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SUMMARY

The internal molten zone technique utilizing radio frequency
induction heating was developed for unidirectional solidification of
Y203 stabilized Zr02-w composites near the eutectic composition. The
composites consisted of W fibers aligned parallel in a single phase oxide
matrix. The density and size of the W fibers were controlled by the
solidification rate with typical values being 11 million fibers of 0.4
micron diameter per square centimeter of composite. The influences of
the frequency of induction heating, sample composition, and atmosphere
on the initial formation of a stable internal molten zone were studied.
The composite microstructure was examined with regard to the effects of
composition, atmospnere, and solidification rate. The solidification
process was explained using the coupled zone theory for unidirectional
solidification of near eutectic melts. Nucleation theories that explain

certain solidification phenomena in metal-metal systems were extended to

the oxide-metal system, Y203 stabilized ZrOZ-W.



CHAPTER I
INTRODUCTION

Unidirectional solidification of eutectic alloys has received
considerable attention in the past fifteen years. Investigations have
progressed from theoretical development to experimental production of
composites and in some cases the design and use of the materials for spe-
cific applications. The majority of the eutectic compositions that have
been studied are metal-metal systems with a few important works in the
organic systems. There have been few studies in other types of eutectics
such as oxide-oxide mixtures or oxide-metal mixtures. Metal-metal systems
have received the rmost attention because of their potential application
in turbine blades and their relatively easy production compared to the
oxide systems. Organic systems have been studied because their low melt-
ing points have made possible the direct observation and control of the
liquid-solid interface. The understanding of the solidification process
has been advanced through these studies on organic compositions. Mixtures
involving oxides have been avoided due to the refractory problems in con-
taining the molten oxides. The lack of phase diagrams for the oxide-metal
systems has contributed to the problems involved in studying this type of
eutectic.

The internal molten zone technique was developed for the growth of
refractory oxide crystals and later used to study refractory oxide-metal

composites. This technique uses radio frequency induction heating to melt



the interior of sample pellets while the outer skin of the pellet remains
solid and acts as a crucible. Unidirectional solidification of the molten
material was achieved by lowering the pellet out of the induction heating
coil so that the liquid-solid interface moves up through the pellet.

The first oxide-metal composites unidirectionally solidified using
the internal molten zone technique were in the U02-W system. The struc-
ture consisted of an UO2 matrix with W fibers or rods aligned parallel to
the solidification or growth direction. The W fibers were less than a
micron in diameter &nd the composite had several million fibers per square
centimeter. The second oxide-metal system in which unidirectional solid-
ification was achieved was the Ca0 stabilized Zr02-w system. The growth
of W fibers in the ZrOz-CaO-W pellets was restricted to small areas with
the majority of the solidified material consisting of dendrites or a de-
generate structure.

The purpose of this investigation was to study the factors which
affected the solidification process such as composition, growth rate, and
atmosphere. To achieve this a method of obtaining a stable molten zone
in Y203 stabili;ed Zr02-w pellets was first developed. Attempts were made
to develop a method to achieve uniform solidification of W fibers in the
oxide matrix throughout the entire length of unidirectionally solidified
material. The knowledge gained from this investigation should advance
the understanding of the unidirectional solidification of oxide-metal

systems and lead to the solution of several problems in the production of

such composites.



CHAPTER II

SURVEY OF LITERATURE

This chapter is a review of the literature related to the topic of
unidirectional solidification of Y203 stabilized ZrOZ-W. Sections include
a description of eutectic structures, the systems previously studied and
an explanation of the coupled zone theory, The use of induction heating

in the internal molten zone technique is briefly explained, and the sta-

bilization of zirconia is reviewed.

Eutectic Structures and Systems

Hogan1 presents a classification of eutectic microstructures
originally developed by Scheil.z The structures are divided into three
classes, 1) normal, 2) anomalous, and 3) degenerate. Normal structures
are those of "highly organized rature" such as lamellar and fiber struc-
tures. Anomalous structures have the phases closely intermingled but with
much less regularity. Degenerate structures have a minimum association
of the phases as if they have solidified completely independently. Normal
structures are the most important and are the only structures described
here.

The characteristics of the normal eutectic structure as presented
by Hogan1 indicate the phases solidify simultaneously in a close physical
association. The solidification takes place by the movement of an almost
planear liquid-solid interface. The lamellae or fibers solidify perpen-

dicular to the liquid-solid interface so that each phase is continuous in



the growth directicn, The spacing of the lamellae or fibers is uniform
for any given set of growth conditions. This spacing becomes finer as
the solidification rate increases.

Eutectic grains are formed analogous to the grains of a single phase
alloy. In these grains each phase has a uniform crystal orientation and
grows from a single nucleus. Hogan describes the grains as being two
interpenetrating single crystals.

Weart and Mack3 explain that there are three structures produced
during unidirectional eutectic solidification. These are the grain struc-
ture, the colony or cell structure, and the eutectic étructure, with each
one contained in the one preceding it. The grain structure is analogous
to the eutectic grains mentioned above in Hogan's nomenclature. Weart
states that the colony or cell structure is a ''subgrain structure whose
units contain several dozen phase particles." '". . .colonies are dis-
tinguished by the phase particle arrangement and not by crystallographic
orientation as in the case of grains.'" Weart explains that colonies and
grains have been confused in the literature because of the difficulty in
differentiating then. The colony structure is best observed in a polished
plane which contains the growth direction. The cell boundaries or colony
walls will then appear parallel to the growth direction and have the la-
mellae or fibers curving into the boundary. The third structure is the
eutectic structure znd refers to the actual shape of the phase particles
whether they be lamellar, fiberous, or globular.

The metal-metal eutectic systems have received considerable study,

and the majority of the literature and theories on unidirectional



solidification are based on metal-metal systems. Kofler4 and Hunt and
Jackson5 studied organic systems in which the lower melting points made
the observation of solidification less difficult. Studies of oxide-metal
systems have been limited by experimental difficulties related to high
temperatures and the lack of phase diagrams for such systems. Oxide-
oxide systems have also received little attention due to the high temper-
ature problems.6-1l Hogan et al.12 present a list of 156 different
systems which have been investigated.

Investigations of oxide-metal systems have been performed in the
School of Ceramic Engineering at Georgia Institute of Technology13 and at
the Metals and Ceramics Division of the Oak Ridge National Laboratory.

The UO,-W system was the first developed at Oak Ridge and has received

2
. 14-17 Lo .
the most attention. The stabilized ZrOz-W was the second oxide-
‘s , R 18-20
metal system to be unidirectionally solidified. Other systems de-

9 21,22 UOZ-Ta, Nb, or Mo,23 and various

rare earth oxides such as Gd203, La203, and Nd203 doped with CeO2 and Mo

veloped include stabilized HfO,-W,

or W.l3 Nelson and Rasmussen24 at Battelle Northwest Laboratory have re-
ported eutectic solidification in the systems Cr203-Mo, Cr203-w, and
MgO-W. Additional exploratory work at Battelle Northwest invistigating
the solubility of refractory metals (W, Mo, Ta, and Re) in numerous molten
oxides indicated additional systems may form ordered structures.

Unidirectional solidification of Ca0Q stabilized ZrO.-W was first

2
18,19

reported by Watson. The internal zone melting technique was used to

melt the interior oI cylindrical pellets in an N_ atmosphere. The fre-

2

quency for the induction heating was 13.6 megahertz. The solidified



interior of the pellets showed three distinct regions, A region of

normal eutectic structure was found at the base of the solidified zone.
This structure consisted of W fibers parallel to the growth direction
solidified in the stabilized ZrO2 matrix. A second region was a circum-
ferential band adjacent to the unmelted skin containing clear ZrO2 crys-
tals and no W. The third region was a central area of degenerate eutectic

structure containing ZrQO, dendrites and voids partly filled with CaWO3

2
and W.

The Coupled Zone Theory

As early as 1922 Brady26 reported that eutectic structures can be
solidified over a range of compositions on either side of the equilibrium
eutectic point. This region was termed the "coupled region'" or '"coupled
zone' by Kofler4 in her investigation of organic eutectic systems. The
coupled growth concept was first applied to metallic eutectics by Scheil2

1,12,27

and later reviewed by Hogan and used by many other investiga-

torszg-32 to explain the eutectic solidification phenomena.

The coupled zone is a region below the eutectic temperature into
which undercooling can lower the temperature of the liquid. Solidifica-
tion of the melt then produces a normal eutectic structure. The composi-~
tion range of the coupled region usually includes the equilibrium eutectic
composition at all amounts of undercooling but this requirement is not
necessary in all cases. If the composition and undercooling of the liquid
place the melt in the coupled region, the solidification of both eutectic

phases will take place in a coupled manner. This is to say the solidifi-

cation rates of the two eutectic phases are equal and faster than the



solidification rate of any primary phase. T1If the melt lies outside the
coupled region, solidification of one primary phase enriches the liquid
in the other component and moves the composition toward the coupled
region. Whether the coupled region is reached depends on the nucleation
factors involved in the particuiar system,

The coupled growth theory is based on Scheil's2 concept that the
solidification rate of any solid phase is proportional to the degree of
supersaturation of the melt with respect to that phase. If a melt is
cooled until it just meets the liquidus line, then it will be just satu-
rated with respect to one phase. A crystal of this phase, if added to
the melt, would not grow, but would just be in equilibrium with the liquid.
Some amount of supersaturation would be necessary for solidification to
take élace. This supersaturation of the liquid might be produced by un-
dercooling or by a composition change in the liquid. Scheil2 states that
the rate of solidification increases with the degree of supersaturation
according to a parabolic relation.

