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Abstract

Chemical routes to synthesize inorganics start with solutions containing different
metal-organic molecules that remain well mixed during evaporation to a solid precursor.
The solid precursor decomposes and crystallizes during heating. Because decomposition
(pyrolysis) occurs at very low temperatures relative to the melting temperature of the
inorganic, a large free energy change exists for crystallization. This large free energy
change is responsible for two very interesting phenomena. First, the size of the critical
nucleus for spontaneous crystallization and growth is very small. Thus the grain size of
the initial inorganic material produced during crystallization is < 2 nanometers. Second,
crystallization occurs at very low temperatures, i.e., either during or subsequent to
pyrolysis. Thus diffusion is very limited, resulting in the crystallization of metastable
phases, i.e., phases with unexpected (non-equilibrium) structures and/or phases with a
solid-solution that is much greater than found for equilibrium conditions (high
temperature heat treatments). With this understanding, nano-crystalline materials can be
made that are very stable at high temperatures using the following procedure. The first
step is to formulate a precursor composition that would produce at least two phases
under equilibrium conditions. During and/or subsequent to pyrolysis, only one,
metastable crystalline phase will form; it will have a nanometer grain size. Heating to
higher temperatures where long range diffusion can occur will cause the single,
metastable phase to partition to its stable phases. Since the second phase(s) partition with
a smaller size than the initial metastable phase, a multi-phase composite is produced
when the size of each phase can be < 100 nano-meters. This nano composite can be stable
at high temperatures because the growth of either phase requires long-range diffusion.




These issues are detailed for three binary systems: t-ZrOy/c-ZrO;, ZrO;/Al>O3, and
ZrO;/Fep03.

Introduction

Solution routes start with either aqueous or organic solutions containing precursor
molecules for the different elements in the multi-element compound of interest. Provided
the solution has the right rheology, it can be shaped into droplets, liquid jets, and thin
films, which upon evaporation, make spherical particles, fibers, and either polycrystalline
or single crystal [1] thin films on substrates, respectively. A variety of solution chemistries
exist for multi-element compositions. These include metal organic molecules, [2-7] metal
salts, [8] and polymers [9-11] that pyrolyze to synthesize oxides, carbides, and nitrides at
modest temperatures (usually between 150 °C and 500 °C). Multi-element compounds
can be synthesized by mixing similar precursor molecules in a common solvent prior to
pyrolysis.  2-ethyl-hexanoates, suggested by Vest [5,6] for the processing of
polycrystalline oxide films, are a specific metal carboxylate. These precursors cleanly
pyrolyze to metal oxides and gaseous hydrocarbons, even in inert atmospheres. Metal
acetates are another type of carboxylate with a much small hydrocarbon chain; they can
dissolve in water. Metal carboxylates, such as 2-ethyl-hexanoates, do not bond
together when mixed in solution.. Other molecules like metal alkoxides react together
when water is added to their common solvent to form networks (e.g., gels) composed of
mostly -M-O-M- bonds with unreacted -OH and -OR 'fringes’. As shown in Fig. 1 these
precursors can yield a higher weight fraction of inorganic material since they contain a
much lower fraction of hydroxide and hydro-carbon groups, relative to other precursors
such as the hexanoates. Other precursors form gels. 'Aluminum oxychloride’, an aqueous
solution of AICl3 containing partially hydrolyzed Al+3 ions at pH 5, forms a gel when
concentrated during evaporation. [8] Likewise, zirconium acetate species in aqueous
solution also gel when concentrate. [7]

Diffusion Limited Crystallization
The concept of kinetically limited crystallization simply states that if diffusion is
severely limited during crystallization, a melt or glassy solid will crystallize to the
lowest free energy crystalline structure for the given composition instead of seeking its
lowest free energy state by partitioning into its stable assemblage of phases.
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Figure 1. Thermogravimetric analysis of two precursors used to synthesize Pb(Zr 5Ti 5)03.[12]

The use of kinetically limited crystallization as applied to the low temperature
crystallization of an arbitrary binary mixture of A and B. Figure 2a illustrates the
equilibrium phase diagram for this hypothetical system, where A has the o structure, B,
the B structure, and the binary compound, AB, the y structure. The first hypothetical
experiment we perform is with composition a, which, we find, has crystallized as only
one phase with the a structure,but with lattice parameters different than usually
reported for o-A.

