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Abstract. Chemical routes to synthesize inorganics can start with solutions where multiple elements remain well
mixed during liquid evaporation, precursor decomposition and crystallization. Because crystallization generally
occurs at temperatures where diffusion is very limited, a single phase can crystallize with a greatly extended solid-
solution that does not achieve its equilibrium phase assemblage until much higher temperatures where diffusion
is no longer constrained. Partitioning at these higher temperatures can lead to unique microstructures such as
the nano-composite illustrated here for a metastable Zr(;_;)Al,O5_5/2 (z < 0.57) phase that partitions into a

composite containing t-ZrOsq grains and a-Al;Og plates.
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1. Introduction

Chemical processing routes which initiate with a solu-
tion are often used to produce ceramic powders, fibers
and thin films. A variety of solution chemistries exist
for multi-element compositions that yield solid-like gel
precursors which are resistant to partitioning prior to
decomposition into the desired inorganic compound.
Because the decomposition temperature is very low,
the driving potential for crystallization is very large. In
addition, the critical nucleation size required for spon-
taneous crystallization is very small. Because the free
energy of crystallization is high and the critical nu-
cleation size is small, inorganic materials synthesized
from precursors crystallize to nano-meter, polycrys-
talline microstructure at low homologous temperatures.
At low crystallization temperatures, long range diffu-
sion is inhibited and partitioning to equilibrium phase
assemblages is kinetically constrained. Crystallization
under conditions of kinetically limited diffusion condi-
tions allows the synthesis of phases with various forms
of metastability, including extended solubility, non-
equilibrium structures, disorder in ordered structures,
etc. In addition, novel microstructures, e.g., nano-

composites can be produced when a single, metastable
phase partitions to its equilibrium phase assemblage.

The understanding of diffusion-limited crys-
tallization can be used to predict the com-
positional phase fields for different metastable
Zr(l_m)M;taoz_x(gl_a)/Q phases in the ZrO;—Y,03,
-Gdy03, -MgO and -AlsO3 binary systems [1-4].
As reviewed below, it has also been shown that the
single metastable phase produced during low temper-
ature crystallization can partition into either equilib-
rium phases [1] or other metastable phases prior to
reaching the equilibrium phase assemblage [2, 3] at
temperatures where the diffusional constraint is re-
lieved. We also review how nano-composites are pro-
duced where two interpenetrating phases partition at
high temperatures [2, 4].

2. Diffusion Limited Crystallization

The concept of diffusion limited crystallization will
be illustrated with the ZrOs—Al; O3 and ZrQ>—Gds O3
binary systems. Pure zirconia has three polymor-
phic, fluorite based, structures: cubic — 2370°C —
tetragonal — 1100°C — monoclinic. At equilib-
rium, Mg*2, Cat?, Y+3, trivalent rare-earth cations,
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Fig. 1. a) Phase diagram for the ZrO2—Al203 binary system. b) Free energy functions different structures of ZrOy and AloO3 under conditions

of diffusion limited crystallization.

Cet4, Tit4, etc. form extensive solid-solutions with
ZrQ, and dramatically alter the transformation tem-
peratures. Aluminum oxide has one equilibrium struc-
ture, a-~Al;O3 (corundum); it also has a number of
metastable spinel-based structures which form readily
when Al,Ojz crystallizes from precursors [5] or dur-
ing melt quenching [6-8]. The size of the octahedral
or tetrahedral sites in the a-Al,Oj structure are unfa-
vorable for extensive Zr** occupancy, which severely
limits the equilibrium Al2O3 solubility in ZrO; to <2
mole % at temperatures < 1400°C as shown by the
phase diagram (Fig. 1a) determined by Alper and Stew-
art [9] and modified by Jayaram et al. [6]. The dashed
line, represented by Ty, reports the crystallization tem-
perature vs composition for rapid solidification exper-
iments [6] (open and filled circles) and for composi-
tions synthesized with two different solution precursors
(alkoxide derived [10] and acetate/nitrate [4] derived)
for Zr(1 - z)AlzO2_z /2 compositions (z < 0. 6).

The broken lines represented by T, are the
temperature-compositional curves where two phases
with identical compositions (e.g., L/t = Liquid +
t—(Zr, A1)O,) have the same free energy. Although
T, curves can be approximated with knowledge of
the equilibrium diagram, they are generally determined
through experiments where metastable phases are pro-
duced via either rapid solidification or precursor syn-
thesis. T, curves define metastable phase fields, e.g.,
all compositions to the left of the Tf;“/ ¢ curve drawn on

the equilibrium diagram in Fig. 1a are expected to crys-
tallize with the tetragonal structure with an extended,
metastable solid-solution composition. The T, func-
tion is better illustrated in the ZrO, rich side of the
Zr0,—Gd;03 binary as the curve that nearly divides
the two phase, tetragonal + cubic, field.

