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Two powders with different average particle sizes and size distributions were blended in
various proportions. The influence of powder mixing on extrusion behavior of pastes
containing a water-based binder has been examined. The bimodal mixed stainless steel
powder exhibits a low extrusion pressure, small amount of binder and high green density
when the mixing fractions of large and small particles are approximately equal. With
regard to the mixing of zirconia and stainless steel powders, a similar result has been
found, but the mixing fraction of powder corresponding to the optimal packing is shifted to
stainless steel-side. In order to improve the extrudability of pastes, it is effective to mix two
powders with a large difference in particle size. C© 2000 Kluwer Academic Publishers

1. Introduction
Extrusion is a suitable plastic forming method for fab-
ricating a variety of shapes with constant cross section,
not only for flat shapes, but also for structural shapes,
such as I-sections, channels, pipes and tubes [1]. In
particular, the extrusion of viscous pastes containing a
particulate or powder and liquid phase (mainly binder)
has become increasingly important because of the ad-
vantages of formation of products at low temperature
and pressure [2]. At present, paste extrusion as an im-
portant near net shape forming process is used in many
industrial fields, such as ceramics, chemical, food and
pharmaceutical [3].

For paste extrusion, it is desirable to minimize the
amount of binder required to achieve suitable rheolog-
ical characteristics, reduce extrusion pressure and im-
prove the green density of an extrudate. Benbowet al.
[4] have pointed out that the flow properties of pastes
are closely related to those of their constituent binder.
Binder is a very important component as a rheology
modifier and plays the key role in paste extrusion. Ex-
trusion becomes possible only if sufficient binder has
been added to overcome the interparticle friction be-
tween the powder particles and the friction forces be-
tween the die walls and the powder [5]. However, binder
is a temporary vehicle used for packing powder into a
desired shape and then retaining the shape of an extru-
date without distortion after extrusion. Since binder has
to be removed prior to densification, a larger amount of

binder results in a longer debinding step with possible
flaw formation and larger sintering shrinkage. On the
other hand, a decrease in extrusion pressure is of ben-
efit to dies and extruder, more importantly, it would be
helpful to avoid or reduce liquid migration [6], phase
separation or drainage phenomenon [7] under pressure.
Moreover, a high green density is desired in order to
obtain a higher sintered density [8] and to minimize
sintering shrinkage [9].

Numerous investigations have concerned the influ-
ence of particle size distribution on packing configura-
tion and green density in dry powder beds [10–22]. By
distributing small particles into the interstices between
large particles in an appropriate proportion and particle
size ratio, the porosity is reduced and dense packing is
obtained. Some observations have been made in packed
beds containing liquid phase, such as slip casting [23–
25]. Benbow and Bridgwater [26] have described the
importance of particle size distribution to properties of
dried and fired extrudates, and Blackburn and Bohm
[5, 27] have examined the effect of powder packing on
paste extrusion parameters.

In the present work, the influence of bimodal parti-
cle size distribution on extrusion pressure, amount of
binder required and green density of extrudates has been
mainly investigated. In addition to mixing the same kind
of powders (such as stainless steel powders) with dif-
ferent particle sizes, the mixing effect of different kinds
of powders (stainless steel and zirconia powders) was
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also examined. Two extrusion methods, conventional
axisymmetric rod extrusion and multi-billet extrusion
which has been developed to fabricate composite pipes
[28–30], were used. The purpose of this investigation
was to improve the extrudability of pastes, includ-
ing reducing extrusion pressure, minimizing amount
of binder and raising green density by means of mixing
two powders with different average particle sizes and
size distributions in various proportions.

2. Experimental procedure
A commercially available zirconia powder with an av-
erage particle size of 0.7µm (Wako Pure Chem., Osaka,
Japan) was used. Three kinds of water atomized 304L
stainless steel powders were obtained from Nippon At-
omized Metal Powders, Tokyo, Japan, and their average
particle sizes were 5, 9 and 36µm , which are denoted
as SUS(A), SUS(B) and SUS(C), respectively. The par-
ticle size distributions of the raw powders and some
blends are shown in Fig. 1. The size distributions of
the raw powders were measured using a laser- scatter-
ing size distribution analyzer (LA-910, Horiba, Tokyo),
while those of the blends were calculated from the orig-
inal particle size distribution data and mixing fractions
of two or three powders in the blends. An aqueous solu-
tion of water-soluble polymer, hydroxypropyl methyl-
cellulose (HPMC, Shin-Etsu Chem., Tokyo) was used
as a binder. The HPMC content in the binder was 15–21
vol%.

