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Kontrollu Egimli
Alumina Seramik
Borularin

Nano ve Mikron
Buyuklugundek
Tozlarla
Ekstruzyonu

OZET

Degisken kontrolld dirsekli alumina seramik borular tek asamali
bir ekstriizyon prosesi ile Uretildi. Dirsegin sekil degistirebilir
bir kalipla saglandigr kivrimli borularin kivrimi tizerinde hamur
reolojisinin, ekstriizyon hizinin ve kalip geometrisinin etkisi,
bilgisayar kontrolli bir ekstriizyon teknigi kullanilarak incelendi.
KivrimU borularin kivrimini etkileyen etkili faktorlerin sivi faz
bilesimi, secilen kalibin geometrisi ve ekstriizyon hizi tarafindan
kontrol edilen seramik hamurlarin reolojik davranisi oldugu
gosterildi. Ayrica, dirsegin derecesinin hamurun artan vizkositesi
ile arttigi ve daha kati hamurlarin daha yumusak hamurlara
nazaran yercekimi kuvvetinden daha az etkilendigi gorildi.

1. GIRIS

Son zamanlarda, diiz monolitik veya ¢ok katmanli seramik
borular, islevsel ve yapisal uygulamalar icin ekstriizyon yolu ile
uretilmektedir [1-2]. Ekstriizyon ayrica, kati oksit yakit
hicrelerinde (SOFC) kullanilmak tizere tek tabakali borusal
elektrolitlerin yapilmasinda da kullanitmistir [3-4]. Ancak,
sanayide kivrik seramik borular genellikle bir merkezi mandreni
olan bir kaliptan yliksek kati yiiklemeli hamurlarin
ekstriizyonundan ve daha sonra bir cubuk sekilli sekillendirici
etrafina cekilmis sinterlenmemis borunun sarilmasindan olusan
iki asamali bir prosesleme teknigi kullanilarak
sekillendirilmektedir. Bu zaman alict yontem, genellikle
ekonomik olmadigindan ve sadece basit sekiller tretebildiginden,
pek kullanilmak istenilmemektedir. Mekanik sarma islemi
esnasinda, egilmis borunun mekanik ve yapisal 6zelliklerini
dusuren yuksek kalinti gerilimleri ortaya ¢ikabilir. Borunun
kesitsel homojenliginin korunmasi ile ilgili sorunlar vardir.
Dolayisiyla, bunun onlenmesi icin borunun igine bir tel veya yay
yerlestirilebilir. Ancak, 6zellikle kuruma sonrasinda borudan
‘sekillendirici'nin cikartilmasinda zorluklarla karsilasilabilir.
Dolayisiyla, degisik kontrollti dirsekli seramik borularin yapilmasi
icin sanayide bir yeni ve tek asamali ekstriizyon prosesine ihtiyag
vardir [5, 6]. Calismamizda, borularin kavislenmesini ve seklini
dogrudan etkileyen hamur reolojisi Uzerinde baglayicilarin
etkisinin arastirilmasina calisilmistir [7, 8.
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Extrusion of Alumina Ceramic Tubes
with Controlled Bends Using Nano

ABSTRACT

Alumina ceramic tubes with varyingly controlled bends were
produced using a single-step extrusion process. The influence
of paste rheology, extrusion velocity and die geometry on the
curvature of the bending tubes, where the bend was induced
by a deformable die, was examined using a computer-controlled
extrusion technique. The dominant factors that affect the
curvature of the bending tubes were shown to be the rheological
behaviour of ceramic pastes, which is controlled by the liquid
phase composition, the die geometry chosen as well as the
speed of extrusion. It is also shown that the degree of bend
increases with increasing viscosity of the paste and stiffer pastes
were found to be less affected by the force of gravity compared
to the softer pastes.

1. INTRODUCTION

Recently, straight monolithic or multilayer ceramic tubes have
been produced by extrusion for functional and structural
applications [1-2]. Extrusion has also been used for making
single layer of tubular electrolytes for use in solid oxide fuel
cells (SOFC]) [3-4]. However, in industry, bent ceramic tubes
are usually formed using a two-step processing technique
comprising the extrusion of high solids-loading pastes from a
die with a central mandrel followed by wrapping the extruded
green tube around a rod shaped former. This time consuming
route is not always desirable as it is often not cost-effective and
can only produce simple shapes. During mechanical wrapping,
high residual stresses can develop that lower the mechanical
and structural properties of the bent tube. There are issues
with the retention of the tube cross-sectional uniformity and so
awire or spring may be placed down the tube to prevent this.
However, difficulties then occur in releasing the ‘shaper’ from
the tube, particularly after drying. Therefore, a novel and single-
step extrusion process is required by industry to make ceramic
tubes with varyingly controlled bends [5, é]. An attempt has
been made in the present work to investigate the influence of
the binders on the paste rheology that directly affects the
curvature and the shape of the tubes [7, 8].



