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OBJECTIVE
The present investigation was designed to study the synthesis, processing and high
temperature mechanical properties of nanocrystalline ceramics and ceramic composites.

Research Accomplishments and New Findings

Colioidal Processing of Nanocrystalline Zirconia (details in Appendix 1)

Commercially available nanocrystalline 3 moi% yttria stabilized tetragonal zirconia
powders with a crystallite size of <40 nm were processed using a colloidal technique.
Essentially, the powders were dispersed in de-ionized water, and the pH of the solution was
adjusted to ~2 to disperse the powders. The solution was ultrasonicated and then pressure
filtered to produce a green body with a relative density of ~50%. The densification and grain
growth characteristics of zirconia were examined during the free sintering and sinter-forging
(sintering with the application of a compressive uniaxial stress without any lateral
constraints) at temperatures in the range of ~1600 to 1750 K.

It was demonstrated that it is possible to produce fully dense compacts with a grain
size of ~175 nm using this technique. During sinter-forging, both densification aﬁd creep
processes occur simultaneously; the measurement of density and axial strain enable to
separation of the kinetics of the two processes. It was shown that deformation during
densification occurs by an identical process as in fully dense materials (mainly grain
boundary sliding). Furthermore, the differences in the stress exponents for creep and
densification indicated that densification was not controlled directly by deformation.
Colloidal Processing of Nanocrystalline Alumina-Yttria Composites (details in Appendix 2)

Commercial grades of nanocrystalline alumina (<70 nm) and yttria were utilized for
this project. The alumina powders were processed in a manner similar to that utilized above
for zirconia. For alumina-yttria composites, the alumina and yttria powders were dispersed

separately at a pH of ~2, then mixed in the appropriate proportion, ultrasonicated and flocced




to limit segregation of particles. The flocced slurry was then pressure filtered, and
densification in such compacts was examined during free sintéring and sinter-forging.

In view of the very limited solubility of yttria in alumina, as anticipated the yttria
powders reacted with the alumina powders during the heating up from room temperature to
1550 K, so that the results related essentially to alumina-YAG composites. There was
significant grain growth during the final stages of deﬁsiﬁcation in high purity alumina, so that
the final grain sizes in fully dense samples were typically in the range of ~2 um. The
presence of YAG retarded densification considerably, but it was possible to obtain ﬁllly
dense alumina-YAG composites by sinter-forging. The YAG particles also hindered grain
growth so that the final grain sizes in the alumina-YAG composites were in the range of
~400 nm.

Synthesis/Processing of Amorphous and Nanocrystalline Alumina-Zirconia Composites by

Spray Pyrolysis (details in Appendix 3)

Spray pyrolysis of solutions of nitrates has been used to produce amorphous particles
of zirconia-40 mol% alumina solid solutions. When these agglomerates were subjected to
high pressure compaction ( 500-750 MPa ) at low temperatures (500-650 C), they displayed
large regions of surprisingly high density. By sedimenting out coarse particulate, it was
found possible to produce homogeneously dense (96% ) compacts while retaining the
aﬁomhous structure. This is the first reported synthesis, in bulk form, of non-crystalline
material in the zirconia-alumina system. In-situ monitoring of the consolidation of the
powders reveals that significant plastic flow takes place. Powder pycnometry indicates that
the amorphous solid has a density of about 3.3 g/cc, which is about 2/3 of the value expected
from the stable phases in this éomposition. It seems likely that the increased plastic response

is an off-shoot of the larger inter-ionic spacings and non-equilibrium coordination in the glass



relative to those that exist in the crystalline compounds. Residual volatile species are less

than 1 wt%, but could conceivably stabilise the amorphous structure.

The crystallisation of the densified compacts has made it possible to produce
nanostructured materials in pellet form, without the need to use nano-sized powders. Heat
treatments in the range of 900-1000 C produce t_etrag.onal zirconia and gamma alumina with
grain sizes in the range of 5-8 nm, while temperatures above 1100 C result in alpha alumina
and a mixed tetragonal/monoclinic zirconia with a microstructural scale of 50-300 nm. The

coarsest microstructures ( 300 nm ) are stable for up to 2 hours at 1400 C.

Processing of Nanocrystalline Alumina-Zirconia Composites with SiC Whiskers (details in

Appendix 3)

The densification of alumina rich glasses ( 20 mole % ZrO2) was accomplished under

the same conditions as described above. In addition, composites were prepared with about 9
wt % SiC ( < 3 microns ) that was incorporated in the matrix by spray-decomposing a
suspension of SiC in the precursor nitrate solution. It was shown that such a composite could
be densified at 650 C , 750 MPa to 99% density, indicating that the densification of the
amorphous matrix was little impeded by the presence of rigid inclusions. It is clear that the
crystallisation of such a material offers the possibility of producing SiC reinforced alumina-
zirconia with controlled, nanocrystalline matrices at low temperatures without the need for

inert atmospheres.

Potential Areas for Further Studies

The following aspects that emerged from the present investigation are potential areas for

further research studies.

(1) Fabrication of amorphous pellets and a study of their deformation behaviour under

constant strain rate and constant stress,




(2) The study of densification of amorphous powder aggregates during hot pressing and

sinter-forging,

(3) The production of nanocrystalline two-phase mixtures of zirconia and alumina and their

superplastic behavior

(4) Modification of microstructure to produce a more cfeep resistant composite, after
superplastic deformation, and the high temperatufe deformation behavior of the
composite in the modified form, and

(5) the extension of low temperature densification to other systems in which
émorphous/metastable phases may be induced to form.
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THE DENSIFICATION, SUPERPLASTIC DEFORMATION AND
FRACTURE CHARACTERISTICS OF A 3 MOL% YTTRIA STABILIZE
ZIRCONIA | /

Atul H. Chokshi |
(Department of Metallurgy, Indian Institute of Science, Bangalore 560 012, India)

ABSTRACT: Following the early report of a superplastic elongation of >100% in
a 3 mol% yttria stabilized zirconia in 1986 by Wakai and colleagues from Japans .
there have been numerous investigations of the mechanical behavior of superplas-
tic zirconias and their allied composites. This report provides a broad overview of
the deformation, densification, grain growth and fracture characteristics of a su-
perplastic 3YTZ; all of these phenomena are linked by the common thread of
diffusion.

