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ABSTRACT

Two classes of oxide systems, ZrO; containing ceramics and MBayCu3O7.x (M=Y,
Eu, Gd) superconductors, were melted and rapidly solidified by a variety of techniques. A
crucibleless melting technique was used for all of the compositions. A twin roller
solidification device generated materials with the highest quench rates, on the order of

107 K/sec.

AlpO3-ZrO; eutectic and off-eutectic compositions, the Alp03-Y203-ZrO; eutectic
composition and two ternary eutectics in the Al;03-MgO-ZrO; system were examined.
Amorphous and metastable crystalline materials were generated for all compositions. The
microstructures generated for different compositions and cooling rates can be predicted by
solidification theory. Annealing was pertormed under a range of thermal conditions, and
compositional and microstructural changes were examined as the systems approached
equilibrium. For the Al03-ZrO7 and Al203-Y203-ZrO2 eutectic compositions,
devitrification occurred between 930-945°C with the nucleation of a ZrO7 phase. In the
Al203-MgO-ZrO3 ternary eutectics, annealing the as-quenched, crystalline materials
resulted in significant diffusion of Al203 and MgO, yielding complex phase assemblages.

The MBaCu307.x compositions were melted with an Hp-O5 torch with an Oz-rich
flame. Significant reduction of the oxide was avoided by maintaining an overpressure of
O2 above the melt. Two metastable phases were found, amorphous materials and a
previously unreported cubic phase, at the highest quench rates. The cubic phase does not
have the 1:2:3 stoichiometry but is copper rich. The as-quenched materials are not
superconducting, but must be annealed above 920°C in Oz. The phase development was
identified through annealing experiments. The amorphous materials crystallize in a
temperature range of 730-750°C. The peritectic decomposition temperatures of the Eu and
Gd-1:2:3 compositions are 50°C higher than the Y-1:2:3. At low quench rates, the
solidification path is complex as multiphase materials were generated. The annealed
materials had excellent superconducting properties; a narrow transition width and a high
T¢. Magnetic relaxation data indicate that the rapidly solidified materials have a narrower
distribution of pinning sites than single crystals or materials produced through conventional
powder processing techniques.

Thesis Supervisor:  Gretchen Kalonji
Title: Associate Professor of Materials Science
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PART I
INTRODUCTION

Rapid solidification is a processing technique used to generate materials with
unusual microstructures and properties which may not be obtainable through other
methods. To date, most of the work has been on metallic systems and more recently in
ceramic systems. Duwez (1967) and collaborators discovered in 1960 that splatting a
liquid metal against a cold substrate resulted in the formation of a metallic glass.
Subsequently, Sarjeant and Roy applied this technique to oxides in 1967. Quench rates
reported for rapid solidification of oxides range from 103-109 K/sec [Brockway and Wills
(1984)].

Faster solidification rates suppress diffusion in both the liquid and solid and hence
curb the formation of the equilibrium phases and microstructures found in more slowly
cooled materials. There are several beneficial outcomes for materials produced through
rapid solidification. First, increasing the solidification rate results in a smaller grain size.
Second, the grains are chemically homogeneous and have limited or no grain boundary
segregation of impurities. Third, faster quench rates can extend the terminal solid solubility
of the primary phase. And, fourth, metastable phases can be quenched in from the melt
which include supersaturated or amorphous materials.

Besides being a scientific curiosity, there are many technological reasons to study
rapid solidification of oxides. Laboratory studies have shown that rapid solidification of
oxides has produced glasses with ionic conductivities much higher than the polycrystalline
materials of the same composition, other glasses with good long wavelength IR
transmission, and crystalline and amorphous materials with desirable semiconductive or
magnetic properties [Revcolevschi and Livage (1981)]. These materials have the potential
to be exploited commercially, and the technology is available to produce rapidly solidified
glass or ceramic powders, to produce continuous fibers or strips, and to consolidate the
rapidly solidified powders while retaining the metastable phases.

12



This work has examined the benefits of rapid solidification processing on two
classes of oxide systems. Part II comprises the research done on ZrQ; binary and temary
systems. Part III contains the research done on high temperature oxide superconductors in
the systems MOj 5-BaO-CuO (M=Y, Eu, Gd). For both parts, a variety of melting and
solidification techniques were employed and the microstructural features and phase stability
of ihe resultant materials were evaluated

ZrO, systems are of interest because of their high potential for use in structural as
well as in electronic applications. ZrO; is rarely used in its pristine state; it must be alloyed
with other oxides in order to attain any of its desirable properties. This work has focused
on ZrQ, systems with Alz03, Al03-Y203, and MgO-AlyO3, systems which are currently
used in industrial applications.

The oxide superconductors offer a tremendous potential for future use in a diversity
of fields. The superconductors can be utilized as electronic or magnetic materials. The list
of possible applications includes electronic devices, power transmision lines, magnetic
pick-ups and magnetic shielding, to name only a few. Exploitation of these materials relies
on generating materials with optimal superconducting properties and understanding the
structure/property relationships. Rapid solidification processing is capable of producing
fine grained materials and pore-free materials, which is advantageous in terms of both

superconducting and structural properties.

13



PART II
ZrO; CONTAINING CERAMICS

1. INTRODUCTION AND LITERATURE REVIEW

1.1. Overview

Zirconia is a remarkable and versatile material which has wide applicability in a
number of fields. Interest in both the scientific and engineering communities has lead to
intense research efforts during the past decade. ZrO is an electronic as well as a structural
ceramic, and due to its high refractive index, is used in ceramic glazes as an opacifier and in
jewelrey. Doped cubic ZrO3 is an ionic conductor and is used as O sensors in catalytic
converters in automobiles, for high temperature fuel cells, electrochemical oxygen pumps,
resistance heating elements and susceptors for induction heating. It is also used as a
thermal barrier material due to its low thermal conductivity, and as tool bits and extrustion
dies because of its high fracture toughness. It is still under investigation as a replacement
material for some components in internal combustion engines. Zirconia has been the
subject of three international symposia over the past six years and yet questions remain
about some of the fundamental materials properties.

Rapid solidification is currently used as a processing technique for different
materials applications in ZrO systems. Rapidly solidified compositions of Al,03-ZrO; are
used as abrasive materials. Rapid solidification in this case causes the retention of a high
temperature, metastable ZrO; phase which transforms to the stable phase under applied
stress and with a volume expansion. This volume expansion cracks the Al;O3 matrix
surrounding the ZrO, to expose freshly cracked, abrasive surfaces. Precursor powders for
plasma spraying are rapidly solidified from compositions of Y,03-ZrO;, which generates
powders with a high degree of chemical mixing and aids in avoiding segregation during the
plasma spraying operation.

14



In this study, the microstructures and phase stability of rapidly solidified
Al03-ZrO, materials, three binary compositions and the eutectics in two ternary systems,
the Al203-Y203-ZrO; and the Aly03-MgO-ZrO; system, were examined. One goal of
this research was to obtain rapidly solidified materials containing different concentrations of
ZrOj3. ZrOj has a melting point above 2600°C and is thus hard to melt in its pure state.
This work focused on compositions containing ZrO3 in the range of 20-70 mol%.
Another goal was to understand the microstructural development of the crystalline materials
produced in terms of solidification theory. This is important for future microstructural
control of the materials. Another goal was to study the devitrification of the amorphous
materials produced. This in itself is a processing technique in which uniform, fine-grained
microstructures can be obtained. And the final goal was to to gain further understanding of
how the different polymorphs of ZrO; are obtained and stabilized with different alloying
oxides threugh the rapid solidification process.

1.3 Phase Diagrams and Phase Equilibria

1.3.1 A1,03-Zr0>

Figure 1.0 shows two phase diagrams of the Alp03-ZrO; binary system as
determined by Cevales (1968)[Levin and McMurdie (1975)] and Alper (1967)[Levin and
McMurdie (1975)]. The Cevales diagram, shown in Figure 1.1(a), indicates a eutectic
temperature of 1710°C and a eutectic composition of 40.0 ™/o (42.6 W/o) ZrO,, and
shows no solid solubility of one oxide in the other. A high temperature phase, e-Al203, is
found for compositions of ZrO; up to 2.8 M/o (3.3W/0). In the Alper diagram, the eutectic
temperature is 1880°C and the eutectic composition is 37.5 M/o (42 W/o) ZrO,. This
diagram shows limited solid solubility of each oxide in the other. Up to ~1.2 M/o (1.4
W/o) ZrO; can be dissolved in the Al,O3 phase and up to ~8.5 M/o (7.1 W/o) Al;O3 can be
dissolved in the ZrO; phase at the eutectic temperature. The only other significant
difference is that the liquidus on the ZrO; side of the diagram is convex into the liquid for
the Cevales diagram and concave for the Alper diagram.

15
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(1967) [Levin and McMurdie (1975)]
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1.3.2 A1,03-Y203-Zr0O3 and Y203-ZrO>

Figure 1.1 shows the subsolidus ternary phase diagram for the Al;03-Y703-ZrOy
system, as determined by Tuohig and Tien (1980). As indicated by the diagram, additions
of small amounts of Y703 to the Alp03-ZrO; eutectic result in the formation of t-ZrO5.
Increasing the Y2013 content results in the formation of c-ZrO;. A ternary eutectic
composition identified by Echigoya et.al.(1986) is found to be 59 M/o Al2,03-4.2 M/o
Y,03-36.8 M/o ZrO, (52.3 W/o Al,03-8.2 W/o Y203-39.4 W/o ZrO,), which is indicated
on the phase diagram. As shown, the eutectic falls in the a-A1203-c-ZrO3 equilibrium
phase field. Figure 1.2 shows the ZrO;-Y,03 binary phase diagram, as determined by
Scott (1975). According to this diagram, only c-ZrO; is stable for Y203 contents greater
than ~9 M/o, For lower compositions t- and/or m-ZrO; form. At intermediate Y203
contents t'-ZrO; is found.

1.3.3 A1,03-MgO-Zr0;,, Mg0O-Zr0,, and Al,03-MgO

Figure 1.3 shows the ternary Al;03-MgO-ZrO; phase diagram as determined by
Bierezhnoi and Kordyuk (1964). Two ternary eutectics and one binary pseudo-eutectic
were identified and shown on the diagram. Figure 1.4 shows two binary phase diagrams,
for ZrO2-MgO in (a) [Grain (1967)] and for A103-MgO shown in (b) [Alper et al. (1962)
and Roy et al. (1953)]. The MgO-ZrO, phase diagram shows that the cubic phase field
extends up to ~21 mol% MgO at high temperatures. Under ambient conditions, the cubic
phase decomposes into m-ZrO; and MgO. The MgO-Al;0O3 phase diagram consists of two
binary eutectics, MgO-MgA1,O4 and MgAl,04-Al1703. The spinel phase, MgA1,0y4,
displays a high degree of non-stoichiometry at elevated temperatures and ranges from
40-85 mol% Al203. There is some question in regard to the slope of the phase boundary
between spinel and MgO-+spinel for the MgO-rich spinels. Unpublished data by Chiang
(1988) indicate that the degree of non-stoichiometry is more limited than what is shown in
the phase diagram.
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identified by Echigoya et al. (1986).
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1.4 Rapid Solidification Techniques

There are two general techniques for rapidly solidifying melts; substrate quenching
and atomization, which yield different materials with different thermal histories. In either
case, a suitable melting method must be employed along with an adequate quenching device
to attain high cooling rates. Melting and solidification of ceramics is a more cumbersome
task then for metals. Ceramics typically havz high melting points which leads to practical
problems with the determination of an adequate heating source, the container material if a
crucible is to be used and in heat containment. The heating methods for high temperature
materials are usually induction, laser, plasma or flame heating. There are only a few
materials which can contain high temperature melts, notably W, Mo and graphite. The
refractory metals suffer from applicability due to their cost and extreme difficulity in
machining. Graphite is easier to form but will reduce the material and may form carbides
or otherwise contaminate the melt. Insulation can be a critical problem in both providing
enough of a barrier to the heat transfer to keep the material at a high temperature and to
protect the surrounding environment from the extreme temperatures.

