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Abstract

Structural ceramic composites comprising continuous fibrillar microstructure are produced using sol-based technology which
involves the extrusion, at room temperature, of a two-phase material (Al,03/ZrO,) resulting in an aligned bi-phase structure which
is then multiple co-extruded to reduce the lateral dimensions of the phases. Two sol-derived pastes of differing chemistry (y-AIOOH
as alumina source and zirconia) are co-extruded in parallel, and layed-up in closed-packed linear array to form a heterogeneous
macro-plug for subsequent extrusion with or without zirconia coating. The second and third extrusion steps produce a filament with
markedly reduced lateral paste dimensions provided that the flow properties of the chemically different pastes are similar. The
resulting extrudates in the form of continuous green monofilaments, are subsequently laid up in a mould where the structure is
pressed and consolidated in desired shape, then pressureless sintered in air to form the multi-phase component. The developed
process allows the microstructure to be controlled at a nanometer scale within each extruded filament and after the 3rd stage co-

extrusion, each filament size within the final extrudate is reduced to ~ 65 pm.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the last two decades, new materials are required for
lightweight rigid structures with potential for high tem-
perature operation in the aerospace industry, as the
most developed alloy systems have reached a develop-
ment limit in relation to high temperature stability and
deformation resistance. Monolithic ceramics can not be
used for such applications due to their low fracture
toughness and low resistance to thermal shock. Con-
tinuous fibre-reinforced ceramic matrix composites are
the best solution for high-risk engineering components
in which high specific stiffness and high temperature
tolerance are required.!” However, they are very
expensive to fabricate and current available fibres are
stable only up to 1200 °C.

* Corresponding author. Tel.: +44-121-4143537; fax: +44-121-
4143441.
E-mail address: c.kaya@bham.ac.uk (C. Kaya).

Co-extrusion can be defined as the passing of two or
more pastes through the same die to manufacture a
green body of uniform cross sectional area. It has been
widely used recently to produce multilayer ceramics,®
multilayer tubes,” alumina and PbO-containing ferroic
ceramics,® lead manganese niobate-lead titanate cera-
mics and silver palladium,’ zirconia and stainless steel
metal-ceramic pipes!® and fine-scale alumina, mullite
and ZTA components.'!=14 One of the main advantages
of using a co-extrusion technique is the significant
reductions in the number of processing steps. It has
proven also that deliberately introduced weak interfaces
in a laminar structure suppresses the catastrophic fail-
ure, increases the fracture toughness and work of frac-
ture by the operation of debonding and crack deflecting
mechanisms. '3

The main objective of the present work is to demon-
strate the feasibility of forming multiphase aligned
fibrillar micostructures from nano-size sol particle pre-
cursors using an innovative multiple co-extrusion pro-
cess. For this aim, two sol-derived high solids-loading
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pastes of alumina and zirconia are co-extruded in par-
allel, and layed-up in closed-packed linear array to form
a heterogeneous macro-plug for subsequent extrusion
provided that the flow properties of the chemically dif-
ferent pastes are similar.

2. Experimental work

2.1. Paste preparation from seeded boehmite (-
AIOOH) sol

Boehmite (y-AlIOOH) sol (Remal A20, Remet corp.,
USA) was used as the alumina source. The sol has
average particle size and solids-loading of 40 nm and 20
wt.%, respectively. The as received sol is stable at a pH
value of 4. The received boehmite sol was seeded with 2
wt.% of the total mass using ultrafine a-Al,O5 (30 nm,
BDH Chemical, UK., high purity polishing powder)
powders. The flow chart for the seeding process, fol-
lowed by paste preparation is given in Fig. 1. To seed
the boehmite sol, the seeding powders was first dis-
persed in distilled water and then added into boehmite
sol. Glycerol (1 wt.%) and celacol (1 wt.%) were also
added in order to minimise the surface roughness of the
extruded and increase the green strength, respectively.
Celacol (1 wt.%) was first dissolved in water at 85 °C
and then added to the seeded sol in order keep it plasti-
cally deformable during the multiple extrusion stage.

