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In this study, a slip casting method was used for the production of tensile specimens for
superplastic deformation from zirconia powders containing 3 and 8 mol% yttria. It was seen
that the slip casting process allowed the production of complex, net-shape and economical
production of a relatively small number of individual shapes. The factors affecting the
casting characteristic of the slip system, namely, solid content, slip viscosity, dispersing
agent concentration and moulding conditions were investigated and optimum values for
the above were determined. The effect of shaping process on superplastic deformation
was also investigated for slip-cast and die-pressed specimens. It was seen that superplastic
ductility obtained from slip-cast specimen was higher than that of die-pressed one. The
reason for ductility enhancement was due to the homogeneous dispersion of the powder
and elimination of agglomerates in slip-cast specimen, compared to die-pressed specimen
in which agglomeration caused non-homogeneous sintering leaving crack-like voids
responsible for early fracture. © 2001 Kluwer Academic Publishers

1. Introduction advantage for industrial application and the subsequent
Ceramic components are hard to cut and machine, banachining of specimens from blanks usually represents
cause of their high hardness, requiring extensive use af considerable fraction of the total cost of specimen
high-priced diamond cutting tools, and the processegreparation.
are also time consuming. It is evident that machining In the present study, a slip casting method has been
of parts accounts for 40 to 60 percent of the total costised as a net shape forming technique to produce sound
and this ratio may go even higher under some condiand defect-free bodies. The casting behaviour and rheo-
tions of product shape and dimensional accuracy [1]logical properties of slips have been studied in order
The key to reducing production cost, which is a largeto determine the optimum conditions under which the
factor in making ceramics viable for practical use, liesceramic powders can be easily cast for preparation of
in reducing the amount of machining. Therefore thesuperplastic tensile specimens. The effect of shaping
forming process is required to give products a shape agrocess on superplastic deformation was also investi-
close as possible to that of the final product (net-shapepated for slip-cast and die-pressed specimens.
Slip casting offers many possibilities and even some
advantages over some other methods. First, a wide vari-
ety of particle size distribution can be slip cast into test2. Experimental procedures
samples. second, tooling is relatively inexpensive, ofterThe materials used were fine-grained 3 mol% yttria-
costing much less than equivalent injection mouldingstabilized tetragonal zirconia (3Y-TZP) and fine-
tooling. Third, the process is more readily adaptable taggrained 8 mol% yttria-stabilized cubic zirconia
larger shapes. Finally, it is possible to produce near-ngf8Y-CSZ); both powders were supplied by Mandoval
shape parts [2]. Ltd. Zirconia Sales (U.K.) Ltd. The average patrticle
In the literature, most of specimens for superplasticsizes were 0.2m for 3Y-TZP and 0.3:m for 8Y-CSZ.
deformation were produced by uniaxial and isostaticThe chemical compositions are listed in Table I.
pressing followed by sintering and machinig [3, 4]. Distilled water and surfactant (Dispex A40, sup-
However, the high cost of these processes are a diplied by Allied Colloids U.K) were used for enhancing
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TABLE | Chemical composition of the powders 60

Composition in wt% -
=
Materials ZrQ(+HfO,) Y203 Al,03 SiO, TiO, Fe,03 NapO CaO E /’
50 |
3Y-TzP 93.8 54 025 0.1 012 0.003 0.02 006 @ /
L
8Y-CSZ 85.9 136 025 01 0.0 0003 001 002 W | -
[T} ./.
>
= 40
dispersion of the powders in slip. The ball milling pro- é
cedures were carried out using plastic containers an& | T
zirconia balls. A Synchro-Lectric viscometer was usec
1 i 1 i 1

for viscosity measurements. A batch of specimenswer 3% ——— pom o s
also prepared by die-pressing at40 MPa. The green de SOLIDS CONTENT (wt% )

sity of the slip-cast and the die-pressed specimens was

measured from the volume and weight. The density OFigure 1 Relative density of slip-cast specimens versus solid content in
sintered specimens was determined by the Archimedehe experimental mixtures.

method.

