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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. © 2000 Kluwer Academic Publishers

1. Introduction binder results in a longer debinding step with possible
Extrusion is a suitable plastic forming method for fab- flaw formation and larger sintering shrinkage. On the
ricating a variety of shapes with constant cross sectiomther hand, a decrease in extrusion pressure is of ben-
not only for flat shapes, but also for structural shapesefit to dies and extruder, more importantly, it would be
such as I-sections, channels, pipes and tubes [1]. Ihelpful to avoid or reduce liquid migration [6], phase
particular, the extrusion of viscous pastes containing aeparation or drainage phenomenon [7] under pressure.
particulate or powder and liquid phase (mainly binder)Moreover, a high green density is desired in order to
has become increasingly important because of the adbtain a higher sintered density [8] and to minimize
vantages of formation of products at low temperaturesintering shrinkage [9].
and pressure [2]. At present, paste extrusion as an im- Numerous investigations have concerned the influ-
portant near net shape forming process is used in margnce of particle size distribution on packing configura-
industrial fields, such as ceramics, chemical, food andion and green density in dry powder beds [10-22]. By
pharmaceutical [3]. distributing small particles into the interstices between
For paste extrusion, it is desirable to minimize thelarge particles in an appropriate proportion and particle
amount of binder required to achieve suitable rheologsize ratio, the porosity is reduced and dense packing is
ical characteristics, reduce extrusion pressure and insbtained. Some observations have been made in packed
prove the green density of an extrudate. Benledwl.  beds containing liquid phase, such as slip casting [23—
[4] have pointed out that the flow properties of pastes25]. Benbow and Bridgwater [26] have described the
are closely related to those of their constituent binderimportance of particle size distribution to properties of
Binder is a very important component as a rheologydried and fired extrudates, and Blackburn and Bohm
modifier and plays the key role in paste extrusion. Ex{5, 27] have examined the effect of powder packing on
trusion becomes possible only if sufficient binder haspaste extrusion parameters.
been added to overcome the interparticle friction be- In the present work, the influence of bimodal parti-
tween the powder particles and the friction forces be<le size distribution on extrusion pressure, amount of
tween the die walls and the powder [5]. However, bindetbinder required and green density of extrudates has been
is a temporary vehicle used for packing powder into amainly investigated. In addition to mixing the same kind
desired shape and then retaining the shape of an extrof powders (such as stainless steel powders) with dif-
date without distortion after extrusion. Since binder haderent particle sizes, the mixing effect of different kinds
to be removed prior to densification, a larger amount obf powders (stainless steel and zirconia powders) was
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also examined. Two extrusion methods, conventionatio R=10), semi-angle of 90(flat die) and length of
axisymmetric rod extrusion and multi-billet extrusion the die land of 10 mm was used. The MBE process is
which has been developed to fabricate composite pipesased upon co-extruding different kinds of particulate
[28—30], were used. The purpose of this investigatiorpastes, joining them in chambers and finally obtaining
was to improve the extrudability of pastes, includ-a desired extrudate by means of dies. It can be used to
ing reducing extrusion pressure, minimizing amountform multilayer composite pipes, and the details have
of binder and raising green density by means of mixingbeen described in the previous paper [30]. In this inves-
two powders with different average particle sizes andigation, only single layer pipes (equivalent to the inner
size distributions in various proportions. 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
2. Experimental procedure chamber, where the pastes were joined and then a pipe
A commercially available zirconia powder with an av- Was formed and flowed out from the exit of the inner die
erage particle size of 0fm (Wako Pure Chem., Osaka, with the help of a mandrel. The wall thickness of pipes
Japan) was used. Three kinds of water atomized 304Was 1.2 mm, which corresponds to an extrusion ratio of
stainless steel powders were obtained from Nippon AtR=28.7. The extrusion experiments were carried out at
omized Metal Powders, Tokyo, Japan, and their averageéoom temperature without lubrication of the dies, and a
particle sizes were 5, 9 and 36n , which are denoted _constant extrusion speed (ram speed) of 0.167smim
as SUS(A), SUS(B) and SUS(C), respectively. The parwas used throughout. The green density was calculated
ticle size distributions of the raw powders and someffom the weight and dimensions of an extrudate after
blends are shown in Fig. 1. The size distributions ofdrying at room temperature for 48 h.
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-3. Results and discussion
inal particle size distribution data and mixing fractions 3.1. Effect of particle packing on extrusion
of two or three powders in the blends. An aqueous solu- pressure
tion of water-soluble polymer, hydroxypropyl methyl- Fig. 2 shows the variation of extrusion pressure with
cellulose (HPMC, Shin-Etsu Chem., Tokyo) was usedcontent of binder for forming the stainless steel pastes
as a binder. The HPMC content in the binder was 15-2by the rod extrusion method. It can be seen that the
vol%. pressure is very small regardless of the types of pow-
The raw powders and powdered HPMC weredersata bindercontentofabout57.5%. With a decrease
premixed for 20 min in an electric mortar mixer in binder content, the pressure gradually rises. The in-
(ANM1000, Nippon Ceram. Sci., Tokyo), and then dis- creasing rate of the pressure depends on the particle size
tilled water was added and further mixed until homoge-and its distribution. Where the binder content is greater
neous pastes were obtained (about 30 min). In order tthan 49%, the pressure for extruding the SUS(A) pastes
dissolve HPMC in water completely, the mixed pastegs lower than that for extruding the SUS(C) pastes. This
were wrapped in plastic bags and stored under saturatexpuld be due to a wider particle size distribution of
humidity below 10C for 24 h. the SUS(A) powder (Fig. 1). When the binder content
The extrusion experiments were performed in twois below 49%, however, the pressure for the SUS(A)
ways: conventional rod extrusion and multi-billet ex- pastes becomes larger, and it rises rapidly with de-
trusion (MBE) methods. In the rod extrusion, a die with creasing binder content. This results from a larger spe-
a hole diameter of 4.7 mm (corresponding extrusion racific surface area for the smaller sized SUS(A) pow-
der, which gives rise to an increase in interparticle
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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 ternaryrigure 2 Variation of extrusion pressure with binder content for extru-
(SUS(A), SUS(B) and SUS(C)) mixtures respectively with equal mixing sion of the stainless steel pastes by the rod extrusion method. Extrusion
proportions. 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 15 || SUS(A+O)
SUS(C), and SUS(A), SUS(B) and SUS(C) respec- & 46% binder
tively in equal mixing proportions), the extrusion pres- £ - | & 1% binder P
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 ris§
rapidly with decreasing binder content is shifted to a3
lower one. This is because the mixed powders posa
sess wider particle size distributions and denser packin
(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 mixec
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 resuliigure 4 Relationship between extrusion pressure and mixing fraction
of a compositional deviation of the SUS(G) powder of fine powder for extrusion of the mixed powders of SUS(A) and
with respect to optimal trimodal packing. As seen inSUS(C), extruded by the multi-billet extrusion process.