The raw powders and powdered HPMC were
premixed for 20 min in an electric mortar mixer
(ANM1000, Nippon Ceram. Sci., Tokyo), and then dis-
tilled water was added and further mixed until homoge-
neous pastes were obtained (about 30 min). In order to
dissolve HPMC in water completely, the mixed pastes
were wrapped in plastic bags and stored under saturated
humidity below 10◦C for 24 h.

The extrusion experiments were performed in two
ways: conventional rod extrusion and multi-billet ex-
trusion (MBE) methods. In the rod extrusion, a die with
a hole diameter of 4.7 mm (corresponding extrusion ra-

Figure 1 Particle size distributions of zirconia and stainless steel pow-
ders. SUS(E) and SUS(G) are binary (SUS(A) and SUS(C)) and ternary
(SUS(A), SUS(B) and SUS(C)) mixtures respectively with equal mixing
proportions.

tio R= 10), semi-angle of 90◦ (flat die) and length of
the die land of 10 mm was used. The MBE process is
based upon co-extruding different kinds of particulate
pastes, joining them in chambers and finally obtaining
a desired extrudate by means of dies. It can be used to
form multilayer composite pipes, and the details have
been described in the previous paper [30]. In this inves-
tigation, only single layer pipes (equivalent to the inner
layers of two-layer pipes) were extruded by the MBE
process. Two billets located in different container holes
were extruded simultaneously and flowed into an inner
chamber, where the pastes were joined and then a pipe
was formed and flowed out from the exit of the inner die
with the help of a mandrel. The wall thickness of pipes
was 1.2 mm, which corresponds to an extrusion ratio of
R= 8.7. The extrusion experiments were carried out at
room temperature without lubrication of the dies, and a
constant extrusion speed (ram speed) of 0.167 mm·s−1

was used throughout. The green density was calculated
from the weight and dimensions of an extrudate after
drying at room temperature for 48 h.

3. Results and discussion
3.1. Effect of particle packing on extrusion

pressure
Fig. 2 shows the variation of extrusion pressure with
content of binder for forming the stainless steel pastes
by the rod extrusion method. It can be seen that the
pressure is very small regardless of the types of pow-
ders at a binder content of about 57.5%. With a decrease
in binder content, the pressure gradually rises. The in-
creasing rate of the pressure depends on the particle size
and its distribution. Where the binder content is greater
than 49%, the pressure for extruding the SUS(A) pastes
is lower than that for extruding the SUS(C) pastes. This
could be due to a wider particle size distribution of
the SUS(A) powder (Fig. 1). When the binder content
is below 49%, however, the pressure for the SUS(A)
pastes becomes larger, and it rises rapidly with de-
creasing binder content. This results from a larger spe-
cific surface area for the smaller sized SUS(A) pow-
der, which gives rise to an increase in interparticle

Figure 2 Variation of extrusion pressure with binder content for extru-
sion of the stainless steel pastes by the rod extrusion method. Extrusion
ratio R= 10.
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frictions. With regard to the mixed powders, SUS(E)
and SUS(G) (obtained from mixing the SUS(A) and
SUS(C), and SUS(A), SUS(B) and SUS(C) respec-
tively in equal mixing proportions), the extrusion pres-
sures are lower than those of the SUS(A) and SUS(C)
powders for the same binder contents. Furthermore,
the binder content at which the pressure starts to rise
rapidly with decreasing binder content is shifted to a
lower one. This is because the mixed powders pos-
sess wider particle size distributions and denser packing
(will be described in Section 3.3), thus the slip and re-
arrangement of particles, which are necessary in extru-
sion process, occur easily. By comparing the two mixed
powders SUS(E) and SUS(G), it is found that the bi-
nary mixed SUS(E) has a lower pressure level than the
ternary mixed SUS(G). As expected, this is the result
of a compositional deviation of the SUS(G) powder
with respect to optimal trimodal packing. As seen in
Fig. 1, although SUS(E) and SUS(G) powders possess
the same range of particle sizes, their particle size dis-
tributions are different. There exist more intermediate
particles in the SUS(G) powder, hence resulting in the
difference in extrusion pressure.

