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ABSTRACT

The production of aluminum oxide fibers by a direct melt fiberization process
was studied. Molybdenum~proved to be a satisfactory material for holding molten
aluminum-oxide for short periods of time and a successful crucible and orifice
design was develqped. Although the program was primarily experimental, a short
computer program was run to aid in defining the state of fluid flow through the
crucible orifice. The experimental results and the calculations both led to the
conclusion that the molten liguid flow through the squirting orifice was laminar
in nature and the break-up of the liquid aluminum oxide Jet was caused by surface
tension forces (i.e. free jet dynamics) and not by turbulence produced within
the jet orifice.

Only short fibers of aluminum oxide were obtained under this program due
to the aforementioned jet break-up. Attempts to stabilize the stream by cooling
or deposition of a solid on the surface of the liquid jet were unsuccessful. The
stabilization studies were, however, inconclusive in that optimum positioning of
the stabilization and cooling media was not attained due to equipment limitations

found later in the program.
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SUMMARY

Under the program herein described, the production of aluminum oxide fibers
by a‘direct melt‘fiberization process was studied. Molybdenum proved to be a
satisfactory material for holding mélten aluminum-oxide for short periods of time
and a successful crucible and orifice design was developed. Although the program
was primarily experimental, a short computer program was run to aid in defining
the state of fluid flow through the crucible orifice. The experimental results
and the calculations botn led to the conclusion that the molten ligquid flow
through the squirting orifice was laminar in ngture and the break-up of the
ligquid aluminum-oxide jet was caused by surface tension forces (i.e. free jet
dynamics) and not by turbulence produced within the jet orifice.

Only short fibers of aluminum oxide were obtalined under this program due
to the aforementioned jet break-up. Attempts to stabilize the stream by cooling
or deposition of a solid on the surface of the liquid jet were unsuccessful.
The stabllization studies were, however, inconclusive in that optimum positioning
of the stabilization and cooling media was not attained due to equipment limi-

tations found later in the program.
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INTRODUCTION

For the past several years, intensive research has been in progress in a
search for new and improved filamentary materials for use as structural rein-
forcements. Filaments of boron, boron compounds, silicon carbide, and aluminum
oxide have shown coﬁéiderable promise for this application, and research in
this area has turned to the developmeﬁt of manufacturing processes which will
allow the economical production of such filaments at high rates. One such

process is the continuous solidification of a free jet of molten material.

METHOD OF APPROACH

One approach to the production of continuous aluminum oxide fildments
directly from a melt involves the formation of a stable, free jet of aluminum
oxide and the extraction of heat from the Jjet at a rate sufficient to produce
a continuously solidifying filament. However, a free liquid jet tends to break
up into droplets at some distance from the orifice. Droplet formation is caused
by the high interfacial tension between the liquid in the jet and the surrounding
atmosphere and is preceded by the development of a capillary wave on the sur-
face of the jet, the amplitude of which grown with time. In order to form a
filament, the heat transfer rate must be sufficient to solidify the filament
before the wave amplitude reaches some critical value. This may be accomplished
either by increasing the rate of heat transfer or by reducing the rate of increase
of the wave amplitude for a fixed cooling rate by stabilizing the jet.

Research conducted to date has not turned up any metal or metallic oxide
which can be fiberized by free fall in an inert, quiescent gas. It was thus

apparent that cooling or cooling together with stabilization might have to be
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employed in order to produce aluminum oxide fiber from the melt. The necessary
cooling waé to be applied by meéns of a flow of gas transverse to the axis of
the molten jet since the transverse flow pattern has been found to be the only
one which does not excite either the capillary or sinous modes of instability.

If stabilization of the liquid jet was necessary, it was to be accomplished
by depositing a solid coherent film on the surface of the jet; a carbon film,
for example, could be deposited on the surface of the liguid jet. The stabilizing
effect of a surface film is responsible for the successful formation of fibers

of tin, lead, and aluminum by a direct melt process.

Dimensional Analysis of the Process

A qualitative mathematical analysis of the direct melt fiber process may
be performed by utilizing some of the results of the theory of capillary insta-
bility. It has been verified, both theoretically and experimentally (Refs. 1,2,3)

that the time required for the disintegration of a liquid jet is given by:

b.=a |20 4 3pa (1)
1 8T oT

The symbols have the following meanings:
d - Jet diameter, cm
P -~ mass density of molten metal, gm/cm3
T - surface tension, dyne/cm
M - viscosity, dyne sec/cm2
A jet of nonviscous fluid has a disintegration time proportional to the
1.5 power of jet diameter while a viscous fluid (such as glass) has a disinte-

gration time proportional to the first power of jet diameter. The dependence

of these two limiting cases on surface tension and density is also quite
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differen’c’9 as may be seen by an inspection of Eg. (1). Since we were only
interested in a qualitative analysis, we were not concerned with the actual
values of the constants A and a. We may, in fact, assign the value A = 1 by
stretching the time scale.