Fig. 1, although SUS(E) and SUS(G) powders possess

the same range of particle sizes, their particle size dis-, ] ) o )

tributions are different. There exist more intermediateSion Of pipes is presented in Fig. 4. It is shown that the

particles in the SUS(G) powder, hence resulting in theEXtrusion pressure depends on the mixing pro.portion of
difference in extrusion pressure. large and small powders, even for the same binder con-

The dependence of extrusion pressure on binder cod€Nt. The pressure change with fraction of fine powderis
tent for extrusion of pipes by the MBE process is givenParticularly apparent for the pastes with a lower binder
in Fig. 3. The variations of the curves are similar to Content. For example, for the pastes with a binder con-
those in Fig. 2. But the pressure values for formingt€nt of 46%, the pressure ¥¢= 0.8 is about ten times

pipes are larger than those for forming rods under th@f that atVy = 0.5. Moreover, when the fraction of fine
condition of the same binder contents, even though thBOWder is raised t& = 1, the pressure is too large to
extrusion ratio of the former (8.7) is less than that ofP€ able to extrude soundly because of occurrence of a
the latter (10). This is caused by a stronger restrainfirainage phenomenon [7] (that is, the binder is sepa-
to paste flow and larger shear surface areas (e.g., dekated from pastes or water is separated from the binder)
zone interfaces, surfaces of tools with which pastes ardnder large pressure. It can be seen that the pressure
contacted) in the MBE process. It is found from Fig. 3 "€aches a minimum value nedr=0.5 (i.e., the mix-

that the mixing proportion of large and small powdersind fractions of large and small powders are almost the

in the bimodal mixed powder SUS(AC) produces sgm_e). I.t suggests that the adjus_tme_nt of particle size
a significant influence on the extrusion pressure. Théistribution by mixing powders with different average
pressure level a¥; = 0.5 (V: mixing fraction of fine particle sizes has an important effect on the decrease in
powder) is lower than that % = 0.3. Furthermore, the €Xtrusion pressure during paste extrusion.