Hogan1 describes the most simple ideal eutectic as one in which
the liquidus lines are roughly symmetrical about the eutectic point and
the volume fraction of the two phases is equal. Figure 1 shows the phase
diagram for such a case. The liquidus lines have been extended into the
metastable region below the eutectic temperature. Each of these lines
represents the composition and temperature at which the supercooled 1li-
quid will be just saturated with respect to one of the primary phases.

If a melt of the eutectic composition, Ce’ is undercooled slightly below

the eutectic temperature, Te’ the amount of supersaturation of both « and
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B will be ecqual. This will cause both phases « and B to solidity together
at the same rate ir. the coupled manner. A flat liquid-solid interface
would be the result.

If the liquid is undercooled to a lower temperature, To, a differ-~
ent situation develops because of the slight unsymmetry of the extended
liquidus lines. To show this, the line from the eutectic point through

point Co is shown in Figure 1 so that the distance Cm - C0 equals

b

Cma - Co. The point Co represents the melt composition which is equally
supersaturated with respect to both « and B at the temperature To. The
line containing point Co is drawn so that equal saturation is shown at

all temperatures below Te. This line can then be called the equal satura-
tion line.

If a melt of composition Ce in Figure 1 in which both components
have identical diffusion and nucleation properties is undercooled to tem-
perature To it will be saturated with respect to & to a greater extent
than to B. This is because the distance Ce - Cma is greater than Ce - Cmb'
Both phases can solidify but the « phase will solidify at a faster rate.
This causes the solidification of primary crystals of o and moves the
liquid composition toward Co' When the liquid composition reaches CO
both phases will have equal saturation and solidify at the same rate in
the coupled manner. The liquid-solid interface will be flat with neither
phase leading the other when the liquid composition is on the equal satura-
tion line, the volume fraction of each phase is equal, and the liquidus

lines are roughly symmetric.

Coupled growth can be achieved in a region around the equal



10
saturation line by not requiring the liquid-solid interface to be flat.1
If one phase is allowed to lead the other phase as shown in Figure 2, the
growth of the two phases can still be coupled even though the melt compo-
sition is not on the equal saturation line. Hogan1 explains that if the
o lamellae solidify at an initially faster rate they will advance ahead
of the B lamellae as in Figure 2. The liquid composition in the groove
between the lamellae will be Co (the equal saturation composition) but at
the lamellae tips it will be CG and CB' At the tip of an @ lamella the
composition qy will be depleated of ¢ with respect to C0 due to the solid-
ification of . This sets up a diffusion of ¢ atoms from the groove of
composition Co to the o lamella tip. Atoms of B are also diffusing from
the o lamella tip to the groove. Scheil2 states this situation will cause
the o lamellae to be relatively starved for material compared to the 8
lamellae. This is because of the longer diffusion distance from the
groove to the leadiag @ tips than from the groove to the B tips. This
starvation will slow down the @ lamella's solidification rate. A rate
will be established so that the ¢ and B lamellae will be coupled and the
o will lead the B lamella at some specific distance determined by the dif-
ference in the liquid composition from the equal saturation composition.

Tiller33 derived an equation relating the liquid composition ex-
pressed as volume fractions to the lead distance of the lamella by start-
ing with the assumprtion that the flux of solute, B, into the base of the
groove of eutectic composition, Ce’ from the @ lamella must equal the
flux of the solute out of the groove to the B lamella. If 1, and 13 are

the diffusion distances as in Figure 2 and ACi = Ci - Ce the equality of
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the fluxes is given by

AC AC
— T &
Lo

The Pythagorean theorem is then used to find an approximation for the

diffusion distance, 1i’ where i represents o or B.

L

L = {df *(%92} (2)

where di and Ki are defined in Figure 2. Combining these two equations

and arranging terms Tiller obtains:

e, A2
ERCEEOE

Mg

He then approximates the liquidus lines as being straight lines of slope
m, extending below the eutectic temperature. The compositions Ca and CE
are assumed to be found on these lines at an equal undercooling, AT, for
both phases. The ratio ACO,/ACa is then related to the slopes by the

equation of straight lines

AT, = m (C; - C) = mbC, (%)

AT, = T4 (5)
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_ o (6)
€

QE I_mE
Q

The ratio of lamellar widths, KW/K is equal to the ratio of the volume

a,

fraction of « phase, Va’ to the volume fraction of the B phase, Vﬁ’

A v
«_
= (7)

*a o Va

Combining these equations Tiller obtains

2\ 2V
v m 1+<x
oo _ _BRJ___ B (8)
\Y m 2d (2
R @ fy a)
A
o

A similar expression can be obtained by using Hogan's methods which
follow the coupled zone theory more closely. He assumes the composition
at the base of the groove to be the equal saturation composition, Co’
and the composition, Ca or Cﬁ’ at the lamellae tips to be slightly off the
extended liquidus line. This slight variation from the composition on
the liquidus line provides a supersaturation to drive the solidification

process. This has the effect of making ACG:: - ACs which is necessary to

have equal solidification rates. So Equation 3 becomes

Ll *(x Z}é

1= (9)

sll *(“EY}

which by use of Equation 7 becomes
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v X
i 4 B (10)
2
&« wied

In Equations 8 and 10 the ratio of the volume fractions, V /¥,
is an expression of the melt composition. These equations show how a
change in the melt composition from Ce in Tiller's analysis and from C0
in Hogan's analysis can be compensated for by a change in the lamella
lead distance and lamella widths. These changes effect the diffusion dis-
tances so that fhe solute fluxes can remain equal. Equations 8 and 10
actually say that coupled growth can be obtained at any composition if
the lead distance is great enough. But there is a limit to the lead dis-
tance which defines the boundaries of the coupled zone. If the lead dis-
tance is too great the leading phase will grow laterally and become den-
dritic. Several studies have been made on this eutectic to dendritic
translation in metal-metal systems.32’ 34-36
Figures 1 and 3 show two possible types of coupled regions as
described by Kofler.4 The shaded areas show the coupled region in which
the eutectic structure can be solidified. Figure 1 has the liquidus
lines almost symmetrical about the eutectic point. 1In such a case the
eutectic structure can easily be obtained in any composition near the eu-
tectic composition if enough undercooling can be achieved. Figure 3
represents the situation where the liquidus lines are very unsymmatrical.
The coupled zone is no longer centered below the eutectic point, but

skewed toward the component with the higher melting point. Chadwick29
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Figure 3. The Skewed Coupled Zone in Systems with
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states the reason for this is that the supercooling of the liquid is
relatively much greater for the phase with the higher melting point.
The temperature dependence of solidification rate of this phase is much
greater than for the low temperature melting phase. With a given amount
of undercooling below the eutectic temperature,one phase is cooled below
the melting point of the pure component much greater than the other phase.
This causes unequal solidification rates even if the melt is equally sup-
ersaturated with both phases. This inequality of solidification rates at
equal supersaturation produces the displacement of the coupled zone to a
region in which the rates are equal. The coupled zone is actually cen-
tered about a line of equal solidification rates. This line corresponds
to the equal saturation line when the components have similar melting
points or the liquidus lines are symmetrical about the eutectic point.

37 .

Hogan ~ uses the skewed coupled zone and nucleation factors to
explain the solidification of "halos" around primary dendrites. Sundquist
38 . . .
et al. describe the halos as a secondary phase surrounding the primary
phase. The explanation of halo formation is based on nucleation theory

. 39
presented by Sundquist and Mondolfo. They state that metals that are
difficult to nucleate have complex or open structures and are good nuc=-
leating agents for other metals. Similarly metals that are easy to nuc-
leate have simple structures and are poor nucleating agents for other

. s s . . 38
metals. In eutectic solidification Sundquist states that only one phase
acts as the nucleating agent for the eutectic structure on both sides of
the eutectic composition.

Figure 3 illustrates the solidification of halos as described by
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Davies,28 Hogan,37 and Sundquist.38 The primary phase, B, nucleates and
grows dendritically moving the liquid composition toward the coupled zone.
If the secondary phase, o, is difficult to nucleate due to insufficient
undercooling or to the B phase being a poor nucleating agent the liquid
composition could move across the coupled zone. When the liquid composi-
tion has crossed the coupled zone and is highly supersaturated with ¢
this phase will nucleate. Since the liquid composition is in a region

in which o has the greater solidification rate, a halo of @ will solidify
around the dendrite. The liquid composition will then move back toward
the coupled zone again. Since the P phase is easy to nucleate the eutec-
tic structure can start solidifying with the @ lamella continuous with
the halo and the B phase nucleating on the halo. Further solidification
produces only the eutectic structure.

With the skewed coupled region, if the melt has the eutectic compos-
ition or is richer in @, B dendrites and @ halos could still form if the
B phase is much easier to nucleate. The melt must be supercooled below
the eutectic temperature without the nucleation of the « phase. The B
phase then might nucleate first and grow a dendrite even though the ¢
phase should be the primary phase if equilibrium conditions were met.
This enriches the liquid in o and at some large degree of supersaturation
the o phase nucleates. The solidification of the & phase as a halo then
moves the liquid composition back toward the coupled region.