Substrate quenching is the solidification of the melt against one or two surfaces
which are at a lower temperature than the melt, usually at room temperature or in some
cases, close to liquid nitrogen temperature. The principle behind substrate quenching is to
spread the thinnest amount of liquid onto a substrate with a high thermal conductivity in
order to achieve the greatest heat extraction rate. Techniques such as twin roller quenching
[Chen and Miller (1970)], melt spinning [Suzuki et al. (1977)], anvil and hammer
quenching [Revcolevschi et al. (1975)] and flame or plasma spraying [Frank and Liebertz
(1968)] have been sucessfully used in quenching ceramics. Twin roller quenching consists
of squeezing the liquid through two rollers in contact rotating at a high rate of speed. Melt
spinning is the application of a spinning wheel to the surface of melt so that the material is
solidified on the roller and 'spun’ into a collection chamber. In flame or plasma spraying,
the material is melted in a gas torch or plasma gun and sprayed onto a cold substrate. For a
comprehensive review of the techniques successfully used on oxide compositions, see
Revcolevschi and Livage (1981). For these above stated methods, the heat is extracted
primarily through the substrate and little, if any, undercooling is achieved in the liquid, and
the temperature gradient into the melt is positive.

Ruhl (1967) has estimated that cooling during splat quenching is controlled by the
interfacial resistance between the melt and the substrate for Biot numbers (Ri)<0.015, and
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is controlled by the thermal conductivity of the solidified material for Bi>30. The Biot
number and is defined as hd/k, where h is the heat transfer coefficient between the splat and
the substrate, d is the thickness of the splat and k is the thermal conductivity of the
solidified material. If there is complete thermal contact between the splat and the substrate
(h=e0), there is not a discontinuity in the temperature gradient at the interface and the
cooling is ideal. For ideal cooling, Bimie and Kingery (1985) have estimated the cooling
rate to be:

dT kAT
dt

pcpd2 (1.0)

where AT is the temperature difference between the substrate and the melt, p is the density
of the snlidified product, and cp is the specific heat of the solidified material. In Newtonian
cooling, the thermal resistance between the sample and the substrate limits the cooling rate,

and is expressed by [Geiger and Poirier (1973)]:

dT hAT

dt pe d (1.1)

Estimates for h during splat quenching of metals range between 104-105 Wm-2K-! [Clyne
and Garcia (1981)]. Although the exact values for cooling rates for each mechanism can
not be known a priori, an estimate can be made for oxides. Using typical values of k=1 W
m-1 K-1, ¢p=800 J kg1 K-1, p=3000 kg m-3, AT=1500 K, d=10-5 m and h=103 W m-2
K-1, the cooling rate for ideal cooling is ~107 K/sec, and for Newtonian cooling it is ~103
K/sec. These are only approximations as k, cp, and p are functions of temperature and
composition. If high cooling rates are achieved in oxides, it appears that ideal cooling must
be rate limiting, although a combination of the two mechanisms is most likely present.
[See Sec. 3.2.6 for estimates of cooling rates.]

If significant undercooling is present in the melt, the heat can be removed both from
the solid and the liquid aad higher cooling rates can be obtained, as for the case of
atomization of the melt. Atomization is the process of breaking up a molten stream of
liquid into small spheres by the use of gas or water jets. Significant undercooling can be
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achieved and the latent heat can flow into both the solid and liquid due to the negative
temperature gradient. The growth rate is determined by the heat transfer coefficient for
radiant and convective cooling and by the amount of recalescence. This is again be limited
for the case of oxides as they tend to be insulators when solid.

A variety of techniques have been used to rapidly solidify Al,03-ZrO;
compositions with varying results. Krauth and Meyer (1963) were the first to produce
amorphous materials by plasma spraying the eutectic composition onto a cool substrate.
They also found the metastable high temperature polymorphs, y-Al;03 and t-ZrQ>, along
with some m-ZrO;. They examined a range of compositions across the phase diagram.
Claussen et.al.(1983) u.e:. flame pressure atomization and high pressure water atomization
to produce amorphous and crystalline materials. They found amorphous materials for the
highest quench rates, €-Alp03 and t-ZrO, for intermediate rates, and o-Al203 and m-ZrO;
for lowest rates. Peterson (1987) used gas atomization and obtained small spheres of
amorphous materials along with larger spheres of crystalline material, a-Al,O3 and t-ZrO».
Ando et al. (1986) used centrifugal atomization; a technique in which a pellet of the material
is placed on the center of a rotating disk and melted with a torch applied to the top of the
pellet. The spinning causes the molten pool to break up into into small spheres which
solidify in the air before impacting the collection chamber. Bender et al. (1986) report a
method where the sample is suspended, melted and allowed to drop onto a rotating cylinder
which is partially submurged in water. Table 1.0 summarizes the results from rapid
solidification of Al,03-ZrO, compositions found in the literature.

Several studies have been done on rapid solidification of compositions in the
MgO-Al;03 system. Sarjeant and Roy (1967) found a spinel structure for MgO-Al,03
compositions of 20-100 mol% Al;O3 in their splat cooled materials. A high degree of
cation disorder was found in these splats seer in the IR spectra. The pure AlpOj diffraction
patterns showed the presence of a-Alp03 as well as the high temperature, metastable
spinel-structure y-Al203 phase. Jantzen et al. (1980) found amorphous materials along
with a metastable, monoclinic intermediate spinel phase in systems containing from
50-77.8 mol% Al,03 in splat quenched materials. This monoclinic phase had been
reported for AlO3 concentrations > 71.4 mol% under equilibrium conditions [Saalfeld
and Jagodzinski (1957)].
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Technique Material Produced | Phases Present |Quench Rate Research
(Kisec) Group
Plasma Spraying Flakes amorphous and 103 Krauth & Meyer
¥-AlLOs (1963)
and t-&m-7Zr0Q;
Flame Pressure Transparent, amorphous and
Atomization translucent, and o+e—-AlO3 103-105 | Claussen et al.
opaque white spheres | and t+m-ZrOp (1983)
(Gas Atomization| Transparent, black | amorphous and 103-10° Peterson
and white spheres a-AlyOs (1987)
and t-7ZrQy
Centrifugal White spheres ™) Ando (1986)
Atomization
Roller Quenching ~ White spheres a-AlpO3 and ™) Bender et al.
in water and flakes t+m-ZrQy (1986)

Table 1.0. Summary of the results on rapid solidification of Al;03-ZrO; compositions
found in the literature. (*) Not reported.

Work done on rapidly solidifying pure ZrO7 has resulted in the formation of
crystalline products only [Topol et al. (1973)] but several studies on rapidly solidifying
pure Al2O3 have yielded crystalline and amorphous materials. In plasma sprayed AlpO3,
3, ¥, and O phases have been found [Wilms and Herman (1976)], and laser splatting has
yielded the @, y and d phases for successively higher quench rates, respectively [Sarjeant
and Roy ()]. Y203 additions to Al203 yield 8-Al203 and Y3Al5012 with amorphous

materials for splat quenching of 1.4 and 4.6 mol% Y03 [Krepski (1975)].

There has not been any work done on rapid solidification of ternary compositions

containing Al,O3-ZrO».
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1.5 Zirconia and Alumina Polymorphs and Stabilization

L.S.1 Zirconia Polymorphs

Pure zirconium oxide (ZrO;) has three known polymorphs under ambient
conditions. Upon heating from room temperature, the crystal structures and transformation
temperatures are:

.. 1170°C 2370°C 2680°C
monoclinic————> tetragonal ————> cubic———— > liquid

The cubic phase has a fluorite structure with space group Fm3m, as shown in Figure 1.5.
The tetragonal form is also a distorted fluorite structure in which the oxygens in the center
of the cell are slightly displaced from the ideal fluorite position, as shown in Figure 1.6.
Figure 1.7 shows the monoclinic crystal structure. In this structure the zirconium atoms
are coordinated with only 7 oxygen, instead of 8, as in the other two structures. Table 1.1
summarizes the crystallography of the ZrO; phases.

The most studied transformation is the reversible tetragonal - -> monoclinic, as it
gives rise to improved fracture toughness in the pure material and in other materials in
which the ZrO; is dispersed as a second phase. The t—>m transformation is martinsitic; it
is athermal, diffusionless and shear displacive. This transformation is unusual in that there
is an increase in volume upon transformation to the lower temperature phase, like the
freezing of water. The volume expansion is in the range of 3-5%. The transformation can
be stress induced; if the tetragonal modification can be retained below the start of the
martinsitic transformation temperature, Ms, the application of stress can trigger the
endothermic transformation. The properties of this transformation can be exploited to
increase the fracture toughness through the stress induced transformation or microcrack
nucleation. Retention of the tetragonal phase is a function of particle size and shape, elastic
and thermal properties of the particle and its surrounding matrix, and of chemical

composition, as discussed in the following sections.
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(b)

Figure 1.5
Cubic ZrOy (a) unit cell and (b) projection on the (100) plane.
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(b) ©

Figure 1.6
Tetragonal ZrO2 (a) unit cell, (b) projection on the (1 10) plane and (c) two
unit cells showing the 8-fold coordination of oxygen.
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Figure 1.7
Monoclinic ZrO2 (a) projection on the (010) plane {[Wolten (1964)] and (b)
angles and interatomic distances in the ZrO7 polyhedron [Smith and Newkirk
(1965)].
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Phase Lartice Parameters (A) Space Group Density
(gmicm3)
a b c B
Monoclinic | 5.1881 | 52142 | 53835 | 81.22° P2y/c .56
Tetragonal | 5.1485 | 5.2692 P4,/nmc 6.10*
Cubic 5.124 Fm3m 6.09*

Table 1.1. Crystallographic information on the zirconia polymorphs.
* indicates a calculated density.

1.5.2 Mechanical Stabilization of Tetragonal Zirconia

In examining particles of ZrO; produced t.ough precipitation of zirconyl nitrate,
Garvie (1965) noticed that the tetragonal form was stable at room temperature for free
standing particle sizes < 30 nm, and hypothesized that the surface energy of the monoclinic
form must be greater than for the tetragonal form for this to occur. Other workers have
suggested that the tetragonal form is stabilized in air due to surface adsorbed species
[Mitsuhashi et al. (1974)].

