprietary dispersant, 12-hydroxystearic
acid (Tokyo Chemicals Inc. Japan) (�1wt% on powder
basis), was used, which is a derivative of stearic acid.
The rheological data of the suspensions are determined
using a cone-and-plate viscometer with shear rate ran-
ging from 0.1 sÿ1 to 10 sÿ1 at a temperature of 85�C.
The yield stress ��y� can be calculated by extrapolation
at zero shear rate, 
 � 0 with the help of Casson's
model [9] which has been successfully applied to a
number of suspension systems [7,8,10],

�1=2 � �1=2y � c
1=2 �1�

The mixtures were processed through a low-pressure
injection molding equipment (Peltsman Corp., USA).
Prior to molding, the mixtures were vigorously stirring
and degassing for 20min in a container. The tempera-
ture was kept at 85�C and the pressure, 0.5MPa, was
supplied by an air compressor. The metal mold with a
predetermined cylindrical-shape cavity has a tempera-
ture of 30�C though a water cooling system. Some of
the successfully molded artifacts were placed into an
oven under 100�C for a period of time for shape reten-
tion test by visual examination. In the molding opera-
tion, mixtures containing higher solid fraction were too
viscous to be processed and thus were abandoned in
subsequent visual test.

3. Results and discussion

3.1. Flow behavior

Fig. 2 illustrates a typical shear rate �
�-viscosity ���
relation of the suspensions. lie suspensions are shear-
thinning and the linearity in the logarithmic 
 ÿ � plot
indicates that the suspensions follows a power law depen-
dence, i.e. �=k
nÿ1. The change in ¯ow index �n�, from
n=0.64 for 55% to nearly 0 for 60% loading, suggests a
signi®cant change in suspension structure. This change in
the ¯ow index is considerably di�erent from the suspen-
sions previously prepared using stearic acid as dispersant
where the n values determinedwere only slightly decreased
with solid fraction [11] which suggests the presence of
strong interaction of the adsorbed macromolecules
between approaching particles in the suspensions. How-
ever, a detailed study of this subject is not the focus of
current investigation and will be reported elsewhere.

Fig. 1. Morphology of the zirconia powder used in this study.

Fig. 2. Flow curves of the suspensions with varying solid concentra-

tions and corresponding ¯ow index, n.
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One interesting phenomenon is observed in the 55%
suspension which behaves much more like a Newtonian
¯uid (strictly, it is non-Newtonian) than others and
appears to exhibit desirable ¯uidity (good ¯owability)
under gravity as visually observed. The observed ¯uid-
like nature for 55% suspension at 85�C indicates the
least ability of shape retention, i.e. the molded parts are
easily collapsed, upon heating. However, increase in
solid content improves shape retention ability but it
shows a gradual disappearance of ¯uid-like nature as
the solid fraction is above 57%; that is, the shape of the
molded parts was almost perfectly kept at rest upon
heating when the solid content is greater than 57%. This
observation indicates the small operation window (from
the viewpoint of solid content) between moldability and
shape retention of the mixtures currently prepared for
LPIM.

Fig. 3 displays the result of shape retention test before
and after thermal treatment at 100�C. The solid con-
centration is limited to the range of 55±57 vol%. Clearly,
at solid fractions below 57%, the molded specimens
behaved like ¯uid and collapsed easily; however, a better
shape retention ability is observed for 57%-loading sus-
pension over the same treatment. This suggests a better
suspension strength can be produced to meet, to some

extent, both the molding and the thermal debinding
requirements. Therefore, a quantitative understanding
of the suspension strength is critical, especially in
terms of a more fundamental aspect such as the
potential between particles which will be elucidated in
later discussion.

3.2. Yield behavior

These suspensions are non-Newtonian and can be
analyzed using Casson's model [9], shown in Fig. 4. All
the suspensions exhibit a linear �1=2 ÿ 
1=2 relationship
which accordingly suggests the presence of connected
particle networks. These particle networks are believed
to be a result of interparticle attraction. That is to say,
these suspensions are ¯occulated in di�erent levels
depending on solid content. If this statement is correct,
it is suggested that the dispersant can only provide some
su�cient level of steric: stabilization rather than a com-
plete steric stabilization. This can further be evidenced
both by visual examination on its good ¯uidity in 55%
suspension and from its relatively low yield value (in
coming discussion). These particle networks impart dif-
ferent levels of strength upon suspensions, resulting in
di�erent yield stresses, i.e. the intercept values in
�1=2 ÿ 
1=2 straight lines. The higher the suspension
strength, e.g. 60% loading, indicates a stronger panicle
network structure (i.e. highly ¯occulated due to stronger
interparticle attraction) and a better shape retention
ability of the molded parts is expected. However, the
suspension with increased solid concentration gradually
loses its ¯uid-like nature untill a critical loading is
attained where the suspension behaves somewhat like a
solid and can hardly be moldable under the LPIM process.

