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SUMMARY

Hafnium oxide-tungsten composites were produced by internal zone
melting using radio frequency induction heating and the floating zone
method of crystal growth. Stabilized hafnium oxide was chosen for
composite growth because it could be successfully melted using high
frequency rf heating and because it is chemically and crystallographically
similar to zirconium oxide, with which excellent oxide-tungsten compos-—
ites have been grown.

By unidirectionally solidifying a near eutectic mixture of oxide
and tungsten metal, the tungsten can be solidified out of the melt as
parallel, continucus fibers of less than a micron diameter and, in the
case of hafnia-tungsten, densities of up to 72 x 106 fibers per square
centimeter (in a plane normal to the growth direction).

The three stabilizers investigated for use with hafnia were
calcia, ceria, and yttria. The best results were obtained using yttria
as the stabilizer. The amount of stabilizer used was varied, as was the
amount of tungsten added to the stabilized oxide. The best growth of
fibers occurred in hafnia stabilized with 10 mole percent yttria and
containing 12,3 weight percent tungsten powder. Varying the amount of
yttria did not improve the thermal shock cracking which occurred through-
out the investigation.

Frequencies used for direct eddy current heating and melting of
the composite pellets were 3.8, 7.6, 20, and 33 MHz, Silicon carbide,

vitreous graphite, and molybednum tubes were used to preheat the samples,



viii

All composite heating and melting was done in a controlled atmosphere of

nitrogen or nitrogen-~hydrogen,



CHAPTER I
INTRODUCTION

Oxide-metal composites are of great interest to several fields
for both industrial and research applications. When such composites
contain small diameter fibers of a conducting metal in a semiconducting
or insulating matrix, they become of great interest to the electronics
industry. The combination of the small size of the fibers that have
been produced (less than a micron in diameter) and the anisotropic
pf0perties of such composites makes these materials highly unusual.
Microcircuit techniques involve extremely small components, and are
aimed at obtaining as high a density of components as possible. Oxide-
metal eutectic composites may offer a possible solution with typical
fiber densities running into the millions of fibers per square centimeter.

An important application for these composites may be as electron
emitters. As a conductor decreases in diameter, it becomes increasingly
easier to draw electrons off of it. With sub-micron size tungsten
fibers in an insulating matrix, it may be possible to obtain usable
electron emission at room temperature.

This investigation involves the growth of tungsten fibers in a
matrix of hafnium oxide. This is the first time that a study has been
made of hafnium oxide-metal eutectic growth, Metal-oxide eutectics have
been grown in other systems besides hafnia.

It is necessary for the oxide matrix to be capable of direct

coupling to the rf field in order to create an internal molten zone.



Many ceramic materials do not have a high enough conductivity even at
high temperatures to allow enough induction coupling to obtain the
temperatures required to internally melt the oxide., One method of
increasing the conductivity of a ceramic is to heat the sample to a
high temperature. The hafnia samples used in this investigation had to
be preheated to over 1900°C before they would couple directly to the rf
field., Yttria stabilized hafnia was not rf melted until tungsten was
added to it, apparently increasing the conductivity of the mixture enough
to allow coupling.

The use of the rf equipment involves a certain amount of skill
that can only be obtained by making a number of rums to get the "feel"
of both the equipment and the specific sample being melted. When a
specific composition is tried, a number of runs must be made before a
sample with a stable molten zone and a unidirectional solidification
front can be produced.

The advantage of induction melting is that poor thermal conductors
(the refractory oxides) retain a skin of unmelted oxide around the molten
zone, and thus become their own crucible, This eliminates one source of
contamination. In addition, the molten zone can be intentionally kept
narrow, and can easily be moved throughout the length of the pellet at

controlled rates allowing solidification to occur in one direction.



CHAPTER II

SURVEY OF LITERATURE

Electrical Conductivity Mechanisms in Oxides

Electricity is conducted by charge carriers. In oxides, ions
and electrons are the major charge carriers, The main difference between
ionic and electronic conduction consists of which charge carrier has the
greatest effect on the conductivity.

Ions in the crystal lattice are one type of charge carrier present
in metallic oxides. Kingeryl says that these ions can move through the
crystal lattice because of the presence of imperfections in the lattice
structure such as vacancies, intersticials, dislocations, etc. To
relocate an ion to a new position in the lattice, an intermediate position
of high energy must be first passed. At elevated temperatures the ions
are at higher energy levels and some will have sufficient energy to
overcome this barrier and relocate into a new site., If this is done in
an electric field, the resulting movement of ions occurs in the direction
of the field establishing a flow of current rather than a random move-
ment of ioms,

The formation of lattice defects and their movement through the
lattice requires high energies. In most normal cases electron conductionl
is sufficient to mask the presence of ionic conduction. The mobility of
electrons is much greater than that of ions, so a small concentration of
electrons can completely overshadow the conductivity caused by ionic

mechanisms.