Numerous other works have shown that t-ZrQO; particles can be retained in high
elastic modulus, low thermal expansion materials (eg., Al203, MgAl204) [Claussen and
Jahn (1978), Evans and Heuer (1980)]. Thermal expansion mismatch between the matrix
and the ZrO7 particles causes compressive stresses to form around the ZrO3 particle during
cooling from processing temperatures. These compressive stresses prohibit the increase in
volume necessary for the transformation to arise, and the tetragonal particles are retained in
the matrix. The transformation temperature is a function of the size of the tetragonal particle
and the material which surrounds it. In polycrystalline ZrO», the transformation occurs
between 950°C to 850°C and is lower if the tetragonal particle is embedded in a higher
elastic modulus material [Claussen and Ruhle].
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Mechanical stabilization arises from surface energy and strain energy constraints
imposed on the t-ZrO; particle, and can be expressed by:

AGi-m = AGCt.m + AGSEr_ i + AGSi. (1.2)

where AGC,.m = the change in chemical free energy for the transformation, AGSE_ p, = the
change in strain energy due to the volume change and from thermal mismatch between the
ZrO particle and the surrounding matrix and AGS,_, = the change in surface free energy
for the transformation = YmAm-YtAr, Where Yy is the surface energy of the particle and Ay is
the surface area.

The transformation will not occur if the strain energy and surface energy terms
overwhelm the chemical driving force for the transformation. For small particles, the
surface energy term will be the dominant one. For spherical particles embedded in a matrix
of a different material, the stress term can be expressed by [Selsing (1961)]:

Ao AT
cij =

L, 12y, (13)
2E_ " E

p

where At = oy - o, the difference between the thermal expansion coefficients between
the matrix (m) and the particle (p), and AT = T, - T, v is Poisson's ratio, and E is the
elastic modulus. The strain energy term is 1/2 Gjj dejj . For ZrO3 particles embedded in an
Al203 matrix, the stress field in the matrix around the particle is negative and the stress
field in the particle is positive. Due to the higher elastic modulus of AlO3, this causes the
retention of t-ZrO7. Table 1.2 lists some of the thermal and elastic properties of AloO3 and
ZrOs.
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AhO3 /410/)

20°C 1000°C 20°C 1000°C
E (GPa) 399 386 233 160
o (x10-6 K-1)| 5.4(11[a],10[c)) 9.6 8.8(6-9) 10.5
y 0.27 0.35 0.2

Table 1.3 Some elastic properties of AlpO3 and ZrO,.

1.5.3 Chemical Stabilization of Tetragonai and Cubic Zirconia

Additions of aliovalent cations to the ZrO5 system creates vacancies on the oxygen

sublattice:

270

Y0,

A ' .
> 2YZr + 300 + VO

ZrO

2 Mg'z'r+Oo+V(")

MgO

The creation of these vacancies is thought to stabilize the cubic (at higher
concentrations) or tetragonal (at lower concentrations) polymorphs. Ho (1982) has
proposed that zirconium ions in all of the polymorphs prefer a 7-fold coordination of
oxygen, and that the lattice arranges itself to achieve that symmetry. Through the creation
of vacancies, the coordination number of the zirconium atom is decreased for the tetragonal
and cubic lattices, thereby reducing the normal fluorite structure of 8-fold to a 7-fold
coordination.

Another polymorph is found for Y03 contents between 2.8-6.4 mol% and is
identified as the t'-ZrO; phase, a tetragonal phase which does not transform to monoclinic
under an applied stress. This phase indexes to the well-known tetragonal structure by
x-ray diffraction and is only distinguished from it in the electron microscope in showing

APD-type boundaries.



1.5.4 Alumina Polymorphs

There are 12 reported polymorphs of Al;03 in the JCPDS card files. Table 1.3 lists their
structures and other physical data.

c=11.80, B=104.5"

Poly- |Lattice Type| Lattice Parameters | Density Stability Range
0 (A) (gmicm3)
o Trigonal |a=4.758, ¢=12,991 3.987 Ambient conditions
B | Hexagonal | a=5.64, ¢=22.65 4,01 (*)
Hexagonal | a=5.64. ¢=8.64 (*) _ Heating gibbsite to 470°C
Cubic a=7.95 Gl a-Al(OH)3 heated 1 hr, 800°C
O | Tetragonal | a=7.943, ¢=23,90 3.653 v=AIO(OH)—>y—>8 at 750°C
€| Hexagonal {a=7,849, c=16,183 (*) High temperature, >1930°C
Y Cubic a=7.90 3.67 Slow trans, to ¢ at 1000°C
l Spinel a=7.94 ™ [-Al(OH)3 heated 640 hrs
at 400°C
1 (*) ) (*) Quenching from melt, 1% SiQy |
K ™ (*) (*) a-Al(OH)3 heated 1 hr, 1000°C
6 | Monoclinic | a=5.70, b=2.90 3.585 B-Al(OH)3 heated 1 hr,

1100°C, dry air

Table 1.3 Summary of some crystallographic and physical data
for the 12 polymorphs of Aly03 found in the JCPDS cards.
(*) indicates no available data.
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As seen in the above table, Al2O3 can exist in a variety of forms. The evolution of

these structures is dependent on thermal conditioning and the processing route. Many of

these polymorphs are formed for small grair. sizes and are dependent on the processing
route. For example, sol-gel processing of Al9O3 results in the successive appearance of

Y—>8—>6—>a. polymorphs [Pierre (1985)].

1.6 Solidification Theory and Microstructural Development

Although rapid solidification is a non-equilibrium process on the whole, it can be

assumed that free energies of the individual phases are known at a given point by the

composition and temperature. Expressions governing growth from the melt must include

mass and heat transfer balances across the moving interface. Baker and Cahn (1976) have

described a mathematical treatment for the solidification process which assumes that:

(1)

2)

3)

The temperature remains continuous across the interface, regardless of how
fast the heat is extracted.
Heat is conserved across the interface.

K(VI ), -K (VI n) =L_V

where Kg and K| are the heat transfer coefficients for the solid and liquid,
respectively, VT is the temperature difference between the solid and liquid,

n in the normal vector to the interface, Ly, is the latent heat of fusion and V
is the velocity of the interface.

Mass is conserved for each component
D, (VC - n),-D (VC-m) =(C,-C))V

where Dg and Dy, are the diffusion coefficients for the solid and liquid,
respectively and VC is the composition gradient across the interface.
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(4)  Thermodynamic response functions which define the instantaneous
conditions at the interface must be identified. One of the functions defines
the interfacial temperature dependence on the velocity, and the other defines
the liquid and solid compositional dependence on the velocity. The kinetic
undercooling f(v,C"), has the property that f(0,CL") = 0, and the velocity
dependent partition coefficient keg(v,CL*), has the property that
keg(0,CL") = ke.

With these assumptions in mind, predictions about the microstructural development of a
rapidly solidified material can be formulated.

1.6.1 Eutectic Growth

Eutectic growth is the cooperative growth of two phases occurring simultaneously,
and results in a rod or lamellar type microstructure. For oxides, not only does a
minimization of lattice mismatch between the two phases control the type of microstructure,
but the charge balance across the interface is important. These two criteria result in oxide
systems which possess highly oriented, esthetically pleasing microstructures. In addition,
the solidification rate and amount of undercooling achieved in each phase will influence
whether the growth is fibrous or lamellar.

The undercooling at the interface is equzl to the sum of the undercooling due to
capillarity effects and from constitutional supercooling. This can be written as [Kurz
(1986)]:

A AV Ao
T,-T,=AT = ———AV + —=
E I D, (T) N (1.4)
where:
mAC
Al=—g— (L.5)

36



A =—2B (1.6)

where TE is the eutectic temperature, T is the interface temperature, V is the velocity of the
interface, A is the interlamellar spacing, m is the slope of the liquidus, AC is the
compositional difference between the two solid phases, Yop is the surface energy between
the two phaces, AS is the average entropy of fusion of the solid phases, Dr_ is the liquid
interdiffusion coefficient. This equation predicts a maximum interfacial growth velocity for

a crystalline material, which is determined by taking the derivative of Eq. 1.4 with respect
to A:

D, T(AT)’
S, (1.7)
x~TaA A,
and
DT
A2V = LA'A2=K. (1.8)

Eq (1.7) predicts that a maximum velocity can be obtained for a given interfacial
undercooling. The constant K in Eq (1.8) for the Al1203-ZrO; eutectic composition has
been determined to be 1x10-17 m3/sec by Cocks et al. (1974) through unidirectional
solidification studies. If the interface moves at a faster rate, amorphous materials are
formed. Eq (1.8) can also be applied to ternary eutectics. Echigoya et al. (1986) have
published the solidification microstructure of the Al203-Y203-ZrO; eutectic grown at a rate
of 2.8x10-6 m/sec. Measurements of the interlamellar spacing average ~1 um gives the
constant equal to 2.8x10-18 m/sec in Eq 1.8. Then, for a given undercooling, the
maximum interfacial velocity for solidification of crystalline materials is greater in the
Al203-ZrO; eutectic than for the Al203-Y203-ZrO; eutcctic. This suggests that under the
same experimental conditions, it should be easier to form amorphous Al;03-Y203-ZrO3
eutectics than AloO3-ZrO; eutectics.
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Coupled growth (cellular or eutectic) can occur at compositions other than the
eutectic at very high and very low growth rates. The cooperative growth at high growth
rates is a consequence of minimizing the interfacial area between the liquid and solid, and at
low growth rates due to the steep thermal gradient from the solid to the liquid. In both
cases, perturbations are inhibited and the typical dendrite plus eutectic microstructure
expected in the off eutectic compositions is not observed.

1.6.2 Dendritic Growth

Dendritic growth occurs when perturbations on the liquid-solid interface are able to
form and grow into the liquid, in a growth velocity regime between the limits:

GD_ G D kg

TSTar T mgG (19
D, AT mD, (1-k;)C,
">kTr= 2 — (1.10)
£l kg T, T
where
» _ kLGL+kSGS
(k +k) (1.11)

where AT is the temperature difference between the liquid and solid, Dy is the diffusion
coefficient in the liquid, kg is the partition coefficient, m is the slope of the liquidus, C, is
the composition of interest, Tm is the melting temperature, I is the curvature, Gy is the
thermal gradient in x, the liquid or solid and ky is the thermal conductivity.

Boettinger (1982) has developed a set of microstructural possibility maps for binary
eutectic phase diagrams from applying the thermodynamics and kinetics of solidification, as
discussed in the above sections. Figure 1.8 shows three types of eutectic phase diagrams
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and their microstructural possibility maps. These possibility maps plot the expected
microstructures as a function of growth velocity and composition. In Figure 1.8(a), the
phase diagram shows the two phases to have continuous T, curves across the
compositional range. The T, temperature is the point where the liquid and solid have the
same Gibb's free energy, where massive solidification can take place, i.e., solidification
without a change in composition. Continuous T curves imply that the two end phases
have significant degrees of mutual solubility with respect to each other. Figure 1.8(b)
shows a phase diagram where faceted growth occurs for at least one phase and the T,
curves intersect, implying some mutual solubility of the end members. Figure 1.8(c)
shows a phase diagram for plunging T, curves, where there is limited mutual solubility of
the end members. This is the phase diagram most similar to the Al;03-ZrO; phase diagr »n
(see Figure 1.0).

According to this possibility map, there is a variety of microstructural features
which can be expected for different growth velocities. For the eutectic composition, rod or
lamellar eutectic growth is expected for low to moderate growth velocities and glass for
higher velocities. For off-eutectic compositions, dendrites of the primary phase
surrounded by eutectic material are expected for all velocities. If the growth rate is
sufficiently high, the eutectic may form a glass. Only for extremely high growth rates are
completely amorphous materials generated.