KEY WORDS:; superplasticity, zirconia, densification, grain growth, fracture

I. INTRODUCTION .

There has been considerable activity in the area of superplasticity in ceram-
ics following the spectacular report by Wakai et al. [1] of an elongation of >100%
in a 3 mol% yttria stabilized tetragonal zirconia (3YTZ), which is a commercially
significant ceramic. Subsequently, there have been numerous studies on the me-
chanical characteristics of the material, and these have been.summarized in many
reviews on the topic [2-4]. . :

There are two important microstructural changes accompanying superplas-
tic deformation - grain growth and cavitation: all of these are thermally activated =~
processes dependent on diffusion. In contrast to metallic superplastic alloys that =~
are made conventionally using the ingot metallurgy route, with an appropriate
thermo-mechanical treatment, bulk ceramics are usually produced from powders,
and the densification process also involves ditfusion. . :

The present report provides a broad overview of superplastic deformation,
densification, grain growth and fracture in a 3 mol% yttria stabilized zirconia. -

II. SUPERPLASTIC DEFORMATION
The mechanical characteristics of superplastic materials can be described
by an equation of the following form: o
n ;
(2] RN
G

. ADGb( b)

P

kT

d
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where ¢ is the strain rate, A is a dimensionless constant, D is the appropriate dif-
fusivity, G is the shear modulus, b is the magnitude of the Burgers vector, k is
Boltzmann's constant, T is the absolute temperature, d is the grain size, p is the
inverse grain size exponent, o is the stress and n is the stress exponent. The diffu-
sion coefficient may be expressed as D=D, exp(-Q/RT), where Dy is a frequency
term, Q is the activation energy for the rate controlling process and R is the gas
constant. - | /
Early studies on the superplastic 3YTZ revealed important discrepancies in
the value of the stress exponent, with values of n being close to either 2 or 3 [2-4].
Carry [5] has suggested that these differences arise from minor variations in the
impurity contents of the materials studied, such that material with higher and lower
impurity contents exhibit stress exponents of ~2 or ~3, respectively.
A more recent detailed study on the constant stress compression behavior

' of 3YTZ indicated that a material with a given composition can exhibit both n~2
and n~3 behavior depending on the experimental conditions used: thus, for-a given
grain size and temperature, there is a transition from a stress exponent of ~2 at
high stresses to ~3 at low stresses [3,6,7]. The experimental data are shown in F ig.
I in the form of a logarithmic plot of strain rate versus stress for compression ex-
periments on 3YTZ together with the data obtained in tension ona2YTZ [8]. the
‘slopes of the curves define the stress exponent for creep. It is clear from an in-
spection of the data that there is a transition from n~2 at high stresses to n~3 at low
stresses. Additional experiments on 3YTZ indicated that the stress for transition

from n~3 to n~2, o, decreases with an increase in gfain size [3,7]. .

In view of the observed changes in n with stress and grain size, it is neces-
sary to exercise caution in evaluating the rate controlling parameters for super-
plastic deformation. Thus, for example, in order to obtain the value of the inverse
grain size exponent p, it is necessary to ensure that the data are being evaluated
under conditions where o, T, n and Q are identical. The wide dispersion in the -
values of p and Q reported in the literature may be a consequence of an appropriate
lack of critical consideration of these factors. A careful examination of the data in _
3YTZ indicated that creep with n~3 is associated with an activation energy of
~550 kJ mol"'[7]. : BEE

Based on these observations, it was suggested that the transition from n~2
to n~3 is controlled by the impurity content of the material such that oy is displaced
to lower values for materials - with higher impurity content (equivalent to a coarser
grain size). The experimentally observed decrease in stress exponent may be ra-
tionalized using the concepts of (a) operation of two sequential processes, in which
the slower process is rate controlling, or (b) the presence of a threshold stress, so
that the creep rate decreases continuously as the applied stress approaches-a '
threshold value [3,6,7]. L b
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Fig. 1 Variation in strain rate with stress for a yttria stabilized zirconia containing
3 mol% (2Y) and 2 mol% (3Y) yttria [6,8].

I11. DENSIFICATION PROCESSES -

In contrast to metallic alloys, bulk ceramic components are usually manu-
factured using powder processing techniques, which involve sintering to produce
fully dense materials. The removal of voids in such compacts is usually accom-
plished by diffusion related processes. Sinter-forging, which involves the applica-
tion of a uniaxial compressive load without any lateral constraints, is an interesting
~technique for studying the densification characteristics of ceramics. Itis possible
to simultaneously characterize both densification and creep by measurements of
the axial strain and transverse strain (or density) since shape change is such ex-
periments occurs due to both the removal of voids and plastic deformation.

A detailed study was undertaken recently to characterize the densification
characteristics of 3YTZ [9). Figure 2 illustrates some of the experimental data
obtained in the form of the variation with imposed stress the (a) porosity (¢p) com-

Pe.nsated strain rate (left axis) and (b) densification rate, p, (right axié). Also in-
cluded in Fig. 2 are the experimental datum points obtained for the creep rate in
fully dense (¢p=0) 3YTZ. The experimental results indicated that during sinter-

forging € o exp(o.d) with the constant =19, for a fixed stress, temperature and

grain size; consequently, it is possibie to normalize the creep rate fog differences in -
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Fig. 2 Viriation with stress in creep rate (left) and densification rate (right) [11].

