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Abstract

A method for manufacturing bi-layered zirconia rods of core-shell geometry with a porous core and a dense
shell has been developed. Core-shell rods were successfully prepared by thermoplastic co-extrusion of assem-
bled feed rods composed of core and shell zirconia feedstocks. Rheological analysis and adjustment of the
feedstock viscosities enabled co-extrusion of regular core-shell rods of uniform shell thickness. Tapioca starch
was used as a pore-forming agent in the core feedstock. Binder removal and high temperature treatment had to
be modified in order to safely remove the starch particles. Sintering analysis revealed constrained sintering of
porous cores in the core-shell rods due to the rigid dense shell, which resulted in an increased porosity in the
core. Defect-free core-shell rods with a core porosity of up to 40% and different thicknesses of the dense shell
were prepared.

Keywords: core-shell, zirconia, composites, extrusion, porosity

I. Introduction depends on specific requirements of the intended appli-
cation. For example, ceramic core-shell rods based on
zirconia and/or other ceramic materials have been ap-
plied as PZT actuators [3], bioceramic implants with a
bone structure [7-9], solid oxide fuel cells [10,11] or
as oxygen separation membranes [12,13]. Such struc-
tures can be fabricated by many methods such as freeze

ceramic comp.ogite§ and bodies with sugh an arrange- - cagting [5,7,14,15], slip casting or extrusion followed
ment can exhibit either regular or functionally-graded by a coating process [6,16,17], electrophoretic deposi-

mac.rost.ructure.s [1]. A spec.iﬁc variant of !ayered com- tion [18], and co-extrusion [3,4,19,20]. The last men-
posites is the bi-layer material structure with core-shell

geometry. The structure with core-shell geometry has
one material (core), often in the form of a sphere or rod,
surrounded by a layer of the other material (shell). The
ceramics of the core and the shell can differ in compo-
sition [2—4] or they can be of the same ceramic material
but different porosity [5-8]. The core-shell structures
can offer mechanical or functional properties that can-
not be obtained with individual homogeneous ceramic
materials, i.e. the core-shell structures can modify the
properties of these homogeneous ceramics. The applica-
tions of ceramic core-shell parts are diverse and the par-
ticular composition and structure of the core-shell body

The progress in the ceramic area of materials sci-
ence is intensified by the development of new com-
posite structures that can improve the current materials
properties and in some cases even provide new proper-
ties. The layered arrangement is a common structure in

tioned method, co-extrusion, exhibits many processing
advantages such as simple production with excellent
interface between the core and shell materials, low-
cost production and better mechanical properties of co-
extruded bodies compared with other shaping methods
[16,21,22]. During ceramic extrusion, a ceramic paste,
often referred to as feedstock, is pushed through a shap-
ing nozzle. In the co-extrusion process, two or more
feedstocks are extruded simultaneously. There are two
basic possibilities of feedstock arrangement for ceramic
co-extrusion: i) the multi-channel or multi-billet ex-
trusion [16,23-25], and ii) co-extrusion of a preform,
which is often referred to as feed rod, with serial [20,26—
28] or parallel [3,4,19,29,30] ordering of feedstocks in
the feed rod.
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Figure 1. SEM micrograph of tapioca starch particles
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Figure 2. Particle size distribution of tapioca starch

Recently, Kastyl et al. [4] have reported on bi-
material core-shell rods composed of dense zirconia
toughened alumina (ZTA) core and dense alumina shell
that exhibited a combination of high surface hardness
of alumina with high fracture force in bending that even
exceeded the value of monolithic ZTA. The reported bi-
layer rods of core-shell geometry were successfully pre-
pared by thermoplastic co-extrusion of assembled feed
rods. A rheological description of the co-extrusion pro-
cess and the demands on the feedstocks for a successful
thermoplastic co-extrusion of ZTA/alumina core-shell
rods have also been presented [4]. The core-shell rods
with controlled porosity in the core represent another
promising material structure that can benefit not only
from the modified mechanical behaviour [5,7,8,14] but,
in some cases, even from their interesting functional
properties and behaviour [11,17,24]. Recently, Choi et
al. [20] have reported on co-extrusion of core-shell rods
with porous cores of variable size. Powell and Black-
burn [24,25] have presented a detailed report on co-
extrusion of multi-layered dense/porous ceramic micro-
tubes. However, to the best of our knowledge, only very
few studies concerning thermal co-extrusion of core-
shell rods with porous cores have been reported. There-
fore, the aim of this work is to investigate the key steps
in the processing of ceramic core-shell rods with porous
cores by the thermoplastic co-extrusion method. For this
purpose, we prepared bi-layer zirconia core-shell rods