1.7 Devitrification of Glass

Nucleation of crystalline phases within highly metastable, rapidly solidified glasses
can yield crystalline products which are supersaturated with one component. Consider the
Gibbs free energy curves for a binary system, shown in Figure 1.9 (a) for a temperature
above the melting point. The liquid has the lowest free energy curve and is flanked above
by the crystalline free energy curves. If the liquid is rapidly quenched into a glass, it is
metastable with a higher free energy than the crystalline phases, as shown in Figure 1.9(b).
Heating the glass will result in the initial nucieation of a crystalline phase in a compositional
range from Cj to Cy, determined from the intersection on the crystalline free energy curve
of the tangent from the starting composition C,. The highest driving force for nucleation is
for the equilibrium composition Cg but due to kinetic limitations a composition C3 can form
which is supersaturated with respect to CE.
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1.8 Spectroscopy

Spectroscopic studies performed across the electromagnetic spectrum yields useful
information about the structure and properties of glasses. Table 1.4 shows the typical
regimes of interest and their corresponding energies and wavelengths.

Microwave | Far-Infared Infared (IR) Visible Ultraviolet (UV)

A(cm) | 0.1-30 0.001-0.01 ]0.00025-0.003 | 3-7x10-3 1-3x103

v (Hz) [109-3x1011 |3x1012-3x1013 | 1013-1.2x1014 | 4x1014-1015 1015-3x1015

E(eV) K-1200x10-6] 0.012-0.12 0.04-0.50 1.7-4.1 4.1-12.4

v(eml)| 0.03-10 100-1,000 300-4,000 [14,000-33,0001 33,000-100,000

Table 1.4. Regions in the electromagnetic spectrum with their corresponding
wavelengths, frequencies and energies.

IR spectroscopic data are structure sensitive, while UV yields information about
electronic transitions. Gamnering information about the vibrational spectra of the molecules
in oxides is typically done in the IR while far-infared is more informative for amorphous
semiconductors. Glasses formed via rapid solidification have the potential to possess
unusual optical properties by extending the transmission range in the IR and UV spectra.
The incorporation of heavier atomic weight elements, which tend not to be glass formers
under reasonable quenching rates, alters the fundamental vibrational frequencies and hence
the IR adsorption frequency. In the UV region, however, the presence of short range
disorder in the glasses will tend to broaden the adsorption edge. The different atomic
configurations in a glass result in different electronic states.

The fraction of transmitted intensity is expressed by [modified Lambert's Law]:
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I ;
I_=(1.R)2¢°lt (1.12)
[¢]

where I, is the incident intensity, I is the transmitted intensity, R [=(n-1)2/(n+1)2] is the
reflectance coefficiert, o is the adsorption coefficient and t is the thickness. The
adsorption coefficient a=2nK"/nA where K" is the relative dielectric loss factor, n is the
index of refraction and A is the wavelength. If scattering is present due to second phase
particles, the measured adsorption coefficient incorporates a scattering coefficient which is
proportional to the volume fraction of the second phase and inversly proportional to the
diameter of the particle. For minor amounts of a second phase, the scattering coefficient
only becomes important when the particle diameter is close to the wavelength of the
incident radiation.

1.8.1 IR Spectroscopy

It is well known that glasses with high molecular weight elements exhibit IR
transparency for longer wavelengths. The adsorption edge in the IR region is determined
by the frequency of vibration of the cation-anion bonds. This frequency is only estimated
for glasses because of the disordered network, and is expressed by:

1 \/‘E
2r V H

where v is the frequency of vibration, k is the elastic restoring force between two bodies of
mass mp and mp, and L is the reduced mass mymy/(mj+m3). A general rule is that lower
field strengths of both the cations and anions will move the IR transmittance to longer
wavelenths. The field strength is Z/r2 where Z is the ionic charge and r is the ionic radius.
Table 1.5 shows the field strengths for the ions found in this work, along with two typical
glass formers, Si and B, for comparison.
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|_Element Charge Mass (gm/mole)  Radius (nm) Field Strength (ZIr2) |

Al +3 27 0.051 12
Mg +2 24 0.067 S

Y +3 89 0.092 3.5

Zr +4 91 0.079 6.4

0 -2 16 0,132 1.15

Si +4 28 0.042 23

B +3 11 0.023 57

Table 1.5. Elements with ionic charge, mass, radius and
calculated field strength [Dumbaugh (1985)].

As seen in the above table, Zr, Y and Mg additions to AlpO3-rich glass will reduce
the field strength and possibly extend the range of the IR transparency. AlyO3-rich glasses
will have more IR transmittance than, for example, silicate glasses. The adsorption edge
for silicate glasses occurs between 4-5 pum (2000-2500 cm-!) from the stretching vibration
of the Si-O-Si bonds in 0.2 cm thick samples. The addition of CaO and AlpO3 moves the
IR edge to longer wavelengths. Rapid solidification is an ideal technique in which to obtain
glasses with high atomic weight elements in order to increase the IR transmitting range.
Table 1.6 lists the IR adsorption edge wavelength and frequency for 10% transmission for
the oxides examined in this work, along with SiO; for comparison. Data for ZrO; was not
reported, but it is reasonable to assume that it has the longest adsorption wavelength from
the field strength calculation shown in Table 1.5.



Compound | IR Adsorption Edge (um) v (cm1)

AL O3 10.3 970
Y,05 13.2 760
MgO 13.3 750
Zr0y (*) ™

Si0y 7.4 1350

Table 1.6. IR adsorption edge for crystalline compounds Data taken
from crushed samples embedded in IR transparent KBr powder.
(*) not reported.

1.8.2 UV Spectroscopy

UV spectroscopy measures reflectivity or transmissivity in samples which have a
band gap. The adsorption edge in the UV spectra indicates the energy of the optical band
gap. There are two types of electronic transitions which may occur; an exiton, in which
the electron increases in energy around an ion and is transferred from one orbital to
another, or a charge transfer, in which the electron goes into the conduction band. For
most glasses which contain light, electropositive cations, the conduction band lies at high
energies and the UV adsorption is primarily due to exitons. In glasses containing heavier
cations, the conduction band is at lower energies and may overlap the exciton levels.
Glasses can transmit from the visible to the UV range up to the point where the energy in
sufficient to cause electronic transitions. Table 1.7 lists the compounds examined with
their electronic band gaps.



Compound Eg (eV)

AlLO3 9.90
MgO 7.77
Y703 5.60
4107} 499

Table 1.7. Compounds and their band gaps at 300 K
From Strehlow and Cook (1973).

2.0 EXPERIMENTAL TECHNIQUES

2.1. Specimen Preparation

The starting powders and their purity level are listed in Table 2.0. For all of the
melting techniques used, the specimen size was a pellet, 1.27 cm in diameter and
2.54-3.81 cm in height. The powders were weighed to the desired composition, ball
milled for 16 hours overnight, sieved with a 140 mesh (106 pm) screen, cold pressed
under 69 MPa with a 1.27 cm die, and then sintered at 1000°C for at least 5 hours. It was
not necessary to optimize the density of the pellets. High strength was not required for the
subsequent melting experiments, only some chemical mixing was desired.
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Oxide| Puriry Major Impurities (by weight) Supplier

{AI203] 99.999% 22 ppm Si, 60 ppm Sn, 100 ppm Mo Alfa Products

ZrOy | 99.99+ 400 ppm Si, 400 ppm Ti, 400 ppm Ag Alfa Products
200 ppm Ba

Y2031 99.999% Nd<0.01%, Ho, Dy, Lu, Gd, Tm, Yb, Er Alfa Products

each < 0.0001%, and Sm, Si, Fe, Mg, Ca, Al
each <0.005%.

MgO | 99.5% 1880 ppm Si, 470 ppm B, 470 ppm Ca, Alfa Products
350 ppm Fe, 140 ppm Al, 140 ppm Mn

Table 2.0

Starting powders with purity information.

2.2. Rapid Solidification Techniques

For this work, only substrate quenching was investigated. Five techniques were
evaluated, three used flat substrates and two used the rotating cylinder approach.

2.2.1 Solar Splats

ALO3-ZrO, eutectic splats were provided from the 3 kW solar furnace at the CNRS
Laboratory in Odeillo (France). For this technique, the sample is melted by focusing the
sun's rays on the sample placed on a water cooled copper substrate and then solidified by a
metallic hammer which impacts the sample at a high speed [Foex et al. (1975)].

2.2.2 Laser Splats
Figure 2.0 shows the apparatus used to rapidly solidify the Al203-ZrO3 eutectic

and the 21.6 mol% ZrO, compositions. A 1500 W CO; laser was focused onto the end
of a sintered rod of the desired composition. A molten droplet forms on the tip and
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Figure 2.0
Laser splatting apparatus. A rod of sintered material
is suspended above a set of electronic eyes, which trigger the
clappers to close when the molted droplet passes through

them. Clappers are made of stainless steel.
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eventually falls under its own weight, which triggers a set of electronic eyes to smash a pair
of copper platens on the melt. The double substrate method helps in rapid heat extraction
of the melt through both surfaces. The AlpO03-ZrO; eutectic and hypereutectic
compositions were rapidly solidified useing this technique.

2.2.3 Plasma Spraying

Powders, weighed and mixed to the desired composition, were fed into a Bay
State! 40 KW unit and melted and sprayed with the Model P6-100 plasma gun on copper,
glass and NaCl substrates. The heat in this case is most rapidly withdrawn through the
bottom substrate although some is released in the air. The Alp,03-ZrO7 eutectic
composition was sprayed using this technique.

2.2.4 Melt Extraction

Figure 2.1 is a schematic of the melt extraction apparatus. An oxy-acetylene or
H-O; torch is held in close contact with a sintered pellet of the desired composition. After
a molten pool formed on the top of the pellet, which typically takes 1-2 minutes, a spinning
copper wheel of 5.08 cm diameter with a flat surface is brought in contact with the melt.
The molten material is solidified on the wheel and spun off into a collection chamber.
Radial wheel speeds in the range of 800-1400 cm/sec yielded the greatest amount of
amorphous materials. Faster wheel speeds tended to produce small, opaque spheres which
had been solidified as droplets in air at a slower cooling rate. This indicates that faster
wheel speeds produce too much turbulance in the air aboves the melt which would tend to
break up the melt and scatter it as droplets. The Alp03-ZrO, eutectic, hypereutectic and
hypocutectic compositions were rapidly solidified using this technique.

2.2.5 Twin Rolling
Figure 2.2(a) shows a schematic of the main features of the twin-roller assembly

along with a more detailed diagram of the twin roller assembly in Figure 2.3(b). This
system was designed by Sasayama, Gomez and Geislinger in our laboratory [see Gémez

1Bay State Abrasives, Dresser Industrial Products Division, Westboro, MA
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(a) Schematic diagram of the main features of the twin rolling device.
(b) Detailed diagram of the twin roller assembly. The rollers are 5.08 cm in
diameter.




(1987) and Geislinger (1987) for a more detailed description of the apparatus]. The rollers
are 5.74 cm in diameter and 5.08 cm long. The rollers are kept in contact with each other
by a very stiff spring. One roller is belt driven by a 1/4 hp motor and the rollers are
coupled by gears. The maximum speed the rollers can attain is 16 m/sec (6000 rpm).

