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Abstract

Superplastic forming under biaxial tension of tetra-
gonal zirconia (Y-TZP) is investigated by pushing a
hemispherical punch (radius 6 mm) on Y-TZP which
was placed on a ring with an inner diameter of
16-7mm. Dense Y-TZP samples with a grain dia-
meter of 125 nm could be elongated to a dome height
of at least 8 mm at a temperature as low as 1160°C.
Such elongations could not be achieved at this very
low temperature when the ceramic had a grain dia-
meter of 250nm. At a grain size of 250 nm differ-
ences in deformation behaviour were observed for
different types of Y-TZP powders. This is explained
by the fact that at higher cavity concentration in the
sintered compact the sample deforms at lower forces
but fractures at lower elongations. © 1998 Elsevier
Science Limited. All rights reserved

1 Introduction

Hot forming of ceramics is strongly related to the
occurrence of superplasticity, which is defined as its
ability to undergo large elongations during tensile
deformation.! Yttria doped tetragonal zirconia
polycrystalline (Y-TZP) materials are the most
investigated and most promising superplastic cera-
mics. Analysis of superplasticity in ceramics is
either performed in compression® or in tension.>”’
In both cases the mechanism for superplasticity is
identical and is usually attributed to some kind of
grain-boundary process. The grain-boundary
morphology after these deformation tests differs
however. Under compression the grain-boundary
morphology is improved (more ‘dense’) and residual
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flaws are eliminated provided appropriate compres-
sion conditions are chosen.®? In tension nucleation
and growth of internal cavities often occurs.>®

It is generally accepted that superplastic defor-
mation rates can be enhanced by reducing the grain
size. Recently it was found that for compressing
single-phase Y-TZP at 1200°C the initial strain rate
increases by a factor of 4 if the grain size decreases
from 200 to 100nm.® From these results it was
concluded that real superplastic deformation
(strain rate > 1074 s~!) is possible at relatively low
temperatures (1200°C) and a relatively low stress of
50 MPa if the grain size is in the nanoscale range
(100 nm), while no second phases (like CuO) are
present.

The utility of superplastic ceramics in industrial
forming (e.g. deep drawing) necessitates ceramics
which sustain both tensile and compressive
strains.!® For that reason results on stretching (or
deep drawing) of ceramics under biaxial tension
are important. In this paper deep drawing results
are described on Y-TZP with varying grain sizes
(250 and 125nm). Also the influence of experi-
mental conditions (punch displacement rate and
operation temperature) on deep drawing are
examined. Two types of powders are used, with
different agglomerate morphology. This morphol-
ogy influences the defect(cavity)-size and con-
centration in the dense ceramic and it is shown in
this paper that it therefore also influences deep-
drawing behaviour.

2 Experimental Procedure

The Y-TZP ceramic materials were made from two
different types of powder. One powder was a
commercially available TZ3Y powder (Tosoh Co.,
Japan), containing 5-8 at% Y. This powder typi-

cally has a BET surface area of 20m~2 g~!, while



the agglomerates are spherical (granulated).!! A
primary crystallite size of 34nm was calculated
from X-ray line broadening data.!' The second
zirconia powder with 5 at% Y was prepared by
precipitation of a metal chloride solution in an
excess of ammonia. The hydroxide gel is thor-
oughly washed to remove chlorine ions and free
water and afterwards calcined at 500°C to obtain a
nanocrystalline (crystallite size 8 nm) weakly, irre-
gularly agglomerated powder (specific surface area
120m—2 g~ ").!' From both powders green com-
pacts were made by first uniaxially pressing at
44 MPa in a die (diameter 48 mm) and subsequent
isostatically pressing at 400 MPa.

Deformation by means of deep drawing was
performed on 3 different Y-TZP materials, coded
A, B and C for respectively a TZ3Y Tosoh powder
compact sintered at 1300°C and 2 compacts of
‘chloride’ powders sintered at 1300°C and 1070°C.
More details of the materials used for deformation
are given in Table 1. Grain sizes were determined
from SEM pictures of polished and thermally
etched samples using the linear intercept method
and the correction factor as given by Mendelson.!?