Seeding powder (o-Al,O,), 30

1 wt % Glycerol
1 Wt % Celacol
nm
ﬂ 2wt %

Dispersed in water, ultrasonic

agitation
Boehmite (AIOOH)
sol, pH=3-4
I
Seeding 'ﬁ u
Process Ball-milling for 2
days

Kinetically stable
seeded sol
Vacuum filtering
Uniform gel,
40-45 wt % solids

ﬁ Sol-derived paste

Fig. 1. Flow chart for the preparation of boehmite sol-derived paste.

The seeded sol was first stirred magnetically for 10 h
and then ultrasonic agitation was employed at 15 kHz
for 3 h for further dispersion of any particle agglomer-
ates which might be present.'® The final sol composition
i.e., boehmite+2 wt.% seeding powder+1 wt.% gly-
cerol+ 1 wt.% celacol was ball-mixed for 2 days using
high purity zirconia balls. Before and after ball-milling,
the zirconia balls were weighted to ensure that there was
no contamination resulting from the milling media. The
mixed seeded sol was then vacuum filtered in order to
obtain a gel structure. The resulting soft white gel was
further compacted using pressure filtration apparatus to
squeeze out the excess water, and obtain an extrudable
paste.!”

2.2. Zirconia sol-paste preparation

Zirconia sol was prepared using ultrafine and high
purity zirconia powders (average grain size is 30 nm, VP
zirconia, Degussa Ltd., Germany) with the addition of 3
mol% yttria. Kinetically stable and well dispersed zir-
conia sol having 20 wt.% solids-loading was prepared
by the addition of small amount of zirconia to the
water, while the suspension was magnetically stirred.
The best pH value in order to obtain the maximum sta-
bility was found to be 8.5 and this pH value was main-
tained using ammonia. 1 wt.% glycerol and celacol were
added to prepared zirconia sol. Cyclohexanone
(C¢H190) (1 wt.%) and 1 wt.% boehmite sol were also
added in order to minimise the shear-thickening effect.
The flow chart for zirconia gel and paste preparation is
given in Fig. 2. Each paste was then extruded using a
laboratory scale extrusion apparatus with an extrusion
reduction ratio of 4:1. The ram velocity chosen was very
low (0.5 or 1 mm/min.) to minimise edge-tearing defects
that might form at higher velocities. Flow behaviour of
each paste was determined using a computer program
linked to the Instron test machine. Rheological beha-
viour of each material, i.e., boehmite and zirconia was
controlled to be similar for multiple extrusion.

2.3. Paste rheology

The rheological behaviour of boehmite and zirconia
sol-derived pastes was characterised by a capillary
rheometer.'®2° Three dies with different L/D (length/
diameter) ratios were used. The ram speeds ranged from
124 to 0.5 mm/min. and the load at each-pre-set velocity
was recorded. The paste rheology was characterised
using the Benbow-Bridgwater relationship:?!

P =2Ln(Do/D)(0o + a1 V™) +4(L/D)(to + B1 V") (1)
where P is the pressure, D, and D are the diameters of

the barrel and the die, respectively, L is the length of the
die land and V is the extrudate velocity. The paste
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Fig. 2. Flow chart for the preparation of zirconia sol-derived paste.

parameters that describes the paste flow during extru-
sion are o, the die entry yield stress; 7, the die wall
shear stress; «, and 8, the die entry and die land velocity
coefficients. The m and n are the die entry and die land
velocity exponents; these are used to describe non-linear
pressure versus velocity data.

2.4. Multiphase green body formation by multiple co-
extrusion

The flow chart for multiphase green body formation
using multiple co-extrusion, is shown in Fig. 3. As
shown in the monofilament extrusion section, square
shaped (4x4 mm) boehmite and zirconia monofilaments
were first extruded separately. Then a total of 16 mono-
filaments (8 boehmite and 8 zirconia) were un-coated or
dip coated with zirconia before they are layed-up in a
square die. After the first co-extrusion, each co-extruded
filament included 16 filaments and filament size was
reduced from 4 to 1 mm using a 4 mm square die.?? For
the second co-extrusion, the same process was repeated
and the twice co-extruded filament included 256 mono-
filaments (128 boehmite and 128 alumina) having a
filament size of 250 um. After the third stage co-extru-
sion, each extruded filament contained 4096 filaments and
a filament size of 62.5 pm. During each step of this process,
a zirconia interface was applied, using dip coating. Manu-
facture of the multiphase consolidated test plaques with
zirconia interfaces using die pressing was carried out, as
shown in the multiphase green body formation section in
Fig. 3. For this aim, 3rd stage co-extruded boehmite/zir-