231

with different volumes of porosity in the cores and with
three various thicknesses of the dense shells.

II. Experimental

2.1. Materials and sample preparation

Zirconia powder stabilized with 3mol% of Y,0,
(TZ-3YS-E, Tosoh, Japan) with a specific surface area
of 6.8m?/g was used for the preparation of both the
dense shells and the porous cores of the core-shell rods.
Tapioca starch (Farmer Brand, Thailand) with narrow
particle size distribution, median particle size (dsg) of
15.5um and near spherical particle morphology was
used as a pore-forming agent. The SEM image and size
distribution of starch particles are shown in Figs. 1 and
2, respectively. A thermoplastic binder system based
on our previous experience [4,31,32] was composed of
ethylene-vinyl acetate (EVA) copolymer (Elvax 250, Du
Pont de Nemours, USA) and paraffin wax (R-54/56,
Slovnaft, Slovakia). Stearic acid (1.0067, Merck, Ger-
many) was used as a surfactant. The thermoplastic feed-
stocks were prepared by mixing ceramic powder with
organic components in a two-blade high-shear kneader
(HKD 0.6T, IKA-Werke, Germany) at a temperature of
120 °C for 2 h. The feedstocks were prepared as starch-
free (referred to as Z) or filled with starch (referred
to as ZST). The feedstock composition overview and
feedstock abbreviations are summarized in Table 1. The
volume ratio of zirconia to binder (EVA, paraffin, and
stearic acid) in Z50 and ZST feedstocks was the same.
The core-shell rods were co-extruded by piston extru-
sion of thermoplastic feed rods (preforms assembled
from the core and shell feedstocks). In feed rods, the
shell was applied manually on an extruded core as a
plastic formable feedstock (not sprayed or dip-coated)
and machined using a milling machine to obtain a reg-
ular shape of the preform (see the processing diagram
in Fig. 3). Thus, we obtained a core-shell feed rod that
could be inserted in the barrel of the extruder and co-
extruded through the shaping nozzle. The core-shell
rods were co-extruded with zirconia starch-filled feed-
stocks (ZST) in the core and surrounded by the shell
of the zirconia starch-free Z50 feedstock. The selec-
tion of the Z50 feedstock for the shell is justified be-
low in the Results and discussion section. Co-extrusion
was carried out using a capillary rheometer (Galaxy V,
Kayeness, USA) equipped with a conical nozzle with
an inlet diameter of 9.55 mm and an outlet diameter of
3 mm that ended in a 12.5 mm long cylindrical part. The
extrusion rate was 716 mm?/min. The extrusion temper-
ature was 120°C and the rod was extruded into dis-
tilled water with the water level 3 mm below the noz-
zle outlet. The temperature of the water was 23 °C in
order to solidify the plastic material as quickly as possi-
ble and prevent any shape deformation of the extruded
rods. For comparison, non-layered dense and porous
rods were also prepared, using the same extrusion pa-
rameters as used for the core-shell rods. All extruded
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Table 1. Composition of ceramic feedstocks