difference in pressure is gradually increased as binder With regard to the mixed powder consisting of the
content is reduced. The relationship between extrusiogO2 and SUS(C), the change in extrusion pressure is

pressure and mixing fraction of fine powder for extru-Shown in Fig. 5 as a function of the mixing fraction of
fine powdeNs (ZrO, powder here). For the same binder
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Figure 3 Dependence of extrusion pressure on binder content for extrufigure 5 Change in extrusion pressure as a function of the mixing frac-
sion of pipes by the multi-billet extrusion proce$s=8.7. V;: mixing tion of ZrO, powder. The ZrQ-SUS(C) pastes containing different
fraction of fine powder. amounts of binder were extruded by the multi-billet extrusion method.
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content, the pressure rises\@éncreases in the range of . 80
Vi > 0.4. Itisreversed &¥ < 0.4, and thus the pressure % L [ O 7r0,-SUS(A)
reaches the lowest value ¥=0.4. This result indi- > _ | | O 7:0,-SUS(C)
catesthatthe composition where the lowest pressure 0™
cursis shifted to coarser component(i.e., stainless stee_og
side), in comparison with the binary mixture of stainless.g 60
steel powders. This is attributed to a larger particle sizf
difference between two components in 2l US(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 &2
ders, the effect o¥ on the extrusion pressure of the © 40 |-
ZrO,-SUS(C) powder becomes less when more binde
is added.
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30 | | ] | . ] . ]
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3.2. Binder content necessary , o _ _
Figure 7 The minimum amount of binder necessary to form sound pipes.

for eXtrUd_mg soundly . The binder content reaches a lowest value Wgas 0.4.
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 powdersi.s also advantageousto slip and shear of particles during

Fig. 6 illustrates a comparison of the minimum amoumsextrusion, hence improving the extrudability of pastes.

of binder required to achieve sound extrudates for five As shown in Fig. 6, the binder content required for the
kinds of stainless steel powders. Inthe case ofeitherroﬁ/IBE is higher thain ,that for the rod extrusion nNo mat-

extrusion or MBE, the necessary binder content Iower%r which SUS powders are used. This arises from the
slightly with decreasing average particle size of POW-jitferences in paste flow and stress distribution, which

der. _I\Ie&/?rthelfsso,ll it i?hnotefd tgat thg bingarscgntentaepend on the deformation or flow conditions decided
required for extruding the mixed powders @) andby extrusion methods. In addition, in terms of the form-

SUS(E) are greatly reo!uced in Com_pafisoﬂ with the Sln'|ng principle of the MBE, in an extruded pipe there are
gular powders. In particular, the binary mixed powder

- . two joined sections where pastes have to flow to and
SUS(E) exhibits a lower binder content than the ternary . soundly. Accordingly, a better paste flowability is

mixgd poyvder.SU_S(Q) asa resu!t of the _diﬁerence : necessary for forming pipes by the MBE process than
particle size distribution or packing configuration of for forming rods by the conventional axisymmetric ex-

particles. trusion method
.AS stated ap_ove, paste flow takes place during extru- Fig. 7 gives the relationship between the minimum
sion on condition that the paste has adequate viscog;

; . . . ) : mount of binder needed to extrude soundly and the
ity or rheology. With an increase in packing density, amixing fraction of fine ZrQ powder for extrusion of
lower viscosity is achieved for a given solids loading ipes when the Zr@SUS(A) and Zr@-SUS(C) pow-

or bln(_:ler co_ntent In the paste [3.1]' This s.ugges.ts th ers are used. In both cases, the binder contentreaches a
less binder is required for extruding at a given viscos-

. 2 minimum neais = 0.4. Thisisin good agreementwith
ity. Consequently, the decrease in binder content due e pressure change shown in Fig. 5. When small sized

powder mixing is believed to be the result of improve-Zroz particles are added to the matrix of SUS pow-

ment of packing _density (see Secf[ion 3'?.’)' Onthe Othe&ers and fill the interstices between the SUS particles,
hand, from the view point of plastic forming, the small

