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Abstract

Spray dried agglomerates of Al2O3–ZrO2 (1% Y2O3) with 4 wt.% borosilicate glass were arc plasma sprayed and rapidly quenched
into water. Because of the rapid quenching the particles <25�m were mostly amorphous. After annealing 1 h at 1200◦C the scale of the
microstructure of the particles was on the order 30 nm. Hot forging of this powder yielded dense specimens with the width of the ZrO2 phase
still less than 100 nm. Since the particle size ranged from 5 to 25�m and the scale of the particle microstructure was <100 nm, densification
was controlled by creep of the particles rather than by the typical hot pressing mechanism of diffusion along the neck between particles to fill
the pores. Thus, the scale of the microstructure controls densification rather than the particle size. These powders offer an alternate source for
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anufacturing nanostructured parts and should be more suitable for hot pressing or forging than nanoparticulate powders.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

In the many studies currently underway on nanocrystalline
eramics, virtually all start with powders having particle sizes
100 nm diameter. The difficulty with this approach is that
anoparticulate powders are often costly, very difficult to pro-
ess and have only occasionally resulted in dense ceramics
ith nanocrystalline grain size. Effective methods of inhibit-

ng grain growth have not been developed. Specimens are
lso difficult to press or cast into a shape and densify into

arge parts. So far, in fact, to our knowledge no investiga-
ors have fabricated dense nanocrystalline ceramic specimens
arge enough to perform a statistical number of fracture tests.

Very stable two-phase microstructures in ceramics can be
erived by cooling eutectic compositions from the melt. For

nstance, directionally solidified Al2O3–ZrO2 lamellar struc-
ures are stable to coarsening and have excellent high temper-
ture creep resistance.1 The Al2O3–ZrO2 eutectic is particu-

arly interesting because of the well-developed lamellar struc-
ure, the limited solubility of Al2O3 and ZrO2 in each other

and the high eutectic temperature. It is also well docume
that the lamellar spacing is reduced as the solidification
velocity increases.2 It is possible through rapid quenchin
which produces a very rapid solidification front velocity
achieve nanocrystalline lamellar spacing.3 In a previous pa
per plasma sprayed and water quenched particles coo
the rate of about 104 ◦C/s, developed lamellar widths as sm
as 20 nm.4

Several attempts have been made to rapidly qu
Al2O3–ZrO2 powder, grind the powder and then consolid
it in order to make nanocrystalline monolithic parts.5–8 The
advantage of using such a starting powder is that it alr
has a well mixed two phase microstructure extremely s
against coarsening. Thus, nanocrystalline ceramics m
be sintered or hot pressed at moderate forming tempera
without appreciable growth in scale of the microstruct
Freim and McKittric6 produced rapidly solidified eutec
Al2O3–ZrO2 flakes (50–100�m thick) with a microstructur
of 40 nm thick lamellae. The flakes were milled to a 0.4�m
particle size and sintered into >99% dense composit
1500 and 1600◦C. At such high temperatures, however,
∗ Corresponding author. Tel.: +1 732 445 4718; fax: +1 732 445 8148.
E-mail address:cannon@alumina.rutgers.edu (W.R. Cannon).

grain size coarsened to a few tenths of a micron. On the
other hand, Bhaduri et al.7 who synthesized Al2O3–10%
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ZrO2 particles with a nanoscale microstructure by an auto
ignition technique were able to maintain nanocrystalline
microstructure by hot isostatic pressing compacts at 1200◦C.
The as-quenched microstructure of this hypereutectic com-
position was not a lamellar structure but contained equiaxed
ZrO2 phases in an Al2O3 matrix. Claussen et al.5 rapidly
quenched eutectic Al2O3–ZrO2 powders from the melt.
These coarse powders exhibited the lamellar structure but
the results of the hot pressing study are not reported.