Feedstock ZrO, Tapioca starch EVA Paraffin wax Stearic acid
[vol.%] [wt.%] [vol.%] [wt.%] [vol.%] [wt.%] [vol.%] |[wt.%] [vol.%] [wt.%]
748 48.0 85.71 - - 254 7.09 17.7 473 8.9 2.47
750 50.4 86.86 - - 23.7 6.38 16.5 4.25 9.4 2.51
752 52.0 87.55 - - 22.6 5.95 15.7 3.97 9.7 2.53
755 55.0 88.81 - - 20.5 5.18 14.3 3.45 10.2 2.56
ZSTS5 47.9 84.95 5.0 2.20 22.5 6.24 15.7 4.16 8.9 2.45
ZSTI10 454 82.92 10.0 4.54 21.3 6.09 14.8 4.06 8.5 2.39
ZST20 39.7 77.83 21.4 10.40 18.6 5.71 13.0 3.81 7.3 2.25
ZST30 353 73.41 30.0 15.49 16.6 5.39 11.6 3.59 6.5 2.12
ZST40 30.3 67.59 40.0 22.19 14.2 4.96 9.9 3.31 5.6 1.95
ZST50 25.2 60.85 50.0 29.95 11.8 4.47 8.3 2.98 4.7 1.75
(a) (b) were corrected to the non-Newtonian behaviour of the
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Figure 3. Diagram of (a) the feed rod preparation and
(b) co-extrusion process

and co-extruded rods were cut into 50mm long test
pieces.

The thermoplastic binder was removed from the ex-
truded rods in a nitrogen atmosphere at a heating rate of
10 °C/h, up to a temperature of 500 °C. Moreover, the
heating rate was slowed down to 1 °C/h in the interval
from 100 to 130°C and a dwell time of 50h at 130°C
was included. In order to obtain bodies with a sufficient
handling strength, the debinding step was finished by
heating up to 800 °C at a heating rate of 120 °C/h. Dur-
ing debinding, all the bodies were embedded in a granu-
lar activated carbon (AY-5 1230, Carbon Link, Wigan,
U.K.) to obtain more uniform binder removal [33-35].
Samples containing starch (porous non-layered rods and
core-shell rods) were additionally heat-treated after the
debinding step at a rate of 50 °C/h up to a temperature
of 900°C in an air atmosphere in order to completely
remove all organic residues after the debinding process.
Sintering took place in an air atmosphere at a tempera-
ture of 1500 °C for 2 h. The heating to the sintering tem-
perature was at a rate of 300 °C/h up to a temperature of
1200 °C and then at a rate of 100 °C/h up to 1500 °C.

2.2. Characterization and evaluation methods

A capillary rheometer (Galaxy V, Kayeness, USA)
with a capillary diameter of 1 mm and a length of 30 mm
was used to examine the apparent viscosity of thermo-
plastic feedstocks. The rheological measurements were
performed at shear rates from 1 to 500 1/s at a tempera-
ture ranging from 100 to 140 °C. The shear rate values
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feedstocks according to the Weissenberg-Rabinowitsch
method, using the KARS rheometer software.

The shell thickness and its geometric regularity in the
feed rods, co-extrudates, and sintered core-shell sam-
ples were examined using a digital optical microscope
(Dino-Lite Edge AM4115ZTL, AnMo, Taiwan). Ther-
mogravimetric analyses (TGA) were performed using
a TG analyser (96 Line TGA — DTA / DSC, Setaram,
France) up to a temperature of 800 °C, using two heating
rates and different atmospheres, always with a gas flow
of 50 ml/min. The analysis at a heating rate of 10 °C/min
in argon was used for green (extruded) samples to de-
termine the decomposition progress. A low heating rate
of 0.5 °C/min in argon was used for the starch analyses
to determine the exact decomposition temperatures of
starch. Moreover, a low heating rate of 0.5 °C/min in air
was used for debound samples to determine the burn-out
of organic residues after binder removal.

The bulk densities of sintered bodies were deter-
mined in accordance with the EN 623-2 standard, us-
ing the Archimedes method [36] in distilled water, al-
ways for at least three samples. The relative sample den-
sity was calculated using a theoretical density (TD) of
6.08 g/cm? for t-ZrO,.