By extrapolation of the �1=2 ÿ 
1=2 straight lines to
zero shear rate and plugging the obtained yield stress in

Fig. 3. The photographs showing the deformation of the molded

artifacts (ceramic ferrules) (A) before and (B) after thermal treatment.

Fig. 4. A Casson's plot for the suspensions with di�erent solid con-

centrations.
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terms of the solid fraction ���, Fig. 5 shows the resulting
correlation. The yield stress increases roughly in a
power manner with solid fraction, i.e. �y � �m, which is
consistent with other reports in di�erent suspensions
[5,12,13]. From the viewpoint of moldability, suspen-
sions with solid concentration within the range of 55±
57%, corresponding to a suspension strength from 0.
1 kPa±1 kPa at rest, exhibits ¯uidity best for the LPIM.
However, by taking the shape retention ability into
account, we ®nd a suspension strength in the neigh-
bourhood of 1 kPa is more suitable whilst the molded
parts were easily deformed when the solid concentration
is below 57%, as has been revealed in Fig. 3. These
®ndings suggest an optimal solid concentration for the
LPIM process to be approximately 57%.

The increased yield stress with increasing solid con-
centration indicates an increase in the particle network
strength. This suggests a more fundamental relation
between the yield stress and suspension microstructure
that has to be realized. One important parameter to
characterize the suspension microstructure is the max-
imum particle packing density ��m� This parameter has
been reported as a function of shear in ¯occulated sus-
pensions [13]. At high shear, the corresponding �m
would be higher than that attainable at low shear. This
is primarily because a higher shear force is able to
overcome a higher network strength compared to that
using lower shear force until a point, i.e. �m at which the
movement of particles (or particle networks or clusters)
in the matrix ¯uid is highly inhibited and suspension
viscosity becomes in®nite. This indicates a dynamic
nature of the �m, with respect to shear. In this case, we
correlate the suspension viscosity with solid concentra-
tion under shear rates of 0.5 sÿ1 and 5 sÿ1, as illustrated
in Fig. 6. The data appear to follow a power law
dependence as denoted in corresponding solid curves.

It is interesting to note that at lower shear, suspension
viscosity increases signi®cantly when the solid fraction is
greater than � � 0:6 and the viscosity tends to approach
in®nity when � is close to 0.615. However, this is not the
case at higher shear rate, i.e. 5 sÿ1, where �m, is appar-
ently greater than that observed at lower shear. These
®ndings strongly suggest that the maximum packing
density of the suspension should behave as a function of
shear and should not be taken as a constant value in
given ¯occulated suspensions as commonly used in the
literature. Kitano et al. [14] have de®ned an apparent
maximum packing density with a capital letter A instead
of �m. As they suggested that, in practical cases, the term
A appears to involve more generalized and physically
meaningful interpretation on particle packing e�ciency
for a given suspension structure than does the term �m.
With this in mind, it may be reasonably to realize that the
value A is basically a suspension-structured dependent
which is strongly related to the size and spatial arrange-
ment of particle networks in a suspension. In other
words, the value A represents essentially a dynamic
packing structure under which a maximum packing
density is attainable over a given spatial distribution of
particle networks of di�erent sizes in a given suspension.

In a previous communication [7], the present author
proposed an empirical model to correlate the yield stress
of suspensions with the apparent maximum packing
density A by the equation;

�y � C1
�

Aÿ �ÿ C2 �2�

where constants C1 and C2 represent attractive and
repulsive components of the suspension, respectively,
which can be determined experimentally. The dimen-
sionless term �=Aÿ � de®ned as the ¯ow resistance

Fig. 5. Yield stress of the suspensions as an increasing function of

solid concentration.

Fig. 6. Yield stress of the suspensions as a linear function of the ¯ow

resistance parameter, �=Aÿ �.
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parameter of the system, indicating the e�ective space
available for the particles to move freely in a matrix
¯uid. Therefore, Eq. (2) involves both the interparticle
potentials and friction e�ect among particles/clusters as
well. The yield stress becomes in®nite only when
� �> A, wherein the particles ``lock'' in position rela-
tive to their nearest neighbors. For the suspensions cur-
rently prepared, as expected from Eq. (2), a straight line
was obtained in a �y ÿ �=Aÿ � plot, as shown in Fig. 7
with A=0.615.