The dependence of extrusion pressure on binder con-
tent for extrusion of pipes by the MBE process is given
in Fig. 3. The variations of the curves are similar to
those in Fig. 2. But the pressure values for forming
pipes are larger than those for forming rods under the
condition of the same binder contents, even though the
extrusion ratio of the former (8.7) is less than that of
the latter (10). This is caused by a stronger restraint
to paste flow and larger shear surface areas (e.g., dead
zone interfaces, surfaces of tools with which pastes are
contacted) in the MBE process. It is found from Fig. 3
that the mixing proportion of large and small powders
in the bimodal mixed powder SUS(A+C) produces
a significant influence on the extrusion pressure. The
pressure level atVf = 0.5 (Vf : mixing fraction of fine
powder) is lower than that atVf = 0.3. Furthermore, the
difference in pressure is gradually increased as binder
content is reduced. The relationship between extrusion
pressure and mixing fraction of fine powder for extru-

Figure 3 Dependence of extrusion pressure on binder content for extru-
sion of pipes by the multi-billet extrusion process.R= 8.7. Vf : mixing
fraction of fine powder.

Figure 4 Relationship between extrusion pressure and mixing fraction
of fine powder for extrusion of the mixed powders of SUS(A) and
SUS(C), extruded by the multi-billet extrusion process.

sion of pipes is presented in Fig. 4. It is shown that the
extrusion pressure depends on the mixing proportion of
large and small powders, even for the same binder con-
tent. The pressure change with fraction of fine powder is
particularly apparent for the pastes with a lower binder
content. For example, for the pastes with a binder con-
tent of 46%, the pressure atVf = 0.8 is about ten times
of that atVf = 0.5. Moreover, when the fraction of fine
powder is raised toVf = 1, the pressure is too large to
be able to extrude soundly because of occurrence of a
drainage phenomenon [7] (that is, the binder is sepa-
rated from pastes or water is separated from the binder)
under large pressure. It can be seen that the pressure
reaches a minimum value nearVf = 0.5 (i.e., the mix-
ing fractions of large and small powders are almost the
same). It suggests that the adjustment of particle size
distribution by mixing powders with different average
particle sizes has an important effect on the decrease in
extrusion pressure during paste extrusion.

With regard to the mixed powder consisting of the
ZrO2 and SUS(C), the change in extrusion pressure is
shown in Fig. 5 as a function of the mixing fraction of
fine powderVf (ZrO2 powder here). For the same binder

Figure 5 Change in extrusion pressure as a function of the mixing frac-
tion of ZrO2 powder. The ZrO2·SUS(C) pastes containing different
amounts of binder were extruded by the multi-billet extrusion method.
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content, the pressure rises asVf increases in the range of
Vf > 0.4. It is reversed atVf < 0.4, and thus the pressure
reaches the lowest value atVf = 0.4. This result indi-
cates that the composition where the lowest pressure oc-
curs is shifted to coarser component (i.e., stainless steel-
side), in comparison with the binary mixture of stainless
steel powders. This is attributed to a larger particle size
difference between two components in ZrO2·SUS(C)
than in SUS(A+C), and it will be discussed in Sec-
tion 3.4. Besides, just as the blends of the SUS pow-
ders, the effect ofVf on the extrusion pressure of the
ZrO2·SUS(C) powder becomes less when more binder
is added.

3.2. Binder content necessary
for extruding soundly

In order to provide pastes adequate rheological char-
acteristics so as to allow plastic forming during extru-
sion, it is necessary to add sufficient binder to powders.
Fig. 6 illustrates a comparison of the minimum amounts
of binder required to achieve sound extrudates for five
kinds of stainless steel powders. In the case of either rod
extrusion or MBE, the necessary binder content lowers
slightly with decreasing average particle size of pow-
der. Nevertheless, it is noted that the binder contents
required for extruding the mixed powders SUS(G) and
SUS(E) are greatly reduced in comparison with the sin-
gular powders. In particular, the binary mixed powder
SUS(E) exhibits a lower binder content than the ternary
mixed powder SUS(G) as a result of the difference in
particle size distribution or packing configuration of
particles.

As stated above, paste flow takes place during extru-
sion on condition that the paste has adequate viscos-
ity or rheology. With an increase in packing density, a
lower viscosity is achieved for a given solids loading
or binder content in the paste [31]. This suggests that
less binder is required for extruding at a given viscos-
ity. Consequently, the decrease in binder content due to
powder mixing is believed to be the result of improve-
ment of packing density (see Section 3.3). On the other
hand, from the view point of plastic forming, the small
particles existing in interstices between large particles

Figure 6 Comparison of the minimum amounts of binder required to
extrude soundly. RE: rod extrusion, and MBE: multi-billet extrusion.

Figure 7 The minimum amount of binder necessary to form sound pipes.
The binder content reaches a lowest value nearVf = 0.4.

is also advantageous to slip and shear of particles during
extrusion, hence improving the extrudability of pastes.