Sol derived
paste B,
Zr0,

Paste A,
ALO,

A
First Feedrod

Each monofilament size
is reduced to | mm

Second Feedrod

Each monofilament size
is reduced to 250 um

Third Feedrod

Each monofilament size
is reduced to 62.5 pm

Third Extrudate

Fig. 3. Schematic representation of multiphase component fabrication
by multiple co-extrusion.

conia filaments were first produced with zirconia interface.
These multiple co-extruded and plastically deformable zir-
conia coated filaments were layered (two or three multiple
co-extruded filaments in each layer) in a rectangular die
(70x12x50 mm?) and then pressed using an applied load
of 10 kN. If two layers of multiple co-extruded filaments
were pressed in the die, the final test plaque contained
24 546 filaments whilst in the case of three layers, the
number of filaments within the test plaque was 36 864.

2.5. Monofilament coating with ZrO,

In order to prepare a low solids-loading zirconia sus-
pension suitable for coating, Degussa zirconia powders
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(VP zirconia, 30 nm) were dispersed in distilled water.
Kinetically stable, well dispersed zirconia suspensions
containing 5-10 wt.% zirconia powders were obtained
at a pH value of 3. Then, the green extrudates were
immersed in an ammonia based solution, consisting of
an ammonium salt of polymethacrylic acid (Versicol
KA21, pH: 9, Allied Colloids, UK and Versicol E10)
adjusted by pure ammonia solution to pH 11.5, thus
creating a negative surface charge and improving the
wetting of the extrudates surface. This stage maximised
the electrostatic attraction between the extrudates sur-
face and the positively charged zirconia particles in the
coating sol (see Fig. 4).

2.6. Drying and sintering

The consolidated multiphase green samples, i.e., mul-
tiple extruded and pressed, were first kept in a humidity
controlled chamber (from 80 to 55% relative humidity)
for 1 day to allow the residual water to remove slowly
from the green body, thus preventing the formation of
any internal cracks. This was followed by 1 day drying
in normal air. The dried green body compacts were
pressureless sintered at 1400 °C for 2 h in air using a
3 °C/min. heating and cooling rates (the green samples
were first heated to 110 °C using a 2 °C/min. heating
rate for 2 h, then 600 °C using 3 °C/min. heating rate for
2 h in order to burn out any residual organic materials
that might be present within the body).

2.7. Other characterisation techniques

Microstructural examinations on green and sintered
samples were carried out using a Field Emission Gun
SEM (FEG SEM FX-4000, Jeol Ltd. Japan) and sin-
tered densities were measured using Archimedes tech-
nique. Interface behaviour in terms of the crack
deflection/arrest was characterised using a crack propa-
gation test.2>?* A linear intercept technique was used to
measure the average grain size on polished and ther-
mally etched surfaces.?

Dip Coating Zr0, Coated
Surface Pre-treatment .
Filament
Filament
o, N .
¥ -
+ +
+ +
+ +
+ +
+ +

Fig. 4. Schematic representation of dip-coating technique.

3. Results and discussion

Fig. 5 shows the flow behaviour of the chemically
different boehmite and zirconia pastes during monofila-
ment extrusion using a constant speed of 0.5 mm/min.
The success of the multiple extrusion relies on the
rheology of the two pastes being matched. The sol-
derived boehmite and zirconia pastes (see Figs. 1 and 2)
show similar rheological behaviour, as shown in Fig. 5.
If one paste is softer than the other, the resultant dif-
ferences in velocities cause the formation of non-discrete
shapes. The phenomenon of phase migration occurs
when the water flows preferentially through the powder
system under an applied stress.!® If phase migration
takes place during extrusion (due to unwell mixture of
each of the constituents within the paste or extrusion at
low deformation rates etc.) the load at each ram speed
can not be accurately determined. Boehmite and zirco-
nia sol-derived pastes display a very stable paste flow
behaviour as shown in the load-distance curves in Fig. 5.