Two observations might be made. First, the lamellar
structure is not ideal because it is too resistant to creep
deformation1 and second, efforts to grind the powder prior
to hot pressing may not be necessary. Both of these sugges-
tions are based on the contention that densification occurs by
plastic deformation (creep) of the particles to fill the pores
rather than by typical diffusional hot pressing mechanisms
where pressure adds to the driving force and diffusion of
matter along the intraparticle neck fills the pores. The mech-
anism of plastic flow by creep is sometime evoked during
the early stages of hot pressing when stress concentrations at
the contact point between particles is high.9 However, plas-
tic deformation in ceramics increases rapidly as the scale
of the microstructure gets finer and so if the scale of the
microstructure of the powder is much smaller than the par-
ticle size, then plastic deformation should dominate. That
is, the diffusional mode of densification by diffusion along
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Fig. 1. Optical micrograph of particles plasma sprayed and quenched in
water Al2O3–ZrO2 (1% Y2O3) with 4% borosilicate glass. Most particles
are fully transparent.

bilize ZrO2 and leads to higher toughness values as noted by
Bravo-Leon et al.12

2. Experimental

Powders were fabricated from commercial A16SG alu-
mina (ALCOA), E-101 zirconia (Magnesium Electron Inc.)
to form the approximate eutectic composition 42.2 wt.%
ZrO2 (1% Y2O3)–57.8 wt.% Al2O3 and then 4 wt.% borosil-
icate glass (5.8% Na2O, 1.6% K2O, 1.6% Al2O3, 16% B2O3,
75% SiO2)a was added. The powders were dispersed as an
aqueous suspension (no binder was added) and then spray
dried to obtain spherical particles. The Y2O3 and glass were
attritor milled to submicrometer size prior to mixing. Spray
dried agglomerates were heat treated to 1000◦C for 4 h to
strengthen them before plasma spraying.

Spray dried agglomerates were arc plasma sprayed and
rapidly quenched into water to attain the nanocrystalline
microstructure. A radial powder injection, single electrode
torchb was used at 30 g/min spray rate in an argon and 10%
hydrogen plasma. Power levels were 40 kW and a stand-off
distance was 200 mm. The resulting powers were spherical
and mostly transparent under an optical microscope as shown
in Fig. 1. The transparency is a good indication that the par-
ticle microstructure was uniformly nanocrystalline since the
s be-
l ers
u bout
2 he
m the
l

ghly
m se
i ed in
a hot
he interparticle necks will be to slow and so plastic fl
creep) will dominate throughout the densification pro
ather than just in the early stages. The consequence
he microstructure of the particles rather than the par
ize will control the densification rate. In the current st
he particles are spherical and coarse, which leads to e
anufacturing but each particle has a nanoscale micro

ure.
It may be further noted that superplastic deforma

f particles might be expected because of their very
icrostructure.7 Most superplastic metals have two-ph
icrostructures to avoid grain growth. Recently, high st

ate superplasticity was reported by Kim et al.10 who used a
ri-continuous microstructures of 30 vol.% alumina, 40 vo
irconia, 30 vol.% magnesium alumina spinel. Such
rostructures are extremely difficulty to fabricate by pow
ixing since ultrafine powders mix poorly and are usu
gglomerated. Well-dispersed two-phase microstructure
uch more easily formed by rapid quenching of parti

rom the melt.
The composition chosen for this study was Al2O3–ZrO2

utectic + 1 mol% Y2O3 + 4% glass. Gust et al.11 found tha
he creep rates of 3Y-TZP could be enhanced by a fact
bout an order of magnitude by adding 1–5% of borosili
ilicate glass. In order to densify the composition in a
onable time (<1 h) at low stresses (<200 MPa), 4 wt.%
orosilicate glass was added to the powder. Attempts to
ify the same composition without the glass yielded a fa
f two slower densification rates. One percent Y2O3 rather

han the usual 3% was used since less Y2O3 is needed to sta
cale of the microstructure is approximately a factor of 10
ow the wavelength of light. Only a few percent of the powd
nder 38�m diameter were not transparent, whereas a
5% of the particles over 38�m were not transparent. T
ost common reason was lack of complete melting in

arge particles.
Because the smaller particle size was more thorou

elted and quenched, particles <25�m was screened to u
n the densification study. Powder compacts were plac
n alumina die for hot pressing. Throw-away dies for

a Fusion Ceramics Inc., Carollton, OH composition, F-492.
b Northwest Mettech Corp., Vancouver, Canada.
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pressing were fabricated from commercial alumina tubes,
4.8 mm i.d., and alumina rods ground to fit. Specimens were
hot pressed at 1250◦C for 0.5 h. The final hot pressing density
was approximately 80% dense. Since higher densities are de-
sired, the alumina die was then broken away and specimens
were hot forged without constraint for an additional period
of time at 1250◦C. Die wall friction and even sintering to
the die wall reduced hot pressing effectiveness. Densification
during sinter forging was more rapid because shear stresses
are thought to aid in densification.