High temperature uniaxial tensile tests were carrie(’  ss
out in air using an Instron 4505 testing machine. A sin-
gle zone vertical split furnace (supplied by Carbolite ~
Furnaces Ltd.) with molybdenum disilicide elements &
was mounted on the crosshead of the test frame; tensi %
load was applied using high density sintered alumineg
rods in a pin loading mechanism. Careful specimerﬁ
alignment was essential to avoid fracture on loading 2
After achieving the desired (uniform) test temperature 5
usually at a heating rate of 423 K/h, the assembly wa & —e—8YCSZ
held at that temperature fer10 minutes. A small ten- —m—3vTZP
sile load was then applied on the specimen as a preloe 5 T T S T T S S
and the aligment checked before testing. Deformatior ~ °° °' 02 03 04 05 06 07 08 09 10
was continuously monitored using a computerized sys CONCENTRATION OF DISPERSING AGENT (wt %)

tem equped with a data acquisition faC|I|ty thé:lt al- Figure 2 Relative density of slip-cast specimens versus dispersing agent
lowed tests to be controlled under a constant strain rat@oncentration in the experimental mixtures.

3. Experimental results

3.1. Specimen preparation by slip casting 8Y-CSZ) in distilled water with a dispersing agent.
3.1.1. Determination of solid content and Table Il shows the optimum solid contents and dispers-
dispersing agent concentration ing agent concentrations. The slurry was ball milled

To determine the optimal solid content for the powdersfor 4 hours for 3Y-TZP and 8Y-CSZ to obtain a good

a suspension containing various amounts of powder iglispersion. The milled slurry was filtered into a beaker

agueous solution was prepared. A few drops of ammoto separate the zirconia balls and the slurry was then

nium salt was used as a dispersing agent. The suspefllowed to settle for 1 day for 3Y-TZP and 2 days for

sionwas placed in a plastic container with zirconia balls8Y-CSZ. After that, the sediment was discarded and the

and milled for 4 hours to achieve good dispersion. Theslurry was used for casting.

suspension was then cast in a plaster mould and kept

until sufficient set was achieved. For the determinatior3.1.2.2. Slurry castingThe slurries prepared as de-

of optimal concentration of the dispersing agent (vary-scribed in Section (i) were injected by a syringe into

ing from 0.0 to 1 wt%), a fixed solid content was useda plaster moulds, that allowed the liquid fraction of

with 72 wt% for 3Y-TZP and 8Y-CSZ. Similarly, the the slurry to be absorbed by the mould. The mould

suspension was cast as described above. assembly used for the slip-casting has been given else-
After slip-casting, the specimens had sufficient sewhere [5]. The time of the mould release was an im-

and were removed from the moulds and dried overnighportant experimental variable that depended on rheo-

atroom temperature. The green density of the cast spetggical conditions such as viscosity, milling time

imens was determined from volume and weight mea-

surements. Figs 1 and 2 show the relative density change

with solid content and dispersing agent concentrationTABLE Il Optimum parameters for slip casting

respectively.

Dispersing Mould

Solid cont. agent release Grain
Powders (wt%) con. (wt%) time (min.) sizpif)
3.1.2. The main steps in slip casting
3.1.2.1. Slurry preparationA typical slurry was pre- svrzp 12 04 24 0.2
e ’ 8Y-CSZ 72 0.25 7 0.3

pared by dispersing the appropriate powder (3Y-TZP
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(Table 11). Also, the mould conditions such as surface
smoothness and mould temperature had an importa
effect on obtaining sound green specimens. To obtai
green specimens with a good surface finish, the moulg
surfaces were ground to achieve smooth surface usin
240 grinding paper. After casting, the specimens werg
carefully removed from the mould and dried at room
temperature overnight.

3.2. Specimen preparation by die-pressing
To see the effect of shaping process on superplastic dd
formation, a small number of specimens were also pro
duced by die-pressing from 3Y-TZP powder. The pow-
ders were compacted in a steel die into tensile specime
shape at a pressure of 40 MPa, followed by sintering a
temperature of 1650 K for 1 hour.