The presence of surface defects (pores, cracks, or
delamination) in the core-shell bodies was determined
using the penetration test with a penetration liquid
(Indikal I, Druchema, the Czech Republic). The mi-
crostructures were investigated via scanning electron
microscopy (SEM), using an XL30 microscope (Philips,
the Netherlands).

II1. Results and discussion

3.1. Rheological properties and co-extrusion process

The rheological behaviour of all investigated thermo-
plastic feedstocks at the extrusion temperature of 120 °C
is compared in Fig. 4. With a starch addition to the ba-
sic 50vol.% zirconia feedstock (Z50) the viscosity in-
creased only slightly. It was found that even a starch
addition of 40vol.% provided a feedstock (ZST40) of
reasonable viscosity that was lower than the viscosity
of pure zirconia feedstock with 52 vol.% powder load-
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Figure 4. Apparent viscosity of feedstocks as a function of
the shear rate at a temperature of 120 °C (full lines and long
dashed lines represent the power law model for starch-free
feedstocks (empty symbols) and starch-filled feedstocks
(filled symbols), respectively, whereas the short dashed
line indicates the maximum shear rate developed
in the extrusion process)
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Figure 5. Relative viscosity of feedstocks as a function of
particle volume fraction at 120 °C and a shear rate of 4.51/s
(the full line represents the model according to Eq. 1 and
the dashed line serves as a guide for eyes)
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Figure 6. Flow velocity profiles in the nozzle during
co-extrusion

ing (Z52). Although starch particles can be regarded as
solids (there is no deformation of starch particles dur-
ing mixing and extrusion), the multimodal nature of zir-
conia and starch particles enabled such a high loading
with a still reasonable viscosity (Fig. 5). Only with the
addition of 50vol.% starch (ZST50) did the viscosity
increase dramatically and the feedstock approached the
critical point of loading. This feedstock could not be
measured below 120 °C because it was losing its plas-
tic behaviour. The pure zirconia feedstocks conformed
to the Krieger-Dougherty relation for the dependence of
relative viscosity, 77,¢;, on the powder loading, ¢ [37]:

B T] _( ¢ )[n]¢tzra,r
Mret = — =1 — 77—
o

1
¢max ( )

where 71 is the apparent viscosity of the feedstock, ng
is the viscosity of the binder, ¢,,,, is the critical vol-
ume fraction, and [7] is the intrinsic viscosity. On the
contrary, the viscosity dependence of starch-filled feed-
stocks on solid loading could not be described with any
reasonable model (Fig. 5).

All feedstocks behaved pseudoplastically, i.e. the vis-
cosity decreased with increasing shear rate. In the range
of investigated shear rates, the rheological behaviour of
all feedstocks could be satisfactorily described (R*> >
0.96) using the power law model [38]:

n=K-y"" (2)

where K is the consistency index, y is the shear rate, and
n is the power-law index giving the measure of pseudo-
plasticity (for n < 1 showing a more pronounced shear-
thinning behaviour). The power law indexes, n, were al-
most similar for all feedstocks, close to the value of 0.5
and they are listed in Table 2. The dependence of feed-
stock viscosity on temperature was evaluated using the
activation energy of viscous flow, E,. The calculation
was carried out using the Arrhenius-Andrade equation
[38]:

n=Avexp( %) 3

Table 2. Rheological properties of ceramic feedstocks

Ul E,
Feedstock — y p/ 4] [kJ/mol]
748 276 048 215
750 469 048 253
752 922 043 338
755 203 038 313
7ZST5 500 048 240
ZSTI0 534 048 227
7ST20 586 049 212
7ST30 654 050 221
7ST40 700 050 232

ZST50 333 0.46 N/A
*Viscosity, 7 is presented at a shear rate
of 4.51/s and 120 °C
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where Ag is the frequency term, R is the universal gas
constant, and 7 is the absolute temperature. The calcu-
lation was performed for a shear rate of 4.5 1/s, which
is the estimated wall shear rate in the extrusion nozzle.
The values of E, ranged between 21 and 25 kJ/mol, and
there was only a small decrease in activation energies
with the addition of starch (i.e. the viscosities of starch-
filled feedstocks are slightly less sensitive to the tem-
perature changes than the viscosities of pure zirconia
feedstocks).