) o e X . a denser packing results in a decrease of binder con-
particles existing in interstices between large partlcleﬁem. AtV; > 0.4, however, it is necessary to add more
binder to powders a¥; rises. This arises from a larger
70 speci_fic surfac_e area in the Zs@owder. Furthermore,

RE the difference in binder content between ZrSUS(A)
MBE and ZrGQ-SUS(C) powd.e_rs in the range ¥f > 0.2 is

also related to the specific surface areas of the powders.
Butan exception af; < 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 Z+OUS(C) powders
atV; < 0.2 in order to obtain sound extrudates.
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ig. 8 shows the green density variation of extrudates
SUS(A) SUS(®) SUS(C) SUSG) SUSE) with composition for three kinds of mixed powders:
Figure 6 Comparison of the minimum amounts of binder required to SUS(A"‘ B)- SUS(A+ C) and SUS(B+‘ C)- The ex-
extrude soundly. RE: rod extrusion, and MBE: multi-billet extrusion. ~ trudates prepared from mixed powders display higher
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60 The densities of extrudates decrease nearly linearly
R ~ RE MBE with increasing binder content for all mixed powders
i s |- g‘g‘i?g(ifg) DS@gj;ﬁgﬂ with different mixing proportions. It is seen that the
> O SUS(A+C) ¥ 51% binder r_elatlve density tends to be the highest at composi-
= s6 - A SUS(B+C) tl_ons of V; = 0.4. Except forV; =0.4, t_he green den- .
s sity level of extrudates decreases with an increase in
S A mixing fraction of finer ZrQ powder, even though the
034 . ~ density is related to binder content. This is the result
= - . i N of a much smaller average particle size (larger specific
Q52 |- 3 - R S, surface area) and rougher surfaces of particles for the
P | L ZrO, powder, which significantly influence the particle
so b packing.
l l . | . ] . | . ]
0 20 40 60 80 100
Fraction of fine powder / % 3.4. Comparison with Furnas'’s binary

Figure 8 Green density variation of extrudates with composition for the paCkI ng mOdeI . .
binary mixed stainless steel powders, formed by the rod extrusion (REFrom the foregoing results, it has been found that the bi-

and multi-billet extrusion (MBE) methods. modal mixed stainless steel powder containing approx-
imately the same proportion of large and small parti-

- ) cles (y = 0.5) exhibits the smallest extrusion pressure
green densities compared to those from singular pows g minimum amount of binder in both rod extrusion

ders. This arises from denser packing because of broadyg MBE process. In addition, the extrudate has the
ening the particle size distributions of powders. It iS highest green density. Similar results were observed in
shown that the increase in density due to powder MiXihe mixed powder composed of zirconia and stainless
ing depends to a large extent on the particle size raligiee| particles, but the mixing fraction of the fine pow-

(Di/Ds) between large and small powders. Conceémyer corresponding to the densest packing was shifted
ing the extrudates obtained by the rod extrusion method,, V¢ = 0.4. These coincide with the observations on

there is less effect for mixing SUS(A) with SUS(B) extrusion of alumina pastes reported by Bentewl.

because the particle size ratio of the two constituenEZB] and Blackburret al. [5]. Benbowet al. [26] found
powders is very smallll /Ds=1.8). However, the  {hat 3 minimum liquid content to saturate powder and
SUS(A+C) powder where th®, /Ds value is large  aximum density of dried extrudate were achieved in
(7.2) gives a significant packing benefit, and the relaype region of 0.4-0.5 fine component.

tive densities of extrudates are significantly increased. gq, 5 binary mixing system of large and small parti-
When the mixing fraction of fine powder is near 0.5, the cjes, several models [10-14, 18] have been developed to
green density reaches a maximum value. For the pip€gescribe the relationship between particle size distribu-
formed by the MBE process, they show a result simi-joy and packing characteristics. Among these models,
Ia}r to the rods. Nevert_heles_s, for pastes with the samg,e Furnas model [10, 12] has been successfully applied
binder content, there is a higher density for the extruyg 5 system consisting oftwo sizes of spherical particles.
dates formed by the MBE process than for those byyhen the smaller particles of the two particle sizes fill
the rod extrusion method. This appears to be attributegyactly the interstices created by the larger particles, an
to a larger extrusion pressure in the MBE process agnimum packing is realized. Fig. 10 illustrates a com-

described before, and further work will be required.  parison between the predicted green density and the
Fig. 9 shows the relative density as a function of

binder content for the ZroSUS(C) mixed powder.