3.3. Correlation between �y and interparticle attractions

According to a recent article by Song et al. [16], who
indicated that the interparticle attractions play critical
role in the yield stress in these non-polar, wax-based
suspensions. This attractive force �Fvdw� should arise
from the Van der Waals potential which can be expres-
sed between two identical spheres of radius r by,

Fvdw � ÿ Hr

12l2
�3�

where H represents the e�ective Hamaker constant
between the medium and solid and l is the interparticle
distance. In the suspensions of di�erent solid con-
centrations, the interparticle distance should be accu-
rately determined. In a recent paper by Agarwala et
al. [17] who used an equation by modifying a compu-
tation model deduced from stereological technology
[18] to calculate the mean surface-to-surface distance
�l� of two identical spheres of radius r in a given
suspension, which has a form related to the solid frac-
tion ��� by,

l � 4

3
r
1ÿ �
�

�4�

However, this equation may be too optimistically to
give a true representation of interpartilclve distance
primarily because it averages the fraction of the matrix
phase, i.e. the term �1ÿ ��, over the fraction of parti-
culate phase in a given suspension without considering
the realistic particle packing structure. That is, the par-
ticles are closely in contact when � �> A or �m and the
value l should be approached to 0 rather than some
®nite value based on Eq. (4). In other words, the e�ec-
tive space for particles to move in a suspension should
be �Aÿ �� rather than �1ÿ ��. The value l calculated
from Eq. (4) would certainly be an overestimate value.
Therefore, by taking the concept of particle packing
e�ciency into account, Eq. (4) can be re-formulated in
terms of �Aÿ �� as;

l � 4

3
r
Aÿ �
�

�5�

A comparison of l calculated from Eqs. (4) and (5) for
the suspensions under investigation is given in Table 1
with r=125 nm and A=0.615. Obviously, Eq. (4) pro-
duces an interparticle distance greater by over an order
of magnitude than that from Eq. (5). In comparison
with a recent paper on estimate of interparticle distance
in Al2O3 suspensions over similar range of solid con-
tents [18], the l computed from Eq. (5) in current sus-
pensions is close in order-of-magnitude to the value
reported. Furthermore, when the particles are closely in
contact at some critical concentration, i.e. � � A=0.615
in this case, the l should be zero rather than 104 nm, a
value near the size of particle radius. Therefore, from
the viewpoint of particle packing, Eq. (5) appears to
provide more reasonable estimation on interparticle
distance in particularly highly-concentrated and ¯occu-
lated suspensions.

As a rough approximation, we may take the resulting
yield stress of the suspensions as a function propor-
tional to Fvdw, which gives

�y � cFvdw �6�

From Eqs. (5) and (6) together with the obtained l, it is
possible to correlate the �Y with the inverse square of l

Fig. 7. Suspension viscosity increases exponentially with solid con-

centration and exhibits di�erent behaviors under di�erent shear rates.

Table 1

A comparison of the interparticle distance (l in nm) calculated from

Eqs. (4) and (5)

Solid fraction ��� l from Eq. (4) l from Eq. (5)

0.55 136.4 19.7

0.57 125.7 13.2

0.58 120.7 10.1

0.60 111.1 4.2

0.615a 104.3 0

a A fraction corresponding to the maximum packing density of the

particles in the suspensions under a shear rate of 0.5 sÿ1.
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and this is shown in Fig. 8 where a straight line with a
correlation coe�cient as good as 0.985 results. This
®nding suggests that the van der Waals attraction
should be responsible for the yield stress in the suspen-
sions to a signi®cant extent. This can also be veri®ed by
both the rheological behavior illustrated in Fig. 2 and
the calculated yield values through Casson's equation.

4. Concluding remarks

The present investigation demonstrates the impor-
tance of yield stress on a control criterion for low-pres-
sure ceramic injection moldings. Suitable solid fraction
for a given powder can be obtained with consideration
of both moldability of the mixture and shape retention
of molded parts during subsequent thermolysis and in
this case, the best solid fraction in the suspensions is in
the neighbor of 57% in volume, corresponding to a
yield stress of �1 kPa. Molded parts with solid fractions
lower than 57% are easily collapsed on thermolysis,
however, higher than the critical value, the mixtures can
hardly be moldable.

The yield stress of the suspension can be linearly
related to a newly-de®ned parameter �=Aÿ �, termed
¯ow resistance parameter, where A is the apparent
maximum packing density of a suspension. In this
study, we ®nd that A is strongly related to suspension
structure and is dynamically a�ected by the shear
rate; a lower A is apparently attributed to low shear
rate and vise versa. With incorporation of the A
into a model for particle-to-particle distance �l� cal-
culation, the l obtained appears to present a more

reasonable and physically meaningful value in a
given real suspension.
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