Deep drawing tests were performed on several
discs of each material. All discs were machined to a
diameter of 25mm and a thickness of 1 mm. Prior
to the tests the samples were polished on one side
(diamond paste 0-3 um) and annealed at 1000°C
(heating/cooling 2°C min~!). The discs were placed
on a cylindrical SiC ring with an inner diameter of
16-7mm. A hemispherical punch with radius of
6mm was pushed on the non-polished side of the
ceramic using two different velocities (0-6 and
0-3mm min~!) while the force was monitored. The
tests were performed in air at 1150, 1160 and 1210°C
using a screw-driven universal testing machine
(Zwick 1478, FRG). The axial displacement was
measured externally during all tests. Identical
experimental conditions were used in Ref. 13.

3 Results

The results in Table 1 indicate that very fine-
grained and dense Y-TZP with a grain size of

Table 1. Samples used for deformation tests by deep drawing

Code Atom % Y Sinter Sinter time  Grain size
temperature (h) (nm)
(°C)*
AP 5-8 1300 3 250
B¢ 5 1300 3 250
Ce 5 1070 10 125

“All samples have a relative density of 96-98%.
bPowder from Tosoh corporation.
‘Powder prepared by precipitation.'!

125nm can be made, when starting with real
nanocrystalline (chloride precipitation prepared)
powders. By using the same consolidation and sin-
tering procedure the Tosoh TZ3Y compact is only
dense after sintering at 1300°C resulting in a grain
size of 250 nm, as is also observed by Theunissen
et al.'* Using this set of samples the influence of
starting powder and ceramic grain size on defor-
mation behaviour can be analysed.

In Fig. 1 the displacement of the punch and the
resulting force on the ceramic are given during
deep drawing at 1210°C for materials which all
have the same grain size (250 nm). Here the influ-
ence of punch velocity and the type of starting
powder used are clearly visible. If higher displace-
ment rates are used the chance of fracturing during
deep drawing increases (compare e.g. Bl and B2;
fracturing is indicated in the figure by an arrow
downwards). At lower displacement rates the
material can be stretched to a height of 8 mm
without fracture and was interrupted (as indicated
by i in Fig. 1). From Fig. 1 it is also clear that
lower punch velocities require less force for iden-
tical displacements and that Tosoh ceramics
require higher forces for the same displacement
(compare e¢.g. A2 and B2). All these differences will
be discussed in the next section.

In Fig. 2 a photograph is given of Tosoh samples
Al and A2. At low punch rates a dome without
macrocracks is formed, while at higher rates frac-
ture occurs. Fracture mainly origins at places of
maximum displacement as was also observed by
Wu and Chen.’> In Fig. 3 three specimens of
material B are shown after deformation. In this
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Fig. 1. Displacement versus applied force during deep draw-
ing at 1210°C of several Y-TZP’s with identical grain size
(250 mm sample A and B; see Table 1). Al and B1: displace-
ment rate 0-6mmmin~'; A2 and B2: displacement rate:

0-3mmmin~—!.



Fig. 2. Sample A2 (0-3mmmin~!) and Al (0-6mmmin~!)
after deformation tests as given for Fig. 1.

B2 B3 B1
®© =

Fig. 3. Sample B (‘chloride’ gain size 250 nm) after deforma-

tion tests. B2: deformed at 1210°C with 0-3 mm min~! (height:

8 mm); B3: deformed at 1150°C with 0-3 mmmin~' (almost no

deformation); Bl: deformed at 1210°C with 0-6 mmmin~!
(height at fracture 6 mm)

figure B1 and B2 show the influence of punch rate,
while sample B3 was deformed with the same rate
(0-3mmmin~—!) as sample Bl but at a lower tem-
perature (1150°C instead of 1210°C). Sample B3
fractured after deformation of only 1 mm. So for
Y-TZP samples with a grain size of 250 nm deep
drawing as described in this paper can not be per-
formed at 1150°C.