Seramik borularin basit veya karmasik
sekillerinin, 6rnegin “C" veya “S”
sekillerinin ve 3-D spiral yay sekillerinin
kalip alani eksenin etrafinda 120°
uzaklikla konulmus g bilgisayar
kontrolli bagimsiz pim sayesinde elde
edilebilecegi gosterilmistir.

2. DENEYSEL CALISMA
(1) Kalip tasarimi

Gelistirilen kalibin fotograflari Sekil
1"de gosterilmistir. iceri ve disari
oynatilabilen pimler sayesinde sekli
degisen boru sekillendirici kalibin ¢ikis
ucunun dis cidarini bir elastik boru
olusturur [9]. Ayarlanabilir pimler, bir
bilgisayar programi ile calisan bir
hareket arayuzd ile kontrol altinda
tutulan stepper motorlari ile
calistinilmaktadir. Gelistirilen bilgisayar
programi, ayrica ekstriizyon siiresinin,
yani pimlerin herhangi bir yondeki
hareketleri arasindaki strenin istenilen
her kalip yapisi icin kontrol
edilebilmesine izin vermektedir. Bu
ayar, boruda egilme yaratarak akis icin
geometrik yapiyl degistirmektedir.
Dolayisiyla, 120° uzaklktaki ¢
ayarlanabilir pim ile boruyu her
istenilen yone egmek mimkin
olacaktir. Bu deneylerde kalip 2 mm'lik
cidar kalinligi ve 8.0 mm dis ¢apli
Urunler olusturmustur.

It is shown that simple or complicated
forms of ceramic tubes, for example
“C" or"S" shapes as well as 3-D helical
spring shapes are achievable by the
introduction of three computer-
controlled independent pins set 1200
apart around the axis in the die land.

2. EXPRIMENTAL WORK
(1) Die design

The photo images of the developed die
are shown in Fig. 1. An elastic tube
forms the outer wall of the exit end of
the tube-forming die, deformed by
pins that can be moved in and out [9].
The adjustable pins are driven by
stepper motors, which are controlled
through a motion interface driven by
a computer program. The computer
program developed also allows the
extrusion time to be controlled for any
desired die configuration, i.e., the time
between the movement of the pinsin
any direction. This adjustment alters
the geometric configuration for flow,
inducing bending in the tube. Thus,
with the three adjustable pins set 1200
apart, it should be possible to bend
the tube in any desired direction. In
these experiments the die produces
extrudates with a wall thickness of 2
mm and external diameter of 8.0 mm.

Sekil 1:  (a) Monte edilen kalip parcasini ve elastik borunun konumunu, (b) stirticti cubuklar yerlerinde
iken tam olarak monte edilmis kalibl, (c) hazne, stepper motorlari ve LDT motorlarinin yerini
ve standi gosteren monte edilmis cihazi gésteren fotograflar [9].

Figure 1: Photos showing (a) the die part assembled and location of the elastic tube, (b) the die fully
assembled with driving rods in place, (c) the assembled instrument showing the barrel, stepper
motors and the location of the motors LDTs and stand [9].
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(2) Malzeme ve Hamur olusturma

hamurlarin hepsi alumina tozu esasli
olup; saf su ile yapilan 5 degisik
baglayici (agar, amonyum aljinat ve
lic degisik seliloz baglayici) eriyigi
kullanilarak formdile edilmistir.
Borularin kavislenmesi tizerindeki
etkisinin arastirilmasi amaciyla,
Methocel K15M, asetik asit ve saf su

Bilim - Teknoloji / Science - Technology

ile karistirilmis ince Bohmit tozu
iceren cok sert bir hamur da
hazirlanmistir. Hazirlanan hamurlar
hakkinda ayrintili bilgi, Tablo I'de
verilmistir. Seramigin yiizeyinin
islatilmasi ve kesme meydana
getirmek tizere, tim hamurlar bir su
sogutmali Werner and Pfleiderer LUK
3 1I-2 VAK cift yuvali karistirici
kullanilarak hazirlanmistir. Her

hamurun reolojik akis davranisi bir
kapiler reometre kullanilarak
belirlenmistir [9]. Borularin egilme
derecesi (k) asagidaki formiil ile
olculmustir:

k=8y/L2, (1)

Formilde y ve L Griiniin
deformasyonunu ve uzunlugunu
gostermektedir.