The shear stress versus shear rate curves for boehmite
and zirconia pastes (for a constant L/D: 16) are shown
in Fig. 6(a). As shown in Fig. 6(a) the gradient of the
curves decrease as the shear rate increases, indicating
that both pastes are shear thinning and can be co-
extruded using similar extrusion parameters. The rheol-
ogy of the pastes can be described as non-Newtonian
Herschel-Bulkley flow which follows a power law func-
tion indicating the existance of a critical yield stress
which must be exceeded for flow to occur.?® Measured
pressure drops as a function of extrusion velocity for a
constant L/D: 16 for boehmite and zirconia sol-derived
pastes are shown in Fig. 6(b) confirming the presence of
very similar flow behaviour of the pastes. The rheologi-
cal behaviour of ceramic pastes is mainly determined by
the powder size, morphology, size distribution, powder
loading and binder rheology.!® As explained in Figs. 1

9
8 A1203
77
6
]
4
3
2
'

Applied load, kN

Position, mm

Fig. 5. Load-distance curves of boehmite and zirconia during mono-
filament extrusion.
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Fig. 6. (a) Shear stress—shear rate and (b) measured pressure changes
as a function of extrudate velocity for a constant L/D: 16 for boehmite
and zirconia sol-derived pastes.

and 2, both pastes used in this work are water based and
contains very small amount of additives as binder or
solvent, therefore, it can be concluded that the rheolo-
gical behaviour of each paste is dependant on the parti-
cle characteristics such as size, shape and loading as well
as the chosen processing technique. of the pastes. The
developed technique for the preparation of sol-derived
pastes provides homogeneously mixed pastes suitable
for co-extrusion under the same extrusion parameters.
Otherwise, it is not possible to prepare a paste from
nano-size particles using conventional paste preparation
techniques.

The other critical parameter is the drying behaviour
of the pastes. Fig. 7(a) shows a cross-sectional SEM
micrograph, indicating the effect of the rheology
matching of the two pastes on the microstructure of co-
extruded component. For successful co-extrusion, both
rheology, the drying and the sintering shrinkage of the
pastes should be controlled in order to control the
internal stresses and cracking. Fig. 7(a) shows a lIst
stage co-extruded alumina/zirconia microstructure after
sintering at 1400 °C for 2 h. Significant crack formation
is visible within the zirconia phase (light phase) also at

k sas§34‘

(b)

Fig. 7. SEM images of co-extruded boehmite/zirconia multiphase
component, showing the presence of cracks within the zirconia phase
(light phase) if the rheological behaviour of two pastes are not similar
and the difference in sintering shrinkage is about 7%. (a) cross sectional
and (b) longitudinal view (sample was sintered at 1400 °C for 2 h.).

the interface when zirconia shows ‘“‘shear thickening”
behaviour during extrusion and the difference in linear
sintering shrinkage between these two phases is about
7% as shown in Fig. 7(a). The presence of extensive
cracks (caused by the difference in sintering shrinkage)
perpendicular to the extrusion direction within the zir-
conia filaments is also evident from the longiditunal
section of co-extruded sintered filament shown in
Fig. 7(b). If the right rheology, drying cycle and sinter-
ing shrinkage are optimised using the necessary addi-
tions (see Figs. 1 and 2), crack free co-extruded
filaments are produced as shown in Fig. 8. Fig. 8(a) and
(b) show the cross-sectional and longidutional micro-
structure of a 2nd stage co-extruded alumina/zirconia bi-
phase filament after sintering at 1400 °C for 2 h. In order
to optimise the linear sintering shrinkage of zirconia, 2
wt.% coarse zirconia powders (300 nm) were added to the
main composition as described in Fig. 2, so that the dif-
ference in sintering shrinkage between these two phases is
controlled to be less than 3%. Crack formation within
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b

Fig. 8. SEM images of co-extruded boehmite/zirconia multiphase
component, showing the absence of cracks within the phases or at the
interface if the rheological behaviour of two pastes is controlled to be
similar and the difference in sintering shrinkage is <3%. (a) cross
sectional and (b) longitudinal view (sample was sintered at 1400 °C for
2 h).

the any phase or at the interface is avoided, as shown in
Fig. 8(a) and (b). It should also be noted from Fig. 8
that there is a shape distortion in alumina and zirconia
due to difference in water removal behaviour of the
pastes during extrusion as they have different particle
shapes and packing densities in the paste form. How-
ever, this is considered not to be a critical issue provid-
ing the each filament within the co-extruded structure is
continuous.