Explanations of anomalous eutectic structures especially in the

12,29 The solidifica-

Al-Si system31 are based on the skewed coupled zone.
tion steps can take many possible paths depending on the precise differ-

ences in solidification rates and nucleation properties. Generally the
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solidification is similar to the last case described above but repeated
nucleation of both phases and large differences in solidification rates
prevents the liquid composition from reaching the coupled region, and an
anomalous structure is produced in which the phases do not solidify simul-
taneously nor are the phases continuous.

The coupled zone theory successfully explains the solidification
of a normal eutectic structure. The solidification of eutectic structures
from melts not of the eutectic composition and the formation of halos
around primary dendrites can be explained by the theory. The coupled
zone theory gives a good qualitative understanding of the solidification

process involved in the growth of composites.

Induction Heating

A modified floating-zone technique has been used for melting and
controlled solidification of refractory oxides and oxide-metal compos-

,13’14’40_42 This technique employs radio frequency (rf) induction

ites
heating in the range 4 to 30 megahertz. Oxide pellets are preheated to
an elevated temperarure at which they have sufficient electrical conduc-
tivity to support eddy current heating. The input power is balanced
against the high radiant heat loss from the pellet surface at a level
sufficient to melt the interior of the pellet. If the pellet material
has a high enough melting point to allow a large radiant heat loss and a
low thermal conductivity, the interior can be molten while the surface re-
mains unmelted. This unmelted skin then acts as a crucible eliminating a

source of contamination. For growing crystals or composites, the induc-

tion heating method has the following advantages:
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1. Heat is gencrated within the sample.

2. There is no contact required between the sample and external
containment pieces.

3. Very high temperatures can be reached in a short period of
time.

4, The heating can be restricted to localized areas.

5. Control of the atmosphere is simple.

Induction heating depends on the eddy currents established in the
work piece. The current distribution of these eddy currents decreases
exponentially from the surface to the interior of a cylindrical work
piece. This is known as the skin effect in induction heating. A "skin
depth" is defined as the depth below the surface at which the current
density has been reduced to l/e or about 37 percent of the surface current
density.43 The ratio of the radius of the work piece to the skin depth

must exceed four or five to achieve sufficient efficiency in heating the

. 44 ,
piece. Gayet gives an equation,

D= =-\[+— (11)

for the skin depth, D, in centimeters where f, the frequency in hertz,

. - . . -1 .
and ¢, the electrical conductivity in (ohm-centimeters) ~. Any increase
in frequency or conductivity decreases the skin depth and increases the

heating efficiency. Gayet calculated for a 3.5 cm diameter U0, pellet

2

the frequency would have to be about 1010 hertz to have efficient heating

at room temperature. He then calculated that using a five megahertz
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frequency and preheating the UO? to 1300°C to increase the conductivity,
the efficiency would be sufficient to melt the oxide, Since frequencies

above about 30 megahertz are difficult to contain without arcing problems,

the oxide's conductivity must be increased by preheating.

Stabilization of Zirconia

Pure ZrO2 undergoes a reversible polymorphic phase transformation
o . . . . .

at about 1000 C. This phase transformation is accompanied by a large dis-~
continuity in the thermal expansion which causes severe cracking or de-

struction of any piece made from pure Zr0 To overcome this problem,

X
ZrO2 is reacted with other oxides to stabilize the resulting solid solu-
tion in a crystal structure which does not undergo any disruptive phase

change.

From room temperature up to about IOOOOC pure ZrO2 is monoclinic.
The exact transformation temperature is not known, but above about 1000°¢c
the tetragonal crystal structure is stable. Both of these crystalline
forms are slightly distorted cubic structures of the Can type. Smith
and Cline45 have verified the existence of a face centered cubic form
stable above 22850 *+ 15°C. The crystal structure of ZrO2 can be changed
by additions of oxides such as MgO, Ca0, MnO, TiO, and YZOB' This results
in a cubic solid solution which is stable throughout the temperature
range.

Roth46 lists a general set of rules for reactions of ZrO2 with

other binary oxides. Reactions of ZrO2 with oxides containing smaller

divalent ions such as with MgO, CaO, MnO, and TiO, result in the
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stabilized cubic sclid solutions. Exceptions to this are BeO and ZnO.
Oxides containing larger divalent ions form 1:1 perovskite type compounds.
The Ca+2 ion is intermediate in size and forms a solid solution in small
amounts but forms a compound in equal molar mixtures. Reactions with
oxides of smaller trivalent ions such as with Y203 and InZO3 form cubic
solid solutions. The smallest trivalent ion A1+3 is an exception. Larger
trivalent ions in LaZO3 and NdZOB result in A2B207 type compounds along

with solid solutions. Smaller tetravalent ions such as in SiO2 and TiO2
result in 1:1 compcunds, but larger tetravalent ions such as in UO2 and

CeO2 result in tetragonal solid solutions.

A previous investigation18’19 used CaO2 to stabilize ZrO2 for uni-
directional solidification with W. The central area of the pellets con-
tained dendrites of ZrO2 and voids containing CaWO3 and W. The formation

of the CaW0O, complicated the solidification process and may have led to

3
the dendritic growth. A survey of the other stabilizing oxides revealed
that yttria, Y203, does not form compounds with W nor Zr02. On this
basis, yttria was chosen as the stabilizing oxide to use with ZrO2 in

this investigation,

Duwez et 31.47 studied the phase relationships in the ZrOZ-YZO3
system. They found in the range of zero to five mole percent Y203 that
the temperature for the tetragonal to monoclinic transformation is lowered
from 1000°C to about AOOOC. In the range 7 to 55 mole percent Y203, a
cubic solid solution was found stable at 2000°C. At 1375°C they found

this cubic solid solution region shifted only slightly to lower Y203

compositions. They presented a phase diagram of the system showing the
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cubic solid solution region extending from room temperature to the melting
point over the composition range at room temperature of 7 to 45 mole per-
cent Y203. Solidification of oxide mixtures in this range would avoid
the disruptive phase transformation seen in pure ZrOz.
R 48 . . . R .
Carniglia et al. report: ZrO2 is slightly non-stoichiometric at

temperatures above 10000C. At high temperatures and oxygen pressures

below one atmosphere the ZrO is oxygen deficient and black in color.

2-x
The dark color is due to free electrons in the oxygen vacancies, Stoi-
chiometric ZrO2 is white in polycrystalline form or clear as single crys-
tals. Carniglia reported the ZrOz_x-Zr phase boundary was located at

ZrOl 96 2t 1800°C and an oxygen pressure of 3.5 x 10.6 atmospheres.
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CHAPTER III
F.QUI PMENT

The equipment used for producing stabilized Zr02-W composites
consisted of a Lepel high frequency induction heating unit and the asso-
ciated apparatus for control of the unidirectional solidification. Since
this equipment is vital in the production of the composites it will be
described in detail. Other equipment used for pellet preparation and
examination of the composites is less important and will not be discussed

in this chapter.

Induction Heating Unit

A Lepel high frequency generator, model number T-10-3-DFI1-E-HW,
type T-1003-58, serial number 7023 was used to supply power for the in-
duction heating. This generator is the vacuum tube oscillator type,
rated at 10 kilowatt output, capable of operating in the frequency ranges
of 2.5 to 8 megahertz and 15 to 35 megahertz. The proper selection of
coils and capacitcrs that can be interchanged within the unit determines
the frequency of cperation, A variable grid coil capable of adjustment
during operation made possible a fine tuning of the unit to match the
work load being heated. Meters on the generator's control panel showed
the filament voltage, grid current, plate current, plate voltage, and
control current. The plate current and voltage were used to record and

control the power settings used.
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The work load consisted of a load coil and the material to be
heated. The load coil was constructed from "flat" copper tubing of rec-
tangular cross section 1/8 inch by 1/4 inch. The coil was a 6 and 1/2
turn helix with a 1 and 3/4 inch inside diameter and 2 and 1/2 inches
long. Connections in the generator supplied cooling water which circu-

lated through the coil,

Unidirectional Solidification Apparatus

The facilities in addition to the Lepel generator for oxide metal
composite growth were developed as part of this investigation and other
research being done concerning composite growth. The growth facility
shown in Figure 4 was mounted on a table that could be manually raised or
lowered by means oI a crank. Mounted below the table were an hydraulic
cylinder for sample movement and a vacuum pump. On the side of the table
were the controls for the hydraulic system and atmosphere.

Figure 5 shows a schematic diagram of the growth facilities mounted
on the table. A brass support held a silica tube for containing the at-
mosphere. A ceramic support held the molybdenum preheater tube. A steel
shaft extended from the hydraulic cylinder up through the table, the
brass support, and the preheater tube. On the end of the steel shaft
was an alumina tube used to support the sample. Movement of the table
raised or lowered the silica tube and preheater tube independent of the
steel shaft and sample. Movement of the sample was accomplished by the
hydraulic cylinder. A system of needle and shut off valves controlled
the flow of the hydraulic fluid so that the sample could be either raised

or lowered. Controlled rates in the range from near zero up to about
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The Induction Heating Facilities Used
for Unidirectional Solidification of
Composites. A Hot Sample Is Just Above
the Molybdenum Tube in the Induction
Coil.
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twenty centimeters per hour could be achieved.