In metals, the electron energy bands overlap,2 allowing them to
easily enter the conduction band, but in insulators and semiconductors
the filled electron band is separated from the conduction band by forbid-
den energy levels. In semiconductors the energy level of the filled band
is very close to the energy level of the empty conduction band. The
thermal energy (often available at room temperature) excites some of these
electrons into the empty conduction band, leaving behind electron "holes"
in the previously filled band., The energy gap between the electron bands

in insulating materials is so great that even at high temperatures almost

no electrons enter the conduction band. Because of this, conductivity in
insulating oxides must be the result of ion movement through the crystal

lattice.

Induction Heating

Induction heating provides a precise method for heating conducting
objects. It is clean, fast, repeatable, and easily automated. Leatherman
and Stutz3 list the following advantages:

1. There is no contact required between the work load and the heat

source,

2. Very high temperatures can be reached.

3. Heating is rapid.

4. Control of processing and production is simplified.

5. Higher efficiency than many other methods may be achieved.

6. Heat generation can be restricted to a surface zone of the work

piece.

7. Heating may be restricted to localized areas.

8. Vacuum or controlled atmospheres may be easily used.



For induction heating3 the conductive materials are placed in an
alternating magnetic field, produced by energizing a coil with a.c.
electrical energy. This magnetic field causes voltages to be induced
in the material, resulting in the formation of eddy currents. The magni-
tude of these eddy currents is determined by the magnitude of the induced
voltage and by the impedence of the material. 12R heating of the con-
ductive workpiece results from the eddy currents.

An alternating magnetic field induces a current distribution in

a conductor according to the equation:3
v%3 - j8n‘2ufc x 10733 (1)

where J is the vector current density (amps/cmz), u is the permeability
of the material, o is the conductivity of the material (micromho/cm), £
is the frequency, and j is v-1. Thus the current density will decrease
exponentially from the surface to:the interior of a conductor carrying
an induced alternating current. This is known as the "skin effect."
According to Leatherman and Stutz4 the relationships between the
frequency of the magnetic field and the properties of the material are
not sharply critical, but they must be satisfied to the extent that the
"skin effect'" in the material is suitable for the desired application.
Tudbury5 says that a solid cylindrical specimen will adsorb power
from an alternating magnetic field in relation to A* (the ratio of the
radius to the skin depth), where the skin depth is defined as the depth
below the surface of the conductor where the current density has been

reduced to 1l/e, or about 37 percent of the surface current density.



This skin depth (§) is related to the magnetic permeability (u), the

frequency (f), and the electrical conductivity (o) by the equation:
§ = (wufc)_% (2)

A* is directly related to the ability to produce eddy current heating

in a material, and is in reality a measure of the induction coil's heating
efficiency. The most efficient heating occurs when A* exceeds four or
five, Metals can be heated using a low frequency, but insulators require
either an increase in their conductivity or an increase in the frequency
used to allow A* to reach a sufficient level for efficient heating.

The frequency used is limited, since above about 30 MHz it is
very hard to contain the current on the surface of the copper work coil
tubing. Also, arcing between the turns of the coil and te the specimen
as well as increased ionization of gases further limit the frequency.

Since the frequency cannot exceed certain limits for all practical
purposes, the conductivity of the material must be raised., One method
for doing this is to heat the material to a high temperature. In cases
where it is desired to melt the material, the conductivity generally
increases by orders of magnitude once a molten zone is initiated.

Warren6 theorizes on how the shape of the molten zone is affected
by the conductivity and the frequency. Once a molten liquid has been
established, some power will be dissipated in the liquid and some in the
solid. The ratio of these powers determines the shape of the molten
zone, If P is the power per unit length of the cylinder for the liquid,

and Pg is the power per unit length of the solid, then pL/ps < 1, the



shape of the molten zone will be that of a cylinder with flat ends.
Should the ratio be less than one, more power will be expended in the
solid than in the liquid. The result is a molten zone with a liquid or

*
a solid core, depending on A .

Radio Frequency Melting of Metal Oxides

In the past, a number of refractory metal oxides have been melted
using induction heating with radio frequency as the energy source.

Single crystals of rutile were grown by Holt7 using a four MHz generator
and a two and one-~half inch work coil. He was able to initiate and
maintain a molten zone in rods up to seven inches in diameter.

Perez y Jorba and Collogues8 have used the same method to fuse
TiO2 and zirconia (stabilized with yttria). They concluded that 20 MHz
was the ideal frequency for melting zirconia pellets 25 millimeters in
diameter and obtained a surface skin thickness of from one to two milli-
meters,

U02 has been melted using induction heating. Gayet et al.g used
a 3.5 MHz field to melt UO2 pellets 35 to 70 millimeters in diameter. A
graphite susceptor was used to preheat the samples to 1500°C prior to
direct coupling to the oxide.