As shown in Fig. 6, the binder content required for the
MBE is higher than that for the rod extrusion no mat-
ter which SUS powders are used. This arises from the
differences in paste flow and stress distribution, which
depend on the deformation or flow conditions decided
by extrusion methods. In addition, in terms of the form-
ing principle of the MBE, in an extruded pipe there are
two joined sections where pastes have to flow to and
join soundly. Accordingly, a better paste flowability is
necessary for forming pipes by the MBE process than
for forming rods by the conventional axisymmetric ex-
trusion method.

Fig. 7 gives the relationship between the minimum
amount of binder needed to extrude soundly and the
mixing fraction of fine ZrO2 powder for extrusion of
pipes when the ZrO2·SUS(A) and ZrO2·SUS(C) pow-
ders are used. In both cases, the binder content reaches a
minimum nearVf = 0.4. This is in good agreement with
the pressure change shown in Fig. 5. When small sized
ZrO2 particles are added to the matrix of SUS pow-
ders and fill the interstices between the SUS particles,
a denser packing results in a decrease of binder con-
tent. AtVf > 0.4, however, it is necessary to add more
binder to powders asVf rises. This arises from a larger
specific surface area in the ZrO2 powder. Furthermore,
the difference in binder content between ZrO2·SUS(A)
and ZrO2·SUS(C) powders in the range ofVf > 0.2 is
also related to the specific surface areas of the powders.
But an exception atVf < 0.2 is the consequence of poor
binding between large SUS(C) particles, because of the
larger average particle size and interstices when the
SUS(C) powder is used as a matrix. This indicates that
more binder is necessary for the ZrO2·SUS(C) powders
at Vf < 0.2 in order to obtain sound extrudates.

3.3. Green density of extrudates
Fig. 8 shows the green density variation of extrudates
with composition for three kinds of mixed powders:
SUS(A+B), SUS(A+C) and SUS(B+C). The ex-
trudates prepared from mixed powders display higher
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Figure 8 Green density variation of extrudates with composition for the
binary mixed stainless steel powders, formed by the rod extrusion (RE)
and multi-billet extrusion (MBE) methods.

green densities compared to those from singular pow-
ders. This arises from denser packing because of broad-
ening the particle size distributions of powders. It is
shown that the increase in density due to powder mix-
ing depends to a large extent on the particle size ratio
(DL/DS) between large and small powders. Concern-
ing the extrudates obtained by the rod extrusion method,
there is less effect for mixing SUS(A) with SUS(B)
because the particle size ratio of the two constituent
powders is very small (DL/DS= 1.8). However, the
SUS(A+C) powder where theDL/DS value is large
(7.2) gives a significant packing benefit, and the rela-
tive densities of extrudates are significantly increased.
When the mixing fraction of fine powder is near 0.5, the
green density reaches a maximum value. For the pipes
formed by the MBE process, they show a result simi-
lar to the rods. Nevertheless, for pastes with the same
binder content, there is a higher density for the extru-
dates formed by the MBE process than for those by
the rod extrusion method. This appears to be attributed
to a larger extrusion pressure in the MBE process as
described before, and further work will be required.

Fig. 9 shows the relative density as a function of
binder content for the ZrO2·SUS(C) mixed powder.

Figure 9 Variation of relative densities of ZrO2·SUS(C) pipes with
binder content.

The densities of extrudates decrease nearly linearly
with increasing binder content for all mixed powders
with different mixing proportions. It is seen that the
relative density tends to be the highest at composi-
tions of Vf = 0.4. Except forVf = 0.4, the green den-
sity level of extrudates decreases with an increase in
mixing fraction of finer ZrO2 powder, even though the
density is related to binder content. This is the result
of a much smaller average particle size (larger specific
surface area) and rougher surfaces of particles for the
ZrO2 powder, which significantly influence the particle
packing.

3.4. Comparison with Furnas’s binary
packing model

From the foregoing results, it has been found that the bi-
modal mixed stainless steel powder containing approx-
imately the same proportion of large and small parti-
cles (Vf = 0.5) exhibits the smallest extrusion pressure
and minimum amount of binder in both rod extrusion
and MBE process. In addition, the extrudate has the
highest green density. Similar results were observed in
the mixed powder composed of zirconia and stainless
steel particles, but the mixing fraction of the fine pow-
der corresponding to the densest packing was shifted
to Vf = 0.4. These coincide with the observations on
extrusion of alumina pastes reported by Benbowet al.
[26] and Blackburnet al. [5]. Benbowet al. [26] found
that a minimum liquid content to saturate powder and
maximum density of dried extrudate were achieved in
the region of 0.4–0.5 fine component.