porosity by plottinge exp(-o.¢) vs ¢. In a manner similar to eqn. 1, the stress de-

pendence of densification rate can be expressed as p g’ , where q is a constant.
There are two important points to note from these results: (i) creep occurs by an
identical mechanism in porous and fully dense 3YTZ, and (ii) the stress exponent
for creep deformation and densification are not identical. Thus, while the stress
dependence of creep is given as n~3, the stress dependence of the densification rate
is expressed as q~2. For plasticity controlled processes, the rate of void growth or

void removal Vo, whereas for a quasi-equilibrium diffusion controlled . ;

mechanism V « o . Clearly, the experimental observation of the stress depend-
ence of densification (q=2) rule out the standard models of plasticity control and
diffusion. | S |
The experimental data yielded an activation energy of ~600 kJ mol” for
sintering, with or without an applied stress, and creep during densification.
IV. GRAIN GROWTH "
Grain growth is also a thermally activatec'i process, and the kinetics of grain

growth are expresses usually in the form: d -d, =Kt where N is a constant, K is

a constant incorporating the temperature dependence of grain growth, d, is the ini-
tial grain size and d is the grain size after time t. The constant K may be written as
K=K,exp(-Q/RT), where Q is the activation energy for grain growth. Nieh and
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Wadsworth [10 ] analyzed grain growth in 3YTZ during static annealing and after
superplastic deformation. Superplastic deformation leads to an enhancement in
grain growth, and this process is referred to as dynamic grain growth. The study
by Nieh and Wadsworth [10] reported activation energies of ~580 and 520kJ mol”!
for static and dynamic grain growth, respectively, assuming N=3. The enhance-
ment in grain growth during superplastic deformation was attributed 1o a decrease
in the activation energy, although the reported differences in activation energies /
are within the usual range of errors associated with such measurements. An in-
crease in the constant K is an alternative means of rationalizing dynamic grain
growth, when the activation energies for static and dynamic grain growth are

“similar. Other studies on grain growth in superplastic zirconias also indicate acti-

vation energies in the range of ~500 to 600 kJ mol'l7 In addition, the rate of static
grain growth is higher in materials with a higher impurity content.
V. CAVITATION FRACTURE |

It is now reasonably well established that failure in many superplastic zir- .
conias occurs by the nucleation, growth and interlinkage of voids in a direction
perpendicular to the tensile axis [2,3]. Microstructural inspection revealed that the
cavities nucleate predominantly at triple points in a superplastic 3YTZ [11]. In
contrast to metallic alloys, there is not much detailed information available on the
growth of individual voids, although there is now considerable information avail-
able on the evolution of the total level of cavitation. In addition, models have also
been developed for the growth of large voids which intersect multiple grain
boundaries [9]. Both the presence of a glassy phase and the grain size have a sig-
nificant effect on ductility [3,12] '

VI. DISCUSSION :

A common theme underlying all the topics discussed in the present paper is
transport of matter from sources to sinks. It is clear that, within the normal errors
associated with such measurements, activation energies in the range of ~500 to 600
kJ mol™" are obtained for creep deformation, densification and grain growth. Al-
though creep and grain growth involve vacancy creation, diffusion and annihila-

tion, densification does not require vacancy creation; consequently, it is possible to ~

rule out vacancy creation as a rate controlling step. In addition, as noted in Sec-
tion 3, since the stress dependence of densification or creep is not unity, it is not
Possible to attribute these processes to diffusion control. Based on these observa-
tions, it is suggested that the annihilation of vacancies at appropriate sinks is the
rate controlling mechanism in creep deformation, densification as well as grain
growth. Such interface reaction controlled processes inevitably lead to stress ex-
Ponents greater than one, and there are models available which predict stress expo-
Nents of 2 for both creep and densification [9].

VIL. SUMMARY AND CONCLUSIONS "

(a) There is a transition in stress exponents for creep from a value of ~2 to
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~3 with a decrease in Stress; the transition stress decreases with an increase in the
1mpunty content and an increase in the grain size of the material. '

(b) Porous and fully dense 3YTZ deform by the same mechanism, both in-
volving a stress exponent of ~3. Based on the stress exponent of densification

(~2), it is concluded that densification cannot be attributed solely to a diffusion or
plasticity controlled mechanism.

(c) The similar values of the activation energy for creep, densification and
grain growth suggest strongly that all of these processes are controlled by an inter-
face reaction mechanism involving the annihilation of vacancies at sinks.
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Abstract Pinning by second phase particles offers a potent means for limiting grain growth and
enhancing superplasticity in alumina-based ceramics. In the present study, a colloidal technique was
used to produce green bodies of alumina-yttria composites; at elevated temperatures, the yttria
particles react with alumina to produce YAG particles. The densification and high temperature
deformation characteristics of alumina-YAG composites were studied using conventional free
sintering and sinter-forging, which involves the application of a compressive stress without any lateral
constraints. It is shown that the YAG particles retard both densification and grain growth. The
experiments indicate also that the presence of YAG particles does not significantly alter the stress
exponent for creep deformation. :

Introduction The ability of some fine-grained crystalline materials to deform extensively under

. tensile loads, termed superplasticity, has been demonstrated now in a wide rang of metallic,

intermetallic, ceramic and composite materials [1]. In addition to a fine grain size, superplasticity
requires a high strain rate sensitivity, m, where m= 38 log £ /5 log o and ¢ and o are the strain rate

and stress, respectively. In conventional creep tests, the data are presented as & xa", where n is
termed the stress exponent. Superplasticity is generally associated with m>0.3 or n<3.

There have been numerous creep studies on polycrystalline alumina revealing n<3 [2,3].
However, experiments in tension indicate that alumina exhibits very limited ductility, with elongation
to failure of <100% [4] The low ductility has been attributed partly to deformation enhanced grain
growth and cavitation in these materials [5]. Yoshizawa and Sakuma [5] have shown that ductility in
alumina can be enhanced by doping with 0.1 wt % MgO, which limits grain growth during high
temperature testing. Additions of 20 wt% zirconia also restrict grain growth and facilitate large
clongations to failure [6,7]. Carry ef al. [8,9] have cxamined deformation in alumina co-doped w;th

500 ppm each of MgO and Y,03: the dopants led to a finer grain size.