Nestor et al.lo used a similar method of induction heating to sus-
tain a melt from which crystals could be pulled using the Czochralski
method. This method consists of sustaining the melt in the center of the
oxide by induction heating, and using the solid oxide outer layer as the
crucible to contain the melt. The initial melt is obtained by using a
solid susceptor which has a high enough conductivity to be easily heated

at the frequencies used. Once an oxide melt has been initiated, the



susceptor is removed, and the molten oxide becomes conductive enough to

directly couple with the rf field. BaZrOs, SrTiOB, Zr02, BaTiOs, and
A_'I.203 have been melted in this manner.
High quality single crystals of ZrBz, HfBz, HfC, TaC, and ZrC

were grownll using radio frequency induction heating and the floating
zone method. The initial melt was formed at the bottom end of the rod,
and the rod lowered so that the melt contacted a seed crystal. The
molten zone was then passed up the length of the rod,

I-Iill12 has successfully initiated molten zones in pellets of CeOz,

Tio C 03, and BaT103 using from 6 to 30 MHz fields.

=3

23 Ca_lzr

.9%1.9°

SiC tubes were used as susceptors for preheating the pellets. He con-
cluded:

Ca0O-stabilized Zr0, is an excellent candidate for the growth of
large single crystals using an internal melting scheme because of
the ease with which a molten zone can be initiated and sustained,
and because it exhibits no stoichiometry or phase changes when
cooled from the melting point.

Hill encountered stoichiometry changes due to oxygen losses in the Ce02,

T102, Cr203, and BaTiO, samples.

3
In 1965, Chapman and Clarkl3 succeeded in growing single crystals
of UO2 up to two inches long and up to three-—eighths inches in diameter.

The crystals were grown from polycrystalline UO, rods by initiating a

2
molten zone in the center of each rod and moving the zone up the rod.

The power source for the induced eddy current heating was a 3 to 10 MHz

rf generator. A molybdenum susceptor was used to preheat the samples to
1500°¢C prior to direct coupling to the sample. In addition the molybdenum

was used to heat the areas above and below the molten zone to reduce the

thermal gradients as much as possible.



Unidirectional Eutectic Solidification
of Oxide-Metal Composites

A eutectic is a composition of a two component system which has
the lowest melting point of any ratio of the two components. When a
liquid of a eutectic composition solidifies, the two phases co-precipitate
out of the liquid. In metal alloy systems, when the eutectic alloy
unidirectionally solidifies, a structure consisting of continuous rods
or platelets of one phase in a matrix of the other phase usually occurs.

According to Salkind and Lemkeyl4 the only way to obtain a struc-
ture of parallel fibers and plates, or lamellae, is by unidirectional
solidification. This is accomplished by removing the heat from the melt
in one direction, the resulting thermal gradient producing a liquid-solid
interface that is planar. The solidification takes place when this plane
moves along the desired direction with the fibers aligned in the direction
of solidification. If the interface ceases to be a plane; then the
fibers do not grow parallel, and '"colonies" of fibers are often formed.

A colony is an area where the fibers initiate from a central point and
grow into fan shaped regions.

The spacings between the fibers or lamellae are thought to be a
function of the growth rate of the material. Mnllard15 says that for a
given temperature gradient and a given composition the spacing increases
for slow growth rates., This sounds reasonable, since a fast growth rate
would allow less time for metal atoms to diffuse through the liquid to
precipitate on the nucleating tip of the fiber (or lamellae).

Chapman et al.16 succeeded in producing UO,=W cermets by unidirec-

&
tionally solidifying the interior of a pellet of UO2 containing 5 to 15

weight percent tﬁngsten using direct induction melting. The technique
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used is a modified floating zone method called Internal Centrifugal Zone
Growth, The UOZ-W pellets were about 19 millimeters in diameter, and
the growth rate varied between 10 and 25 millimeters per hour.

Typical structures from these samples showed parallel, continuous
fibers of tungsten in the urania matrix. Lamellae growth showing
parallel, continuous platelets of tungsten were also seen. Preliminary
tests showed interesting effects on the properties of the urania. At
115000, the stress required to initiate creep in the composite samples
was two to three times the stress required for single crystal U02. The
thermal conductivity in the direction of the fiber growth was 30 percent

higher than in pure UO, crystals. The electrical conductivity of the

2
composites differed by a factor of 100 parallel to the fiber growth and
normal to the fiber growth,.

In 1969, Watsonl7 succeeded in growing crystals of zirconia which
contained areas of well ordered, parallel tungsten fibers, which under
the optical microscope looked to be about one micron in diameter. The
first frequency used was 30 MHz, but it was later reduced to 13.6 MHz to
prevent arcing from the SiC susceptor to the rf coil. Coupling and
melting at this lower frequency were more difficult, but were done
successfully. The preheating and melting were done in a nitrogen atmos-—
phere using a SiC preheat tube., Preheat temperatures were limited to
2800°F because of the SiC decomposing.