It is important to choose rollers made of chrome plated steel, tool steel or any other
high hardness steel. Quenching abrasive ceramics like AlpO3 and ZrO; can cause severe
damage to "soft" rollers necessitating frequent replacement. Figure 2.3 shows the
thickness of the quenched material as a function of the roller speed. As shown, for roller
speeds > 11 m/sec (4000 rpm), the thickness of the flakes do not decrease substantially.
This implies that substantial differences in cooling rates are not attained for increasing the
wheel speed over 4000 rpm. The roller assembly is placed into a chamber previously
designed for gas atomization of ceramics [DeGuire (1987)], as shown in Figure 2.4.
Heating is provided by RF coupling through a copper coil from a dual frequency Lepel RF
generator. Although the unit is capable of operating in the megacycle range, it was found
that tuning the unit at 30 KHz with 30% total power melted all of the compositions within
10 min. Figure 2.5 shows the heating assembly used for melting the ceramic pellets. The
pellet is glued with high temperature ZrO, cement to a disk of ZrO» insulating board and
then suspended in the cavity of a graphite susceptor, which is surrounded by a ZrO;
insulating cylinder. The whole assembly is fitted into the copper coil. The elegance of this
method is that a crucible is not needed and thus there is no contamination of the melt, the
temperature need not be measured, the insulation and susceptor can be reused repeatably,
and the whole assembly can be put together quickly.

This technique is most successfully used with eutectic compositions or compounds
which do not melt into a liquid-solid two phase region. If there is a large temperature
difference between the solidus and liquidus, the sample could be solidified with a
difference in liquid composition as a function of time. In other words, for an off-eutectic
composition, the first liquid to form would be the eutectic and as heating and melting
proceeded, the remaining liquid would become progressively rich in the primary phase.

The Aly03-ZrO; eutectic, Alp03-Y703-ZrO; eutectic and the two Al,O3-MgO-ZrOp
eutectic compositions were rapidly solified using this technique.
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Twin rolling apparatus. The pellet is suspended in a graphite
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2.3 Analytical Techniques

The Debye-Scherrer x-ray diffraction technique was used to evaluate the as-
quenched and heat treated materials. A small flake was attached to a slender glass rod and
inserted into a Gandolpli single crystal holder to ensure no orientation effects were
recorded. Data was collected for 10-12 hours at 35 kV and 15 mA. A Rigaku! rotating
anode diffraction unit operating at 40 kV and 200 mAwas used to examine powder from
crushed flakes of a uniform thickness. Due to the x-ray power generated with this unit,
only small amounts of sample are needed for accurate data collection. Typically sample
sizes of < 500 mg were used.

Samples were thinned in an ion mill for TEM and STEM analysis at 6 kV and
1.5 mA. The materials produced were thin enough in the as-quenched condition to ion
mill directly without preliminary grinding. Some samples were milled using a LN2 cold
stage to determine if ion beam heating effected the samples. The samples were sandwiched
between two copper specimen support rings and clamped into the tantalum stage. If the
samples were too small, they were glued with copper epoxy to the specimen supports. It
was desirable to avoid using the epoxy as it tended to outgas in the STEM and cause
contamination and charging of the specimen. The TEM used was a 200 keV JEOL 200
CX2 fitted with a high resolution pole piece. The STEM used was a 100 keV VG HB-53
with a Link Systems4 windowless energy dispersive x-ray analysis system and
microdiffraction capabilities. The dual lens system in the microscope forms a probe size of
approximately 1.5 nm in diameter on the specimen. With this probe it is possible to obtain
the chemical composition and diffraction pattern of areas as small as 5 nm. Some of the
samples were examined in the TEM with a hot stage, a single tilt holder capable of reaching
1350°C.

Spectrographic analysis was performed with a Beckman Acculab 105 IR
spectrophotometer and on a vacuum ultraviolet (VUV) spectrophotometer designed and

! Rigaku USA, Danvers, MA 01923

2 Jjapan Electron Optics Co., Tokyo, Japan

3 Vacuum Generators Microscopes, East Grinstead, England
4 Link Systems, High Wycombe, Bucks, England

5 Beckman Instruments, Inc., 45 Belmont Drive, Somerset, New Jersey 08873
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built at MIT by French (1985). The IR unit scans from 4000-250 cm-! (2.5-40 um
wavelength) with a N7 purge under ambient conditions. The samples were mounted
directly into the holder which required a minimum sample size of ~1 cm x 1 cm. VUV
spectroscopy was done in the transmission mode from 6-15 eV, which corresponds to a
range of wavenumbers from 36,000-55,000 cm-! (180-280 nm wavelength) range. The
samples were mounted directly into the holder and required a minimum size of 1 cm x 1
cm.

DTA experiments were carried out on a Perkin-Elmer! unit in air with heating and
cooling rates of 10-20°C/minute. Density measurements were taken with a stereo
pychnometer. Annealing experiments were performed in air in a commercial furnacs
capable of maintaining temperatures between 800-1700°C. Samples were placed in the
furnace at the set temperature, allowed to anneal at the desired time and then were quickly
removed from the furnace and air cooled.

3.0 EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Materials Systems Examined

Three compositions in the Al,03-ZrO; binary system were rapidly solidified, the
eutectic of 62.5 mol% (58 wt%) Al;03-37.5 mol% (42 wt%) ZrO,, a hypo-eutectic of 78.4
M/o (75 W/o) Al;03-21.6 M/o (25 W'0) ZrO», and a hyper-eutectic of 28.3 M/o (25 W/o)
AlO3-71.3 M/o (75 W/0) ZrO,. The liquidus temperature for the three compositions were
determined from the phase diagram shown in Figure 1.0.

The eutectic in the Alp03-Y203-ZrO; ternary system 59 M/o Al;03-4.2 M/o Y,0s-
36.8 M/o ZrO, (52.3 W/o Al03-8.2 W/o Y203-39.4 W/o ZrO;) was also examined along
with the two ternary eutectics in the Al;03-MgO-ZrO; system, an Al;O3-rich composition
of 42.1 mol% (43 wt%) Al,03-17.4 mol% (7 wt%) MgO-40.5 mol% (50 wt%) ZrO; and a
MgO-rich composition of 16.6 mol% (20 wt%) Al,03-42.1 mol% (20 wt%) MgO-41.3

lperkin-Elmer Co., Norwalk, CT 06856
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mol% (60 wt%) ZrOQ,. The eutectic temperature for the AlpO3-Y203-ZrO; eutectic was not
reported. The eutectic temperatures for the Alp03-MgO-ZrO7 compositions were
determined by Bierezhnoi and Kordyuk (1964). Table 3.0 lists the compositions and
melting temperatures of all of the compositions examined.

Compositions mol% (wt%) Melting
Temperature
(C)
AO; MgO Y203 ZrOy
AlyOs-ZrO, eutectic 62.5(58) 37.5(42) 1870
AlHO3-ZrO; hypoeutectic | 78.4(75) 21.6(25) 2000
AlyOn-ZrO; hypereutectic| 28.3(25) 71.3(75) 2100
AlLO3-Y703-Z10, 58.8(52.3) 4.2(8.3)]36.9(39.4) *
eutectic

Al2O3-rich temary eutectic| 42.1 (43) 17.4 (7) 40.5 (50) 1830
MgO-rich ternary eutectic | 16.6 (20) | 42.1 (20) 41.3 (60) 1840

Table 3.0. Compositions and melting temperatures of the Al,O3-ZrO; eutectic,
hypoeutectic and hypereutectic, the AloO3-Y203-ZrO; eutectic and the two

Al03-MgO-ZrO, ternary eutectics examined in this work.” Not reported.
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3.2 As-Quenched Materials

3.2.1 Visual examination of flakes, thickness

Figure 3.0(a) shows the dimensions of the Al,O3-ZrO; eutectic materials produced
through the laser splat technique, melt extraction and twin rolling. The laser splats were
mostly opaque and greyish colored. This indicates that the Al;0O3 and/or the ZrO; was
reduced. Other workers [Peterson (1986)] have found that the rapidly solidified eutectic
Al203-ZrO; grey and black colored materials turn white when annealed in Oy. The laser
splats are from 90-100 pum thick. The melt extracted solidified material was in the shape
of small flakes which ranged in size from 1-4 mm in length, 1-2 mm in width and 100—
250 pm in thickness. Many of the flakes are transparent, as shown in Figure 3.0(b), and
some are microcrystalline with amorphous regions only around the perimeter of the flake.
The twin rolling technique produced the thinnest flakes with the largest surface area.
Flakes generated from this technique contain the greatest amount of amorphous materials
and range in thickness from 10-50 pm, as shown in Figure 3.0(c). Table 3.1 summarizes
the size and shapes of the materials produced through different rapid solidification
techniques.

3.2.2 X-ray diffraction results

X-ray diffraction patterns revealed only the low angle amorphous hump in all of the
compositions for the thinnest flakes produced by the twin-rolling technique. Since there
was a distribution of thicknesses, the thicker flakes showed some crystallinity along with
amorphous materials. Table 3.2 summarizes the x-ray diffraction results for the as-
quenched, microcrystalline materials of different compositioas.
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(a) Materials produced through laser splatting. (b) Materials
produced through melt extraction. (c)Materials produced
through twin rolling.
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Technique Compositions Materials Produced dT/dt
(Kisec)(*)
Laser A1203-Zr0O; eutectic White and grey flakes,
Splatting AlL03-Z10; 90-150 um thick 103-104
hypereutectic 1 cm in diameter
AO3-ZrO, eutectic Transparent and white opaque
Melt Alx03-ZrO; flakes, 50-250 pm thick, 104-107
Extraction hypereutectic 0.05 cm-0.3 cm in width,
0.3-0.8 cm in length
Twin Al O3-Z10,, Transparent and opaque
Rolling Al,03-Y203-Z10O5, white flakes, 50-1500pm thick 105-108
and AlLO03-MgO-Z:0, 0.3-2.0 cm in width
eutectics 0.3-5.08 cm in length
Solar Splats | AlO3-ZrQ; eutectic | White flakes, 100-300 pum thick | 103-104 |
Plasma '
Spraying AlyO3-ZrO; eutectic Transparent and transluscent 106-108

Table 3.1. Summary of the resuits of visual examination of the quenched materials with
their estimated quench rates for the different rapid solidification techniques.
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Eutectic Composition (mol%) Phases Present (mol% MgO or Y203)

62.5 A103-37.5 ZrO, t-ZrO; + glass
58.8 Al103-4.2 Y,03-36.9 ZrO, c-Zr0»(10.22) + glass

42.1 Al203-17.4 MgO- 40.5 ZrO; (AlpO3-rich) Spinel (22.1), m+c-ZrO; (11.6)
+ glass

16.6 Al;03-42.1 MgO-41.3 ZrOy (MgO-rich) Spinel (46.2), c-ZrOy (22.2),
MgO- glass

Table 3.2 Summary of the x-ray diffraction results on the as-quenched crystalline
materials produced by twin rolling.

As seen from Table 3.2, in all of the compositions but the MgO-rich ternary
eutectic, the nucleation of at least one phase has been suppressed. In the Al;03-ZrO;
eutectic, only the t-ZrO, phase nucleated during the solidification process. The presence of
the ¢-ZrO; phase could not be detected. In the Al;03-Y203-ZrO> eutectic, the c-ZrO;
phase nucleated, leaving an AlO3-rich glass. Nucleation of Al;O3 from the melt in the
ternary AlO3-rich eutectic composition is inhibited but nucleation of MgO in the ternary
MgO-rich eutectic composition occurred. The MgO-Al;0O3 binary phase diagram shown in
Figure 1.4 shows that the spinel phase can range from ~15-60 mol% MgO. The spinel
phase in the Al;O3-rich ternary eutectic is highly defective with only 18.3 mol% MgO in
the compound. The spinel phase in the MgO-rich ternary eutectic is slightly AlO3-rich
with 42.5 mol% MgO. The absence of one primary phase in the AlpO3-rich system may
indicate that surfiice energy constraints limit the nucleation of that phase to decrease the total
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interphase boundary energy. It is not surprising that Al,O3 formation is supressed due to
the lattice mismatch with the other cubic phases.