Fully dense structural ceramics are usually processed from powders, and mhomogeneous
packing and agglomerates can lead to differential shrinkage during smtermg [10] or to favorable sites
for cavitation during subsequent mechanical testing [11]. Colloidal processing techniques can be
utilized to preclude large agglomerates and to produce favorable packing characteristics in green
bodies. Fully dense bodies can then be obtained by sintering the green bodies at elevated
temperatures without a load (free smtenng) or with a compressive load. Sinter-forging is a technique ~
of applying a compressive load to a specimen without any lateral constraints [12,13]: "during sinter-
forging, the specimen changes shape due to both densification and creep. Followmg Raj [14], it is

,(
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possible to separate out the densification and plastic creep strains by measuring both the axial strain
and either the transverse strain or the density.

The present investigation was undertaken to examine the influence of a large volume fraction
of yttria on densification, grain growth and creep in alumina, in order to evaluate the potential for
superplasticity in alumina-yttria composites. Based on the phase diagram, it is anticipated that yttria
will react with alumina to form the yttrium aluminum garnet (YAG) phase, so that the final product
will be an alumina-YAG composite.

Experimental High purity alumina and yttria powders were obtained from Japan from the Taimei
Chemicals Corporation and Tosoh, respectively. Two different compositions were chosen for this
study: high purity alumina, and alumina-6.24 wt% yttria. The powders were suspended in high purity
water to produce a slurry containing ~20 vol% solids. The slurry was dispersed using hydrochlonc
acid to adjust the pH to ~2, and stirred ultrasonically to break up large agglomerates For the pure
alumina, the dispersed slurry was flocced by adjusting the pH to ~8 using ammonia solution. For the
two-phase composition, the individual powders were first dispersed separately, mixed, and then
flocced to limit mass segregation by adjusting the pH to ~8 using ammonia solution.

Green bodies of the necessary compositions were prepared by pressure filtering the
appropriate slurries at 36 MPa using an Instron machine with a feedback loop to maintain a constant
stress. The consolidation was completed typically in ~25 minutes, after which the load was released,
the specimen extracted from the die and allowed to air dry for ~12 hours at room temperature. The
densities of the green bodies were determined from measurements of the mass and specimen
dimensions.

Free smlermg was carried out in air at 1673 K using a furnace with superkanthal filaments.
The specimens were initially heated rapidly to 1023 K, and then heated to 1673 in one hour at a
constant heating rate. The radial shrinkage in the specimen was recorded using alumina dilatometry;
the data were recorded continuously using a pc-based data acquisition system. The density vs time

~ profile was displayed continuously, and sintering was terminated when the density did not change

appreciably over a few hours,

Sinter-forging experiments were carried out on the cylindrical green bodies at 1673 K under
constant load conditions, with initial stresses of 10, 25 and 60 MPa at 1673 K. The green bodies were
placed in the furnace and heated to 1673 K using the heating cycle described above for free sintering;
the appropriate compressive load was applied immediately upon reaching the testing temperature.

The creep (g¢) and densification (g4) strains were determined from measurements of the axial strain

and density, as suggested by Raj [14].
The densities of sintered and sinter-forged specimens were obtained using Archimedes’
principle with water as the immersion medium. X-ray diffraction was carried out on the cormposite to

- examine phase changes that occurred during sintering. Selected specimens were sectioned, polished |

and examined by scanning electron microscopy to evaluate microstructural changes accompanymg,
densification,

Results and Discussion Specimens heated to the isothermal temperature of 1673 K were cooled
immediately upon reaching 1673 K to examine the possibility of phase changes during the constant
heating rate cycle from 1023 to 1673 K. Analysis of the X-ray diffraction patterns of the composite
revealed only two phases: alumina and Yttria Aluminum Garnet (YAG), the yttria had reacted
completely to form YAG. Based on the phase diagram and crystal structure, the 6.24wt% yttria
containing alumina corresponds to a composite of alumina - 10 vol% YAG. The true density of

alumina and the 10vol% YAG containing composite are 3.96 and 4.01 g cm'3, respectively.
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Fig. 1 Variation in density with time for high purity alumina and the composite during frec sintering,

Free Sintering: The green densities of the pressure filtered specimens of alumina and alumina-6.24

wt% yttria were 2.1 and 1.9 g cm'3, respectively, which correspond to relative densities of 53 and 47
%. Figure 1 illustrates the variation in density with time for the alumina and the composite.
Inspection reveals that near full density is obtained in pure alumina within ~30 minutes, whereas the
composite exhibits a relative density of only ~98 % even after sintering for 6 hours. Clearly, the
presence of the YAG phase has retarded sintering significantly in the composite. The presence of a
second phase will increase the effective path length for diffusion, and this can lead to a decrease in the
densification rate. ' B

An early study by Delauney ef al. [15] indicated that minor additions of yttria (<1%) were
beneficial to the sintering of alumina. A more recent study by Chae ef al. [16] concluded that the
optimum level of yttria for enhancing densification in an alumina- titantum carbide composite was 0.35
wt%; further increases in yttria content led to a decrease in the densification rate. Carry et al. [8,9]
have examined the segregation of yttrium to grain boundaries and the subsequent formation of YAG
in grain boundaries with either an increase in the grain size or an increase in the level of yttria content.

Sinter-Forging: Figures 2 and 3 depict the variation with time in the density and the creep strain for
pure alumina and the composite, respectively. For pure alumina, the initial density at the sinter-
forging temperature was very high, and the amount of creep strain accumulated is relatively small
(~4%). In contrast, significant crecp strains on the order of ~21% were obtained during sinter-forging
in the composite. : : :

Due to the relative high initial densities in alumina, it was not possible to extract a meaningful _
stres exponent for creep. However, the data for the composite could be used to-calculate

]
‘

e




< 372 . Superplasticity in Advanced Materials:QAM-W

40 - - - : 1 0.051
A \
1
4 0.034

0 \
©
Al,O '
3.8 [ =3 10.017
o =10 MPa

/ P
i A £
T=1673 K

374k : -~ 0.000
0 700 1400

39 F

p (g cm3)

s

;—s

t(s) .

Fig. 2 Variation in density and creep strain with time for pure alumina sinter-forged at 10 MPa.