The guantity of heat contained in a unit length of molten metal jet is

He pm a2
T

The time required to extract this heat is therefore

He P d
ty = L= 2
R Lho (2)

where Hp = heat of fusion, cal/gm

h = heat transfer coefficient, cal/sec cm? °C

0

melting temperature, °C
A dimensionless quantity governing the stability of a jet with heat transfer

may be obtained by forming the ratio t;/ty:

t; _ A2d he , 12Khe (3)
ty PT Hy apT H,

This ratio governs the fiber formation process. It is obvious that fiber forma-
tion becomes easier for increasing values of ti/tH. An idea of the relative
difficulty of fiber formation for different materials may be obtained by ignoring

the viscosity term in Eq. (3) and evaluating the quantity

9 . F.P. = Fiberization Potential
He VDT
which depends only on the physical properties of the material. The necessary

data and subsequently calculated values of G/Hf‘VKDT for some materials are

shown in Table 1.
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Table 1

Fiberization Potential of Various Materials

: )
m dyne cal T
Material P> o T cm Hf’ om 9, °C Hf‘VpT
Al 2.70 8L0 oL.5 660.1 J1hT
Au 19.3 790 16.1 1063 .053
Ag 10.49 800 25 960.5 .0k2
cd 8.6k 630 13.2 320.9 .329
Cu 8.96 1103 50.6 1083 .215
Pb 11.34 453 6.26 327.k .730
Pt 21.1h5 1819 26.9 1769 .333
7n- 7.1k 753 2,09 419.5 .237
Sn 7.3 526 1L.0 231.9 267
Fe 7.87 1706 7.89 153k 1.68
Cr T.1h 1590 + 50 96 1875 .183
Ni 8.9 1630 + 1k0 73.8 1453 .163
Be 1.85 1650 (est.) 260 1284 .089
Mn T7.43 880 (est.) 63.7 1245 .2L2
B 2.3k 2500 (est.) h80 2050 .056
Al504 4.0 700 25.5 2050 1.52

(Data obtained from Refs. L-7)
An examinstion of this data shows that the easiest materials to fiberize should
be iron, lead and aluminum oxide.

Equation (3) does not give a complete description of this fiber process
because the surface tension and viscosity are functions of the solid fraction
contained in the solidifying filament, due to the action of cooling. A quali-
tative picture of the desired correction may be obtained by writing T and M as
functions of the heat ratio q/Hf, where g is the quantity of heat which has

been extracted from the molten material per unit of jet length. When q = O,

the jet is entirely liquid and the jet is completely solid when q = Hy (q/Hy = 1).

The heat extracted from the molten jet can also be expressed as

g= mdhot

where t is the length of time that cooling has been applied. Now, the surface

tension and viscosity of a completely molten metal may be defined as T, Ug,

(L)
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respectively. As heat is extracted (at constant temperature), solid material
appears in the melt and the surface tension and viscosity change. When the mélt
has completely solidified, the surface tension is effectively zero, and the
viscosity infinite. It is appreciated that the latter statement is not strictly
true in a physical sense but it should be realized that we are trying to assess
the propensity of a liquid to undergo.surface deformation under the action of
forces which are of the order of magnitude of the surface tension and inertia
forces of the completely molten metal, Under these circumstances, it is con-
venient to describe the immobility of a solid surface under the action of such
forces by saying that the surface tension is zero and the viscosity infinite.

A functional relation which expresses this statement in a qualitative way is

given by
T =T (1 - -1)
O Hf
(5)
1 —.;1)
Hp

Substituting Eq. (5) into Eq. (3) we find:

oo he [ARd 1 + 124 1
ty He To C—- :1)1/2 apT, (L— 41)2 (6)
HEf He

(0= _q =1)
He

It can be seen that, as q/Hf increases, the time ratip ti/tH increases from a
value ti/tH to infinity. Cooling, therefore, exerts a stabilizing effect on a
liquid jet.