For a binary mixing system of large and small parti-
cles, several models [10–14, 18] have been developed to
describe the relationship between particle size distribu-
tion and packing characteristics. Among these models,
the Furnas model [10, 12] has been successfully applied
to a system consisting of two sizes of spherical particles.
When the smaller particles of the two particle sizes fill
exactly the interstices created by the larger particles, an
optimum packing is realized. Fig. 10 illustrates a com-
parison between the predicted green density and the

Figure 10 Comparison between the predicted green density according
to the Furnas model and the experimental values for binary mixtures of
SUS(A) and SUS(C) powders.
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experimental values for binary mixtures of the SUS(A)
and SUS(C) powders. According to the Furnas model,
a relative density of 76.5%, which is much higher than
the experimental values, occurs atVf = 0.335. It is ev-
ident that the large discrepancy between the calculated
and experimental densities is mainly related to packing
configuration of mixed powders. The packing configu-
ration has a significant influence not only on the packing
density, but also on the composition where the densest
packing occurs. It is considered that the difference in
packing configuration between the packing beds in the
present investigation and the Furnas model is concerned
with some factors as follows.

(a) The particle size ratio is far smaller than that
of the Furnas model (essentially infinite). For exam-
ple, DL/DS= 1.8, 4, 7.2, and 51.4 for SUS(A+B),
SUS(B+C), SUS(A+C) and ZrO2·SUS(C) powders,
respectively. Many studies [11, 14, 22] have shown that
packing density of mixed powder lowers when the par-
ticle size ratio decreases. Furthermore, German [32] has
suggested that a small particle size ratio results in shift
of the composition corresponding to an optimal packing
toward small particle axis. Hence, small particle size ra-
tio is perhaps one of the important factors moving the
composition of the optimal packing fromVf = 0.335
predicted by the Furnas model toVf = 0.4–0.5 of this
investigation. Moreover, it is just the particle size dif-
ference that the composition is shifted fromVf = 0.4
for ZrO2·SUS(C) toVf = 0.5 for SUS(A+C), because
the former has a larger particle size ratio (51.4) than the
latter (7.2).

(b) Powder system alone was taken into account in
Furnas’s model. In this investigation, however, the pres-
ence of large amounts of binder may cause the change
in packing configuration because of particle-particle in-
teractions. It has been found that interparticle forces
have a significant effect on particle packing in slurry or
suspension [33, 34]. In the case of the powder-binder
system examined in the current work, capillary forces
generated by liquid bridges are believed to be the main
component of interparticle forces [35]. Schubert [36]
has pointed out that capillary forces can play an impor-
tant role or may even be decisive for the flow behavior
of fine bulk materials and the agglomeration of granu-
lar materials. Consequently, it is believed that capillary
forces and viscous action of binder in the powder-binder
system may exert some influence on particle packing.

(c) Packing behavior of powder beds is often dealt
with under the same conditions such as a certain pres-
sure [11, 19, 22]. In paste extrusion process, the binary
mixtures with various mixing proportions display dif-
ferent extrusion pressures even for pastes with the same
binder content (Figs 4 and 5).

(d) The powders used here have irregular shapes and
continuous particle size distribution. Moreover, the zir-
conia particles present rough surfaces, which influence
slip and shear between particles during extrusion.

4. Conclusions
The change in particle size distribution or packing con-
figuration by mixing large and small powders has an
important effect on the extrusion behavior of pastes.

The effect of powder mixing depends to a large ex-
tent on the mixing proportion and particle size ratio
between large and small powders. The bimodal mixed
stainless steel powder exhibits a low extrusion pressure,
small amount of binder and high green density when the
mixing fractions of large and small particles are approx-
imately equal. A similar result has also been observed
in the mixed powder composed of zirconia and stainless
steel powders, but the mixing fraction of the smaller zir-
conia powder corresponding to the optimal packing is
shifted to 0.4. It is shown a larger difference between the
experimental value and predicted density by the Furnas
model due to the difference in packing configuration.
On the other hand, in the multi-billet extrusion process,
a higher extrusion pressure, larger amount of binder
or better paste flowability are necessary compared to
the conventional axisymmetric rod extrusion method,
which results from the differences in deformation or
flow conditions of pastes. Furthermore, a higher green
density can be achieved in the multi-billet extrusion
than in the rod extrusion.
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