Control of rhe atmosphere was accomplished by the use of a vacuum
pump, nitrogen and hydrogen tanks, flow meters, and bubble bottles. The
vacuum pump was used to pump down the system to about 50 millitorr and to
check for major leaks. The gases to be used passed through flow meters,
were mixed, and entered the silica tube through the brass base. After
exiting the silica tube at the top, the gas passed through a filter to
trap airborne solids which would foil the vacuum shut off valve. The
gas finally went through bubble bottles which prevented back streaming

of any air into the system.
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CHAPTER IV

PROCEDURE

This section will explain in detail the general procedures used

for producing stabilized ZrO,-W composites. Since the investigation in-

2
volved studying the factors that influenced the growth of these composites

many of the procedures were necessarily varied according to the objectives

of the experiment. Consequently, only the general procedure that even-

tually evolved as ziving the best results is described. Details of pro-
cedural variations and the effects of various changes are given in the

results section.

Pellet Preparation

The preparation of sample pellets for internal melting and unidi-
rectional solidification was carried out in three steps: (1) the wet
mixing of the ZrO2 and the Y203 stabilizer in batches of several hundred
grams, (2) the dry mixing of the tungsten and oxide power mixture for
each separate pellet, and (3) tne pressing of the powder mixture to form
a pellet.

Sources for the materials used were as follows: Zirconia powder,
A-HC, minus 325 mesh, from the Zirconium Corporation of America, Solon,
Ohio. Yttria powder, code 1116, from Kerr McGee, West Chicago, Illinois.
The tungsten powder was obtained from two sources, Fairmount Chemical

Corporation and Fisher Scientific, purified t-363.

The wet mixing of the oxides was done in batches typically of 600



29

srams. The calculated amounts of each oxide were weighed on an analytical
balance and placed in an electric blender. Enough distilled water was
added to make a fluid mixture and then it was mixed for five minutes.

The mixture was then dried overnight, crushed in a mortar and pestle, and
then passed through a 60 mesh screen.

For each individual sample pellet the amount of tungsten to be
added to the oxide mixture was calculated and weighed on an analytical
balance. The oxide and tungsten powders were then placed in a glass jar
and shaken vigorously for five minutes.

To form a pellet the oxide-tungsten powder mixture was dry pressed
at 23,000 psi in a 3/4 inch diameter steel die using an hydraulic press.
This produced a pellet 3/4 of an inch in diameter, typically 1/2 inch

long, and weighing 50 grams.

Unidirectional Solidification

The process of producing a unidirectionally solidified composite
from the oxide-tungsten pellets consisted of a preheat period, coupling
directly to the pellet, establishing a stable molten zone, unidirectional
solidification, and a cooling period. Control of temperature in this
process was critical but the reading of accurate temperatures using an
optical pyrometer was prevented by vapor deposites forming on the silica
tube. All temperatures given are as read surface temperatures, uncor-
rected for emissivity and absorption. Control of the process was achieved
by careful control of the power settings of the Lepel generator. The
necessary power settings varied with the sample composition, atmosphere,

and position of the pellet in the coil. These power settings are reported
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in the results section. Typical temperatures will be reported here in
the procedure for clarity.

The set up and preheat procedure was as follows: the sample pellet
was placed on the A1203 support tube as shown in Figure 5. Careful ad-
justments were made to be sure the pellet, molybdenum preheat tube, sil-
ica tube, and induction coil were all concentric. The system was pumped
dowvn to about 50 millitorr pressure and then filled with the gas to be
used as an atmosphere. Nitrogen, hydrogen, or mixtures of the two gases
were used as a dynamic atmosphere flowing at about 500 cc per minute.
With the preheater tube raised around the sample, the temperature was
then slowly increased to about 1600°C.

After the desired preheat temperature was reached the sample pellet
was then coupled to with the rf field to allow additional induction heat-
ing. This was accomplished by turning the power to a minimum, quickly
lowering the preheat tube well out of the induction coil, and turning the
power to a maximum. The sample pellet was then exposed to the rf field
and eddy currents established which caused additional heating. After 10
to 30 seconds the interior of the pellet melted, causing a change in the
load seen by the Lepel generator. This caused a sudden simultaneous de-
crease in the plate voltage and an increase in the plate current. At
this point the power was quickly cut back to prevent the molten interior
from melting through the outer skin which was at about 1850°¢. Adjust-
ments were made on the generator's grid current and plate current to
bring them to the desired settings and the pellet was allowed to equili-

brate for five minutes before proceeding.
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Unidirecticnal solidification was achieved by lowering the pellet
through the induction coil. Variations in the lowering rate were examined
as one of the factors effecting composite growth. When experiments were
not concerned with the lowering rate, a rate of approximately two centi-
meters per hour was used. After the hot molten zone had traveled to the
top of the pellet, additional lowering caused the pellet to decouple from
the rf field. This caused a sudden cooling of the pellet when the molyb-
denum tube was not being used as a postheater for slow cooling.

If a slow cooling of the sample after solidification was desired,
the molybdenum tubes was then raised into the lower turns of the induction
coil, as shown in Figure 5. This caused the upper portion of the tube to
be about 1500°C and kept the sample hot as it was lowered out of the in-
duction coil, Additional adjustments were made to the Lepel generator's
grid and plate currents and another five minutes was allowed for the sys-

tem to equilibrate,

Sample Examination

Sample examination was mostly done by metallographic techniques.
Pellets were usually cut in half parallel to the lowering direction using
a diamond saw. The samples were ground flat using SiC abrasive papers
(180, 320, and 600 grit) and then polished on a nylon covered wheel with
one micron diamond paste. A Reichert MeF metallograph equipped for dark
field as well as ncrmal bright field viewing was used for taking photo-
micrographs. In dark field viewing the fibers slightly beneath the sur-
face were visible while bright field viewing showed only the surface

features.
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Scanning electron microscope (SEM) examination was used for deter-
mining fiber diamcters and densities. Thin slices of the composite were
cut normal to the fibers, polished as above, and then etched in boiling
phosphoric acid for 14 hours before examination in the scanning electron
microscope. SEM plots were then used to determine diameters and count

the density of the fibers.
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CHAPTER V
RESULTS

The major areas investigated controlling the growth of Y203

stabilized ZrO,-W composites were the influence of frequency upon estab-

2
lishing a stable molten zone, the determination of the composition giving
the best composite growth, the influence of growth atmosphere, and the
effect of the growth rate on the oxide-metal composite structure. The
results will be reported in separate sections for each topic. In the
case of composition and atmosphere there is some overlapping of these
because the atmosphere effects the composition needed to produce optimum

growth. Also, a section is included describing the various details of

the composite produced.

Influence of Frequency

The induction heating frequency is one of the most important factors
in the establishment and control of an internal molten zone. Frequencies
of 16, 7.6, and 3.6 megahertz were used to establish stable molten zones.
Initially the highest frequency, 16 megahertz, was used because it was
known that direct coupling and subsequent induction heating in the sta-
bilized ZrOZ—W cou.d be established more readily at the higher frequencies.
Reduction of the frequency to 7.6 and then 3.6 megahertz was done to re-

duce arcing and increase the penetration of the rf field into the pellet.

After 3.6 megahertz was found to be satisfactory, this frequency was used
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for all the remaining experiments.

When using 16 megahertz the Zr0,-W samples could easily be induc-

2
tion melted but control of the molten zone was difficult. The sample
pellet was preheated to about 1600°C using a plate current at 0.80 amp
and plate voltage of 7.1 kilovolts. After coupling, power settings of
1.10 amps and 3.7 kilovolts produced a surface temperature of about 2200°C.
In all experiments using 16 megahertz the molten interior melted through
the thin solid skin spilling some of the molten material. 1In the solidi-
fied regions of the samples there were always many small voids. Arcing
from the induction coil to the silica tube and sample was a major prob-
lem in many experiments if the growth equipment and sample were not lined
up perfectly., This frequency was abandoned due to the spilling of the
molten interior and arcing problems.

In an effort to increase skin thickness the frequency was lowered
to 7.6 megahertz. The arcing problem was eliminated at this frequency
but there was still the problem of preventing melting.through the skin.
This frequency was abandoned to try 3.6 megahertz after several experi-
ments failed to establish control of the molten zone.

At 3.6 megahertz there were minimum arcing problems and careful
control of the power settings prevented spills. This frequency was
established as the frequency to use in further experiments. For a Zr02-
10 mole percent Y203-16 weight percent W composition melted in a N2—H2
gas mixture, the power settings used were 0,58 amp and 3.8 kilovolts.
With higher power sattings the molten material melted through the skin.
I1f the power was slightly lower the solidified area contained many small

voids. Control of the power settings within very narrow limits (which
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di ffered for each composition) was necessary to prevent spills of molten
material or the formation of voids in the solidified composite. Other
than the close control necessary, this frequency was suitable for control

of the molten zone and consequently, the growth of good composite samples.

Influence of Atmosphere

Atmospheres of nitrogen or hydrogen or mixtures of these gases
were used for composite growth. The noble gases were not used because
the high frequency field caused gas plasmas and resulted in arcing prob-
lems. Oxidizing atmospheres could not be used because of the oxidation
of the tungsten or molybdenum tubes. The type of atmosphere greatly af-
fected the optimum composition used to produce the composites. These
results are reported in the composition section.

When pure nitrogen was used for the growth atmosphere, there was
considerable vapor deposition of a black or dark brown material on the
silica tube. This prevented observation of the sample and led to slight
arcing problems as the deposit became thicker with time during long ex-
periments. X-ray analysis found this deposit to be a mixture of W, WOZ’
and WO,.