The free energy of the «, B, and y structures as a function of composition at the
temperature T, is shown in Fig. 2b Consistent with the equilibrium phase diagram, the
lowest free energy compositions of o, B, and v structures are compositions defined by A,
B, and AB, respectively. We assume that the pyrolyzed precursor is in a 'glassy state'
with some higher free energy also shown in Fig. 2b. With these assumptions, We see that
if crystallization occurs without diffusion, composition a will crystallize as one phase
with the o structure and reduce its free energy by AG.. Because this structure also
contains the element B in solid-solution, its lattice parameters are different than those
reported for A. Further experiments with a wide range of precursor compositions
produces the following results. For compositions between A and T,, only the o phase is
formed; between T, and b, only the ¥ phase, and between ¢ and B, only the B phase is




found. For compositions between b and ¢, the pyrolyzed precursor does not crystallize
until we heat to much higher temperatures. At lower temperatures the glassy state has
the lowest free energy relative to either the B or y phases, within this compositional
region. In its simplistic form, this is the concept of kinetic limited crystallization.
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to crystallize two phases instead of one. More important, with this new understanding,
we now discover a host of new processing techniques to develop and control unique
microstructures.

Heating the metastable phase to higher temperatures where diffusion is no longer
limited causes the elements to partition and develope a microstructures containing two
(or more) phases. For example, x-ray diffraction analysis shows us that as we hold
composition a at a high temperature, the lattice parameters of the o structure slowly
change to approach that reported for composition A. Concurrently, a new phase, AB,

appears and increases its volume fraction. After some period of time, we can now explain




our phase assemblage using the equilibrium diagram, Fig. 2a. We also recognize that the
driving potential for phase partitioning, AGp, not only depends on our initial, metastable
composition derived through kinetic limited crystallization, but it also decreases as
partitioning proceeds, i.e., AGp decreases as the composition of the retained phase
approaches its equilibrium composition.

The ZrO2/Gd03 Binary System [13]

Binary rare-earth, zirconia compositions fabricated by densifying powders,
derived from precursor synthesized compositions, are dense, polycrystalline materials
that exhibit high fracture toughness and strength due to a phenomena known as
transformation toughening.
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Figure 3 a) Schematic of ZrOp-rich end of the ZrO,-Gd;O3 binary phase diagram showing the two-
phase (t=tetragaonal, c=cubic) field and the Tt/<, function. b) Grain by grain EDS analysis of GdpO3
content vs heat treatment time at 1400 °C for a composition containing 3 mole % GdO3 crystallized at
450 °C from a Zr-acetate/Gd-nitrate precursor. [13]

Extensive studies in the ZrO;-Gd203 binary system have shown that at 1400 °C,
the maximum equilibrium solid-solubility of Gd20s3 in tetragonal ZrO; is 1.0 + 0.1 mol%
and the minimum equilibrium solid-solubility in cubic ZrO; is 8.0 £ 0.2 mol% as shown in
Fig. 3a which also shows the Tot/¢ composition as a function of temperature. This
function is useful to predict what single, metastable phase is expect to crystallize during
diffusion limited crystallization. At crystallization temperature for the Zr-acetate/Gd-
nitrate precursors used to synthesize these materials (= 450 °C), a metastable tetragonal
phase crystallizes when the GdyO3 content is < 6.5 mole % Gd»Os3 (all compositions to the

left of the Tot/¢ curve), and a metastable cubic phase crystallizes when the Gd,Os3 content
is greater (right side of the Tot/¢ curve).