Crystallization via either rapid cooling [6] or heat-
ing after precursor pyrolysis [4, 10] produces a single
phase as schematically illustrated with the free energy
vs composition diagram in Fig. 1b for temperatures
within the range of crystallization (500°C to 900°C).
The free energy functions for the m-, t- and c-ZrOs, v-,
and a-Al;Oj3 structures are schematically plotted with
experimental observations [4] [Intersections for differ-
ent free energy functions define the T, composition
between the respective phases]. Figure Ib also shows
the schematic free energy function for the amorphous
(or liquid) phase.

Although Fig. 1b indicates that m-ZrOy and o-
Al; O3 are the equilibrium phases within this tempera-
ture range, neither are observed during diffusion lim-
ited crystallization. Instead, for compositions contain-
ing < 40 mole % Al;Os3, the crystallization temperature
is sufficiently low to kinetically constrain long-range
diffusion during crystallization and only the tetrago-
nal structure, with a greatly extended solid-solution,
crystallizes [4]. Alumina rich compositions crystal-
lize with the y-Al,Oj structure with a large range of
compositional solid-solubility. Compositions near the
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center of the binary crystallize at higher temperatures
where diffusion is not kinetically constrained, and thus
concurrently crystallize and partition to produce two
metastable phases, viz., t-ZrO; and y-Al3 O3, both with
greatly extended solid-solubility. Thus at temperatures
where structural units within the amorphous phase have
sufficient mobility to ‘snap’ into place to allow a critical
nucleus to spontaneously grow, the composition crys-
tallizes as a single phase without partitioning with a
free energy reduction, per unit volume of AG,. As the
composition ‘moves away’ from the lowest free energy
composition, the size of the critical nucleus for crys-
tallization increases because AG, decreases. Crystal-
lization is thus delayed to higher temperatures where
some long-range diffusion is required to form larger
nuclei. When the composition is sufficiently different
from the equilibrium compositions, the crystallization
temperature can be too high to limit diffusion and pre-
vent concurrent crystallization and phase partitioning.
On the Al,Og side of this binary, v-Al2QOj3 is always
observed during crystallization, apparently because the
free energy difference between the o and +y structures
is small.

When compositions that produce single, metastable
structures during crystalilization, are heated to temper-
atures where long-range diffusion is no longer kinet-
ically limited, diffusion occurs, driven by partition-
ing free energy, AGy, in an attempt to produce the
equilibrium phase assemblage (m-ZrOz and a-Al,O3
for the temperature range considered). Because dif-
fusion results in compositional gradients, a series of
metastable phases with ranges of solid-solution can be
observed prior to observing the equilibrium phases. For
the ZrO,~AloO3 system, the observed partitioning se-
quence is [4]

t — (Zr,Al)Og(c/a~ 1)
— t-(Zr, ADOy(c/a > 1) + v-(AL Z1)205 (1)
— m-Z10y + a-Aly03.

Although the understanding of diffusion limited
crystallization was initially developed for rapidly
quenched metal alloys, it is obvious that diffusion lim-
ited crystallization also applies to the low temperature
synthesis of materials from chemical precursors which
initiate with well mixed solutions. Unlike rapid solid-
ification, where the production of a metastable phase
requires rapid heat exchange, diffusion limited crystal-
lization occurs during heating. It is a natural phenom-
ena for chemically derived materials.

3. Metastable Phases and Partitioning in the
ZrO9-RE9 O3 Systems

Binary rare-earth (RE)-zirconia compositions fabri-
cated by densifying powders, derived from precur-
sor synthesized compositions, are dense, polycrys-
talline materials that exhibit high fracture toughness
and strength due to a phenomena known as transforma-
tion toughening [1, 2]. The tetragonal grains in these
materials, which undergo a stress-induced tetragonal
to monoclinic transformation in front of a propagat-
ing crack, are the toughening agent. It is now known
that the ¢-ZrO; in these materials is metastable phase
because the powders are produced from chemical pre-
cursors that crystallize as the tetragonal structure with
a greatly extended solid-solubility of the rare earth ion,
and phase partitioning at the ceramic processing tem-
perature is extremely sluggish [1]. Both the retention
of the tetragonal toughening agent and its susceptibility
to stress-induced transformation depends on the degree
of partitioning [1] and thus the processing conditions
(time and temperature).

The T¥ function, shown in Fig. 2a for the ZrOg—
GdyO3 binary [2] is useful to predict what single,
metastable phase is expect to crystallize during dif-
fusion limited crystallization. At crystallization tem-
perature for the Zr-acetate/Gd-nitrate precursors used
to synthesize these materials (= 450°C), a metastable
tetragonal phase crystallizes when the Gd;O3 content
is < 6.5 moles % GdsO3 (all compositions to the left
of the T,%/¢ curve), and a metastable cubic phase crys-
tallizes when the Gd,Oj3 content is greater (right side
of the T,%/¢ curve).