It appears that significant supersaturation of MgO in ZrO, cannot occur through
rapid solidification. As seen in the binary phase diagram, c-ZrO; coexists with MgO in a
compositional range of 12 mol% MgO and up. Although it is possible to suppress the
nucleation of one phase, thereby enriching the other phases(s) in that component, this
scenario would require that the MgO content in the ZrQO; phase to be ~30 mol% in the
MgO-rich composition, which corresponds to the compound MgyZr5013.

No evidence was found in the x-ray diffraction data for the presence of the fluorite
related supersturctures, Mg2ZrsO12 (d phase, 28.6 mol% MgO) or MgZrsO13 (Y phase,
14.3 mol% MgO). Delamarre (1965) first identified the & phase in specimens cooled from
the melt in a compositional range of 25-35 mol% MgO. It is isostructural with the
Zr3Sc4012 phase. Rossell and Hannink (1984) found this phase after rapid cooling from
the melt a composition of 28.6 mol% MgO or air quenching from T >1900°C. In contrast,
Sim and Stubican (1987) identified the & phase only in samples of 12-21 mol% MgO which
were fumace cooled from 2035°C or in samples annealed at 800°C for long periods after
rapid quenching from 2035°C. The results in this work agree with Sim and Stubican's
results. Readey et al. (1988) were the first to tabulate the x-ray d-spacings for this phase,
which they found after annealing Mg-PSZ for 20 min. at 1000°C, but not at temperatures
>1200°C.. Unfortunately, the two most intense d-spacings fall close to the {111}, and
{220}, peaks.

Rossell and Hannink (1984) first identified the MgZrgO)3 phase, isostructural with
the ZrsSc7013 phase, in samples rapidly quenched from the melt but concluded that the
presence of this phase was due to MgO evaporation during the experiment. Sim and
Stubican (1987) could not distinguish between the 8 and y phases because the x-ray lines
overlap, but found electron diffraction spots which could be assigned to the y phase in
samples slowly cooled from T>2000°C.

The presence of m-ZrO; in the AlpO3-rich composition can be expained by two
factors: (1) From the analysis performed on the x-ray data on the as-quenched materials,
MgO vaporization occured during melting. The molten material at the surface of the droplet
vaporized as it formed and grew on the pellet. If partial nucleation of ZrO, also occured on
the surface of the droplet as it is melting, then m-ZrO; would form on the surface. (2)
Total melting was not attained in the droplet. The starting powder consisted of m+ZrQ; +
spinel + o-AlpO3. If there was not complete chemical mixing during the melting process,
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small m-ZrO; regions could be retained in the melt. If Dyye = 10-19%cm?/sec and the sample
reached it's melting point in 10 min., then L~8(Dt)!/2 ~8 um. The initial grain size of the

material was >50 pm and it seems posssible that the sample was not totally melted. But (2)

cannot explain why there was no m-ZrO; found in the MgO-rich eutectic. For this
composition, if vaporization occurred on the liquid surface, the relative abundance of MgO
would prohibit the nucleation of m-ZrO;. Thus, it appears that the presence of m-ZrO; in
the AlO3-rich eutectic is a result of MgO vaporization and subsequent nucleation of ZrO;
on the surface of the melt during the experiment.

The spinel phase and the c-ZrO phase in both eutectics compete for MgO during
the solidification process. In the Al;O3-rich eutectic, close to the minimum amount of MgO
is dissolved in the spinel and ZrO; phases to maintain both structures. In the MgO-rich
composition, close to the maximum amount of MgO is dissolved in each phase, with the
balance present as pure MgO.

The compositions of the c-ZrO7 and MgxAly(1.x)O3.2x phases were determined by
the lattice parameters calculated from the x-ray diffraction data. The lattice parameters from
the four most intense peaks for both the spinel and c-ZrO, phases were averaged. For
¢-ZrO,, the Aleksandrov et al.(1976) equation, originally developed to calculate the lattice
parameter change for Y,O4 stabilized c-ZrO,, was used:

z (P, M, Ar,)

k
Tzt To* (3.0)
100 + DM, (P, -1)

k

h— -

_ 4

/3

a(A)

where a¢ = c-ZrO; lattice parameter, Rz, Ro, Rk = ionic radii of zirconium, oxygen and
the kth stabilizing element, Px = the amount of ions of each stabilizing element in the oxide
molecule, Mg = mol% of stabilizing element and ARy = difference between ionic radii of
zirconium and the stabilizing element. As the amount of stabilizing element is increased,
the lattice parameter of the ZrO; decreases due to the substitution of smaller ions on the Zr
sites, according to the reaction shown in Eq. (3.0) for Y203. The ionic radius of Mg2+ in
the ZrO, lattice was determined to be 0.0648 nm with rz,=0.0824 nm and rg=0.14 nm, by
using the lattice parameter found in c-ZrO, with 10-20 mol% MgO from the data presented
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by Sim and Stubican (1987). For MgO, Py=1 and substituting these values into Eq.(3.0),

the lattice parameter as a function of mole fraction (x) in a range of 0-0.3 is:
ay (nm) = 0.5136-0.0407 x (3.1)

and is shown in Figure 3.1.

The compositions of the spinel phase were determined by the lattice parameters
calculated from the x-ray diffraction data. Chiang and Kingery (1988) have recently
determined the lattice parameter of magnesium aluminate spinel as a function of Al;03,f, in
mole fraction to be:

ap (nm) = .8334 -0.0496f, 3.2)

for Al03 contents from 0.50-0.85. The data were taken from szmples of known
composition which were annealed at 1600°C for 0.5 hours and rapidly cooled in air. The
decrease of the spinel lattice parameter with increasing Al,O5 content is due to the creation
of vacancies on the cation sublattice and with the substitution of the smaller Al3+ ions to the
larger Mg2+ ions, expressed by:

M ()
4ALO &

0, > (z+5)AlM+(3-z)Alh'4g+(l-z)V:M”+ (z)vh',[;+ 120, ()

for 0<z<1. For z=0, all of the cation vacancies are on the octahedral sites and for z=1, they
are on the tetrahedral sites. The value of z is a sensitive function of processing temperature
and cooling rate, since it is a measure of the disorder on the cation sublattice.

The as-quenched x-ray data were evaluated to determine if the calculationed lattice
parameters are valid to use in these systems. For the Al;O3-rich ternary eutectic, the x-ray
data yields agpine]=0.79546 nm and ac.zirconia=0-50839 nm. Inserting these values into
Eq (3.2) and (3.1), respectively, the MgO concentration (in mol%) is found to be 22.1%
for the spinel phase and 11.6% for the c-ZrO, phase. It is assumed that all of the Al,05 is
in the spinel due to the absence of any pure Al;O5 phase. With the starting composition of
41.2 moles AlyO3, it is found that 11.9 moles of MgO is in the spinel phase and 5.3 moles
are in the c-ZrO; phase, which gives a total of 17.2 moles of MgO present in ‘he as-



c-Zr? lattice parameter (nm)

0514

0.512

0.510

0.508

0.506

Calculated c-ZrO, lattice parameter as a function of MgQ content.
Used r, = 0.082 nm, r,, = 0.14 nm and ME 0.7036 nm in the

a (A) = 0.511247 - 0.00021 C (MgO) R = 1.00

10 20 30
Mol% MgO

Figure 3.1

Aleksandrov (1976) equation.

40

65



quenched material. This is in good agreement with the starting composition of 17.4 moles
within experimental error. The lattice parameters calculated from the diffraction patterns
have a standard deviation error of ~0.0003 nm, which corresponds to an error in the MgO
content of £1.5 mol% in both the c-ZrO, and spinel phases. It is likely that some of the
MgO vaporized during the melting and solidification experiment, which could also account
for the error.

In Chiang and Kingery's work, it is possible there was a depletion of magnesium in
the samples, which would shift the stoichiometric spinel lattice parameter to a higher value,
but day/df should remain the same. In fact, the slope found in this experiment is identical
to the one found by Sarjeant and Roy (1967) for splat quenched compositions of
magnesium aluminate spinels (see Figure 3.26). This comparison also points to the
negligible influence z in Eq. (3.3) has in determining the lattice parameter. Rapidly
solidified materials should have a higher degree of cation disorder then in air quenched
samples, hence a different dag/df value. In addition, the lattice parameter measured from a
sample cooled from 1600°C is not necessarily the lattice parameter the sample would have
after rapid solidification. Thus, the absolute value of what is calculated to be a, for
stoichiometric spinel may be in error, but the change in composition as measured by the
lattice parameter is expected to be accurate.

3.2.3 DTA results and density measurements

Figure 3.2(a) shows the DTA results from the Al,O3-ZrO; eutectic glass. The only
peak occurs at 944°C, which is the crystallization temperature for the t-ZrO,. Figure
3.2(b) shows the DTA results for the Aly03-Y203-ZrQ eutectic glass. The crystallization
peak occurs at 932°C, a slightly lower temperature than for the Alp03-ZrO; eutectic glass.
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DTA results on the ALQ, -ZrO, and ALO;-Y,05 ZrO,

eutectic glasses. Only one peak is observed for each
composition which corresponds to the crystallization

of a zirconia phase.
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Table 3.3 lists the results for density measurements made on the as-quenched,
amorphous materials.

Composition Density | Density of crystalline material | % Change
(Eutectic) | (gmicm3) | (calculated in gmicm?3)
AlLO3-ZrOy 4.48 4.65 -3.8
AlO3-Y203-ZrO;, 4.24 4.57 -7.8
Al O3-MgO-ZrO, (high ALO3)| 4.76 5.16" -8.4
AlbO3-MgO-ZrO, (high MgO) | 4.61 5.23* -13.45

Table 3.3 Results for density measurements on the amorphoustwin rolled
flakes for the binary and three ternary eutectics.

* These densities were calculated by using the densities of the
rapidly solidified crystalline materials as outlined in Appendix L.