3.3. Densification . . .
Prior to densification, green specimens were resinlflgure4$p90|men profiles of 3Y-TZP deformed at 1773 K and
9 P P 1.10% s71 a) undeformed specimen, b) specimen prepared by die-

tered at 1123 K to m_ake, them handla_ble and Ob,ta”?)ressingezfsoo%, ) specimen prepared by slip-castings 890%.
smooth surfaces by grinding off the casting protrusions

and rough surfaces. All specimens were pressureless
sintered in air at a heating rate of 473 K/h. It was found

that densities greater than 95% of the theoretical valu 3Y-TZP, 1773 K, 1.10-4s-1
could easily be achieved by pressureless sintering. Aftes 8 ’ '
sintering, it was seen that the dimensions of the sing |
tered specimens varied with composition due mainly® s}
to differences in green densities. A plot of percentagey
of theoretical density versus sintering temperature i
shown in Fig. 3. It is seen from Fig. 3 that for 8Y-CSZ &
a maximum density of 99% was obtained at 1773 K&
whereas the same density for 3Y-TZP was achieve:  *|] T4 Siboastn
at 1650 K. o clepressing

o .o,
0.0 02 0.4 06 0.8 1.0 12 1.4 1.6

TRUE STRAIN

3.4. The effect of shaping process
on superplastic deformation Figure 5 True stress-true strain relationships of 3Y-TZP prepared by

To determine the effect of shaping process on supeitwo shaping processes and tested at 1773 K and .40

plastic deformation in 3Y-TZP, tensile specimens, pre-

pared by the production processes of die-pressing and

slip casting, superplasticaly tested to failure at temper-sloeClmen ¢ and there was no evidence of necking within

ature of 1773 K and at strain rate of 1-1GsL. Fig. 4 the gauge length of any of the deformed specimens. An

shows the profiles of specimens, produced by two sha elongation to failure of 390% was achieved from the
: : P ... slip-cast specimen, compared to the elongation to fail-
ing processes. The higher ductility is clearly visible in ure of 300% obtained from the die-pressed specimen.

The true stress, true strain curves of 3Y-TZP speci-
mens prepared by two shaping processes are shown in
Fig. 5. The general characteristic of these curves are
that after an initial strain hardening region, the flow
stress reached a peak, then the stress decreased slowly
until final fracture.

70
4. Discussion

In the present study, a slip casting method has been
used as a net shape forming technique to produce sound
and defect-free bodies. The casting behaviour and rheo-
pro pyvs o e e raw logical properties _of slips hav_e_ been studled_ln order to
SINTERING TEMPERATURE (K) dete_rmlne the optimum condltlons under Whlc_h the ce-
ramic powders can be easily cast for preparation of su-
Figure 3 Relative density versus sintering temperature. perplastic tensile specimens. The ceramic powders used

60 |-

—a— 3Y-TZP
—e—8Y-CSZ

RELATIVE DENSITY (%)