44 — 0.30
I
4 0.20
=3
§ -8
o
/
P " AROg+6.24wt% Y203 | o
! g=10 MPa
c p
v €
® ' ;
T =1673K s
2.0 : - 0.00
) -, 2000 4000
\
Soot(s)

Fig. 3 Vanatlon in the density and creep strain for the alumma—YAG composite smter-forged at 10
MPa.
/

o

’ ’




374 . Superplasticity in Advanced Maten'aIQSAM-Q?

9. P.Gruffel and C. Carry, J. Euro. Ceram. Soc., 11 189 (1993).

- 10. F.F. Lange, J. Am. Ceram. Soc., 72 3 (1989).
1. A.H. Chokshi, Superplasticity in Advanced Materials : edited by S. Hori, M. Toklzane and N.

Furushiro, pp171 .
12. M.N. Rahaman, L.C. DeJonghe and R.J. Brook, J. Am. Ceram. Soc., 69 58 (1986).
13. K.R. Venkatachari and R. Raj, J. Am. Ceram. Soc., 69135 (1986).
14. R. Raj, J. Am. Ceram. Soc., 65 C46 (1982).
15. D. Delauney, A.N. Huntz and P. Lacombe, J. of Less Common Metals, 70 115 (1980).
16. K.W. Chae, D.Y. Kim, B.C. Kim and K.B. Kim, J. Am. Ceram. Soc,76 C185 (1993).
17. G.S. Corman, J. Mater. Sci., 12 [6] 379 (1993).
18. T.A. Parthasarathy, T.1. Mah, and K. Keller, J. Am. Ceram. Soc., 75 [7] 1756 (1992).
19. T.A. Parthasarathy, T.1. Mah and L.E. Matson, J. Am. Ceram, Soc,76 [1]29 (1992).
20. W.J. Kim, J. Wolfenstine and O.D. Sherby, Acta Metall. Mater., 39 [2] 199 (1991)
21. A H. Chokshi, Mater. Sci. Forum, mprevs(1996) , _
22. T. Sakuma, this proceedings (1997). - . S

R
B

q4
:
)

k)

B

e o 2 a




L, A3

—

J. Am. Ceram. Soc., 82 [10) 2613-18 (1999)

PR

- journal -

Dense Amorphous Zirconia-Alumina by,

Low-Temperature Consolidation of Spray-Pyrolyzed Powders

Ashutosh S. Gandhi, Vikram Jayaram,” and Atul H. Chokshi"

Department of Metallurgy, Indian Institute of Science, Ban‘galore 560 012, India

Metastable amorphous Zr0O,-ALO; powders were hot-
pressed at low temperatures (873 and 923 K), under mod-
erately high pressures (500 and 750 MPa), and amorphous
pellets with 1%-8% porosity were obtained. Crystalliza-
tion of the amorphous pieces in the temperature range of
1173-1673 K produced a range of ultrafine microstruc-
tures, the finest of which had grains of tetragonal (ZrO,-
40-mol %-Al,0,) solid solution 6-8 nm in size that formed
at 1173 K. Submicrometer grain sizes of the equilibrium
monoclinic ZrQ, and a-Al,0, were stable against coarsen-
ing at 1673 K. The new technique was applied to produce a
SiC-reinforced composite with an amorphous Zr0,-80-
mol%-Al,0; matrix; the high matrix sinterability over-
came the reinforcement constraint. The results suggest a
possible solution to the difficulties in the bulk processing of
amorphous, nanocrystalline, and other novel ceramics.

1. Introduction

METASTABLE ceramics that are produced using nonequilib-

rium processing techniques such as rapid solidification'2
and chemical precursor synthesis® have been known to possess
interesting and potentially useful properties, such as hard or
soft magnetic characteristics, semiconductivity, varistor action,
and optical transmittivity. In addition to possessing attractive
properties, a metastable phase may serve as a precursor to a
desired microstructure; for instance, controlled crystallization
of an amorphous phase is a route to produce a nanocrystalline
structure.* Nanocrystailine ceramics are being widely studied
because of their potential for novel functional and mechanical
properties. - Among the various attractive properties, the pos-
sibility of superplasticity at high strain rates and/or low tem-
peratures has spurred many research activities in regard to the
processing of nanocrystalline ceramics.

To study and use the nanostructured and other metastable
ceramics extensively, it is important to synthesize these mate-
rials in bulk, dense form with control of the fine scale of the
structure. Such efforts have not been entirely successful. Con-

\ solidation of particulate nanocrystalline and other metastable

ceramics into dense forms requires activation in the form of

high temperature, static or dynamic loading, or a combination
I of these conditions. Such activation also triggers transforma-
tion to a more stable phase and grain growth,” 2 which feads
Lo the loss of the initial desired structure by the time full density
is attained. On the other hand, conditions that allow the desired
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metastable phase or nanometric grain size to be retained may
not be adequate for complete densification. In the present
study, the understanding of metastable phase synthesis and
characteristics>2!-26 was applied to the hot pressing of amor-
phous ZrO,-Al,0, powders that have been produced via spray
pyrolysis to identify a pressure-temperature window in which
consolidation would be possible without losing the metastable
amorphous phase.

(1) Metastability in Spray-Pyrolyzed Zr0,-Al,0,

Spray pyrolysis is a route to the synthesis of amorphous and
other metastable phases in ceramics at relatively low tempera-
tures (<1100 K).>*” Because of such low synthesis tempera-
tures, the cquilibrium state can be suppressed kinetically and
the system may evolve through many metastable states.22

Studics on metastable microstructures in the ZrO,~AL0,
powders produced via the spray pyrolysis of aqueous zirco-
nium acetate and aluminum nitrate solutions?>24 established
that the product of spray pyrolysis was amorphous for all com-
positions. On the ZrO,-rich end, up to 40 mol% Al O, a
single-phase nanocrystalline tetragonal (r) ZrO,(AL,0,) solid
solution crystallized when the amorphous powder was heated.
With 40 mol% Al,0;, the phase evolution with temperature
(K) was as follows: ' .