80
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X —— Calculated
. Q
X 20, SUS©) ~ ——=— Experimental
2 g 5 yoe s
256} 2 . 51%
& 3 I
L
L | A\A\A 'g
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Z 48| =
5 A V=02 & i
2 O ¥,=04
~ O V=06 "o “
40 - B _¥=038 IR RIS S N AR RN
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48 52 56 60 64 68 Fraction of fine powder /%

Content of binder / vol%
Figure 10 Comparison between the predicted green density according
Figure 9 Variation of relative densities of Zf&2SUS(C) pipes with  to the Furnas model and the experimental values for binary mixtures of
binder content. SUS(A) and SUS(C) powders.
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experimental values for binary mixtures of the SUS(A) The effect of powder mixing depends to a large ex-
and SUS(C) powders. According to the Furnas modeltent on the mixing proportion and particle size ratio
a relative density of 76.5%, which is much higher thanbetween large and small powders. The bimodal mixed
the experimental values, occurs\at=0.335. Itis ev-  stainless steel powder exhibits a low extrusion pressure,
ident that the large discrepancy between the calculatesinallamount of binder and high green density when the
and experimental densities is mainly related to packingnixing fractions of large and small particles are approx-
configuration of mixed powders. The packing configu-imately equal. A similar result has also been observed
ration has a significantinfluence not only on the packingn the mixed powder composed of zirconia and stainless
density, but also on the composition where the densesteel powders, butthe mixing fraction of the smaller zir-
packing occurs. It is considered that the difference inconia powder corresponding to the optimal packing is
packing configuration between the packing beds in theshifted to 0.4. Itis shown a larger difference between the
presentinvestigation and the Furnas model is concernegkperimental value and predicted density by the Furnas
with some factors as follows. model due to the difference in packing configuration.
(&) The particle size ratio is far smaller than thatOn the other hand, in the multi-billet extrusion process,
of the Furnas model (essentially infinite). For exam-a higher extrusion pressure, larger amount of binder
ple, D./Ds=18, 4, 7.2, and 51.4 for SUS(#B), or better paste flowability are necessary compared to
SUS(B+ C), SUS(A+ C) and ZrQ-SUS(C) powders, the conventional axisymmetric rod extrusion method,
respectively. Many studies [11, 14, 22] have shown thatvhich results from the differences in deformation or
packing density of mixed powder lowers when the par-flow conditions of pastes. Furthermore, a higher green
ticle size ratio decreases. Furthermore, German [32] hadensity can be achieved in the multi-billet extrusion

suggested that a small particle size ratio results in shifthan in the rod extrusion.

ofthe 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 frong = 0.335 b

predicted by the Furnas model ¥9=0.4-0.5 of this 2.

investigation. Moreover, it is just the particle size dif-

ference that the composition is shifted frotn= 0.4 3.

for ZrO,-SUS(C) toVs = 0.5 for SUS(A+ C), because
the former has a larger particle size ratio (51.4) than the

latter (7.2). 5.

(b) Powder system alone was taken into account in

Furnas’s model. In this investigation, however, the pres- 6.

ence of large amounts of binder may cause the chang
in packing configuration because of particle-particle in-

teractions. It has been found that interparticle forcess,

have a significant effect on particle packing in slurry or 9.
suspension [33, 34]. In the case of the powder- blnder
system examined in the current work, capillary forces
generated by liquid bridges are believed to be the maln

component of interparticle forces [35]. Schubert [36]12.
has pointed out that capillary forces can play an impor-3.

tant role or may even be decisive for the flow behavior
of fine bulk materials and the agglomeration of granu-

(c) Packing behavior of powder beds is often dealt

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 sanse.
22.

binder content (Figs 4 and 5).
(d) The powders used here have irregular shapes a

continuous particle size distribution. Moreover, the zir-,,,

conia particles present rough surfaces, which influence
slip and shear between particles during extrusion.

26.

4. Conclusions
The change in particle size distribution or packing con-

figuration by mixing large and small powders has anyg

important effect on the extrusion behavior of pastes.
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