In Fig. 4 it is shown that at a relatively high
punch rate of 0-6mmmin~! Y-TZP with a grain
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Fig. 4. Displacement versus applied force during deep draw-
ing at 1210°C of several Y-TZP’s with different grain sizes
[250 and 125nm (B and C)] and different starting powders (A

and B); displacement rate 0-6 mmmin~—!.

size of 125 nm (sample C1) could be deep-drawn at
1210°C to a height of 10 mm without fracture
while the coarser-grained samples fracture after
punch displacements of 6 and §8-5mm (Al and Bl
respectively).

Forming of sample C under several experimental
conditions is shown in Fig. 5. For Y-TZP with a
grain size of 125nm deep drawing is possible at a
temperature as low as 1160°C (sample C3). The
experimental conditions for this sample are almost
identical to the one for the coarser grained sample
B3 (Fig. 3) where almost no deformation was pos-
sible. At a higher punch rate (0-6 mm/min) the fine-
grained sample C can still be elongated at 1150°C
to a height of 4-3 mm before fracture (C2 in Fig. 5).

4 Discussion

4.1 Influence of grain size on deep-drawing

From the results given in this paper clearly a strong
improvement in deep-drawing behaviour is visible
if grain size is reduced. These results will now be
discussed in terms of superplasticity. The grain-size
effect on superplasticity is often observed in litera-
ture and can be explained by the fact that grain-
boundary sliding or an interface reaction are the
dominant deformation modes.*!%!7 The strain rate
(¢) in high-temperature deformation is usually
described by:!

é—AEexp<—%> (1)

where A 1s a numerical constant, o the flow stress
and n its exponent, d the grain size with exponent
p, O the apparent activation energy and RT has its
usual meaning. For dense zirconia with grain sizes
of 300nm or more, often an exponent p =1 is
observed,!® while for Y-TZP with grain sizes in

Fig. 5. Y-TZP samples with grain size of 125 mm after defor-

mation tests; C3: deformed at 1160°C with 0-3mmmin—'

(height: 8mm); Cl: deformed at 1210°C with 0-6 mm min~!

(height: 10mm); C2: deformed at 1150°C with 0-6 mm min~!
(height at fracture 4-3 mm).



the range 100-200nm an indication for p =2 is
given.® In other words: reducing the grain size still
gives sufficient high strain rates at lower tempera-
tures.® From this literature result it can be con-
cluded that by decreasing the grain size to the
nanoscale range the deep drawing ability for Y-
TZP is still present at relatively low temperatures
as is confirmed by the results from this study.

The possibility for deep drawing or bulging of Y-
TZP at 1160°C without second phase additions, as
reported in this paper, is to our knowledge unique.
Very often in literature a deformation temperature
of 1450-1550°C is used for tensile elongation
experiments>’-1>17 or for biaxial gas-pressure
deformation.?® Wu and Chen!® report superplastic
bulging at 1150°C. In these experiments however
CuO is added to Y-TZP as a second phase, which
acts as a liquid grain-boundary phase during
deformation,!> while the experiments described in
this paper concern single phase Y-TZP.

4.2 Deformation temperature and punch rate

It is demonstrated that the experimental conditions
(temperature and punch rate) influence deforma-
tion. This influence can be explained in terms of
cavity formation during tensile deformation. It is
well established that superplastic deformation
under tension of metals and ceramics is associated
with the concurrent development of internal cav-
ities.>%!® In ceramics these cavities nucleate at
grain boundaries and can become considerably
larger than the average grain size with areas up to
several square microns.®!?2! At a certain con-
centration and/or size the cavities are interlinking
which is associated with the onset of tensile failure.
Under a constant strain rate the degree of cavitation
increases with a decrease in deformation tempera-
ture.® This is obvious and also visible from the
results in Figs 3 and 5.

By increasing the punch rate the maximum
elongation decreases while a higher force is neces-
sary for obtaining the same displacement (compare
e.g. A2 and Al in Fig. 1). The relation between
punch rate and force, necessary for a certain dis-
placement, will now be discussed in terms of the
phenomenological law as given in eqn (1). For
sample Al a force of 2500 N (F)) is necessary for
obtaining a displacement of 6 mm at a punch rate
of 0-6mmmin~! (v;), while the same displace-
ment is achieved at a punch rate of 0-3mm min~!
by using a force of about 2000N (F>) on an
identical surface area (v,; sample A2 in Fig. 1).
The ratio of the stresses applied on sample Al and
A2 is identical to the ratio of the forces (F)/F>).
The ratio of strain rates is identical to the ratio of
the punch rates (v;/v;). In this way a relation
between the ratios of strain rates and stresses for

samples with identical grain size can be written as

follows:
V1 F1 "
a_ (41 o)
= (2) )