As shown in Fig. 3b complete partitioning
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1400°C. During partitioning, cubic grains
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The grain size is smallest when the cubic grains form a continuous, interpenetrating
network (between 2 and 6 mole % Gd0O3). For this range of composition, the growth of
either tetragonal or cubic grains requires long range mass transport that can not be
accomplished by grain boundary motion.

The ZrOy/Al,O3 [14-16]and ZrO;/FeyO3 [17]Binary Systems

Aluminum oxide has one equilibrium structure, -Al;O3 (corundum); it also has a
number of metastable spinel-based structures which form readily when Al,Oj3 crystallizes
from precursors [18] or during melt quenching. [19-21] The size of the octahedral or
tetrahedral sites in the a-Al,O3 structure are unfavorable for extensive Zr+4 occupancy,
which severely limits the equilibrium AlyO3 solubility in ZrO; to < 2 mole % at
temperatures < 1400 °C as shown by the phase diagram determined by Alper and Stewart
[22] and modified by Jayaram et al [19]. Crystallization via either rapid cooling [19] or
heating after precursor pyrolysis[14,23] produces a single phase t-ZrO; containing up to
40 mole % Al;03. The crystallization temperature increases as shown in Fig. 5 (500 °C to
900 °C).

Compositions near the 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-Al;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 crystallizes 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 crystallization
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during crystallization, are heated to temperatures where long-range diffusion is no longer
kinetically limited, diffusion occurs, driven by the partitioning free energy, AGp, in an
attempt to produce the equilibrium phase assemblage (m-ZrO; and o-AL O3 for the
temperature range considered). Because diffusion results in compositional gradients, a
series of metastable phases with a range of solid-solution can be observed prior to
observing the equilibrium phases. For the ZrO>-AlyO3 system, the observed partitioning
sequence is [14]

t-(Zr,A1)O3 (c/a=1) - t-(Zr,Al)O; (c/a>1) + Y-(AL,Zr);03 — m-ZrOp + a-AlyOs3 .

The same sequence of crystallization, phase partitioning and transformation is observed
for similar compositions in the ZrO,-FeyOs, except each of these transitions occurs at a
lower temperature as shown in Fig. 5. The same phenomena occur for the ternary

composition, but at an intermediate temperature as shown in Fig. 5.

An example of another unique, nano-composite produced during phase
partitioning is shown in Fig. 6 (top). It was produced [14]by first partitioning a
metastable Zr(1-x)AlxO2.x/2 (x = 0.57) into a t-ZrO; + v-AlxO3 at temperatures < 1200 °C,
where grains of both phases are 50 to 100 nm in size. The y-Al;03 — 0-AlO3
transformation within this two phase material initiates at = 1200 °C. [14-16] 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 (t-ZrOj + a-Al>O3) are




Figure 6. Comparison of the micrographs for the powders heat treated at the rate of 10°C/min to
1400°C for 1h for shown compositions. [17]




interpenetrating, and a-ALO3 exhibits relatively little diffusion at 1400 °C, this
microstructure remains invariant for at least 100 hr at 1400 °C. [15] The reason why the
microstructure forms a series of stacked plates is not fully understood, except for the fact
that few a-AlyO3 nuclei are formed during the transformation, and the transformation
takes place as ZrO; is excluded from the -Al(Zr)203. Thus, its postulated that the plate
like structure form in the same manner as the eutectoid transformation of austenite. As
shown in the middle micrograph of Fig. 6, the plate like microstructure does not occur for
the same composition within the ZrO;-Fe;O3, where the a-Fe>O3 nuclei per unit volume
is much higher.[17] Instead, the final phase assemblage is two interpenetrating,
polycrystalline materials, ZrO; (light phase) and a-Fe;O3. The more refractory ternary
composition (lower micrograph) produces a similar microstructure, but Wlth a somewhat
smaller grain size.

Concluding Remarks

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