Toz Baglayici Katki Maddeleri Viskozite (Pa.s) Metindeki Kisaltmasi
Powder Binder Additives Viscosity Short code in the text
Methocel HPM50DS*** B1 639 P1
Methocel HPM500DS**,B2 906 P2
Alumina RAC 45B Agar, B3 sl Sy 910 P3
Alginate Collatex A/RN,B4 1818 P4
Methocel K15M*, B5 2187 B5
Boehmite Pural SB1 Methocel K15M* Asetic asit Su 7252 P6

* Molekil Agirligi (MW) :120,000, / **MW:100,000 / ***MW: 22,000

Tablo 1: Hamur formilasyonunda kullanilan tozlar ve baglayicilar ve 62 S-1 sabit kesme hizinda hazirlanmis hamurlarin viskozite degerleri.
Table 1: Powders and binders used for paste formulation and viscosity values of pastes prepared at a constant shear rate of 62 s-1.

(2) Materials and paste
formulation

The pastes were all based on an
alumina powder and formulated
using 5 different binder solutions
made with distilled water (agar,
ammonium alginate and three
different cellulose binders. Avery
stiff paste that contains a fine
Boehmite powder mixed with

3.SONUCLAR ve iRDELEME

(1) Hamur Reolojisi

62 S-1'lik sabit kesme hizinda sabit

Methocel K15M, acetic acid and
distilled water was also prepared in
order to investigate its effect on the
curvature of the tubes. The detail
information about the pastes
prepared is given in Table |. All the
pastes were produced using a water
cooled Werner and Pfleiderer LUK 3
[1I-2 VAK double lobe mixer to wet
the surface of the ceramic and
introduce shear. The rheological flow

hamur bilesimi

Paste composition

behaviour of each paste was
characterized using a capillary
rheometer [9]. The degree of
curvature of the tubes (k) was
measured using the following
equation:

k=8y/L2, (1)
where y and L are the deformation
and the length of the extrudate.

(kalip akis hiz
katsayis)

(the die land velocity
coefficient)

baglayicilar kullanilarak hazirlanan Pl 0027 0.20

hamurlarin gorindr viskoziteleri P2 0.032 0.30
Tablo I'de verilmistir. BS baglayicisi

ile hazirlanan Bohmit hamuru, en P3 0.04 1.01
ylksek viskoziteyi (7252 Pa.s) veya en P 0.08 e
kati davranisi gosterirken, en disuk

viskozite (639 Pa.s), alumina tozu ile P5 0.31 1.96
karistirilan B1 baglayicisindan P6 14d e

saglanmistir. Tablo II'de verilen
baglayici parametre verileri,
aluminanin hamur reolojisinin
baglayici eriyik reolojisini yansittigini,
yani en yiiksek baglayici viskozitesinin
en sert hamuru sagladigini
gostermektedir. Tablo I, ayrica,
hamurun viskozitesi arttikca, b'nin da
(kalip akis hizi katsayisi) arttigini da

Tablo 2: Hamur bilesiminin 30 mm/dak Uik bir yiikleme ( ekstriizyon) hizi kullanildiginda
kavis derecesi (k) tizerindeki etkisi ve her hamurun kalip akis hiz katsayisi.

Table 2: The influence of paste composition on the degree of curvature (k) using a ram
speed of 30 mm/min and correspondent die land velocity coefficients of each paste.

gostermektedir. Boehmite hamuru,
nano buyukligindeki partikil dogasi

ve jel yapisi sayesinde cok yiksek bir
viskozite sergilemektedir.