From this equation a stress exponent (n) of 3 is
calculated, using the above mentioned data. This
value was confirmed by comparing several force
ratios at different displacements for the samples A1l
and A2 as well as for the couple Bl and B2. It is
difficult to calculate the stress on the samples under
these experimental conditions but it is assumed
that a maximum stress of 30 MPa is imposed on a
sample when applying a load of 2500 N (which is
the maximum load used; see Fig. 1) for forming a
hemisphere with a radius of 6 mm. A stress expo-
nent of 3 was also observed by Owen and Chokshi
for Y-TZP at low stress while a transition stress
was defined by these authors above which n = 2.7
For Y-TZP having a grain size of 0-4mm, this
transition stress was 40 MPa and its value increases
with decreasing grain size.!” It is therefore assumed
that the deep drawing experiments on samples with
grain sizes <250 nm as described in this paper are
below the transition stress.

A stress exponent 3 for deforming Y-TZP at low
stresses was also mentioned in Refs 6, 19 and
22-24. Owen and Chokshi suggested that n =3
arises from an interface reaction controlled process
for grain boundary sliding. Since grain boundary
sliding is also the dominant strain contributing
process when a stress exponent of 2 is found these
authors suggest that the difference in stress expo-
nent is attributed to a difference in impurity con-
centration at grain boundaries.!” In compacts with
identical overall impurity concentration the level of
segregation of Y** and impurities to grain bound-
aries decreases with decreasing grain sizes because
grain-boundary volume is increasing. This lower
‘impurity’ concentration at the grain boundaries
will lead to a decrease in non-stoichiometry at the
grain boundaries and therefore less defects are
present. Defects have negative effect on grain
boundary plasticity. By using this assumption
Owen and Chokshi'” argued that at small grain
sizes, where almost no segregation is present, an
increase in stress will lead to a stronger enhance-
ment in strain rate than for larger grains with a
larger segregation level. This discussion also
implies that when a stress exponent of 3 is found
the strain rate is less sensitive to impurities.

The punch rate dependence as mentioned in this
paper (Fig. 1) can also qualitatively be explained by
the phenomenon of cavity formation. Cavity growth
during tensile deformation can either be a diffu-
sion controlled or a plasticity controlled process.®



Diffusion of vacancies along the grain boundaries
into cavities, which is an important mechanism in
metals, plays little or no role in ceramics as indi-
cated by Langdon and co-workers.®?! If cavities
should grow by this diffusion mechanism then it is
expected that the degree of cavitation increases
with decreasing strain rate which is not observed.
The lack of rounded or spherical cavities as found
by Langdon and co-workers®?! is according to
these authors also a strong evidence for cavity
growth by means of another process than diffusion.
It is expected that in ceramics some kind of a plas-
ticity controlled cavity growth process occurs dur-
ing tensile deformation.® In that case cavity growth
is dependent upon the level of applied stress and
the growth rate of cavities increases with increasing
strain rate and/or decreasing temperature.®>!
Because of the stronger cavity growth at higher
strain rate also higher stresses are present in the
ceramics.?! This explains the higher forces necessary
for the same displacement at higher punch rates.

4.3 Influence of powder morphology

The influence of starting powder on deep drawing
is clearly visible from the results shown in Fig. 1. In
order to obtain the same displacement under iden-
tical experimental conditions higher forces are
necessary for the Tosoh ceramic (sample A) than
for the ‘chloride’ ceramic (sample B). At a punch
rate of 0-6 mmmin~! sample A can be deformed up
to 8-6mm, while sample B fractures after a dis-
placement of 6mm (Al and Bl in Fig. 1). The
deformation experiments as described in this paper
can be analysed by a stress exponent n =3 and
therefore plasticity is likely to be independent on
impurity level. As the influence of impurity con-
centration is ruled out the observed difference in
deformability will be explained by the model of
cavity concentration in the sintered compact and
further cavity formation during deep drawing.