Watson's first pellets contained 10 weight percent tungsten, but
he also tried five weight percent tungsten, and these pellets had a dif-

ferent structure. The fiber density of the lower tungsten composition

was much less, The fibers tended to grow in small groups of ten to
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twenty fibers which were surrounded by areas of primary oxide.

In 1972, Chapman et a1.18 reported on the parameters which control
the types of eutectic structures obtainable from urania-metal composites
melted with induced eddy current heating. They observed several different
types of composite structures and have analyzed them using three parame-
ters: a proposed phase diagram, the oxide-metal ratios, and the experi-
mentally controlled growth conditions.

These samples were grown by the Internal Centrifugal Zone Growth
method, During the growth of single crystal oxides, they found it best
to rotate the pellets at speeds over 300 revolutions per minute., This
forced the molten material against the sides of the cavity in the pellet,
and modified the liquid-solid interface so that crystallization in the
center of the melt will lead the solidification at the edges of the pellet,
thus allowing one crystallographic orientation to be predominant across
the entire solidification zone., These authors are not sure of the need
for rotation during growth of the oxide-metal composites since the same
structures were grown with and without rotation. The reason for this may
be due to the increased thermal conductivity arising from the metal
fibers.

These UO,-W composite318 were chemically etched to remove oxide

2
from the surface to allow scanning electron microscope examination of the
tungsten fibers thus exposed. Since there was no existing phase diagram
for the system U02~W, they proposed a tentative diagram based on their
experimental observations. Figure 1 shows this proposed diagram. The

determination of the tungsten-UO, eutectic ratioc was made by examining

2

an area of good fiber growth with the scanning electron microscope and



12

& 2850
<
E UNKNOWN
<
o
[FF)
o
S 2640
~
~
\
B
~
I I I I |
Uﬂz 2 4 5 6 8
WEIGHT PER CENT W
Figure 1. Proposig Phase Diagram for the System UO,-W, After Chapman

et al.

2




13

calculating the volume percent of tungsten in the solidified zrea., The
justification for this phase diagram comes from the fact that U02—W mix-
tures form eutectic structures indicative of a simple eutectic system.
X-ray information shows that the lattice parameters for the composite
are very close to the parameters for pure UO2 and pure tungsten. The
surface temperatures measured when melting pure UO2 and U02—W were very
close, so the authors concluded that the eutectic temperature cannot be
more than a few hundred degrees below the melting point of pure U02.

Two types of structures were seen in these samples, The first
consisted of tungsten fibers which were uniformly distributed across the
melt zone. Colony boundaries were seen where changes in the fiber orien-
tation occurs. The second type consisted of circular areas of the oxide
matrix which were surrounded by the eutectic (fiber) type structure.
Examination of the uniform fiber growth samples showed the eutectic com=-
position to be between 3.6 and 5.3 weight percent tungsten. Examination
of the eutectic areas in the samples with the circular oxide areas showed
the eutectic composition to be between 7.1 and 12.8 weight percent tungs-
ten, This higher tungsten content in the eutectic was explained by
assuming that undercooling of the eutectic liquid takes place before
nucleation of the tungsten is initiated, resulting in eutectic composi=
tions along the dashed line in Figure 1.

They18 also found that increasing the growth rate decreased the
fiber size and spacing., They were able to vary the fiber density from 3
to 50 million per square centimeter. Their comment on the significance
of the fiber growth was:

The ability to selectively eteh the oxide and expose the ordered
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array of metallic fibers produces a structure of interest for
electron emission, A material containing many small metallic
fibers in a semiconducting or insulating matrix may be of value
in high resolution electro-optic applications. The electrical
or thermal paths provided by the metallic fibers suggest oxide-
metal composites may also be useful as substrates for integrated
circuits or interconnecting media for sandwich type solid state
structures.

Parallel growth of molybdenum fibers in U0219 has also been
observed, but only small areas of the samples contained fibers. This
same source lists a table of parameters influencing composite growth in
the metal-oxide systems. This information is shown in Table 1.

Chapman et 31.20 report the growth of UOZ—Ta composites that
contain "the most extensive small regions of UOzdmetal eutectic growth

found, at that time, in any systems besides UQ,-W."

2
Other unidirectional solidification techniques utilizing refrac-

tory metal cruciblesz1 or capsules22 to contain the molten oxide-metal

mixtures indicate that the Cr203—w, Cr203—Mo, Cr203—Re, and MgO-W systems

also form eutectic structures.
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Table 1. Parameters Influencing ComPOfate Growth in Refractory Oxide-Metal
Systems after Chapman et al.