Fig. 9 demonstrates a 3rd stage co-extruded alumina/
zirconia microstructure with the absence of any inter or
intragranular porosity as well as cracks after sintering at
1400 °C for 2 h. One of the main objectives of the pre-
sent work is to control the fine-scale sintered micro-
structure of the each phase present in the final sintered
component using ultrafine starting powders (< 100 nm).
Fig. 9 shows the very fine and dense microstructures of
zirconia (in TZP form by the addition of 3 mol% Y,03)
and o-alumina after sintering at 1400 °C for 2 h. The

Fig. 9. SEM images of 3rd stage co-extruded alumina/zirconia com-
ponent, showing the fine microstructure of zirconia phase and dense
microstructure of a-alumina (A: o-alumina, Z: zirconia). Sample sin-
tered at 1400 °C for 2 h.

average grain size of alumina and zirconia within the
co-extruded and sintered bi-phase component was
determined to be 1.6 and 0.45 pm, respectively. The zir-
conia microstructure contains only equiaxed grains
whilst the majority of grains in the alumina matrix are
near equiaxed with the presence of some elongated ones,
as shown in Fig. 9. These fine scale microstructures are
expected to provide good mechanical and thermo-
mechanical properties. Figs. 7-9 show the micro-
structural features in assessing the effectiveness of the
co-extrusion technique in order to produce di-phasic
aligned microstructures and it can be concluded from
these micrographs that the rheological matching of the
two different pastes coupled with differential sintering
shrinkage’s play the most critical role for a successful
co-extrusion. Shape distortion of each filament during
co-extrusion is also noted as shown in Figs. 8 and 9.
This distortion in shape can be eliminated using lower
extrusion reduction ratios or extrusion rates.

The microstructures of zirconia coated monofilament
using dip-coating are shown in Fig. 10. Homogeneous
coating around an alumina rod in green state is evident
from the micrograph shown Fig. 10(a) and its thickness
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Fig. 10. SEM images of a zirconia coated monofilament, showing (a) the homogeneous zirconia layer around the filament, (b) the thickness of the
zirconia layer to be about 10 pm and (c) the propagation of an indenter-induced crack at the alumina/zirconia interface (A: alumina and Z: zirconia).

is about 10 um as shown in Fig. 10(b). These pictures
clearly show the effectiveness of the dip-coating process
which relies on the strong electrostatic attraction
between the coating sol particles and extrudate surface.
The propagation of an indenter induced crack on a co-
extruded filament with zirconia interface is shown in
Fig. 10(c). It is shown that the zirconia interface created
between alumina and zirconia phases within the co-
extruded filament is able to deflect the crack along the
boundary.

4. Conclusions

This work introduces a new method of fabricating
diphasic ceramic microstructures with controlled phase
dimensionality and anisotropy provided by thin parallel
arrays (microlaminae) of 2 thermodynamically-compa-
tible ceramic pastes (boehmite/zirconia). Multiphase
alumina/zirconia components were produced from
nano-size sol-derived pastes using co-extrusion. The
feasibility of forming multiphase aligned fibrilar micro-
structures using the innovative co-extrusion process
developed is shown to be achiaviable if the rheology of

the two pastes, drying and sintering shrinkage are both
optimised and controlled in order to eliminate the crack
formation within the filaments or at the interface. 3rd
co-extrusion provides a filament size of about 60-70 pm
and these plastically deformable co-extruded filaments
in green state are layed up in desired shape mold to
produce net shape components. The final pressureless
sintered (1400 °C for 2 h) alumina and zirconia micro-
structures within the co-extruded matrix are very fine
(the average grain size of alumina and zirconia are
determined to be 1.6 and 0.45 pum, respectively) and
pore free. This processing technique allows us to pro-
duce damage-tolerant components with the application
of zirconia interface during co-extrusion or lay up stages
in the final mold.
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