In a recent paper® the influence of powder mor-
phology on compaction and sintering behaviour is
discussed for the same powders, while using the
same consolidation and sintering procedures as
described in this paper. The Tosoh powder (A)
consists of uniform spherical agglomerates, while
the ‘chloride’ derived powder (B) has irregular
shaped agglomerates.'!-?> This irregular agglomer-
ates of ‘B’ result in improper die filling and there-
fore in defects in the green compact and flaws or
cavities in the sintered product.?®> The Tosoh pow-
der gives a better die filling, resulting in lower
defect concentration and fewer and smaller cavities
in the sintered compact.?> A higher concentration
of defects or cavities in the sintered compact can
lead to an acceleration in creep rate.* So creep is
easier if the ceramic contains more cavities prior to

deformation as is observed for sample B (‘chloride’)
if compared with A (Tosoh). However more and
larger cavities prior to deformation results in cavity
interlinking at lower force and/or displacement and
therefore in easier fracturing (compare Bl and Al
in Fig. 1).

5 Conclusions

Biaxial deformation by deep drawing is investi-
gated as a severe test for superplastic deformation
of Y-TZP ceramics. Ceramics with a grain size of
125nm can be deformed to a hat-shaped sample
with a dome-height of § mm by deep drawing a disc
at very low temperature (1160°C), while Y-TZP
with a grain size of 250 nm needs higher deforma-
tion temperatures. In all cases no second phase was
present, which is often used in literature as a
method for improving plasticity or decreasing
deformation temperatures.

In general, samples fracture at lower displace-
ments when the temperature is lower and/or the
punch rate used for deformation is higher. This
dependence can be explained by the phenomenon
that during deep drawing, cavities are more easily
formed at lower temperature or higher displace-
ment rates and consequently a faster interlinkage
of cavities occurs to a critical size for fracture. It is
expected that a plasticity controlled cavity growth
process takes place during tensile deformation of
these ceramics.

The morphology of the starting powder also
influences deformation. If compared with spray
dried spherical agglomerated powders, a powder
with irregularly-shaped agglomerates results in
more defects in the green compact and more and
larger flaws or cavities in the sintered product. This
higher cavity concentration in the non-deformed
ceramic leads to a larger creep rate at identical
force but also fracturing of the ceramic at lower
force and elongation occurs.

References

1. Chen, I. W. and Xue, L. A., Development of superplastic
structural ceramics. J. Am. Ceram. Soc., 1990, 73, 2585—
2609.

2. Hwang, C. M. J. and Chen, I. W., Effect of a liquid phase
on superplasticity of 2-mol%-Y,03-stabilized tetragonal
zirconia polycrystals. J. Am. Ceram. Soc., 1990, 73, 1626—
1632.

3. Nauer, M. and Carry, C., Creep parameters of yttria
doped zirconia materials and superplastic deformation
mechanisms. Script. Metall., 1990, 24, 1459-1463.

4. Boutz, M. M. R., Winnubst, A. J. A., Burggraaf, A. J.,
Nauer, M. and Carry, C., Low temperature superplastic
flow of yttria stabilized tetragonal zirconia polycrystals. J.
Eur. Ceram. Soc., 1995, 13, 103-111.



13.

14.

15.

. Wakai, F., Sakaguchi, S. and Matsuno, Y., Super-

plasticity of yttria-stabilized tetragonal zirconia poly-
crystals. Adv. Ceram. Mater, 1986, 1, 259-263.

. Ma, Y. and Langdon, T. G., A critical assessment of flow

and cavity formation in a superplastic yttria stabilized
zirconia. Acta Metall. Mater., 1994, 42, 2753-2761.

. Nieh, T. G., McNally, C. M. and Wadsworth, J., Super-

plastic properties of fine-grained yttria-stabilized tetra-
gonal polycrystal of Zirconia. Script. Metall., 1988, 22,
1297-1300.

. Winnubst, A. J. A., Boutz, M. M. R., He, Y. J., Burg-

graaf, A. J. and Verweij, H., Plasticity of nanocrystalline
zirconia ceramics and composites. Ceramics International,
1997, 23, 215-221.