~1143K -1273K
Amorphous ——— £-ZrO,(AL,O;) ——

~1673K
+-210, + y-ALOy ——— m-Z10, + 0-ALO, |

where m denotes monoclinic. The grain sizes 'remained <100
nm alter holding at 1273 K for up to 100 h, which indicates the
stability of the ultrafine microstructure.2*

(2) Background to Hot Pressing of
Amorphous Zr0O~Al,0,

In previous hot-pressing experiments®>?¢ on spray-pyro-
lyzed amorphous Zr0,—40 mol% Al,0; under 1 GPa hydro-
static pressure, the high pressure accelerated the formation of
crystailine phases that were more dense and closer to equilib-,
rium. Thus, a sample pressed at 973 K was already crystalline,
partitioned to some extent, and alnost fully dense. In contrast,
another sample that was pressed at 1173 K consisted of the .
equilibrium m-7r0, and w-AlO, phases and was signilicantly
porous. These results imply that the further the phases are from~
equilibrium, the better the densification, despite the substan-
tially lower temperature. Also, the theory of nucleation, applied
to the transformation of a parent phase (crystalline or amor-
phous) into a denser phase, predicts that pressure is less effec-
tive in accelerating nucleation at lower temperatures.26

In the present study, hot-pressing experiments were per--
formed at comparatively lower temperatures (873 and 923 K)
and pressures (500 and 750 MPa) in an attempt to prevent
crystallization of the amorphous phase and yet provide enough
activation to the densification process in the amorphous pow-
der compact. As described later in this paper, our attempts were
successful in producing dense amorphous compacts of ZrOyp-
Al O3 with up to 99% relative density. The dense amorphous
compacts were heat-treated to produce nanocrystalline micro-
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_structures, which demonstrates the feasibility of producing

butk nanoerystalline ceramics through this route,

The new processing route, which involved the hot pressing
of a metastable amorphous phase, was used (o overcome the
well-known problem of constrained sintering in ceramic com-
posite processing.™ ¥ The presence of nonsintering reinforee-
ment particles retards the sintering rate ol a conventional pow-
der compact. In the present case, the constraint of the SiC
reinforcement was overcome by the enhanced densification of
the amorphous ZrQ,-AlL O, phase during hot pressing. The low
densification temperature (923 K) eliminates the need for
vacuum or an inert atmosphere, as far as the oxidation of
SiC is concerned. A strong and refractory equilibrium ma-
trix microstructure can be produced by heat treating after
densification.

II. Experimental Procedure

(1) Production and Characterization of
Amorphous Powders

Amorphous powders of composition ZrO,—40 mol% Al,0,
(hereafter denoted as Z40A) and ZrO,~80 mol% Al,O; (here-
after denoted as Z80A) were obtained by spraying aqueous
solutions that contained both zirconium nitrate and aluminum
nitrate onto a Teflon-coated pan that was maintained at a tem-
perature of 523 + 10 K. A composite powder (ZASC), with 7.7
wt% SiC particles (SiC,,) dispersed in amorphous ZrO,—80
mol% Al,O,, was pluduu,d by adding SiC particles <3 pm in
size to the spraying solution. Thermogravimetric analysis
(TGA) (Mode!l TG-171, Cahn Instruments, Cerritos, CA) was
performed on the as-sprayed Z40A and Z80A powders, with a
heating rate of 10 K/min. The temperature ranges of crystalli-
zation were identificd by introducing as-sprayed powder into
a furnace that already had been heated (o the desired tempera-
ture and removing it after a certain duration (up-quenching).
X-ray diffractometry (XRD) (Model JDX-8030, JEOL, Tokyo,
Japan) was used to identify the phases that were present. Dif-
ferential thermal analysis (DTA) (Polymer Laboratories,
Epsom, Surrey, U.K.), at a heating rate of [0 K/min, was
performed on as-sprayed Z40A powder to confirm the crystal-
lization temperature.

The true densities of the amorphous phases that were ob-
tained via pyrolysis of the as-sprayed Z40A powder by heating
to temperatures of 1023 and 1073 K were measured via pyc-
nometry, using 25 mL specific-gravity bottles and deionized
water.’? Weights of the bottles with powders and water were
measured after allowing the water to fill all the interparticle
spaces by keeping the bottles under vacuum for 5 and 15 d for
the powders that were obtained at 1023 and 1073 K, respec-
tively. The effect of closed porosity was minimized by grinding
the powders in an agate mortar and pestle.

(2) Hot Pressing

The starting powders and the conditions that were used for
the consolidation experiments are listed in Table I. Hot press-
ing was performed on the as-sprayed agglomerated powders, as
well as those without agglomerates. To produce deagglomer-
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ated powders, the as-sprayed powders first were decomposed
hy holding st 1073 K for | h, so that all the volatile matler,
exeept that retained up 1o o temperature of 1450 K (sce next
section), was driven out. Agglomerates lacger than ~10 um
were removed via sedimentation for § min in a deionized-water
column 15 cm tall, based on a true density ol 3.3 glem? from
pycnometry for Z40A. A settling time of 5.5 min was used to
sediment the ZASC, which resulted in a finer powder.

A nickel-based superalloy die with an internal diameter of 5
mm was used for consolidation in o screw-driven universal
testing machine (Instron, Canton, MA) that was fitted with a
furnace. BN powder was used for lubrication and flexible
graphite foils 0.2 mm thick were used as spacers between the
pellet and the punches. Cold compaction was conducted at 750

~Mpba,

Prior to hot pressing, the green compacts of the as-sprayed

© Z40A powder were heated to 1023 K for 5 min, to cause

decomposition of the as-sprayed material and concurrent sin-
tering. As reported previously,*? this step leads to higher start-
ing densities prior to hot pressing than does compaction of the
decomposed powders. The compacts at this stage had relative
densities of ~70%-75%. After cooling to 873 or 923 K, a
pressure of 500 or 750 MPa was applied for up to 90 min. The
deagglomerated powders were heated directly to 923 K and
pressed at 750 MPa. In all the experiments, the heating and
cooling rates were 20-30 K/min. The pressure was released
before cooling to room temperature.