1. Oxide-metal ratio
2. Growth rate
3. Metal powder characteristics
4, High-temperature electrical conductivity
5. Rf frequency
6. Mixing of the liquid (sample rotation)
7. Melting (eutectic) temperature
8. Preheat temperature
9. Sample density
10, Sample rf-coil geometry
11. Quantity of liquid and wvoid size
12. Oxygen partial pressure
13. Pre- and post-heater separation
14, Vapor pressure

15, Variable oxide stoichiometry
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CHAPTER III
PROCEDURE AND RESULTS

This section will explain both the procedures used in preparing
the oxide-metal composites and also the results obtained during the
course of the investigation for each different composition or method used.
The reason for this approach is that as the investigation proceeded, the
procedure was altered from time to time as was felt necessary based on
experimental results obtained throughout the investigation. It therefore
seemed illogical to divorce the procedure used in preparing a group of
samples investigated from the results obtained from the samples.

First, the general procedures used for the sampleslare described.
When the technique used with any group of sample pellets differed from
this basic procedure, it is mentioned specifically when those pellets
are discussed., The first samples prepared were attempts to couple to
and internally melt stabilized hafnia without tungsten., Three different
stabilizers were investigated. Finally, the growth of hafnia-tungsten

composites are discussed.

Sample Preparation

The samples chosen for induction melting were formed into pellets
three-quarters of an inch in diameter and were normally about one and one-
half inches long. Previous experience gained from induction melting of
other oxides showed this to be an ideal size for induction melting with

the rf generator system used.
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HfO, normally has a monoclinic structure at room temperature, but
at 1640°C it undergoes a phase transformation to a tetragonal structure
with a resulting change in its volume. This transformation normally
causes cracking of hafnia samples heated or cooled through this tempera-
ture. The addition of a stabilizer to hafnium oxide produces a stable
cubic structure which does not undergo this transformation. Calcia,
yttria, or ceria will stabilize hafnia.

The oxide compositions were prepared by weighing the calculated
amount out on an analytical balance, and manually mixing the oxides in
a small beaker by stirring with a small spatula. The powder was then
put in a three—quarter inch steel die and pressed in a hydraulic press to
from 1500 pounds to 5000 pounds. This preliminary compact was then
broken up, sieved through a 20 mesh screen, and repressed in the die to
about 1500 pounds. This provided a pellet with greater green strength
and also served to further intimately mix the oxides in the composition,
Most of the pellets were then pressed to 30,000 to 50,000 psi in a hydro-
static press to increase the density of the pellet. The only pellets not
pressed in the hydrostatic press were those samples which were used in an
attempt to reduce cracking by decreasing the thermal gradient experienced
by the samples.

Hafnia was obtained from two sources. The first source was Alfa
Inorganics, Ventron, Beverly, Mass. This material was used for the
internal melting investigation of stabilized hafnia without tungsten.
This material was coarse, up to 20 mesh, and had to be ground in an
alumina mortar and pestle, after initial crushing in a steel impact

mortar. A magnet was used to remove any iron particles introduced into
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the powder. The material was then passed through a 200 mesh screen prior
to pressing. The second source of hafnia was Teledyne Wah Chang Albany,
Albany, Oregon. Wah Chang hafnia was used for the samples which contained
tungsten., This hafnia was much finer (minus 325 mesh) and was pressed
as it was received without any grinding. Table 2 shows the impurities
present in this RGS grade hafnia.

The yttria powder came from Kerr McGee, W. Chicago, Illinois.
Fisher Scientific was the source for the tungsten powder (purified,
T-363), the CaCO3 (certified, C-65, 99.95%), and the ceria (certified,

C-578, 99.9%).

Radio Frequency Melting

The radio frequency generator used (Figure 2) was made by Lepel
High Frequency Laboratories, Inc., New York. It was capable of producing
fields varying from about 3 MHz to 30 MHz. The frequencies used in this
investigation were 3.8, 7.6, 20, and 32 MHz which were measured using a
grid dip meter., Various copper coils about two and one-half inches in
diameter were used to optimize the unit's output efficiency for these
frequencies, One inch diameter preheating tubes of SiC, vitreous graphite,
or molybdenum were used to initially heat the sample pellets prior to
direct rf coupling. Provision was made for rf coupling to the preheat
tube or sample pellet in a controlled atmosphere by mounting a fused
silica tube to the sample support table, sealing the junction with O-rings.
A vacuum pump was used to evacuate the tube, the desired gases introduced
at the bottom of the tube and exited at the top, thus yielding a continu-
ous flow of the gases by the sample area. The exhaust gases exited

through a plastic tube at the top of the silica tube and were bubbled



Table 2. Impurities in Wah Chang Hafnia on Hf Metal Basis
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Element Quantity (ppm)
Fe 103
Al 35
Si 60
Ta 200
b i 20
Cb 100
Zr 1.8%
B 0.2
cd 1
Co 5
Cr 10
Cu 20
Mg 10
Mn 10
Mo 5
Ni 10
Pb 5
Sn 10
v 5
W 30
Loss on ignition 0.31%
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Figure 2. Overall View of the Dual Frequency [rf Generator and Composite
Growth Equipment.
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through oil to prevent back streaming into the system.