In our previous work on co-extrusion [4], we have
shown and explained the benefits of using the shell feed-
stock with a lower viscosity than that of the core feed-
stock. This was taken into consideration in all exper-
iments reported here, where the viscosity of the shell
feedstock (Z50) was always lower than that of the core
feedstocks (ZST20, ZST30, and ZST40). Such a feed-
stock arrangement provided uniform and more plug-like
velocity profiles in the extrusion nozzle. The velocity
profile of flow in a nozzle, v(r), can be expressed as [39]:

T ) LR -] @)

V(F)Z(K-R ntl

where T is the shear stress, R is the nozzle radius, and
r is the radial position. In the case of co-extrusion, the
velocity profiles in the shell and in the core have to be
calculated separately for each component as [39]:

1
ne ne fe+l ne+l :|
= R,nC — ne +
ve(r) (KC.R) e + 1 [ i T
1
T ns ns ng+l ng+l
+ R —R™ 5
(KS . R) ng + 1 ! ] ©)
and
1
s R g+l g+l
= R ng  — ns ] 6
y(r) (KS,R) - R - ©)

where the subscripts ¢ and s stand for the core and the
shell, respectively, and R; refers to the radial position
of the interface between the core and the shell feed-
stock. These equations can be solved using the approach
derived in [4]. Figure 6 shows the calculated veloc-
ity profiles in the extrusion nozzle during co-extrusion
experiments. The co-extrusion flow with the purposely
modified velocity profiles enabled co-extrusion of reg-
ular core-shell rods of constant shell thicknesses. Fig-
ure 7 shows the shell thickness of the co-extruded rods
(ZST40-250) prepared from three feed rods of differ-
ent shell thicknesses, namely 1 mm (ZST40-Z50 1.0),
1.5 mm (ZST40-Z50 1.5), and 2 mm (ZST40-750 2.0).
After the flow stabilization (first 50mm of the co-
extruded rod), the shell thickness of the core-shell rods
was almost constant, with average thicknesses of 312,
477 and 630 um for feed rods with shell thicknesses of
1, 1.5 and 2 mm, respectively. The measured shell thick-
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Figure 7. Shell thickness along the length of co-extruded

core-shell rods (the dashed lines represent the theoretical

shell thickness after feed rod co-extrusion, the error bars
in the graph indicate the 99% confidence interval)

nesses corresponded well with the theoretical thick-
nesses (calculated from the feed rod geometry and ex-
trusion ratio) as shown in Fig. 7. Similar results were
obtained also in the case of ZST20-Z50 and ZST30-Z50
core-shell rods.

3.2. Removal of the thermoplastic binder and pore-
forming agent

Removal of the feedstock binder had to be carried
out in an inert nitrogen atmosphere in order to prevent
any binder oxidation causing cracks and large pores in
bodies during debinding [40]. To evaluate the decompo-
sition processes, thermogravimetric analyses were per-
formed. The thermogravimetric curves of starch, Z50
and ZST feedstocks in an inert atmosphere are shown
in Fig. 8. The binder removal from the starch-free feed-
stock (Z50) took place in two main steps in tempera-
ture ranges of 240-350 °C and 420-480 °C. In the first
step, paraffin, stearic acid and acetate side groups from
the EVA copolymer were removed. In the second step,
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Figure 8. Mass loss of ceramic feedstocks and tapioca starch
during heating in an inert atmosphere
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Figure 9. SEM image of the core-shell interface region on a
fracture surface of ZST40-Z50 1.5 core-shell rod after
debinding in an inert atmosphere