Porosity measurements, using quantitative optical micros-
copy and Vickers hardness measurements (Model HMV-2000,
Shimadzu Co., Kyoto, Japan), were made on the polished hot-
pressed pellets. .

(3) Crystallization of Hot-Pressed Pellets

DTA was performied on a hot-pressed pellet {rom agglom-
erated powder, to compare its crystallization behavior with the’
loose powder. Some of the hot-pressed samples were sectioned
and the small pieces were subjected to crystallization by up-
quenching for temperatures <1273 K and by slow heating for
higher temperatures up to 1673 K. Powder XRD patterns were
taken from the heat-treated pieces (Guinier Type 642, Huber,
Chiemsee, Germany). Scanning electron microscopy (SEM)
(Model JSM-840A, JEOL) was performed on samples that
were heat-treated to 1673 K after coating with carbon or gold.
Image analysis was performed on the SEM micrographs from
gold-coated samples to measure the porosity ‘that was intro-
duced during crystallization.

III. Results and Discussion

(1) Powder Characteristics

The as-sprayed powders are highly agglomerated, with a -

primary particle size of <10 wm. TGA of as-sprayed Z40A
(Fig. 1) shows that the sample loses ~25% ol its weight by 520
K, which is due to the moisture that has been absorbed during
storage. Between 820 and 1020 K, an additional weight loss of

2.7% occurs. The weight remains constant between 1020 and .

1450 K, with a final weight loss of 0.6% that occurs at ~1470

Table 1, Details of the Hot Pressing of Amorphous Spray-Pyrolyzed ZrQ,-ALQ,
s 2 3

Starting Temperaure I"ressure Time Porosity! + Hardness
Conposition condition (K) (MPa) {min) (%) (GPa)

ZA0A As-sprayed 923 750 5 4 32
Z40A As-sprayed 923 750 30 4 34
Z40A As-sprayed 923 750 60 8 '

Z40A As-sprayed 923 750 90 2 4.2
ZA0A As-sprayed 923 500 60 4 - 2.8
Z40A As-sprayed 873 750 60 4

ZAOA Deagglomerated 923 750 60 4 1.6
ZASC Deagglomerated 923 750 60 |

YExcept for the deagglomerated samples, porosity was measured in the dense regions of the samples, i.e., excluding voids

larger than =50 pm.
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Fig. 1. TGA plots for as-sprayed 7ZrO,-Al0y powders. The weight
remains constant over the temperature range of 1020-1450 K for
Z40A and 1170-1450 K for Z80A, and the phase evolution of the
amorphous phases occurs in these temperature ranges of constant
weight.

K. Figure | also shows that the Z80A powdér loses more

moisture, up to 520 K. The second weight loss of 2.7% occurs
over a larger temperature range, 9201170 K, whereas 0.9% of
the weight is lost at ~1470 K.

The XRD patterns in Fig. 2 show that the Z40A powder is
amorphous after 5 min at 1133 K. The beginning of crystalli-
zation to +-ZrO, is noted after 5 min at 1153 K, whereas well-
developed peaks appear at 1193 K. This temperature range
corresponds to the sharp exotherm at 1188 K in the DTA curve
(Fig. 3). The a-Al,0; and m-ZrO, phases appear at 1473 K,
although ¢-ZrO, is still the major phase. After heat treat-
ments at 1573 and 1673 K, the predominant phases are m-ZrO,
and a-AlO,, with some retained t-ZrO,. The sequence (2>£

23,
although the temperatures at which the various phases appear
are different.

The Z80A composition begins to crystallize at ~1173 K,
with the appearance of +-ZrO, peaks; y-Al,O5 peaks appear at
1273 K, whereas the equilibrium phases form at higher tem-

)l\l

1193 K

20—

Fig. 2. XRD patterns of Z40A powder heat-treated at the indicated
temperatures; the onset of crystallization is indicated by the appear-
ance of the 111 peak of tetragonal ZrO,(Al1,04).

Dense .‘/)lmu.\' Zirconia: Alumna by Low-Lemperature (.'ull.m'un of Spray-Lyrolyced Powders 2015
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Fig. 3. DTA plots from (a) the as-sprayed ZA0OA powder and (b) 2
pellet hot-pressed at 873 K. The exotherms at 1173 K from both
materials coincide with the appearance of a diffraction peak corre-
sponding to the {111} planes from a tetragonal ZrO,(Al,0,) solid
solution.

peratures. The behavior of this Al,05-rich composition is simi-
lar to the ZrO,-rich end, because the amorphous phase is re-
tained up to high enough temperatures to enable hot-pressing
experiments to be performed.

(2) Hot Pressing of Amorphous Zr0,~40 mol% Al 0,
Table 1 summarizes the results of the hot-pressing experi-
ments. The XRD pattern in Fig. 4 from the Z40A pellet hot-
pressed for the longest duration among these experiments (90
min) shows that it is amorphous. This result is corroborated by
DTA that was conducted on a sample that was hot-pressed at
873 K (Fig. 3), which reveals the same exotherm at 1173 K as
observed in the case of the powder. Optical micrographs of the
hot-pressed pellets from as-sprayed Z40A (Fig. 5) show that
significant densification occurs within 5 min of pressing at 923
K and 750 MPa. Because the: as-sprayed powder is highly
agglomerated, the hot-pressed pellets in Fig. 5 have large voids
(>50 pm) that surround the regions of very low porosity. Po-

’
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Fig. 4. X-ray diffractograms of hot-pressed ZA0OA samples. All the
samples remain amorphous after hot pressing, and the amorphous
phase crystallizes after heat treatment at >1173 K to a tetragonal
Zr0,(Al,0;) solid solution with grains 6-8 nm in size. ’
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Fig. 5. Optical micrographs of amorphous Z40A hot-pressed at 923
K and 750 MPa for (a) 5 and (b) 90 min. Regions of low porosity form
via densification of the agglomerates; the large porcs originate from
voids between agglomerates.