The density of the amorphous rapidly solidified compositions is smaller than their
crystalline counterparts. A glass is typically up to 12% less dense than its crystalline
analogue and all of the compositions fall roughly within this range. The larger decrease for
the Al203-Y203-ZrO; composition over that of the Al203-ZrO; eutectic is most likcly due
to the lower viscosity of the melt. The Stokes-Einstein equation for viscosity, 1 is:

_ kT
3nAD

(3.4)

where A is the jump distance for atom mobility and D is the diffusion coefficient. D and A
are expected to be larger for the Al203-Y203-ZrO; glasses. This is in agreement with the
predictions made from solidification theory. Under identical solidification conditions, the
Al03-Y203-ZrO; eutectic should be an easier glass former than the Al;03-ZrO; eutectic,
based on the interlamallar spacings measured from unidirectional solidification studies.
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The densities of the Al203-MgO-ZrO; temary eutectics were calculated by summing
the volume fraction multiplied by the density of each phase. For the Al;03-rich eutectic,
there is only a two phase assemblege of an Al;Oj3-rich spinel+c-ZrO; in the as-quenched
crystalline material. For the MgO-rich eutectic, there is a three phase assemblegde of
spinel+c-ZrO; +MgO. Appendix I outlines how these calculations were made. For the
Al2O3-rich eutectic, the density is found to be:a function of x, the mole fraction of MgO in
the spinel phase:

PAl-rich = 5.3636 - 1.2118x + 2.7062x2 - 6.2148x3 R=1.00 (3.5)

The density of the MgO-rich eutectic was found to be a function of x as well as the mole
fraction of MgO in the material, Cp:

PMg-rich= 4.6433 + 0.9017x + 1.7065x2 - 1.9495x3 R=0.99, Cp = 0.17 (3.6)

Egs. (3.5) and (3.6) are plotted in Figure 3.3. As shown, the density of the Al;O3-rich
eutectic decreases and the density of the MgO-rich eutectic increases with increasing MgO
content in the spinel. For the AlyO3-rich composition, as the mole fraction of MgO
increases in the spinel phase, depleting its concentration in the ¢-ZrO; phase, its density
increases. For the MgO-rich composition, as the mole fraction of MgO increases in the
spinel phase, the amount of pure MgO decreases, its density increases.

The densities of the Al03-MgO-ZrO; ternary eutectics glasses are smaller than the
crystalline densities calculated by the above method.

3.2.4 Microstructural Analysis

Figure 3.4 shows a high resolution TEM micrograph of the amorphous rapidly
solidified Al203-ZrO; material. The typical salt-and-pepper structure of a glass is seen
along with the amorphous diffraction pattern. Figure 3.5 shows a TEM micrograph of the
as-quenched Al,03-ZrO; material produced by the melt extraction technique which shows
an amorphous region with a lamellar eutectic crystalline area. In this micrograph, it is seen
that there are twe differeni solidification fronts which appear to have occured due to the
presence of two cooling mechanisms. The interlamellar spacing is too coarse for the
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Density of the qu -rich and MgO-rich ternary eutectics
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Figure 3.4
[ligh resolution TEM micrograph of amorphous AI203-ZrO2 produced by
the twin rolling technique.
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scenario of the solidification front travelling fast enough to produce a glass and then
slowing down enough to produce crystalline materials. Furthermore, the crystalline
microstructure clearly shows a radial growth with a positive curvature into the glass. The
most probable explanation of this is that there was cooling from the air on the top surface
of the melt as well as from the single roller. The air cooling caused nucleation and growth
of the crystalline phase whereas the roller quenched the melt quickly enough to form a
glass. Single substrate quenching methods do not seem to be optimal for quenching these
oxides with the intent of forming totally amorphous materials.

The crystalline microstructures from the three Al;03-ZrO9 compositions show a
variation of growth morphologies. The wide variation of eutectic spacings found in the
eutectic indicate that there was a spectrum of cooling rates in the materials. When the
droplet hits the platens, it solidifies at a fast rate and the remaining liquid is sheared over the
solidified part and cools at a slower rate. There is also evidence that the liquid had partially
crystallized before the platens closed on it. When this occurs, the temperature gradient in
the liquid is negative due to the release of the latent heat of fusion. This can lead to the
formation of dendrites even at the eutectic composition. Figure 3.6 shows a TEM
micrograph of the eutectic composition with a-Al2O3 dendrites surrounded by the eutectic
microstructure  However, in the laser-splatting technique, the heat is primarily withdrawn
through the platens and growth occcurs perpendicular to them and the temperature gradient
in the liquid is positive.

Minford et al. (1979) have found a relationship in binary eutectic compositions
between the volume fraction of the minor phase and the surface energy per volume which
predicts fibrous growth for volume fractions < 0.28 and lamellar growth for higher values.
Hunt and Jackson (1966) examined binary eutectic solidification in terms of the minimum
undercooling required for each phase and have predicted fibrous growth for volume
fractions up to 32%. For the Al03-ZrO; eutectic, the volume fraction of ZrOy minor
phase is 0.34 [Schmid and Viechnicki (1970)], which falls in the lamellar regime but lies
close to the boundary between rod and lamellar growth. Thus, small changes in the
undercooling or solidification rate can yield fibrous growth. In unidirectional solidification
studies, Schmid and Viechnicki (1970) found fibrous growth for growth velocities between
1.3-15.6 cmv/hr and Cocks et al. (1973) found lamellar growth between 1.4-50.8 cm/hr.

Both fibrous and lamellar growth are found in this system. Figure 3.7(a) shows
the fibrous microstructure and 3.7(b) shows the lamellar structure.microstructures. These
microstructures were taken from the samples which were solidified with the laser splatter.
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Figure 3.6
TEM micrograph of the as-quenched Al203-ZrO2 eutectic produced
through the laser splatting technique. o-Al203 dendrites are surrounded by

a lamellar eutectic microsturcture. The solidification front in this
micrograph has moved from a coupled zone into a dendritic growth zone.
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(a)

(b)

60 nm

Figure 3.7
TEM micrograph of (a) lamellar eutectic growth and (b)
fibrous (rod-type) growth in the Al2O3-ZrO2 composition
produced by laser splatting.
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Figure 3.8
TEM micrograph of the as-quenched Al203-ZrO3 eutectic
composition produced by the melt extraction technique. Note
8-Al203 dendrites perpendicular to the solidification front (out

of the page). Dendrites are surrounded by rod-type eutectic
microstructure.
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The amount of undercooling and the solidification rate must be different in these two
regions. These microstructures are regular eutectics, they do not display faceting of either
phase which indicates that both phases have a low entropy of fusion (ASf/R<2).

Another eutectic microstructure is shown in Figure 3.8 as produced by the melt
extraction technique. Shown here are §-Al2O3 dendrites surrounded by a degenerate
eutectic microstructure. In this case the same phenomena is found as described for the
laser-splat material. The fastest cooled material is generated next to the roller but the
surface cooling is also present, and resulted in the formation of two solidification fronts
which are perpindicular to each other. The liquid on the surface is sufficiently undercooled
to nucleate dendrites which grow perpendicular to the solidification front on the roller. It
originally seemed possible to explain this phenomenon in terms of a change in solidification
front velocity. A change in velocity could move the growth from a coupled zone to a
dendritic zone, as shown in Figure 1.8(c). But this is unlikely due to the orientation of the
8-Al,O3 dendrites. For a zone change, the dendrites should be parallei to the solidification
front.

Figure 3.9 shows the hypoeutectic composition produced through laser splatting.
Dendritic growth of the primary a-AlpO3 phase is seen surrounded by the eutectic
microstructure composed of t-ZrO7 and a-Al203. These materials have been formed at
moderate solidification rates. Figure 1.8 predicts that at high solidification rates, the
primary dendrites should be surrounded by a glass of the eutectic composition. This
microstructure was not observed for this composition. Figure 3.10 shows the
microstructure of a twin rolled sample of the hypereutectic. In this case, the primary
dendrites are t-ZrO, which are embedded in a glass. In this case, the solidification velocity
was high enough for the eutectic to form a glass.

Plasma sprayed samples were smaller in diameter and thicker than the laser splats,
melt extrasion or twin rolled flakes. They were also stuck to the giass slide on which the
material was sprayed. These factors made the samples harder to prepare for TEM analysis.
One sample was examined and was found to be amouphous, but no further analysis was
performed. The solar splat material was all crystalline. Only a few samples were examined
and were found to consist of a uniform microstructure. No further analysis was performed
on them.

The samples milled on the cold stage in the ion mill showed no difference in

microstructure with samples milled on the standard stage. The temperature can reach as
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Figure 3.9
TEM micrograph of the as-quenched hypoeutectic A1203-Zr02

composition produced by laser splatting. ¢-Al>O3 dendrites are

surrounded by the cutectic microstructure.
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Figure 3.10
TEM micrograph of the as-quenched hypereutectic Al203-ZrO»
composition produced by the twin rolling device. t-ZrO7 (dark

phase) dendrites are surrounded by a glass.
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high as 200°C in samples milled with no cooling. No low temperature transformations
were identified by the DTA except release of hyroxyl groups.

3.2.5 Spectroscopy

[R_Spectroscopy

Figure 3.11 shows the IR results for the Al03-ZrO3, Al03-Y203-ZrO3 and
MgO-rich Al03-MgO-ZrO, glasses. The AloO3-rich composition was not examined due
to the small sample size. For transmission of 10%, the IR transparency is extended out to
1000 cm-! for Aly03-ZrO; glasses and 950 cm-! for Al,03-Y203-ZrO, glasses for
sampies ~50 um thick. The close values reflect the fundamental adsorption of the Al-O
vibrational bond, which occurs between 900-1100 cm-1, is the dominant adsorption
mechanism. The zirconium and yttrium additions to the AlpO3 glass appear to have no
affect on shifting the adsorption edge, which indicates that these cations act as intermediates
in the glass, not as network formers or modifiers. Other evidence for Y203 acting as an
intermediate is found from solidification theory. As pointed out in Sec. 1.6.1, under
identical solidification conditions, the Al03-Y203-ZrO; eutectic should be an easier glass
former than the AlyO3-ZrO, eutectic. This indicates that the melt viscosity of the AlyO3-
Y203-ZrO;, is lower which implies that the Y203 does not act as a modifier, which would
decrease the viscosity, but instead is incorporated as an intermediate.

The Al03-MgO-ZrO; adsorption edge occurs at 900 cm-1, Again, the dominant
adsorption mechanism is the Al-O bond even though this composition has only 17 mol%
AlyO3. This indicates that the AloO3 and MgO are both network formers.

Significant scattering by second phase particles is unlikely in these samples. The
glasses were visibly transparent and if there is some crystallinity, the particle size is
<~0.5 um. The adsorption edges occur at much higher values.
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VUV Spectroscopy

The VUV results are shown in Figure 3.12 which shows the transmission as 2
function of wavelength. The Aly03-Y203-ZrO, glass has the highest adsorption edge at
which there is 10% transmission of the initial intensity (5.52 eV), followed closely by
Al,03-ZrO, glasses (5.4 eV) and the MgO-rich Al,O3-MgO-ZrO; eutectic glass (5.17 €V)
with the lowest value. The band gaps for the pure, crystalline oxides are shown in Figure
3.13, along with the band gaps measured for the eutectic glasses. The band gaps for the
Al,O3, and MgO are high and do not contribute to the electronic excitation at the adsorption
edge. The band gaps for crystalline Y203 and ZrO3 are 5.6 and 4.99 eV, respectively, and
the glasses fall within this range. Thus, the UV adsorption arises from an electronic charge
transfer in the ZrO» for the Al03-ZrO2 and Al,03-MgO-ZrO; eutectic glasses and not
from an exciton. The slightly higher value for the AlyO3-Y203-ZrO; glass is possibly due
to a charge transfer excitation in the Y,03. The shapes of the curves are slightly different
and is most likely due to increased Rayleigh scattering in the glass from small crystallites.
In addition, the atomic fraction of ZrO, is different for each composition, and this will
affect the shape of the adsorption edge.