3

If a mixture of 90% N2 and 10% H, was used as the atmosphere, the

2
vapor deposits werz reduced considerably., With this atmosphere the de-
posits were so small that they produced no major problems. Most of the
experiments on composite growth were then done using the mixture of ni-
trogen and hydrogen.

An atmosphere of pure hydrogen resulted in a minimum of vapor de-

posits. Only a very small amount of orange-brown condensate formed just
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after melting the sample pellei:. The hydrogen atmosphere also cooled the
sample or preheater tube more than the nitrogen atmosphere. This made
slightly higher power settings necessary to produce the same temperature.
-10 mole percent Y203-6.5

were 0.65 amp and 4.4 kilovolts.

Power settings for solidification of a ZrO2

weight percent W sample in H2
Composition

Two composition variables investigated were the Y stabilizer

293

content and the W metal content. Only two variations in the Y content

203
were investigated but a series of experiments employing different W con-

tents were necessary to establish the optimum W addition to the Y203

stabilized Zr02.

A single phase region is reported in the Zr02-Y203 system which

extends from 7 to 56 mole percent Y,0 Solidification of compositions

273°
in this region was desired because this stabilized a cubic structure
that does not have any disruptive phase transformations as seen at the
lower Y203 contents. A composition containing 7.9 mole percent Y203 was
selected for the first experiments. Good composite growth was produced
but the pellets were badly cracked even when slow cooling methods were
used. An increase of the Y203 content to 10 mole percent was made on the
suspicion that some of the Y203 may have vaporized and moved the composi-
tion out of the cubic phase region. Good composite growth was again
achieved but there was no improvement in the cracking problems. Higher
Y203 contents were tried but abandoned because of increasing difficulty

in induction coupling to the material. No significant difference was

seen in the quality of the composites produced in the 7.9 or 10% Y203 com-
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positions but there was a variation in the amount of W necessary to produce
the best samples.

The W content was found to have a considerable effect on the fiber
growth. An optimum W content was established which would give the great-
est area of uniform fiber growth. In samples containing 7.9 mole percent
Y203, the best tungsten content was 10 weight percent W when solidified
in the 90% N2 - 10% H2 atmosphere. This produced a pellet with good
fiber growth throughout most of the pellet except for the upper portion
of the solidified area which contained some areas of primary oxide.
Figure 6 shows a typical area of this primary oxide growth. Additions
of 5% W produced much larger areas of primary oxide in the pellet. Ad-
ditions of 15% W produced W dendrites within the fiber area and still
contained primary oxide in the upper portion of the pellet.

Increasing the Y content to 10 mole percent required 16 weight

293

percent W to achieve the best eutectic growth when solidified in the 90%

N2 - 10% H2

16% W had extensive areas of uniform fiber growth, some primary oxide was

atmosphere. Although the pellets containing 10% Y203 and

also present in the upper portion of the sample. If 15 weight percent W
was used, the area of primary oxide in the upper portion of the pellet
was noticeably larger. This effect was even greater when 12 or 10% W
additions were mada, When 17% W was used dendrites of W occurred in the
fiber area and there were still small areas of primary oxide in the upper
portion of the pellet. Figure 7 shows the effects of such W dendrites on
the fiber growth.

During the solidification of stabilized 2r0,-W samples in the 907%

N2 - 10% H2 atmosphere, the composition of the eutectic material does not
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a) Transverse Section, Growth Direction Is
Norrial to Polished Plane. Dark Field, 200X

b) Longitudinal Section, Dark Field, 600X

Figure 6. Composite Areas Containing Primary Oxide and
Eutectic Structure in Zr02 - 10 mole % Y203 -
5 weight % W.



a) Bright Field, 600X

b) Dark Field, 600X

Figure 7. A Tungsten Dendrite Surrounded by an
Oxide Halo and Futectic Structure in
ZrO, - 10 mole % Y203 - 17 weight % W.

39
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remain the same as the initial starting mixture. 1In addition to other
parameters, Table 1 tabulates the composition in the eutectic structure
in weight percent W calculated from fiber sizes and density counts taken

from SEM micrographs of well grown areas of Zr0,-10 mole percent Y203-W

2
samples. To convert the volume percent W to weight percent, the theo-
retical density of tungsten, 19.3 gm/cm3, was used for the fibers, The
density of the stabilized ZrO2 (6.1 gm/cm3) was determined by x-ray
methods and checked by direct measurement on a sample not containing any
W. A typical density for the solidified portion of the composites was
6.3 gm/cm3. An error analysis on the composition calculations indicated
the accuracy of these calculations to be about * 2 weight percent W.
Solidification of Zr0,-10 mole percent Y203—W samples in a H2 only

2

atmosphere differed from the solidification in the 90% N, - 10% H, at-

2

mosphere, 1In the H2 atmosphere pellets containing as low as 8% W pro-
duced W dendrites in the fiber area. A composition of Zr02-10 mole per-
cent Y203-6.5 weight percent W »roduced the best results in the H2 at-

mosphere. This resulted in only a small amount of primary oxide at the

top of the pellet and no W dendrites., If 6% W was used, this primary

oxide area was slightly larger.

Influence of Growth Rate

The effect of growth rate on the fiber size and density of a series

of Zr02-10 mole percent Y, O, -W samples solidified in 90% N2 - 10% H2 at-

23
mosphere is shown ian Table 1. Micrographs of two samples grown under the

same conditions except for about a tenfold change in growth rate are shown

in Figure 8, Figure 9 illustrates the effect of growth rate on the fiber
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Table 1., Fiber Size, Fiber Density, Composition, and Growth
Rate Data for Some Zr02—10 Mole Percent Y, O,-W

Samples 23
Sample Weight %  Growth Fiber Fiber Volume % Calculated
Number W Added Rate in Diameter  Density Fibers Eutectic
cm/hr Microns x 106 9 Weight
Fibers/cm % W
6-80 15 0.34 0.95 -- -—-- -
18-57 15 1.06 0.74 7.6 3.3 9.8
6-67 15 1.75 0.52 12.5 2.6 7.9
18-67 16 1.94 0.47 14.5 2.5 7.6
18-59 17 2.17 0.45 12.3 1.9 5.9
6-82 15 2.59 0.40 10.8 1.3 4.2
18-70 16 3.62 0.31 31.8 2.4 7.3

18-74 16 5.87 0.22 48.7 1.9 5.8
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diameter. Another effect noted especially at the higher growth rates
was a tendency for small voids to be left in the solidified area of the
pellet. The void that is normally at the top of the pellet would some-
times not travel completely to the top with growth rates above about

five cm/hr.

General Description of the Composite

This section describes the various aspects of the Y stabilized

2%3
Zr0,-W composites not covered by the previous sections. The gross fea-
tures of the solidified pellet are described along with details on grains
or colonies, banding, and scolidification of platelets.

Figure 10 shows a typical unidirectionally solidified pellet which
has been cut in half, mounted in quickmount, and polished. The black
area is the material that has been molten and unidirectionally solidified.
Around the solidified material is the thin unmelted skin. The skin thick-
ness varied from about 2 to 0.5 millimeters near the base where it almost
melted through. The large void at the top of the pellet was due to the
difference in the density of the solidified and unmelted material.

Smaller voids were trapped at the bottom of the solidified zone due to
the molten material being more viscous because of a lower temperature
near the base of the pellet. The higher viscosity prevented these voids
from raising to the top of the pellet. The light lines in the black
solidified material are cracks in the pellet.

Figure 11 shows an area of uniform fiber growth. This polished

section was cut normal to the lowering direction so it shows the end view

of the fibers. Notice the hexagonal array in which the fibers solidify.



Figure 10. Typical Longitucinal Section of a Zr0O, -
Y50, - W Pellet Showing the Voids, Unmelted
Sgié and the Black Solidified Area. 5X

L5



Figure 11. Typical Area of Uniform Fiber Growth in

Zr - Y50 - W Composites. Growth Direction
ormal to Polished Plane. Dark Field, 600X

Figure 12. The Intersection of Three Grain Boundaries
cr Possibly Colony Walls in ZrOp, - Y,0
W. Growth Direction is Normal to Polgsﬁed
Plane. Dark Field, 600X

L6
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Figure 8 from the previous section shows samples which were cut parallel
to the lowering direction so the fibers can be seen lengthwise.

The boundaries between three grains or possibly colonies are seen
in Figure 12. These boundaries can be seen lengthwise in Figures 8 and 13.
To determine if these boundaries are grain boundaries or colony walls would
require x-ray studies on the crystallographic orientation of the oxide ma-
trix in the various grains or colonies. If they are grain boundaries,
there would be a change in crystal orientation across the boundary unless
by chance the grains had exactly the same orientation. If they are colony
walls or cell boundaries (which are subcells of a grain), there would be
no change in crystal orientation across the boundary since all the matrix
in one grain is a single crystal. Since it has not been determined (be-
cause of the experimental difficulties of obtaining a very small x-ray
beam) if they are grain boundaries or cell boundaries, they will be referred
to as just "boundaries."

At these boundaries the fibers curve into the boundary. Since the
fibers always solidify perpendicular to the liquid solid interface, the
fiber curvature indicates there was a depression in the generally flat
liquid-solid interface at the boundary. Figure 13 also shows how the
boundary will cross a horizontal band of pure oxide. Notice how the fibers
spread in a fan shape away from the boundary just above the oxide band.
This indicated that the solidification of the fibers was nucleated at the
boundary and that there might have been a concentration of impurities at
the boundary which caused a localized lowering of the solidification tem-

perature, This caused the slight depression in the flat liquid-solid
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interface. Also, the impurities probably acted a site for nucleation of
the solidification of the W fibers.