50 |-
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were castable under limited conditions. Relationship T
between the relative density of the cast specimens ar | —R—slpcasting
the solid content was shown in Fig. 1. The relative den§ e ¢ depressing
sity increased linearly in all powder mixtures with in-
creasing solid content. Aqueous suspensions with solig .
contents of 72 wt% for 3Y-TZP and 8Y-CSZ could eas-& 7
ily be cast, but suspensions exceeding these solid coiw
tents were very difficult to cast. This is because the stat=
of a particular dispersion is affected mainly by the sus-@ **[ o _
pension solid loading. The viscosity of the suspension™ [ T oty ot e e 400001 T
increases rapidly when the weight percent of solid in -
the suspension is increased beyond these critical va %00 Tas0 1200 1450 150 1880 1600 650 1700
ues and the suspension shows pseudoplastic behavio SINTERING TEMPERATURE (K)
Aqueous suspensions below these critical values have
low viscosity and Newtonian flow behaviour. The New- Figure 7 Sintering curves of 3Y-TZP specimens prepared by slip-
tonian flow behaviour observed is characteristic of sus<2Stind and die-pressing.
pensions in which particle-particle electrostatic repul-
sive forces are large [6]. . o ) ) ] )
In addition to the solid content, dispersing agent condNg sintering causing crack-like voids responsible for
centration is also important in determining the greer€arly fracture and leaving big pores in the microstruc-
density and viscosity of the slip. This can be seen irfure after sintering. To demonstrate this, two sets of
Figs 2 and 6. Generally, the lowest viscosity is requiredSPe€cimen were prepared by the production processes
in order to achieve a high green density [7]. As seen irPf die-pressing and slip casting from 3Y-TZP. For the
Fig. 6, the optimum dispersing agent concentrations arélie-pressing tests, the powder was die-pressed into pel-
0.4 wt% for 3Y-TZP and 0.25 wt% for 8Y-CSZ, cor- €ts under a compaction pressure of 20 MPa. The same
responding to the minimum viscosity. For the lower Size pellets were slip cast for comparison. Samples ob-
amounts of dispersing agent, electrical charges arkained by these processes were then_smte_zred ataheating
present at the surface of the particles and the repulsivite of 473 K/hr. Fig. 7 shows the sintering curves of
forces are ineffective. On the other hand, when the dis3Y-TZP, prepared by two shaping processes. Samples
persing agent concentrations become too high, the ionierocessed by slip casting had a faster sintering rate and
strength increases, the electrostatic repulsion enerd@Wer temperatures and the optimum sintering temper-
decreases, and as a result flocculation takes places [@}ture was lower than that of the die-pressed one. In
In order to achieve full densification during sintering, Particular, the former achieved a density of 99% of its
grain growth has to be suppressed. Experience witkheoretical value at 1623 K, while the _Iatter reached
zirconia systems has provided ample evidence that thif'¢ same value at 1650 K. The reason is probably due
grain size of the cubic phase is much larger than thaf0 the fact that die-pressing yields less efficient pack-
of the tetragonal phase, suggesting the possibility of"d of the powder, and larger pores than slip casting;
a lower sintered density in the cubic phase regime [8]_th_es_e features are known to retard effective sintering.
This factis in accord with the density data for the alloys; Similar observations have been recorded by Xue and
greater than 99% of theoretical density in 3Y-TZP andChen [9] showing the superiority of slip casting, com-
about 97% in 8Y-CSZ at 1623 K. pared to die-pressing for AD3 and also by Wang [10]
Besides the advantages of the slip casting method, @ 3Y-TZP and CuO doped ADs.
further important effect seen in the present work was Enhancement ofsup.erplastlc ductility in zirconia ce-
the elimination of agglomerates; the agglomerates oftef2MICS has been considered to be due to a number of

shrink away from the surrounding powder matrix dur- contributing factors, including the presence of a low
viscosity grain boundary (glassy) phase or doping with

transition metal oxides. These additives possibly act
in a multiple role as sintering aids, grain growth in-

s hibitors and modifiers of grain boundary strength and
1 grain boundary chemistry. Conventionally, reducing the
strain rate or increasing the test temperature (but neces-

80 + a

2 10k sarily avoiding grain growth) also promotes larger elon-
(2] .

E gations at lower stress levels [11-17]. All these meth-
B 100k . ods contribute to higher elongations at relatively lower
S e sy stress levels. High deformation rates, high ductility and
2 e 8Y.0SZ low forming temperatures are primary requirements for

industrial applications of superplastic ceramics. In the

F present study, it was seen that the shaping process is
L TEr R el also important to enhance the superplastic ductility. Su-
CONGENTRATION OF DISPERSING AGENT(W(%) perpla_stlc ductility obtalngd from slip-cast specimen

was higher than that of die-pressed one. The reason

Figure 6 Variation of viscosity of slip as a function of concentration of fo_r dUCt_'“ty enhancement was que_to the homogeneous
dispersing agent. dispersion of powder and elimination of agglomerates

2
T
[
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Figure 8 Micrographs showing the effect of processing route on the agglomeration of 3Y-TZP containing 60 ¥@% &) specimen prepared by
die-pressing and b) specimen prepared by slip-casting [18].

in slip-cast specimen, compared to die-pressed specAcknowledgements
men in which agglomeration caused non-homogeneoushe authors wish to express their gratitude to the Uni-
sintering leaving crack-like voids responsible for earlyversity of Gazi, Turkey, and to the Manchester Materi-

fracture (Fig. 8). als Science Center, UK, for the provision of laboratory
facilities.
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