At 1400°C, the maximum equilibrium solid-
solubility of Gd;03 in tetragonal ZrOs is 1.0 & 0.1
mol% and the minimum equilibrium solid-solubility
in cubic ZrOq is 8.0 £0.2 mol%. As shown in Fig.
2b complete partitioning of a metastable tetragonal
phase containing 3 moles % GdyOg requires > 200 hr
at 1400°C. Large compositional variations (& 1 mol%
Gd,03) were observed within tetragonal grains and
from grain to grain during the first 50 h at 1400°C,
whereas the composition of cubic grains produced
during partitioning were relatively invariant. Exper-
iments showed that this compositional variability was
not present in material rapidly heated to 800°C, but
was a result of partitioning.
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Fig. 2. a) Schematic of ZrOx2-rich end of the ZrO3—Gd203 binary
phase diagram showing the two-phase (f = tetragonal, ¢ = cubic)
field and the Tf,/ ¢ function. b) Grain by grain EDS analysis of Gd203
content vs heat treatment time at 1400°C for a composition contain-

ing 3 moles % Gd20O3 crystallized at 450°C from a Zr-acetate/Gd-
nitrate precursor.

4. Phase Partitioning Produces Nano-Composites

When the volume fraction of the second phase is < 0.1
it can be considered an inclusion phase that can hinder
grain growth as initially described by Zener, i.e., the in-
clusions hinder the motion of grain boundaries. Grain
boundary motion only requires the short-range diffu-
sion of the major phase; viz., the cooperative hopping of
atoms from one side of the grain boundary to the other.
When the volume fraction of the second phase is greater
than the percolation threshold (> 0.16), both the major
and minor phases are percolating, and the microstruc-
ture consists of two interpenetrating phases. Under
these conditions, Zener’s concept is no longer valid,
and the growth of either phase requires that both un-
dergo long-range diffusion. Because long-range diffu-
sion now controls the growth of either phase, interpen-

Backscattered

Fig. 3. electron im-
ages of partitioned Zr(; ) Alz O(2_ 5/2) containing the equivalent
of 40 mol% Al203 (z = 0.57) heat treated at (a) 1200°C/1 h, (b)
1300°C/1 h and (c) 1400°C/1 h. at 1200°C o-Al203-rich regions
grow as stacked plates within t-ZrO3 + y-Al203 two phase matrix.

etrating microstructures can be very stable at high tem-
peratures.

As discussed above, the grain size of the polycrys-
talline, metastable, single phase produced during ki-
netic limited crystallization can be in the range of 20
to 50 mm during phase partitioning. Although the
exact nature of the partitioning phenomenon is still
uncertain (precipitation vs. spinodal) the size of the
second phase grains (or precipitates) produced during
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partitioning is comparable to the initial grain size of
the metastable phase. When the volume fraction of
the second phase exceeds that required for percolation
(> 0.16), composite microstructures will be produced
that will be relatively stable to grain growth at high
temperatures. Since the grain size of both phases pro-
duced during partitioning are described in nano-meters,
nano-composites, resistant to grain growth at high tem-
peratures are produced.

The relatively stable, fine grain (<300 nm) sized
ZrO+ materials produced in different ZrOs-rare earth
binary systems are due to the two interpenetrating
phase microstructure produced as the initial metastable
tetragonal phase partitions during processing at high
temperatures [1, 2]. An example of another unique,
nano-composite produced during phase partitioning is
shown in Fig. 3. It was produced [4] by first partition-
ing a metastable Zr(;_4)Al;Oy_5/3 (x = 0.57) into a
t-ZrOg + a-Al3O3 at temperatures < 1200°C, where
grains of both phases are 50 to 100 nm in size. The
v-AlsO3 — a-AlsO3 transformation within this two
phase material initiates at =s1200°C [11]. As shown,
the a-Al,O3 grains grow as stacked plates. All plates
within a given ‘stack’ have a common nucleus, and
thus, a common crystallographic orientation. Because
the two phases (¢-ZrOy + a-Al;Og3) are interpenetrat-
ing, and a-Al>Og3 exhibits relatively little diffusion at
1400°C, the microstructure shown in Fig. 3¢ remains
invariant for at least 100 hr at 1400°C [11].

5. Concluding Remarks

The synthesis of metastable phases with greatly ex-
tended solid-solutions is a natural phenomena for ma-
terials synthesized from precursors where elements
are well mixed in the solution state. The concept
of diffusion limited crystallization explains why these
metastable phases form, and can be used to detail the
sequence of other metastable phases that form dur-
ing partitioning at higher temperatures where diffu-
sion is no longer constrained. Because the metastable
phase crystallizes as nano-meter crystallites and parti-
tioned phases are of the same dimension, stable nano-
composites can be formed via this processing route.
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