Horizontal bands interrupting the uniform solidification of fibers
was a problem in many samples. Two types of bands were seen in the pel-
lets. Figure 13 shows an oxide band in which the fibers renucleate in a
fan shape. Usually such oxide bands are wider than those in Figure 13,
Figure 14 shows ancther type of banding in which the fibers renucleate
immediately above the terminated fiber. In Figure 14 a few fibers can be
seen crossing the cxide band without interruption. The percentage of
fibers that crossed this type of banding was very small.

In an attempt to find the cause of banding in the oxide-metal com-
posites, power fluctuations were intentionally introduced during the
solidification of a pellet. The plate current was lowered about 0.2 amp
for about four seconds and then turned back up to the normal setting.

This was done every ten minutes during the lowering of a sample. Figure
15 shows the type of banding produced by this major fluctuation in power.
Notice the large W droplets that can be seen in the bright field view and
in the dark field view the slight fan shaped form caused by the nucleation
of several fibers from a single point. The W drops in the power fluctua-
tion band distinguish this type of band from the type seen in Figures 13
and 14. Even larger bands of the type in Figure 13 never had W droplets
in the oxide band. Power fluctuation type bands were occasionally seen

in pellets solidified without deliberatively introduced power fluctuation,
but these growth discontinuities were less frequent than the other type of

bands. No definite cause could be established for the other types of bands.



b) Dark Field, 600X

Figure 15. Wide Growth Discontinuity or Band Artific-
ially Produced by a Power Fluctuation.
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They may be a resull of variations in the lowering rate or variations in
the composition of the molten material or other unknown reasons.

Figure 16 shows another solidification morphology that was seen in
isolated areas of a few samples. In this type of solidification the oxide
matrix was always clear and transparent instead of dark and almost opaque.
The W solidified in platelets with no apparent orientation. The trans-
parent matrix made possible the viewing of these platelets relatively deep
below the polished surface. This transparent matrix also caused many of
the platelets to be out of focus in Figure 16.

A sample which was etched in boiling phosphoric acid for 14 hours
is shown in Figure 17. The acid selectively etches back the matrix leav-
ing the unetched W Zibers protruding from the remaining matrix. SEM
photos such as Figure 17 were used to determine fiber diameters. Similar
SEM photos at about 2000X were used to count fiber densities.

Figure 18 shows a Zr02-Y -W sample which had the W removed by

293
etching with a solution of 100 ml distilled water; 7.5 grams, K3Fe(CN)6;
and 2.5 grams, Na(OH). Notice the hexagonal shape of these holes indicat-

ing the fibers are probably not circular but hexagonal in cross section.



Figure 16. An Area of W Platelets in 7Zr0O, - Y O_ -
W. The Oxide in this Area Is %ransgaﬁent
Allowing Platelets Deeper than Usual To
Be Seen in the Sample. Dark Field, 600X
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Figure 17. The W Pibers Protruding from the Zr02 -
Y50, Matrix that Has Been Selectively
REched. SEM Photo at 6950X

Figure 18. The ZrO, - Yp03 Matrix with Holes Produced
by Selectively Etching Away the W Fibers.
SEM Photo at 24,700X
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CHAPTER VI
DISCUSSION OF RESULTS

This chapter is a discussion and interpretation of the results
presented in Chapte:r V. The chapter is divided into two sections. The
first section concerns the establishment and control of a stable internal
molten zone in Y203 stabilized Zr02-W pellets., The second section dis-
cusses the results in view of the solidification process and microstructure

obtained in the composite. The coupled zone theory is used to explain

some of the solidification phenomena.

Control of the Internal Molten Zone

In order to so0lidify oxide-metal composites by the internal molten
zone technique a well controlled molten zone must be established within
the sample pellet. Parameters that affect the formation of an internal
molten zone include the electrical and thermal conductivity, density,
melting point, composition, and temperature of the oxide-metal sample
pellet. The induction heating frequency, input power, load coil geometry,
and atmosphere are parameters concerning the induction heating process
that also affect the establishment and control of the internal molten
zone. The major difficulty that must be overcome by the understanding
and control of these parameters was the initial establishment of a molten
interior and the containment of the molten material by the thin unmelted

sample skin. Since the heat was generated within the sample pellet by
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induction heating the surrounding atmosphere is cooler than the pellet
itself. At the very high temperatures necessary to melt the refractory
oxide-metal pellets, the heat loss from the sample skin by radiation loss
was very high. This heat loss by radiation was great enough to establish
a very steep thermal gradient on the outer few millimeters of the pellet.
If the input power and heat loss were precisely balanced, the internal
molten zone could be contained by a solid outer skin maintained at a lower
temperature.

The initial formation of a stable molten zone is the most critical

aspect of the internal molten zone technique. In order to establish the

molten zone in a stabilized Zr0,-W pellet using a 10 KVA output Lepel

2
generator, the pellet must be preheated to increase the conductivity of

the oxide. At the temperature of approximately 16000C, the oxides' elec-
trical conductivity was high encugh to allow eddy currents to cause induc-
tion heating and the subsequent melting of the oxide. The frequency of

the induction heating greatly affected the power necessary to establish
these eddy currents,. The higher the frequency the less power was needed

to establish the eddy current heating within the oxide-metal pellet. At
frequencies of 16 and 7.6 megahertz the pellet could be melted easily after
preheating to 1600°C. At 3.6 megahertz more power was necessary to estab-
lish eddy current heating and the operator had to be skilled and accus-
tomed to the method. After the molybdenum preheat tube was lowered, the
power had to be quickly increased to a maximum before the pellet cooled

too much. After the eddy currents were established in the pellet and the

pellet was heating rapidly, the power had to be decreased at precisely the
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correct moment to prevent overheating and the molten interior from melting
throuph the solid skin., If the operator did not have experience in this
procedure, the pellet would usually not be melted or the molten interior
would melt through the skin and be spilled. The only way of acquiring
this experience was through many attempts and failures.

The frequency of the induction heating also affects the control of
the molten zone. Equation 11 ir Chapter II shows that the frequency has
an inverse effect on the skin depth in induction heating. This skin depth
was a measure of depth within a cylindrical work piece that an equivalent
current would flow to produce the same current density as in the actual
work piece., The skin depth is an indication of where most of the induction
heating takes place in the cylindrical work piece. At very high frequen-
cies the skin depth was very small so the heating was taking place very
near the surface of a pellet. This would cause a thinner solid skin around
the molten interior of a sample pellet than if a lower frequency were used.
When using induction heating frequencies of 16 and 7.6 megahertz, the solid
skin thickness was much thinner than at 3.6 megahertz, This very thin
skin made control of the molten zone much more difficult in regard to pre-
venting the molten interior from melting through the solid skin. The
thicker solid skin was a major consideration in the use of the lower 3.6
megahertz frequency.

Lower frequencies than 3.6 megahertz should produce even thicker
skins which would make control of the molten zone less difficult. At lower
frequencies, however, the initial establishment of eddy currents would re-

quire higher preheat temperaturea and higher powers and result in increased
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difficulty in preventing the spilling of molten material. With the 3.6
megahertz frequency a stable molten zone could be established and con-
trolled even though there was some difficulty. Consequently, most of the
successful experiments used 3.6 megahertz.

The amount c<f Y, O, stabilizer in the oxide mixture affected the

273

formation of a molten zone. At Y203 contents above 10 mole percent there
was much difficulty in establishing the eddy currents necessary for induc-
tion heating. Pellets containing as high as 20 mole percent Y203 could
not be melted with 3.6 megahertz after preheating to approximately 1900°c.
Apparently the conductivity of the oxide mixture decreased with increasing
Y203 content and above 10 mole percent the conductivity was too low at
1600°C for sufficient eddy currents to be established. This effect might
be avoided by very high preheat temperatures or possibly the addition of a
third oxide which would raise the conductivity of the mixture.

The control of the molten zone, once it was established, was the
next step. The molten zone could easily melt through the thin solid skin
of the pellet if the temperature was too high., If the temperature was too
low voids about one to three millimeters in diameter were left throughout
the entire unidirectionally solidified material. There was no way to accu-
rately monitor the remperature of the skin of the pellet due to the vapor
deposits continuously forming on the silica tube that prevented accurate
or reproducible measurements with the optical pyrometer. The only control
of the pellet temperature was through careful control of the power settings
on the Lepel induction generator. The range of power settings allowing

good solidification was very narrow being about .02 amp on the plate current

for any fixed composition and growth atmosphere. The correct power setting
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varied with any change in composition from pellet to pellet and any change
in atmosphere.