the rest of the EVA polymer was degraded and evapo-
rated [35]. There were only negligible carbon residues
remaining in the debound feedstock. In the feedstock
filled with starch, the mass loss in the first debinding
step increased because the starch degraded in a similar
temperature range. Unfortunately, the thermal decom-
position (pyrolysis) of starch into volatile components is
not complete in an inert atmosphere and about 30 wt.%
of the degraded starch residues remained after heating
the pure starch in an inert atmosphere. Although the
thermal degradation of starch particles in ceramic sam-
ples was more pronounced than the degradation of pure
starch, degraded starch residues could be found in the
debound bodies. The micrograph in Fig. 9 shows the
fracture surface of a core-shell body after debinding in
an inert atmosphere. The partially degraded starch par-
ticles are clearly visible. These residues could be en-
tirely removed during heating in an air atmosphere in
the temperature range from 280 to 560 °C as proved by
the thermogravimetric analysis in air (see Fig. 10). We
found 1.75, 2.46 and 3.98 wt.% of the degraded starch
residues in the debound ZST20, ZST30, and ZST40
ceramic samples, respectively. Such an amount of or-
ganic residues can be usually harmlessly removed dur-
ing a standard sintering schedule in an air atmosphere
[41]. However, in our core-shell structures, the dense
shell without any open macro pores prevented an easy
transport of volatile products from the porous centre to
the body surroundings. A rapid gas evolution from the
starch residues at a standard sintering rate of 300 °C/h
caused a gas overpressure inside the core-shell sample.
This overpressure resulted in cracks in the dense shell
layer (Fig. 11). These defects were not observed in non-
layered porous bodies (filled with starch but without the
dense shell layer). Thus an annealing step in an air at-
mosphere at a low heating rate of 50 °C/h up to 900 °C
had to be added prior to the sintering regime in order
to safely remove all the starch residues from core-shell
rods and obtain defect-free rods.
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Figure 10. Mass loss of debound samples during heating in
an oxidative atmosphere (air)
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Figure 11. Cracks on the surface of the ZST40-Z50 1.5 rod
sintered without the annealing step in an air prior to
sintering

3.3. Sintering of core-shell rods and their structure

The cross-sections of sintered defect-free core-shell
rods of different core porosities are shown in Fig. 12.
High magnification images revealed clusters and peel-
ings of sintered zirconia mass in the large pores of the
core in the core-shell rods (Fig. 13). These clusters and
peelings are ceramic particles that got stuck to the in-
dividual starch particles during feedstock processing or,
more probably, during debinding, when the starch got
melted. Ceramic particles formed a coating on the sur-
face of the starch particle and peeled off from the ce-
ramic mass during the degradation and removal of the
starch particles. The first signs of peeling and separa-
tion can already be observed in a body after debinding
in an inert atmosphere (Fig. 9). This phenomenon was
also observed by other authors who used starch [42,43]
or PMMA [44,45] particles as a pore-forming agent for
the preparation of porous ceramics.

The dimensions and porosities of sintered non-
layered dense and porous rods are given in Table 3.
The dense rod (Z50) could be sintered to almost full
density with only 0.7% of porosity. The porous non-
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Figure 12. The cross sections (fracture surfaces) of:
a) ZST20-750 1.0, b) ZST30-Z50 1.0 and ¢) ZST40-Z50 1.0
defect-free core-shell rods after sintering

Figure 13. SEM micrograph of a sintered ceramic peeling in
a pore formed by a starch particle

Table 3. Dimensions and densities of sintered non-layered

rods

Sample Diameter*  Bulk density*  Porosity
[mm] [g/cm’] [%]
750 238+0.02 6.04+0.02 0.7
ZST5 232+0.01 5.77+0.01 5.0
ZST10 232+0.01 5.53+0.01 9.0
ZST20 232+0.01 4.92+0.02 19.1
ZST30 2.31+0.01 4.41+0.03 27.5
ZST40 229+0.01 3.89+0.04 36.0
ZST50 229+0.01 3.39+0.01 442