. Boutz, M. M. R., Chen, C. S., Winnubst, A. J. A. and

Burggraaf, A. J., Characterization of grain boundaries in
superplastically deformed Y-TZP ceramics. J. Am. Ceram.
Soc., 1994, 77, 2632-2640.

. Mehara, Y. and Langdon, T. G., Superplasticity in cera-

mics. J. Mater. Sci., 1990, 25, 2275-2286.

. Groot Zevert, W. F. M., Winnubst, A. J. A., Theunissen,

G. S. A. M. and Burggraaf, A. J., Powder preparation and
compaction behaviour of fine-grained Y-TZP. J. Mater.
Sci., 1990, 25, 3449-3455..

. Mendelson, M. I., Average grain size in polycrystalline

ceramics. J. Am. Ceram. Soc., 1969, 52, 443-446.

Von Minden, C., Boutz, M. M. R., Scheppokat, S., Jans-
sen, R. and Claussen, N., Superplastic deformation of
zirconia/alumina composites produced by reaction bond-
ing. In Plastic Deformation of Ceramics, ed. R. C. Bradt,
C. A. Brookes and J. L. Routbort. Plenum, New York,
1995, pp. 333-341.

Theunissen, G. S. A. M., Winnubst, A. J. A. and Burggraaf,
A. J., Sintering kinetics and microstructure of nanoscale
Y-TZP ceramics. J. Eur. Ceram. Soc., 1993, 11, 315-24.
Wu, X. and Chen, I. W., Superplastic bulging of fine-
grained zirconia. J. Am. Ceram. Soc., 1990, 73, 746-749.

16.

20.

21.

22.

23.

24.

25.

Langdon, T. G. The characteristics of superplastic-like
flow in ceramics. In Plastic Deformation of Ceramics, ed.
R. C. Bradt, C. A. Brookes and J. L. Routbort. Plenum,
New York, 1995, pp. 251-268.

. Owen, D. M. and Chokshi, A. H., The high temperature

mechanical characteristics of superplastic 3 mol% yttria
stabilized zirconia. Acta Mater, 1998, 46, 667-679.

. Amana, B., Duclos, R. and Crampon, J., Stress influence

on the deformation mechanisms of tetragonal zirconia
polycrystals. Ceramics International, 1992, 16, 385-390.

. Primdahl, S., Tholen, A. and Langdon, T. G., Micro-

structural examination of a superplastic yttria-stabilized
zirconia: implications for the superplastic mechanism.
Acta Metall. Mater., 1995, 43, 1211-1218.

Wittenauer, J., Nieh, T. G. and Wadsworth, J., Super-
plastic gas-pressure deformation of YTZ sheet. J. Am.
Ceram. Soc., 1993, 76, 1665-1672.

Zhou, M., Ma, Y. and Langdon, T. G., A quantitative
analysis of cavity formation in superplastic yttria-stabi-
lized tetragonal zirconia. In Plastic Deformation of Cera-
mics, ed. R. C. Bradt, C. A. Brookes and J. L. Routbort.
Plenum, New York, 1995, pp. 301-312.

Seidensticker, J. R. and Mayo, M. J., Superplasticity in
3Y-TZP doped with small amounts of copper oxide.
Script. Metall. et Mater, 1994, 31, 1749-1754.

Nauer, M. and Carry, C., Flow behaviour at high tempera-
ture of yttria doped zirconia polycrystals. In Euro-Ceramics,
Vol. 3, ed. G. De With, R. A. Terpstra and R. Metselaar.
Elsevier Applied Science, London, 1989, pp. 3.323-3.328.
Langdon, T. G., Superplastic ceramics—an overview. In
Superplasticity in Aerospace II, ed. T. R. McNelley and
H. C. Heikkenen. The Minerals, Metals and Materials
Society, Warrendale, PA, 1990, pp. 3-18.

Sagel-Ransijn, C. D., Winnubst, A. J. A., Kerkwijk, B.,
Burggraaf, A. J. and Verweij, H., Production of defect-
poor nanostructured ceramics of yttria-zirconia. J. Eur.
Ceram. Soc., 1997, 17, 831-841.