(2) Borularin kavislenmesini
etkileyen faktorler

Ayarlar, her eksende derece ayarlari
olarak belirtilmistir, ornegin X
ekseninde 45°, Y ekseninde 0° ve Z
ekseninde 0°'dir. Bilgisayarli tahrikin
sagladigl hassas kontrol olanagi
prosesin kritik degerlendirilmesine
izin vermektedir. Sekil 2, reolojinin ve
kalip geometrisinin 30 mm/dak.’lik bir
sabit ekstriizyon hizi kullanildiginda
egilme kavisi Uzerindeki etkisini
gostermektedir. Sekil 2'de ve 3'de
gosterildigi gibi, Y yonindeki cubuk
bilgisayar tarafindan 90° (0.3 mm)
ileriye hareket ettirilmis, diger iki
cubuk ise 20 saniye siire ile 30
mm/dak. Uik bir ekstriizyon hizi altinda
sabit tutulmustur. 20 saniye sonra’ Y
pimi Sekil 2'de gosterilen diiz borularin
ekstriizyonuna yol acacak sekilde
baslangictaki sifir konumuna
getirilmistir. Sekil 4'teki fotograftan
swvi faz iceriginin kontroliindeki hamur
reolojisinin ayni ekstriizyon
parametreleri altindaki borularin
kavisligini etkiledigi ve en diisuk
viskoziteli hamurun (agar baglayicili
alumina) en kiiclik ilk kavisi verdigini,
en sert hamurunise (K15 M baglayicil
Boehmite) en ¢ok egildigi acikca
gorilmektedir. Ayrica, Sekil 2'den
Boehmite borunun kuruma
bizilmesinin kullanilan Boehmite
tozlarinin nano yapisi dolayisiyla
alumina borulardan ¢ok daha yiiksek
oldugu da gorilmektedir.

3. RESULTS AND
DISCUSSION

(1) Paste rheology

The apparent viscosities of the pastes
prepared using different binders at a
constant shear rate of 62 s-1 are
shown in Table |. Boehmite paste
prepared with binder B5 shows the
highest viscosity (7252 Pa.s) or the
stiffest behaviour whilst the lowest
viscosity (639 Pa.s) is provided by the
binder B1 mixed with alumina
powder. The paste parameter data
givenin Table Il indicate that the paste
rheology of alumina reflects the
binder solution rheology, i.e. the
highest binder viscosity gives the
stiffest paste. Table Il also shows that
as the viscosity of the paste increases
b (the die land velocity coefficient] also
increases. Boehmite paste exhibits a
very high viscosity due to its nano-
size particle nature and gel structure.

Sekil 2:

Figure 2:

1: Alginate 2: Agar 3: K15M 4: Boehmite

Hamur reolojisinin sabit bir ekstriizyon hizi ve kalip geometrisi altinda egilmis borularin kavisi
tizerindeki etkisini gosteren fotograflar. Daha yliksek viskoziteli hamurlarin (6rnegin Boehmite
ve K15M baglayicili alumina) daha iyi spiral sekiller meydana getirdigine dikkatinizi cekeriz.

Photos showing the effect of the paste reology on the curvature of the bent tubes for a constant
extrusion speed and die geometry. Note that pastes with higher viscosities (for example boehmite
and alumina with K15M binder] tend to produce better shapes with spiral shapes.

Santimetre dlcegi
Centimetre scale

Sekil 3:

Figure 3:

Santimetre 6lcegi
Centimetre scale

Kalip geometrisinin 30 mm/dak Uik bir sabit ekstriizyon hizi altinda aljinat baglayici ile karistirilmis
alumina hamurda, kontrollii sekillere sahip egilmis borularin kavisi tizerindeki etkisini gosteren
fotograflar. Borularin kavis derecesinin, pimlerin teker teker donusleri degistirilerek,

kontrol altinda tutulabildigine dikkatinizi cekeriz.

Photos showing the effect of die geometry on the curvature of the bent tubes with controlled
shapes for alumina paste mixed with alginate binder using a constant extrusion speed of 30
mm/min. Note that the degree of curvature of the tubes can be changed and controlled by
altering the rotation of the individual pins.