*Average value is given with 99% confidence interval

layered rods (ZST) exhibited increasing porosity in de-
pendence on the increasing starch content in the feed-
stock (Fig. 14). However, the final porosity in sintered
rods was always lower than the porosity expected for
the starch content in the feedstock and the difference in-
creased with the starch loading. The diameter of sintered
non-layered rods decreased from 2.38 mm for the dense
rod (Z50) to 2.29 mm for the most porous rod (ZST50).
These results suggest that the large pores (formed by
the starch particles), which were two order of magni-
tude bigger than ceramic particles, could also be par-
tially sintered and eliminated. This phenomenon was in-
vestigated by Slamovich and Lange [46], and thermo-
dynamic and kinetic explanations were provided. Sur-
prisingly, the diameters of sintered core-shell rods with
porous cores (Table 4) were similar to the diameter of
the non-layered dense rod. Figure 15 compares the sin-
tering curves for non-layered and core-shell rods and
shows that the shrinkage of core-shell rods was very
close to the shrinkage of the non-layered dense rod,
whereas the shrinkage of the non-layered porous rod
was much bigger. From these results it follows that the
shrinkage of the porous core in a core-shell rod was con-
strained during sintering, a phenomenon commonly ob-
served in layered ceramic structures [47,48]. The core-
shell rod with the most rigid shell (i.e. with the thickest
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Figure 14. Dependence of porosity in sintered non-layered

rods on starch loading in the feedstocks (the full line
represents linear regression)
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Table 4. Dimensions and densities of sintered core-shell rods

Sample Diameter*  Shell thickness* Bulk density* Relative density Calculated core
[mm] [um] [g/cm’] [%TD] porosity [%]
7ZST20-Z501.0 2.39 +0.01 256 + 6 5.28 £0.03 86.9 20.6
7ZST20-Z501.5 2.39+0.01 365 + 12 5.43 +£0.07 89.3 21.2
7ZST20-2502.0 2.39 +0.01 517+9 5.59+0.03 92.0 23.0
ZST30-Z501.0 2.38 +0.01 270 = 21 4.97 £ 0.04 81.7 30.0
ZST30-Z501.5 2.39+0.01 392 £ 16 5.25+0.03 86.4 29.0
ZST30-2502.0 2.39 +0.01 509 +9 545+0.03 89.6 29.8
ZST40-Z501.0 2.37 +0.01 259 +4 4.68 + 0.04 76.9 37.2
ZST40-Z501.5 2.38 +0.01 376 £ 3 4.98 +0.03 81.8 37.8
7ZST40-2502.0 2.39 +0.01 520 + 20 5.29+0.03 87.0 39.0

*Average value is given with 99% confidence interval
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Figure 15. Shrinkage as a function of temperature for
extruded non-layered (Z50 and ZST40) and co-extruded
core-shell rods (ZST40-Z50) during sintering and
subsequent cooling

shell) exhibited almost the same shrinkage as the fully
dense rod. The core porosity, as calculated from the di-
mensions of the core-shell rods and shown in Table 4,
confirmed the constrained sintering in porous cores of
the core-shell rods. The calculated porosity in the core
was close to the volume of starch in the feedstock, with
the highest porosity which tends to be obtained in the
core surrounded by the thickest shell. Despite the con-
strained sintering, no cracks were observed at the core-
shell interface or in the core. Interesting mechanical
behaviour of the zirconia co-extruded core-shell rods
with porous core and dense shell, namely lowering of
the Young’s modulus without sacrificing the flexural
strength of the rods, was investigated in our previous
paper [49].

IV. Conclusions

The core-shell zirconia rods with porous cores and
dense shells were successfully produced by piston co-
extrusion of ceramic feed rods based on thermoplastic
feedstocks. Tapioca starch was used as a pore-forming
agent in the core feedstock. The shell feedstock was pur-
posely prepared with a lower viscosity than the core
feedstock. This arrangement enabled co-extrusion of

regular core-shell rods of uniform shell thickness. The
debinding process had to be modified to safely remove
the residues after the starch degradation and removal
in an inert atmosphere. The dense shell restricted the
core shrinkage and caused a constrained sintering of the
porous core, which resulted in higher porosity of the
core. It was possible to prepare defect-free core-shell
rods with a core porosity of up to 40% and a thickness
of the dense shell ranging from 260 to 520 um.
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