Changes in pellet composition affected the liquidus temperature of
the material. Assuming everything else constant, if the sample composi-
tions were changed successively toward the actual eutectic composition
(or toward the boundary curve between the two primary phases if you con-
sider the actual three component phase diagram), the liquidus temperature
would be lower for each successive composition. This liquidus temperature
would be the temperature at the interface between the molten interior and
the unmelted skin if equilibrium was established at that point. The induc-
tion heating power needed to maintain a solid skin of equal thickness would
then be decreasing with each change in composition. This ideal situation
was complicated by slight changes in the electrical and thermal conduc-
tivity with changes in composition. Changes in the electrical conductivity
are are reflected in the load the Lepel generator sees and thus the heat-
ing efficiency at any given power level. Changes in the thermal conduc-
tivity affect the temperature gradient across the solid skin and thus af-
fect the thickness of the skin. Both of these effects are probably very
small in comparison to other variables, but they would prevent any accurate
prediction of the power setting necessary to achieve the temperature needed
for good unidirecticnal solidification. The power setting needed for each
change in pellet composition was established by a trial and error process
that usually required three or four experiments before the correct setting
was found,

Changes in the atmosphere also affected the necessary power settings.
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Atmospheres used were N2, H2’ or mixtures of these gases. An atmosphere

of H2 had a much greater cooling effect on the pellet surface than a N2
atmosphere. Differences of approximately 200°C on the pellet surface
were measured in H2 or N2 atmospheres with all other variables held con-
stant.

It is also possible that the atmosphere affected the composition
of the oxide in the pellet. 1In non-stoichiometric oxides the oxygen par-
tial pressure affects the equilibrium metal to oxygen ratio in the oxide.
The reaction rate of this atmosphere-oxide reaction may be very fast at the
high temperatures of the molten oxides so long times to achieve equilibrium
may not be necessary to complete reactions. Carniglia et al.48 reported

49

that Zr0O, is non-stoichiometric at high temperatures. Chapman et al.

2
have investigated the equilibrium between molten non-stoichiometric UO21Lx
and atmospheres of various oxygen pressures. The experimental method and
equipment were similar to the internal molten zone technique used for uni-
directional solidification of composites., Changes in the atmosphere around
the UO2 similar to changes in this investigation produced significant
changes in the oxygen to uranium ratio. Similar effects might occur in the
molten ZrOZ. These changes might affect the liquidus temperature and power
requirements in the same manner as changes in the pellet composition.

Such effects on power requirements are probably negligible but they could
affect the tungsten solubility in the molten oxide. This is discussed in
the following section on composite microstructure.

The solidification rate or lowering rate did not have a great effect

on the control of the molten zone. The only effect noticed (except on
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actual fiber density and size) was that at lowering rates above six cm/hr
small voids formed that were similar to those seen when the power was too
low. The difference in density of the molten and solidified material pro-
duced these voids and at very high growth rates the voids did not have time
to flow to the top of the pellet to produce the large void usually occurring
above the solidified material.

The actual size of the internal molten zone could have an effect on
the stability of the zone. Observations of the temperature gradient along

the length of ZrO -W pellets showed a relatively narrow (about one

27%2%
centimeter), very high temperature zone with a sharp thermal gradient on
the sides of the zone. This indicated there was a relatively small inter-
nal molten zone. During composite growth solid material melted from the
top of the zone and the liquid material solidified at the base as the pel-
let was lowered. In other oxide-metal systems such as UOZ-W almost the
whole length of the pellet had the same high temperature indicating that
there was a molten pool almost the entire length of the pellet at the be-
ginning of unidirectional solidification.13 With a small molten zone as in

the ZrO 0,-W system, fluctuations in the induction heating power would

272%
have a greater effect since it was concentrated in a smaller volume. Com-
positional variatiors in the oxide-metal mixture along the length of the
pellet would also have a greater effect on a small zone because of the
constant melting and solidification of material as the pellet was lowered.
For large molten zones any initial composition variations would be elimi-

nated by the mixing of all the material in the long molten zone before the

solidification began. It would be desirable to obtain a larger molten zone
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in ZrOz-Y203-W but a simple increase in induction heating power caused

the solid skin to melt. A change in the induction heating coil geometry

which distributed the electromagnetic field over a wider section of the

pellet might increase the size of the internal molten zone.

Composite Microstructure

The composite microstructure formed during the unidirectional solid-
ification of YZOB stabilized ZrOz-W consisted of small parallel W fibers
uniformly aligned in the oxide matrix. The W fibers were generally con-
tinuous but bands perpendicular to the fibers often interrupted the fiber
growth. The size and density of the fibers varied with the solidification
rate but values of 0.4 micron in diameter and 11 x 106 fibers per square
centimeter were typical. The composition of the pellet had a major effect
on the microstructure with the amount of W having a greater effect than
variations in Y203 stabilizer content.

The microstructure varied somewhat across the pellet, This is shown
schematically in Figzure 19, Throughout the central core (approximately
50% of the volume of the pellet) the fibers were parallel to the lowering
direction. On the outer portions of the solidified zone the fibers were
parallel to each other but were curved upward following the temperature
gradient toward the hotter melt. Adjacent to the umnmelted skin the fibers
nucleated and solidified perpendicular to the pellet walls. These fibers
curved upward as they solidified toward the center of the pellet so in the
central core all the fibers were parallel to the pellet walls or lowering

direction, If a line were drawn across the pellet so that it was perpen-

dicular to the fibers, this line would lie on the plane of the liquid-solid
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Figure 19. Schematic Diagram of a Pellet During
Unidirectional Solidification
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interface at the moment of solidification of those fibers. The curvature
of the liquid-solid interface near the pellet walls was due to the heat
flow out of the pellet through the walls. At the center of the pellet

the heat flow followed the direction of the fibers toward the base of the
pellet. This heat flow toward the base of the pellet was the basis for
unidirectional solidification as opposed to a usual solidification process.
The flat liquid-sol:id interface was necessary to produce parallel aligned
fiber growth.

The flat interface was interrupted on a very small scale at the
grain boundaries or colony walls mentioned in Chapter V and shown in
Figures 8b and 13. Figure 20 shows the shape of the interface at these
boundaries. To produce the curvature of the fibers at the boundary, the
interface must have a slight depression., If these boundaries are grain
boundaries, the depression may be due to a higher concentration of impuri-
ties at the boundary. The impurities would lower the liquidus temperature
in a localized region and result in the material at the grain boundary to
be solidified slightly later than the neighboring material in the center
of a grain., This lag in the solidification at the grain boundary resulted
in the depression in the liquid-solid interface.

If the boundaries are cell boundaries or colony walls, they are
caused by a "constitutional undetcooling" as explained by Tiller.33 The
cells or colonies seen in metal-metal composites appear very different from
the areas outlined by the boundaries in oxide-metal composites. A differ-
ent distinction between grains and colonies can only be made by a. detailed

x-ray analysis, but it appeares that the areas are probably grains and not

colonies,
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Figure 13 provides more evidence for grains as opposed to colonies.
A boundary is secn crossing a horizontal oxide band. The solidification
of the oxide band would have interrupted the temperature distributions
necessary for constitutional undercooling, which is necessary to form
colonies. It is unlikely that colony walls would be reestablished directly
over the previous colony wall. If the boundary is a grain boundary, the
boundary would cross the oxide band without interruption as it does.
Since the oxide within either grain is continuous across the band in Fig-
ure 13, the crystal orientation of the oxide matrix does not change across

the horizontal band. Since it is the oxide matrix which determines the
eutectic grains, the material above and below the horizontal band must be
in the same eutectic grain. A grain boundary would then be able to cross
an oxide band which interrupts the metal fiber solidification,

There are three types of horizontal bands that interrupt the fiber
solidification. The first type of band is shown in Figure 13 and always
has the W fibers renucleating above the oxide band and spreading in a fan
shape in the two dimensional photograph. If observed in three dimensions,
the fan would usually appear as a triangular prism with its apex pointed
down and centered on a grain boundary. The prism is a group of fibers
that has been nucleated at the grain boundary. Impurities in the molten
material or the actual grain boundary would be acting as the nucleation
site. Some 'fans" in this type of banding do not lie on a grain boundary
but in the center of the grain. These "fans" would appear as cones of
fibers in three dimensions with the nucleation site as a point on the

liquid-solid interface.
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The exact cause of the horizontal oxide bands of the type in Figure
13 is not known exactly, but the coupled zone theory offers a possible ex-
planation. If the liquid composition and amount of undercooling at the
liquid-solid interface lie within the coupled zone but very near to the
oxide rich boundary of the zone, a eutectic structure would be solidified.
A slight change in the liquid ccmposition at the interface which enriched
the liquid in the oxide would move the growth conditions out of the coupled
zone. The oxide phase would advance ahead of the W fiber phase and spread
the short distance across the tcp of the W fibers, The W in the liquid

would be prevented from solidifying on the fibers by this oxide covering.

The composition of the liquid would be shifted back toward the coupled
zone by the solidification of the oxide band. When the liquid composition
had shifted sufficiently, the W phase must nucleate above the oxide band.
The W phase always nucleated as fibers and immediately solidified in a
coupled manner in this type of banding. This indicated that the shift in
liquid composition did not cross the coupled zone to the W rich side before
the nucleation of the W phase.

The shift out of the coupled zone which started the oxide band
could be caused by a slight variation in the undercooling instead of change
in composition. The coupled zone is usually skewed toward the component
with the higher melting point, in this case the W. A slight increase in
the undercooling would shift the growth conditions out of the coupled zone
to the oxide rich side without changing the actual liquid composition.
The oxide band would be solidified just as explained above and a localized

shift in the liquid composition at the interface would move the growth
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conditions back into the coupled zone. A decrease in the amount of under-
cooling might accompany this composition shift. Mixing with the bulk of
the liquid would shift the local liquid composition at the interface back
to the composition that was being solidified before the oxide band. All
growth conditions would be the same as before the oxide band was solidi-
fied.