Sekil4:  Yer cekimini karsilamak
icin pim girisi artirilarak X, Y ve Z'nin
sirali uygulanmasini gosteren K15M
baglayicisi ile karistirilmis alumina
hamurundan yapilmis spiral yay
sekline egilmis borunun fotografi

Figure 4: Photo of bent tube with
near spring helical shape made from
alumina paste mixed with K15M
binder showing that sequential
application of X, Y, and Z with
increasing pin insertion to
compensate for gravity.
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Sekil 5:

Bilgisayar kontrolli cubuklari teker
teker hareket ettirerek, daha
kompleks sekilli egik borular
yapmanin basarili sonuclari 30
mm/dak.’lik sabit bir ekstriizyon hizi
kullanarak aljinat baglayicr ile
karistiritmis alumina hamurigin Sekil
3'de gosterilmistir. Birinci boru, A, Z
ve Y cubuklari sabit tutulurken, 10
saniye sire ile 45°'lik bir doniis ile
(ileriye dogru 0.15 mm) yerlestirilen
X cubugu ile Uretilmistir. 10 saniye
sonra, X cubugu baslangictaki sifir
noktasina getirilmis ve ayni zamanda
Xve Z, ilk sifir konumlarinda sabit
tutulurken, Y cubugu 45°°lik bir donis
ile hareket ettirilmistir. (ileriye dogru
0.15 mm). 10 saniye sonra, Y cubugu
da ilk sifir konumuna getirilmis ve
ekstriizyon Sekil 3'de gosterilen diiz
borular Uretmistir. Borularin kavis
derecesi, ayni zamanda, Sekil 3'te
gosterildigi gibi, pimlerin teker teker
donuslerinin degistirilmesi ile
degistirilip, kontrol altinda tutulabilir.
Ornegin, Sekil 3'de Bisaretli fotografta
Y cubugu 90° hareket ettirilmistir.
(ileriye dogru 0.3 mm) ve o yénde
egim acisindaki fark acikca
gorulmektedir. Pimin daha fazla
sokulmasi ile daha fazla egim
saglanmaktadir. Z-Y-X-Z motor
siralanmasi ile, Sekil 4'te gosterilen
spiral geometriler elde edilmistir.
Sekil 5°de gosterildigi gibi, kalibin
geometrik akis durumu degistirilerek,
Cveya S sekilli borular da ¢ekilmistir.
Sadece tek bir pimi hareket ettirerek,
degisik egim derecelerinde C sekilleri
elde edilirken (Bkz. Sekil 5a), iki pimi
gereken yonlerde hareket ettirerek
S sekille borular yapilmistir (Bkz.
Sekil 5b).

(2) Factors affecting the curvature
of the tubes

The settings are reported as the
degree setting on each axis, for
example 45,0,0is 45°on X, 0°0on Y
and 0° on Z. The sensitive control that
the computerized drive affords allows
critical assessment of the process.
Fig. 2 shows the effect of the rheology
and die geometry on the curvature of
the bending tubes using a constant
ram speed of 30 mm/min. As shown
in Fig. 2, the rod in Y direction was
moved forward by 900 (0.3 mm) by
the computer whilst the other two
rods were kept fixed under an
extrusion speed of 30 mm/min for 20
seconds. After 20 seconds, pin Y was
moved to its starting zero position
leading to the extrusion of straight
tubes as shown in Fig.2. It is clearly
seen from the photograph in Fig. 4
that paste rheology controlled by the
liquid phase content affects the
curvature of the tubes under the same
extrusion parameters and the paste
with the lowest viscosity (alumina
with agar binder) provides the
smallest initial curvature while the
stiffest paste (boehmite with K15 M
binder) bends the most. Itis also
seen from the Fig.2 that the drying
shrinkage of boehmite tube is much
higher than the alumina tubes
because of the nano-structure nature
of boehmite powders used.

The successful results of making bent
tubes with more complex shape by
moving the computer-controlled rods
individually is shown in Fig. 3 for
alumina paste mixed with alginate
binder using a constant extrusion
speed of 30 mm/min. The first tube,
A, is produced with rod X set with a

(a) S sekilli ve (b) C sekilli seramik boru yapilabilirligini gsteren fotograflar

Figure 5: Photos showing the possibility of making ceramic tubes with: a) S shapes and b) C shapes.

rotation of 450 (0.15 mm forward) for
10 seconds while the Zand Y rods
were kept constant. After 10 seconds,
rod X was moved to its starting zero
point and at the same rod Y was
moved in with a rotation of 450 (0.15
mm forward) while Xand Z were kept
constant at their original zero position.
After 10 seconds, rod Y was also
moved to its original zero position
and extrusion produces straight tubes
as shown in Fig.3. The degree of
curvature of the tubes can also be
changed and controlled by altering
the rotation of the individual pins as
shown in Fig. 3. For example, rod Y
was moved by 900 (0.3 mm forward)
in photo marked B in Fig.3 and the
difference in bending angle in this
direction is clearly visible. Greater
bend is induced by greater insertion
of the pin. By sequencing the motors
Z-Y-X-Z, spiral geometries are
produced as shown in Fig.4. Tubes
with C or S shapes were also extruded
by altering the geometrical flow
condition of the die as shown in Fig.5.
C shapes with different degree of bent
were produced by moving only one
pin (see Fig.5a) whilst S shape tubes
were made by moving two pins in
required directions (see Fig.5b).