3. Results and discussion

A high magnification scanning electron microscope
(SEM) micrograph (in secondary electron mode) of cross-
sections of an approximately 25�m diameter particle plasma
melted, quenched and annealed to 1200◦C for 1 h is shown
in Fig. 2a. We were unable to image the microstructure of
the as-quenched powder. The microstructure did not vary
from the outer edge to the inside of the particle cross-section.
The powder did not exhibit the typical lamellar eutectic mi-
crostructure observed by Zhou et al.4 for Al2O3–ZrO2 but
rather a cellular microstructure (or Chinese script). The scale
of the microstructure, however, did not change appreciably.
In a previous study by Zhou et al.,4 the mean lamellar width
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Fig. 2. High magnification SEM micrograph of (a) cross-section of particles
plasma sprayed and quenched in water Al2O3–ZrO2 (1% Y2O3) with 4%
borosilicate glass annealed 1 h at 1200◦C, (b) High magnification micro-
graph of dense portion of sinter-forged specimen.

to grain boundaries and enhances grain boundary sliding or
grain boundary diffusion, which leads to faster creep rates.
TEM examination, which will be presented in a later paper,
showed no evidence of a glassy grain boundary phase. It
is more likely that the glass mixed thoroughly in the melt
and formed zircon, ZrSiO4. In fact, there is some evidence
of a developing zircon peak at 2θ = 26.9. Nevertheless hot
pressing densification rates were a factor slower than when
we did not add the glass. Other elements in the glass, i.e.
Na2O or K2O may have also enhanced creep rates.

Fig. 4a and b show low magnification micrographs at two
levels of densification, 80 and 95% dense. The arrows in
Fig. 4a show three particles that have large pores in the cen-
ter. Occasionally, spray dried powder agglomerates are hol-
low and the structure carries through to the plasma spraying
as 20 nm for a 20�m diameter particle and 40 nm for
00�m particle. The size of the particle affects the quen

ng rate and, therefore, the scale of the microstructure.
uenching rate was calculated to be on the order of 104 ◦C/s
nd inversely related to the particle size.4 The phase width i
ig. 2a is about 30 nm for a 25�m diameter particle and s

he size scale is about the same as in the previous stud
Phase contrast under the SEM inFig. 2 is due to

tomic number contrast between ZrO2 rich regions appea
ng brighter and Al2O3 rich regions appearing darker in the

icrographs. InFig. 2a there appears to be insufficient Al2O3
onsidering the eutectic composition is 67 vol.% Al2O3 and
3 vol.% ZrO2. Because of the rapid quenching rate a n
quilibrium amount of Al2O3 is in solid solution in the ZrO2
hich may lead to less contrast than is usually obse
osandey and co-workers13 found in a 20 wt.% Al2O3 in
rO2 material quenched from the plasma onto an iron
trate only 2.3% Al2O3 in solid solution in the ZrO2. Accord-
ng to equilibrium phase diagrams at the eutectic temper
% Al2O3

14 is soluble in ZrO2 but near room temperatu
1% Al2O3 is soluble in ZrO2.15 X-ray spectra inFig. 3 of

he as-quenched powders indicate a mostly amorphous
ure, but upon annealing to 1250◦C for 4 h the peaks sharpe
rain growth, crystallization and dissolution of Al2O3 likely
ll contribute to peak sharpening of the tetragonal ZrO2 peak
articles remained transparent after annealing to 1200◦C in-
icating the phase growth was not excessive. After anne
t 1250◦C for greater than 8 h particles clouded very sligh

The reason for adding glass to the eutectic compos
as to enhance the creep rate.11 Glass normally segregat
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Fig. 3. X-ray pattern of powder, as-quenched and annealed at 1250◦C for 4 h. (A:�-alumina; t: tetragonal zirconia; Z: zircon).

process. Intraparticle pores can be avoided by either improved
spray drying (for instance, higher solids in the feed suspen-
sions) or plasma spraying the powder a second time. As den-
sification proceeds, the few intraparticle pores also become
smaller. The interparticle pores narrow and will eventually
disappear. There are still remnants of interparticle pores in
Fig. 4b. The highest densities were found near the center of
the cylindrical forged specimens. Lower density porous re-
gions were found near the outer edge of the specimen presum-
ably because there was no radial constraint. Near the center
micrographs indicated approximately 5% porosity.