3.2.6 Estimates of Cooling Rates

There are several techniques available to estimate the cooling rates for the substrate
quenched materials. Figure 3.14 shows the geometrical outline for an estimate of the
cooling rate as a function of solidified material thickness for the twin roller system using a
relationship modified from the derivation of Chen and Miller (1970). The velocity of the
liquid-solid solidification front is taken to be equivalent to the roller speed. Assuming that
the liquid impinges between the rollers and solidifies at their contact point forcing the
rollers to move apart the thickness of the liquid stream and that the liquid is at its melting
temperature at the contact point, the cooling rate can be written as:
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where AT is the difterence between the liquid temperature and the temperature of the
solidified material as it leaves the rollers, R is the radii of the wheels, tf is the thickness of
the solidified product, and o is the wheel speed. Figure 3.15 shows the results for the
cooling rate for the various thicknesses of flakes obtained with different wheel speeds. For
the Al203-ZrO; eutectic, with a wheel speed of 6000 rpm, a flake thickness of 50 um, and
assuming that the solidified materials is approximately 250°C at the exit point which gives a
cooling rate >f ~3 x107 K/sec.

In another approach, Revcolevschi (1976) has estimated the cooling rate for splat
quenched materials to be for ideal cooling:

dr LgR
Y (3.8)
p

Where LF is the latent heat of fusion, R is the growth rate, cp is the specific heat and A is
the interlamellar spacing. Using Lg and cp for Al03 to be 26 kcal/mol and 32.65
cal/(mol K), and for ZrO; to be 20 kcal/mole and 17.8 cal/(mol K) and applying the rule
of mixtures, a composite value of 24,01 kcal/mol and 27.01 cal/(mol K) for Lf and cp is
obtained. Using the values obtained from Eq (3.7) with R = 10 cm/sec and the smallest
interlammelar spacing observed A = 10 nm, the cocling rate is found to be 9.2x106 K/sec.
This value represents the maximum cooling rate for the generation of crystalline materials.
Higher cooling rates would lead to glass formation.

The two estimates reveal that the highest cooling rate for the twin roller quenched
materials is ~107 K/sec, which agrees with other estimates found for attaining glass
formation in rapidly solidifying refractory oxides. Since these two cooling rate estimates
are similar, it appears that the rate limiting process is the heat extraction from the sample
(ideal cooling) and not from interfacial thermal resistance between the rollers and the splat
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(Newtonian cooling). If Newtonian cooling was rate limiting, much smaller cooling rates
would be calculated, as pointed out in Sec. 1.4.

3.3 Heat Treated Samples

The Aly03-ZrO4 and Aly03-Y203-ZrO, eutectic glasses were heat treated in a
furnace and with the hot stage in the TEM. The AlO3-MgO-ZrO, ternary eutectics were
heat treated only in a furnace.

3.3.1 A1,03-Zr0O3 and Al,03-Y203-ZrO3 Eutectics
X-ray Diffraction
Table 3.4 lists the x-ray diffraction results for the heat treated Al203-ZrO eutectic

glasses. For the t-ZrO; phase, there was no detectable change in lattice parameter for all of
the heat treatments.

Hear Treatment Conditions Phases Present
800°C/all times Amorphous
950°C/45 min.
1200°C/5 min. t-ZrO; only

1000°C/15-105 min.

1200°C/45-105 min. t-ZrO, with 3-Al,O3
1000°C/20 hours t-ZrOp with 8+0-Alx03
1450°C/2-45 min. t+m-ZrO; with a-AlO3

Table 3.4 X-ray diffraction data for the heat treated Al,O3-ZrO; eutectic glass.



As seen in the above table, the amorphous material was stable until 950°C was
reached. At this temperature, devitrification of the glass occured by the nucleation of t-
ZrO9 but not of any Al,Os phase. This is corroberated by the DTA results shown in Figure
3.2. At 1000°C, the presence of 8-AlpO3 is seen along with the t-ZrO;. The 3-Al1,03
polymorph is tetragonal with a triple spinel block along the c-axis. The occurance of other
polymorphs of Al;03 for small grain sizes has been reported by numerous other workers.
At higher temperature heat treatments, the transformation of 8-Al,03 to a-AloO3 occurs.
Only at the highest heat treatments do the t-ZrO, grains grow sufficiently large to transform
to m-ZrO; upon cooling.

Hot Stage TEM

A series of TEM micrographs are shown in Figure for the AlpO3-ZrO; eutectic
glass. In Figure 3.16(a), the sample is shown after heating to 1148°C for 30 minutes. The
microstructure consists of small t-ZrO; crystallites embedded in a glass. The crystallites
are ~2 nm in diameter. Smaller crystallites were not observed. The nucleation is
homogeneous; the particles are evenly and randomly distributed in the glassy matrix.
Further development of the microstructure is shown in Figure 3.16(b) at 1194°C for 5
minutes. The crystallites have grown to 5 nm ana amorphous material is still present.
Figure 3.16(c) shows the microstructure at 1194°C after 30 minutes. t-ZrO, crystallites are
seen of size 10 nm. Due to the decrease in density, holes have developed in the sample.
Higher temperatures produced the nucleation of the §-Al203 phase, as shown in Figure
3.16(d). The microstructure is very uniform with an average grain size of ~50 nm. Figure
3.16(e) shows the microstructure after a heat treatment at 1450°C. The sample consists of
small t-ZrO9 and larger m-ZrO; grains surrounded by an a-Al03 matrix. The m-ZrO3 is
clearly distinguished by the presence of twins.

Figure 3.17 shows the hot stage TEM micrographs of the Al;03-Y203-ZrO;
eutectic. Figure 3.17(a) shows the sample in the as-quenched consition. The material is
amorphous with a featurless bright field micrograph and amorphous ring diffraction
pattern. Figure 3.17(b) shows the sample after heating for 5 minutes at 1100°C. C-ZrO,
has homogeneously nucleated in the glass. The crystallite size is ~5 nm. Figure 3.17(c)
shows the microstructure after an anneal at 1150°C for 15 minutes. The c-ZrO; crystallites
are ~10 nm and 8-AlxO3 is present.
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Figure 3.16
Hot stage TEM bright field micrographs and diffraction
patterns for the Al20-ZrO» eutectic glass. (a) 1148°C, 30
minutes. t-ZrO2 crystallites (~2 nm) are embedded in a glass.
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Figure 3.16(b)
At 1194°C, 5 minutes. The t-ZrO; has grown to ~5 nm, but a
faint amorphous ring is still present.
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(d)

Figure 3.16 (d) at 1200°C, 30 minutes. t-ZrO> with 0A1O3.
(¢) 1450°C, | hour. Microstructure consists of a-Al203 and
t+m-ZrQ7. m-ZrO2 is clearly identified by the twinned
structure. t-ZrO7 particles are featureless.
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Figure 3.17 (a)
Hot stage TEM bright field micrograph and diffraction pattern
for the Al203-Y203-ZrO eutectic glass in the as-quenched
condition.
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Figure 3.17 (b)
At 1100°C for 5 minutes. c-ZrO2 crystallites (~2.5 nm) are
embedded in the glass. The (111) crystalline ring from c-ZrO?
is seen in the diffraction pattern along with the amorphous halo.
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50 nm

[igure 3.17 (¢)
AL T194°C for 30 minutes. Further growth of the ¢-Zr0>
crystallites to a size ~7 nm. Note the uniform grain size of the
crystalline materials in both (b) and (¢).
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STEM

The Al203-ZrO7 heat treated samples were examined in the STEM in order to
determine the chemical composition of the phases. To interpret the x-ray spectra, the
method devised by Cliff and Lorimer (1972) for a thin film was employed which is given
by:

CAI IAl
Hocld

Where C,,and Cz, are the concentrations of Al and Zr by weight in the examined area and
kaz, is the factor which relates the concentrations to the integrated Ko x-ray counts for Al
and Zr, I,;and Iz,. The concentrations of AlpO3 and ZrO7 can be easily calculated from
the known concentrations of Al and Zr, assuming a sto chiometric composition of oxygen.
This is a good assumption as our rapidly solidified flakes are either transparent or white.
This indicates that the material has not been depleted in oxygen to a significant degree, as
reduced rapidly solidified Al)O3-ZrO compositions are grey or black.

The thin film criterion assumes there was no electron energy loss or scattering and no
x-ray absorption or fluorescence in the specimen. To determine if the sample is in a thin
film regime, the Philibert-Tixier (1968) equation is used:

(< 0.1
i 3.10
e (3.10)

where t is the thickness, ¥; is the product of the mass adsorption coefficient (W/p) of the i th
element and the detector angle. If any element fails this criterion, the thin film
approximation is not met and an adsorption correction must be made. For Al203-ZrO7
compositions, (W/p)a; = 1723.2 gm/cm3 and (W/p)z, = 5.5 gm/em3 [Heinrich (1966)], p
is estimated to be 4.2 gm/cm3 and the detector is at an 20° angle from the sample.
Inserting these numbers in Eq.(), it is found that the thickness must be < 50 nm for the thin
film criterion to apply.
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it is possible to calculate k7, for a thin film if the elemental x-ray generation
parameters are known along with the detector efficiencies, as outlined by Zaluzec (1979).
To ensure the thin film criterion was met while collecting the spectra, the experimental
value obtained during the data collection were compared to the calculated value and
analyzed only those areas where there was close agreement, usually near the edges of the
specimen. The experimental values were obtained by scanning a bulk region approximately
0.2 by 0.2 um in size, counting for 60 sec.

Figure 3.18 shows the analytical resuits for the STEM analysis for Alp03-ZrO;
samples heat treated for various temperatures The smaller crystallites are from lower
temperature and time heat treatments. The larger crystallites are from the high temperature
heat treatments. For small particle sizes, the grains of both phases are supersaturated with
the other component. For grains <100 nm, the t-ZrO, phase has between 15-30 mol%
Al1703 and the 8-A1,03 phase has between 10-18 mol% ZrO;. Under extended heat
treatments, the grains grow and their ccmpositions move to the equilibrium concentrations
at sizes >200 nm. A linear relationship between composition and crystallite size in this
temperature rnge can be fitted for both phases:

Cz = 0.80655+1.192x10-3 dz (nm) (3.11)

Cz, = 0.1343-6.09x104 da (nm) (3.12)

where Cz is the concentration of ZrOj in the ZrO, phase, dz is the size of the ZrO;
crystallite, Cz A 18 the concentration of ZrO3 in the Al2O3 phase and da is the size of the
AlpOs crystallite.

The probe was also placed on t- and m-ZrO; grains of similar size to determine if
there was a compositional difference. The maximum t-ZrO; grain size found was ~0.3
um, grains larger than this size transformed to the monoclinic form upon cooling. No
detectable change in Al;03 composition was found between the two polymorphs of similar
size.

If Al203 chemically stabilizes the ZrO; polymorph, the lattice would shrink from:

27:0,

A]203

> 2A12'r +3045+ Vy (3.13)
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Concentration of ZrO, as a function of crystallite size for ZrO, and
Al Oy rich phases. The smaller crystallites are from lower
temperature and time heat treatments. The larger crystallites

are from the high temperature heat treatments.
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However, the x-ray diffraction data did not show any detectable lattice parameter change
with AlO3 content,which suggests that the Al ions are most likely sitting in the center of
the oxygen octahedron in the center of the cell according to this reaction:

3
ALO, 2t
L0y

> Ali+300+?VzI (3.14)

In this case, vacancies on the Zr sublattice are created. It would be possible to write the
reaction such that oxygen vacancies are also generated, but this would point to chemical
stabilization by a decreased coordination of oxygen around the Zr ions, as indicated in
Eq (3.14). In addition, if enough oxygen vacancies were c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>