The sample support assembly is shown in Figure 3, A hydraulic
cylinder was used to raise and lower the sample pellet at controllable
rates up to several centimeters per hour. The preheat tube and support
assembly was mounted on a table that could be quickly lowered away from
the stationary sample pellet exposing it to the rf field. Once coupling
was achieved, the pellet could be raised or lowered through the rf coil
at whatever rate was desired by movement of the hydraulic life.

The rf generator was fitted with a controller which could automa-
tically increase or decrease the power setting, thus allowing a slow
increase in temperature during the preheating cycle, and a slow cooling
rate after the pellet had been lowered.

Basically, the heating procedure was as follows: the sample was
placed on the base that supports it (usually alumina) and the preheat
tube was positioned around it, The silica tube, if used, was secured to
the mount in the table, evacuated, and the desired gases introduced. The
preheat tube was then heated slowly to the desired temperature, the power
cut back about 20 percent, and the table then lowered quickly, thus
dropping the preheat tube away from the pellet which exposed it directly
to the rf field. The power was then increased to higher wvalues in an
attempt to couple to the hot pellet, If the pellet coupled, the power
was reduced as soon as the melt was formed since the liquid has a much
higher conductivity than the solid and may melt through the pellet wall
if too much power is applied. Experience must be gained for each pellet
composition because they require different power settings both for

coupling and for establishing a stable melt zone.
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Once the stable molten zone was established, the pellet was lowered
at the desired rate through the rf coil for a distance of up to several
centimeters, When the molten zone had traveled nearly to the top of the
pellet, the lowering was stopped and the power slowly decreased, cooling
the pellet slowly and continuously in an attempt to prevent sample
cracking., All temperature measurements were made with a disappearing
filament optical pyrometer.

The cooled samples were cut in half lengthwise with a diamond saw
and mounted in cold mounting resin for polishing. The mounted samples
were polished on an abrasive polishing wheel using decreasing grits of
SiC abrasive papers (180, 320, and 600 grit). A nylon covered wheel
was used with one micron diamond paste to polish for final microscopic
examination,

This investigation was designed to develop ordered hafnia metal
composites by unidirectional solidification, but the initial work involved
the search for a stabilized hafnia mixture as the matrix for the growth
of eutectic tungsten fiber composites. Attempts at induction melting
of stabilized hafnia were made using ceria, yttria, and finally calcia

as the stabilizers.

Hafnia Stabilized with Ceria

A hafnia mixture stabilized with 10 mole percent ceria (Ce02) was
pressed into pellets and sintered in an electric kiln at 800°c. A
sample preheated to 1540°C in air using a SiC preheat tube and a 32 MHz
field did not couple to the rf field when the preheat tube was removed.
This pellet broke on cooling, presumably due to thermal shock,

A second pellet of this same composition was preheated to 1750°¢
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in a nitrogen-hydrogen atmosphere (70% N2 and 307% H2 by volume) using a

vitreous graphite preheater and a 7.6 MHz field, but did not couple.

Hafnia Stabilized with Yttria

A pellet of hafnia stabilized with 8.5 mole percent yttria (Y203)
was sintered in an electric kiln at 800°C. Using a vitreous graphite
susceptor in a nitrogen atmosphere and a 7.6 MHz field, this pellet was
preheated to 1790°C. A large amount of red-brown deposit formed on the
inside of the silica tube, and when the preheat tube was lowered, severe
arcing from the silica tube to the sample pellet cut the rf unit off.
The same pellet was reheated using a molybdenum preheater in a nitrogen-

hydrogen atmosphere (70% N,-30% H2) and a 3.8 MHz field. The preheat

2
temperature was over 195000, and the pellet seemed close to coupling to
the rf field, but a molten zone could not be initiated.

It was decided to increase the yttria content of the hafnia to 15
mole percent., Two pellets of this composition were heated in air to
1560°C and 1600°C respectively using a SiC preheater in a 32 MHz field,
but neither coupled. Both pellets were ground to minus 200 mesh and
repressed into pellets using polyvinal alcohol as a binder. The binder
was burned out of the pellets in an electric kiln, Preheating to over

1800°¢ using a 7.6 MHz field and a vitreous graphite preheat tube in a

nitrogen atmosphere did not produce coupling.

Hafnia Stabilized with Calcia

Hafnia stabilized with 10 mole percent calcia (Ca0) was investiga-
ted next, A pellet of this composition was fired in an electric kiln to

SOOOC to drive the CO2 out of the CaCO3 used as the source of the calcia.



25

This pellet was heated to 1560°C in air in a 32 MHz rf field with a SiC
preheater, but did not couple. It was next heated to 1724°C in a 20 MHz
field using a vitreous graphite preheater in a nitrogen atmosphere, but
still did not couple to the rf field. Arcing from the pellet to the
silica tube was very severe.