Fig. 2b shows a high magnification view of a portion of the
microstructure of the dense region of the specimen after forg-
ing. The scale of the features is approximately three times the
initial size (Fig. 2a) and the development of elongated phases
into more equiaxed phases. The approximate width of the zir-

conia phase is 80 nm. (measured by the planimetric method
assuming elongated phases are strings of equiaxed particles).
We also observed some regions of the microstructure near
the contact points between particles that have quite different
appearance, much less uniform. These will be discussed in
a future paper. There is evidence for dynamic phase growth
since after static annealing (under no load) at 1250◦C for 1 h
the phase size was only 50 nm.

The fact that nearly full densification was accomplished
within 23 min argues that the microstructure of the particles
controlled the densification rate. The driving force for densifi-
cation during hot forging is derived from the reduction in free
surface (sintering) plus the applied stress. Since particles are
on the order of 25�m then the surface energy driving force
is negligible in comparison to the pressure driving force. The
diffusional densification strain rate during sinter forging is
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Fig. 4. SEM micrographs of sinter-forged Al2O3–ZrO2 (1% Y2O3) with 4%
borosilicate glass (a) 80% dense, hot pressed 30 min at 1250◦C at 100 MPa
(b) 95% dense 23 min at 1250◦C constant load. Initial stress was 200 MPa.

then the product of a stress term and a kinetic. The kinetic
term is a function of the diffusion coefficient and the diffusion
distance. The kinetic term at a given temperature is about the
same order of magnitude for densification and creep since
they are both dependent on the diffusion distance. The creep
strain rate is given by:

ε̇ = Acσ
n

dp

whereA/dp is the kinetic term,d is the grain size,n is the
grain size exponent,∼2 for superplastic creep andp the grain
size exponent typically 2 or 3. The forging rate in this study
was on the order of 10−3 s−1 in the early stages to 10−4 s−1

in the latter stages. Wakai et al.17 measured the creep rate of
60 vol.% Al2O3–40 vol.% ZrO2 (3Y2O3) to be 2× 10−7 s−1

at 50 MPa and 1250◦C. Correcting for stress usingn= 2,
yields a creep rate of 3.2× 10−6 at 200 MPa. In their study the
Al2O3 grain size was 1�m and the ZrO2 grain size 0.6�m.
If densification were based on the 25�m particle,d= 25�.
Forp= 2 the corrected rate would be∼5× 10−9. Thus, den-

sification rates are 6 orders of magnitude faster than the cor-
rected rate for a 25�m-sized particle. Thus, it is clear that
the microstructure of the particle controls the densification
rate.

The advantage of using powders of spherical particles in
the size range of 5–25�m is obvious. Die filling during manu-
facturing is greatly improved even over conventional micron
sized powders but is enormously improved over nanocrys-
talline powder. Furthermore, gas adsorption on these low
specific surface area powders is minimal and out-gassing
is rapid. Plasma spraying/quenching of commercial powder
will also add little to the cost of powder production. Thus,
these powders would seem to have considerable advantage
for hot pressing. There are, however, some restrictions on the
materials that can be used in this way as a source for hot
pressing. Although only oxides can be plasma spray easily,
some non-oxide powders have also been plasma sprayed. Fur-
thermore, to inhibit grain growth two or more phases are ad-
vantageous and so compositions must be chosen from phase
diagrams containing multiple phases.

4. Conclusion

Al2O3–ZrO2 containing glass were hot forged to nearly
f uc-
t t the
r nt to
d hort
p

A

Ba-
s enia
P

R

on

tion

from

able
ders.

on in

ain
ecur-
ull density while retaining the nanocrystalline microstr
ure. The grain size was apparently sufficiently small tha
ate of deformation of the particles by creep was sufficie
ensify the specimens under hot forging conditions in a s
eriod in time.
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