The effect of extrusion speed on the
curvature of the bent tubes is shown
in Fig. 6. The tube shown in Fig.6a
was extruded using a speed of 30
mm/min whilst extrusion speeds of
20, 15 and 10 mm/min make the
tubes with different bending curves
shown in Fig.bb, cand d, respectively
indicating that the curvature of the
tubes becoming greater as the
extrusion speed was decreased. The
influence of paste composition on the
degree of curvature (k] using a ram
speed of 30 mm/min. is also shown
in Tale Il indicating that k values
increase with increasing viscosity of
the paste.




Ekstriizyon hizinin egilmis borularin
kavisi Uzerindeki etkisi Sekil 6'da
gosterilmistir. Sekil 6a’da gosterilen
boru, 30 mm/dak. hizi kullanilarak
cekilmis; 20, 15 ve 10 mm/dak.
ekstrizyon hizlari ise, borularin
kavislerinin ekstriizyon hizi azaldikca
daha arttigini gosterecek sekilde,
sirasiyla Sekil 6b, c ve d'de gosterilen
degisik kavisli borulari ortaya
ctkarmustir. 30 mm/dak. lik bir
ekstriizyon hizi kullanarak, hamur
yapisinin kavis derecesi (k) tizerindeki
etkisi, k degerlerinin hamurun artan
viskozitesi ile arttigina isaret edecek
sekilde, Tablo 2'de de gosterilmistir.

4. SONUCLAR

Siki kontrol altindaki dirseklere sahip
alumina seramik borularin yapilmasi
icin yeni bir bilgisayar kontrollu
ekstriizyon teknigi kullanilmis ve
dirsegin deforme olabilen bir kalip
vasitasiyla olusturuldugu durumlarda
egimli borularin kavisi Uzerinde
hamur reolojisinin ekstriizyon hizinin
ve kalip geometrisinin etkisi
incelenmistir. Ayrica, kalip akisinda
eksen etrafinda 120° uzaklkta
yerlestirilmis motor tahrikli pimler
vasitasiyla basit veya karmasik
seramik borularin (6rnegin C, S veya
spiral yay sekilleri) tretilebildigi
gosterilmistir. Istenilen sekiller, daha
sonra hamurun ekstriizyonu
esnasinda geometrik akis sartlarinin
degistirilmesi ile elde edilebilir. Egimli
borularin kavislerinin sivi faz bilesimi,
secilen kalip geometrisi ve ayrica
ekstriizyon hiziile kontrol edilen
viskozite gibi seramik hamurlarin
reolojik davranisina bagli oldugu
saptanmustir. Dirsegin derecesinin,
hamurun artan viskozitesi ile arttigi
da gosterilmistir.
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Sekil 6:  Egilmis borularin kavisi izerinde ekstriizyon hizinin etkisini gosteren fotograflar
Figure 6: Photos showing the effect of extrusion speed on the curvature of the bent tubes.

4. CONLUSIONS

A new computer-controlled extrusion technique was introduced for making alumina
ceramic tubes with tightly controlled bends and the influence of paste rheology, extrusion
velocity and die geometry on the curvature of the bending tubes, where the bend was
induced by a deformable die, was examined. It is shown that simple or complicated
ceramic tubes (for example C, S or helical spring shapes) can be produced through
stepper motor-driven pins set 1200 apart around the axis in the die land. Required shapes
can then be produced by altering the geometrical flow conditions during the paste
extrusion. It is found that the curvature of the bending tubes is controlled by the rheological
behaviour of ceramic pastes, such as viscosity, which is controlled by the liquid phase
composition, the die geometry chosen as well as the speed of extrusion. It is also shown
that the degree of bend increases with increasing viscosity of the paste.
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