To prevent this type of banding the growth conditions must be very
stable and lie within the coupled zone. If the growth conditions lie in
the center of a wide coupled zone, larger fluctuations in local composition
and undercooling at the interface can be tolerated by the system and still
produce coupled growth.

The second type of oxide banding is shown in Figure 14. 1In this
type of banding the W fibers renucleate just above the previous fiber.

H

These oxide bands were always very thin whereas in the "fan" type of band-
ing in Figure 13 the oxide band varied in width and was often much wider
than shown in Figure 13. A few fibers cross the oxide bands as shown in
Figure 14 and, although this behavior was rare, it definitely occurred.
A good explanation of this type of banding has not been developed. It
might be related to sudden sharp variations in the lowering rate caused
by sticking of the hydraulic cylinder which controls the lowering of the
pellet.

The third type of banding shown in Figure 15 was caused by fluctua-
tions in the power. This would cause sudden changes in the temperature of

the liquid and might cause sudden rapid solidification or remelting of the

material. This type of banding is easily recognized by the large W drops
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in the band. These power fluctuation bands were occasionally seen in
samples but were nct as common as the "fan'" type of banding.

Solidification of the primary oxide seen in Figure 6 and W dendrites
in Figure 7 can be explained in terms of the coupled zone and nucleation
factors. Primary oxide areas were always surrounded by the eutectic struc-
ture with the oxide phase continuous from the primary oxide into the eutec-
tic structure. Tungsten dendrites were always surrounded by an oxide halo
which was continuous with the oxide phase in the adjacent eutectic struc-
ture. In Chapter II the solidification of metal o halos around metal B
dendrites was explained. This explanation can be extended to the oxide-

metal system by considering the Zr02-Y phase as the « phase and the W

293
phase as the B phase, The properties of the metal « phase in Chapter II
were a complex crystal structure that is difficult to nucleate but acts as
a good nucleating agent and forms a halo around the B phase. The metal «
properties then correspond to the properties of the Zr02-Y203 phase. The
metal B phase in Chapter II had the properties of a simple crystal struc-
ture which is easy to nucleate but acts as a poor nucleating agent and did
not form halos around the o phase. These properties éorrespond to the W
component. (For the detailed explanation of the solidification of oxide
halos around the W dendrites, the reader should read the section in Chap-
ter II and refer to Figure 3 with the substitution of ZrOZ-YZO3 for the «
phase and W for the @ phase in mind.)
An explanation of the solidification of ZrOZ—YZO3 primary oxide

regions that are continuous with the oxide phase in the adjacent eutectic

structure is simple in view of the properties mentioned above. If the
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liquid is rich in the oxide components and the coupled zone is skewed
toward the W component which has a higher melting point, the oxide phase
will solidify at a faster rate than the eutectic structure. Primary oxide
regions would then solidify extending into the liquid above the normally
flat liquid-solid interface. The liquid between these primary oxide re-
gions and also above them would be depleted of the oxide components moving
the liquid composition into the coupled region. The W phase is easy to
nucleate on the solid primary oxide so the eutectic structure can begin
solidifying without a large supersaturation of the liquid with W. The
oxide phase solidifies in the eutectic structure continuous with the pri-
mary oxide,

If the W phase was difficult to nucleate the liquid would have to be
highly supersaturated with W and the composition might lie on the W rich
side of the coupled zone. If this were the case (which it is not) a W
halo would solidify around the primary oxide.

The solidification of primary oxide in the upper portions of the
pellet was common when the 90% N2 - 10% H2 atmosphere was used. Table 1
indicates that the initial W content in these pellets was considerably
larger than the W content in the solidified composite. This behavior can
be explained by vaporization of the W from the sample. In these experiments
the silica tube slowly became coated with a vapor deposit. X-ray analysis
of this deposit indicated it contained metallic W and WO2 and WO3. The W
content in the liquid was being depleted by vaporization and by the time
the upper portions of the pellet were being solidified the W content was

too low. Primary oxide then solidified at the top portions of the pellet,
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The formation of tungsten oxides could be due to the ZrO2 going substoi-
chiometric and giving off oxygen which reacted with the W. This substoi-
chiometric oxide would be the explanation of the black color of the oxide
phase. Pellets of Zr02-Y203 without W melted and solidified in air were not
black but clear with a slight yellow tint.

Solidification of Zr0,-Y.0.-W in a H

9=Y504 5 On atmosphere required a much

lower W content and there was much less vapor deposition on the silica tube
walls. The increased H2 content in the atmosphere could have prevented
the formation of tungsten oxides by reacting with the oxygen given off by
the ZrO2 or by reducing the tungsten oxides back to W. This would have
acted to contain the W in the pellet since the major portion of the W
vaporization occurred as the tungsten oxides.

The H, content in the atmosphere would affect the very low oxygen

2

partial pressure in the system. In the UOth'w system the oxygen partial
pressure controls the stoichiometry of the oxide phase. This in turn con-
trols the solubility of the W in the molten oxide and is a very important
factor in composite growth.13 This could also be very important in the
Zr02-W system, although the non-stoichiometric field is not as wide as in

U0 , and might be related to the W content necessary to produce optimum

2+x
growth in the various atmospheres. A detailed study in which the oxygen

partial pressure was controlled and monitored would be of interest in the

Zr02-Y203-W system.
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CHAPTER VII

CONCLUS IONS

1. The internal molten zone technique can be used to melt and
unidirectionally sclidify ZrOz—Y203-W pellets containing between 7.9 and
10 mole percent Y2¢3.

2. The samples could be melted easily after preheating to about
1600°C with the higher induction heating frequencies of 7.6 and 16 mega-
hertz, but control of the molten zone was very difficult.

3. Reducing the induction heating frequency to 3.6 megahertz pro-
vided adequate control of the internal molten zone in the Y203 stabilized
Zr0,-W samples.

2

4, The precise control of the input power was very critical to
prevent the formation of voids in the solidified material or to prevent
the molten material from melting through the unmelted pellet skin.

5. The composite microstructure consisted of a single oxide phase
containing W fibers aligned parallel to the solidification direction.

6. The solidification rate controlled the W fiber size and density
with faster rates producing smaller fibers with a higher fiber density.

7. Typical W fiber size and density values for a 2.6 centimeter
per hour solidificarion rate were 0.4 micron diameter and 11 million fi-
bers per square centimeter.

8. The amount of H, in the N, -H, atmosphere affected the power set-

2 2 2

ting and oxide-metal composition giving the best composite solidification.



72

9., The most uniform composite solidification occurred using

Zr02 - 10 mole percent Y203 - 16 weight percent W in a N

phere but areas of primary oxide at the top of the solidified zone limited

5 - 10% H2 atmos-
the length of uniform composite structure.

10. In a H, atmosphere fairly uniform composite growth was ob-
tained almost the entire length of the solidified zone using ZrO, - 10

2

mole percent Y 6.5 weight percent W.

2% -
11. The solidification of primary oxide regions from oxide rich
compositions and W dendrites with oxide halos from W rich compositions are

explained using the coupled zone and nucleation theories.

12. Three types of horizontal bands interrupting the continuous
fiber growth were observed and possible causes of two of these discon-

tinuities are given.,



APPENDIX A

CHEMICAL ANALYSIS OF ZIRCOA A-HC ZIRCONIUM DIOXIDE POWDER

BY ZIRCORIUM CORPORATION OF AMERICA

Element PPM
lot 6474 lot 7970
Al 70 40
B 0.2 1
Ca 100 50
cd 0.2 0.2
Cr 10 10
Co 10 5
Cu 10 10
Fe 80 80
Hf 50 50
Pb 10 10
Mg 70 50
Mn 1 1
Ni 10 10
Si 200 400
Ti 30 10
Va 10 10
W 100 -
C -- 160
Ccl 30 10
F 72 0.3
SO4 60 90
LOI 380 54

Analytical method was emission spectroscopy.
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APPENDIX B

CHEMICAL ANALYSIS OF YTTRIA POWDER BY KERR McGEE CHEMICAL CORPORATION

OF AMERICA
Element PPM
lot DO717 lot D0909
Al 8 8.8
Ca 7 11
Mg 0.5 0.5
Fe ND 11
Si 17 330
Rare earth oxides
Pr60ll 4 4
Nd203 1 1
Sm203 4 A
Eu203 6 6
Gd203 ND 22
Tb407 4 30
Dy203 21 20

Also analyzed for but not detected (ND) were the elements B, Be,
Bi, Co, Cr, Ge, Mn, Mo, Ni, Pb, Sb, Sn, Ti, Tl1l, V, Zn, and Zr. All other
rare earth oxides were also not detected.

The method of analysis for those rare earth oxides detected was
cathodoluminescence. The method for all other rare earths and the elements
was spectrographically,



75

APPENDIX C

CHEMICAL ANALYSIS OF TUNGSTEN POWDER BY FAIRMOUNT CHEMICAL CORPORATION

Element PPM
lot 6049
Al 1
Ca 1
Cr 4
Cu 1
Fe 6
K 25
Mg 2
Mn 1
Mo 10
Na 38
Ni 17
Si 2
Sn 1

Average particle size was reported as 2.13 microns

Wah Chang Huntsville in a separate analysis reported these results
for the tungsten powders.

Supplier Oxygen PPM Carbon PPM
Fairmount 1576 20

Fisher 640 3
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