This same pellet was then heated to 1810°¢ using a vitreous

graphite preheater in a 70% N, -307% H, atmosphere. Lowering the field

2
frequency to 7.6 MHz nearly eliminated the arcing problem. The pellet
coupled, and was kept at 1000°C for several minutes before decoupling.
The pellet was ground to minus 200 mesh, and preheated to 1850°C under

the same conditions. This time the pellet coupled easily, and a molten

zone was initiated and sustained in the interior of the pellet.

Hafnia-Tungsten Composite Growth

Calcia stabilized hafnia was used for the initial attempts at uni-
directional solidification of hafnia-tungsten composites. A hafnia
pellet containing 20 mole percent calcia and 6 weight percent tungsten
was preheated in a 7.6 MHz field using a vitreous graphite preheater.

All preheating and induction melting of hafnia-tungsten composites was
done with the samples in a 70 volume percent nitrogen-30 volume percent
hydrogen atmosphere. This first pellet was preheated to 185000, coupled
to the rf field, and an internal molten zone was established., The pellet
was not lowered through the rf coil.

A number of pellets of this composition were internally melted
with 7.6 or 3.8 MHz rf fields using either vitreous graphite preheaters

or molybdenum preheaters. Using the 3.8 MHz field nearly eliminated both
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the arcing to the pellet and the deposits that formed on the silica tube
during the preheating. It also allowed preheating the molybdenum tubes
to 2000°C. These runs developed the skill required to control the rf
generator so as to produce internal molten zones in the pellets without
melting through the walls of the pellets.

A pellet of hafnia with 20 mole percent calcia and 6 weight percent
tungsten was heated at 3.8 MHz to a temperature of 2000%c. 1t coupled,
was internally melted, and the pellet was then lowered through the rf
coil for 3.5 centimeters at a rate of 2.0 centimeters per hour. During
lowering, the internal molten zone stayed centered in the rf coil, and
was thus moved upward at the lowering rate from the bottom of the pellet
where it was initiated to the top of the pellet, thus unidirectionally
solidifying the melt. Examination of the pellet (Figure 4) revealed some
areas of fiber growth, but the fibers were not parallel, . A two-phase
oxide region was seen in this sample (see Figure 5) that appears to have
a lamellae type structure.

In an effort to obtain better fiber growth, 20 mole percent calcia
was added to the hafnia and the content of tungsten was increased to 10
weight percent. A pellet of this composition was heated to 1980°C in a
3.8 MHz field. The pellet coupled and melted, and was lowered at a rate
of one centimeter per hour for several centimeters, Examination showed
several areas which contained fiber growth, but the fibers were not paral-
lel and their growth was poorly ordered, as shown in Figure 6.

The next composition contained the same amount of calcia, but the
tungsten was further increased to 12,6 weight percent. A pellet was

heated using a 3.8 MHz field to 200000, and coupled well. Once a melt



Figure 4,

Fibrous
Ca0 - 6 Weight % W Specimen. Dark Field, X600,

Tungsten Growth in a Solidified Hafnia - 20 Mole %
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Figure 5.

Two-Phase Oxide Matrix Present in a Solidified Hafnia - 20
Mole % Ca0 - 6 Weight % W Sample. Bright Field, X600,

28



29

Figure 6. Unordered Fiber Growth in a Solidified Hafnia - 20 Mole % Ca0 =-
10 Weight %Z W Sample, Dark Field, X600.
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zone was established, the pellet was lowered through the load coil for
a distance of about 3.0 centimeters at a rate of about 1.0 centimeter

per hour. Examination of this pellet showed even fewer areas of fiber
growth, and the fibers were very poorly formed, worse than the calcia

stabilized pellets with 6 or 10 weight percent tungsten.

At this point it was decided to try ceria and yttria as stabili-
zers even though it had not been possible to couple and melt hafnia
pellets stabilized with either ceria or yttria and containing no tungs-
ten. It was hoped that the tungsten would increase the electrical con-
ductivity of the ceria or yttria stabilized hafnia sufficiently to allow
rf coupling.

The attempt to couple to a ceria stabilized hafnia-tungsten pellet
did not succeed. The hafnia contained 10 mole percent ceria and 8.1
weight percent tungsten. It was preheated to 1860°C in a 3.8 MHz field,
and did not couple.

The first yttria stabilized hafnia contained 10 mole percent
yttria and 9.1 weight tungsten. A pellet made with this composition was
heated in a 3.8 MHz field to 1950°C. It coupled and an internal molten
zone was established. The pellet was lowered at a rate of 3.0 centi-
meters per hour for a distance of 3.2 centimeters. Examination showed
many well formed parallel fibers, as is shown in Figure 7. Figure 8
shows the tungsten fiber banding present in this sample., This banding
is characterized by the abrupt termination of the tungsten fibers, a band
of oxide, and then the resumed growth of the fibers in the oxide matrix.
A band will usually be continuous across the width of the pellet melt

zone,



Figure 7.
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Good Parallel Fiber Growth in a Solidified Hafnia - 10 Mole %
Yttria - 9.1 Weight % W Sample. Dark Field, X600.