'

rosity in these dense regions has been measured via optical
image analysis and is listed in Table 1. No correlation is ap-
parent between the time of hot pressing and the final porosity,
although the porosity after 90 min is the lowest in this set of
experiments. Also, neither a less-severe pressure of 500 MPa
nor a lower temperature of 873 K seems to affect the densifi-
cation process significantly. The large voids due to agglomera-
tion may have masked the role of the hot-pressing parameters.
However, these results also indicate the possibility that signifi-
cint densification can occur at lower temperatures and pres-
sures or in o short duration of a few minutes.

Hot pressing of the decomposed, deagglomerated powder
yields a uniform distribution of fine porosity (Fig. 6), which is
measured to be 4%, including a few large pores (~50 p.m). The
porosity distribution is fairly uniform throughout the pellet.
The overall porosity is sensitive to deagglomeration; therefore,
complete pore elimination should be possible by using finer
amorphous powders (particles <! pm in size), which can be
accomplished, in principle, by comminution or by improving
the spray-pyrolysis technique. . :

The Vickers hardness with a 500 g load was measured on the
ZA0A samples, and the values are listed in Table I The mea-
sured hardness of the sample [rom deagglomerated powder is
much lower than those from the as-sprayed (agglomerated)
powders. Because of the uniform pore distribution in the
sample from the deagglomerated powder, more pores affect the

{thi et al. Vol. 82, No. 10

Fig. 6. Uniform pore distribution in a hot-pressed amorphous Z40A
sample: the uniformity is due to the removal of agglomerates larger
than ~10 . This result indicates that hot pressing finer amorphous
powders (particles <1 pm in size) may eliminate all the porosity.

indentation, compared to the pellets from agglomerated powder
for which the measurements are made on regions almost free of
pores. Hence, the hardness measured on the sample pressed
for 90 min, which has the lowest measured porosity, is taken as
the harduess of the amorphous phase. 1t is lower by a factor of
~2.5 than the typical hardness value for partially stabilized
ZtO, (~10 GPa) and by a factor of ~4.5 than that for a-Al,04
(~18 GPa). .

(3) Crystallization of Amorphous
Zr0 ~40-mol%-Al,04 Pellets

Crystallization of the amorphous hot-pressed pellets at
1173-1273 K, similar to that of the free, as-sprayed powder,
produces a t-ZrO,(Al,05) solid solution (Fig. 4) with grains
6-8 nm in size (measured from the broadening of the 111 peak
and by the application of Scherrer’s formula, after subtracting
instrumental broadening). The exothermic peak shown in curve
(b) of Fig. 3 at 1178 K corresponds to crystallization. (A broad
peak is observed at 664 K, the reasons for which are not
known.) The pellets developed additional porosity after crys-
tallization; for instance, a sample heat-treated at 1673 K for 2
h contained ~31% porosity in regions that would be fully dense
in the amorphous state. The size of these voids was a few

_hundred nanometers. The additional porosity is due to the large

contraction that is expected from the molar volume difference
between the amorphous and crystalline phases. After decom-
position at 1073 K, the density of the amorphous phase, as
measured by pycnometry,’? was 3.3 g/em?®, which is 34%
smaller than the density in the equilibrium state (5 g/em® with
m-Z10, and a-Al,0;). As described previously in this section,
transformation to the a-Al,05 and m-ZrO, equilibrium phases
began at 1473 K, ot which stage the hot-pressed pellet has o
210, grain size of 100 nm. Table 1l and Fig. 7 show that the
microstructure, which consists of m-ZrO,, a-Al,0;, and some

Table II.  Grain Sizes in Zr0O,~40 mol %
Al, O, Hot-Pressed in the Amorphous State
and Crystallized by Heating as Indicated

Temperature Time ZrO, grain

(K)- (min) size (nm)
1273 5 6"
1473 S 100
1673 5 2304
1673 60 290*

tMeasured from XRD peak broadening. *Mean intercept, as
measured via SEM. ’
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sixfold coordinations. These observations, together with the
low hardness of the amorphous material, imply that the amor-
phous phase has a more open structure, compared o the equi-
librium phases, and also is likely to possess high concentrations
of point defects, because of nonstoichiometry and nonequilib-
rium processing conditions. Consequently, it may possess high
ionic mobilities and low viscosity. Presently, these observa-
tions are unresolved issues. However, the present work is a
successful application of the understanding of metastable phase
synthesis and behavior (o the production of novel ceramic mi-
crostructures in bulk form.

1V. Conclusions

(1) Hot-pressing experiments on spray-pyrolyzed amor-
phous Zr0,~40 mol% Al,0, (Z40A) powders at 873-923 K
and 500-750 MPa have established that the amorphous pow-
ders have much-greater sinterability than the equilibrium
phases. :

(2) Hot pressing of deagglomerated (<10 wm) powder pro- ‘

duced a sample with uniformly distributed fine pores and a
total porosity of only 4%. :

(3) The amorphous Z40A phase has a very low hardness of
~4.2 GPa, compared to the equilibrium phases (>10 GPa for
partially stabilized ZrO, and 18 GPa for a-Al,O;). .

(4) Heat treatment of the hot-pressed pellets produced a
range of bulk ultrafine microstructures, the finest of which
consists of a tetragonal ZrO,(Al,0,) solid solution with grains
6-8 nim in size. The two-phase equilibrium microstructure was
stable against rapid coarsening at 1673 K.

(5) Hot pressing of SiC-particle-reinforced amorphous
Zr0,-80 mol% Al,0; produced a composite with only 1%
porosity, which demonstrates the potential of this processing
route of hot pressing an amorphous phase. :

(6) Low true density of the amorphous phase indicates
an open structure and high point-defect concentrations, which
may lead to high diffusivitics and low viscositics, which may
be the causes for the high sinterability of the amorphous
phases.

Acknowledgment: The authors are grateful to Mr. Kaustubh Kulkarni -

for assistance in preparing the Zr0,-80-mol%-Al,0, and SiC, composite
powders.
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