Figure 8.
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Tungsten Fiber Banding in a Solidified Hafnia - 10 Mole %
Yttria - 9.1 Weight Z W Sample., Dark Field, X200.
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A second pellet of this composition was successfully melted under
the same conditions, and lowered at approximately 1.0 centimeters per
hour for a distance of 2,5 centimeters. Examination of the pellet showed
improved fiber growth with parallel orientation (Figure 9). There were
some areas where the tungsten precipitated out in short rods and plate-
lets oriented in three directions. This is shown in Figure 10. Some
areas of good parallel tungsten fiber growth were seen in samples of
hafnia stabilized with 10 mole percent yttria and containing 10.7 weight
percent tungsten. One of these pellets was preheated to 199000, inter=-
nally melted, and lowered for 3.6 centimeters at 1.0 centimeter per hour.
The resulting fibers appeared to be smaller in diameter than the fibers
in the previous yttria stabilized samples (less than one micromn). The
fibers were often beaded, appearing to be small, unconnected beads of
tungsten aligned in parallel lines. There were also some areas of par-
tially ordered growth of tungsten as shown in Figure 11,

A hafnia pellet containing 10 mole percent yttria and 12.3 weight
percent tungsten was melted in a 3.8 MHz field after preheating to 1970°c.
While sustaining the stable internal molten zone, the pellet was lowered
through the rf coil for 3.5 centimeters at a rate of 1.0 centimeters per
hour. Examination showed this pellet to contain the most extensive areas
of highly continuous, parallel tungsten fibers seen at this point in the
investigation., The diameter of the fibers was the smallest yet observed,
and was estimated to be approximately 0.15 microns from scanning electron
micrographs, The fiber growth was also highly continuous. Figure 12
illustrates the length of the fibers, and Figure 13 shows the even spacing

of the tungsten fibers in the oxide matrix. The fiber growth in this
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Figure 9. Good Parallel Fiber Growth in a Solidified Hafnia - 10 Mole %
Yttria - 9.1 Weight % W Sample. Dark Field, X600.
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Figure 10. Tungsten Present as Oriented Rods and Platelets in a Solidi-
fied Hafnia - 10 Mole % Yttria - 9.1 Weight Z W Sample. Dark
Field, X600,
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Figure 11. Poor, Partially Ordered Tungsten Figer Growth in a Solidified
Hafnia - 10 Mole % Yttria - 10.6 Weight % W Pellet, Dark
Field, X600,



Figure 12,
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Excellent, Continuous Fiber Growth in a Solidified Hafnia -
10 Mole % Yttria - 12.3 Weight % W Pellet. Dark Field, X600.



38

Figure 13. End View of Tungsten Fibers in a Solidified Hafnia - 10
Mole 7% Yttria - 12.3 Weight % W Pellet. Growth Direction of
the Fibers is Normal to the Page. Dark Field, X600.
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pellet is the most uniformyet observed in the hafnia system

The tungsten content in the 10 nmol e percent yttria stabilized
haf ni a was increased to 13.8 weight percent. After several tries a
pel l et of this conposition was successfully nmelted in a 3.8 Miz field
and lowered for a distance of 3,3 centimeters at 1.0 centimeters per
hour. Examnation showed this pellet to contain tungsten dendrites in
the areas of fiber growth. 1In all the sanples nelted with tungsten,
there were a snall nunber of dendrites in areas of fiber growh, but this
sanpl e contained nore dendrites than the sanples with | ess tungsten.
Figure 14 shows an area of this pellet with two large dendrites in an
area of fiber growth, plus fan shaped fiber growh initiating froma
band in the matrix. The pellet contained nostly areas of good fi ber
growh, some areas with no fiber growth, and areas of dendritic tungsten.
Exam nation of cross sections of the pellet showed that the fibers were
not as randomy spaced as was seen in the sanple containing 12.3 wei ght
percent tungsten. Colony growh was nore prevalent in this sanple. This

phenormenon is explained nore fully in Chapter |V

O acking of the oxide matrix was a major problemin all the inter-
nally melted sanpl es. The anount of yttria used to stabilize the hafnia
was increased to 15 nol e percent with the tungsten content renaining at
12.3 weight percent. |If the oxide cracking is related to the phase
transformati on of the hafnia, then this increased yttria shoul d reduce
the damage encountered as the sanple pellets are cooled. Figure 15 shows
a typical crack pattern for pellets of hafnia stabilized with 10 nole
percent yttria.

The first sanple containing thic increased anount of yttria was