This analysis does not take into account the various schemes for stabilizing
a jet by producing a surface coating, but it does give a clear picture of the

physical behavior of a liquid jet with cooling.
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Variaebles Affecting Filament Formation

In the previous mathematical analysis factors influencing stable jet length,
the flow of molten fluid from the exit nozzle was assumed to be laminar. Tran-
sition to turbulent fluid flow, whether due to Reynold's number effects or local
surface activated tripping of the stream, would yield such short jet lengths
(Ref. 8) that formation of filaments would be extremely difficult. Factors in
the design of the exit orifice to insure proper flow such as chamfer angle, depth
of chamfer to prevent cavitation (Ref. 9) and a smooth entry flow transition
regime (Ref. 10) were taken into account. A further number of practical con-
siderations involved in the formation of such a jet will now be discussed.

[

Squirt Pressure - The stable length of a free Jjet has been found to be equal

to the jet velocity multiplied by the disintegration time, t;. An important
factor affecting the length of stable jet which was not previously considered

is the turbulence within the jet produced by flow through the orifice of the
crucible. The net effect of turbulence is a reduction in the disintegration
time (ti) at high jet velocities. A typical curve illustrating this factor is
shown in Fig. la for water (Ref. 11). The corresponding curve of ti versus V is
shown in Fig. 1b. It is obvious from an inspection of these figures that the
squirting pressure should be chosen so as to give the maximum length of stable
jet. The optimum squirting pressure was one of the variables investigated under
this program.

Crucible Material Selection - Compatibility studies were conducted between

aluminum oxide and several candidate crucible materials. Because of the high
melting point of aluminum oxide only tungsten, molybdenum, tantalum, and iridium
were considered to be suitable for this application. Molybdenum was chosen as

the nozzle material. Tantalum, which has a high enough melting point (2996°C)
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EFFECT OF JET VELOCITY ON STABLE LENGTH
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and is easily fabricated, underwent severe embrittlement and grain boundary attack
when aluminum oxide was kept molten for even short periods of time, Tungsteﬁ.
(M.P. 3410°C), which is more difficult to fabricate, would contain the molten
aluminum oxide without observable damage to the container walls but contaminated
the melt with migration of metallic tungsten particles throughout the molten oxide
in periods of less than five minutes. Molybdenum (M.P. 2610°C) satisfied the
needs of both fabrication and inertness toward the molten oxide for times up to

45 minutes. A photomicrograph of arcross section through a closed end nozzle

in which polycrystalline aluminum oxide was melted and then solidified is shown

in Fig. 2. ©No diffusion of either specie is in evidence. Iridium (M.P. 245k°C),
another possible container material, was not investigated due to its high cost

and difficulty of fabrication.

Crucible Design - The initial crucibles used for direct melt aluminum oxide fiber-

ization studies at UARL were simple flat-bottomed closed-end tubes with electron-
beam drilled orifice holes. The most serious problems encountered with this type
of crucible were freezing of the aluminum oxide on the outside bottom of the
crucible with subsequent plugging of the orifice and Jet turbulence caused by

the roughness of the electron-beam drilled hole. After several modifications,

a crucible design evolved as shown in Flg. 3. The nozzle was assembled from four
simple and relatively inexpensive molybdenum parts. The hole was drilled in the
orifice disc prior to electron-beam welding of the disc to the tube., This pro-
cedure greatly facilitated the drilling of a proper orifice and allowed the hole
to be correctly shaped. The skirt on the bottom of the crucible acted as a
susceptor to heat the orifice and prevented the premature freezing of the aluminum
oxide stream. This basic crucible configuration was used (with various orifice

plates) throughout the program.
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MOLYBDENUM-ALUMINUM OXIDE INTERFACE
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PRELIMINARY SQUIRTING NOZZLE ASSEMBLY
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Crucible Orifice Design - The longitudinal profile of the orifice and the

roughness of the walls of the orifice have a profound effect on the stability

of the jet. It is well known.that surface roughness induces turbulence and that
such turbulence can be damped out by causing the orifice to taper in the direction
of flow.  For these reasons all orifice plates used in this investigation were of
the general configuration as shown in Fig. 4. The precise orifice dimensions

were considered to be one of the variables to be investigated under this program.

Melt Temperature - The temperature of the melt was one of the most critical-

variables in this process. If the melt was too hot (too much superheat), only
"shot" would be formed when the squirt pressure was applied. On the other hand,
if the melt temperature was too cold (very little superheat), it was almost
impossible to get anything through the orifice of the crucible. The melt tempera-
ture, therefore, had to be accurately monitored and controlled in order to succeed
with this process. A special heating control system was designed and assembled

to provide control of the melt temperature to within 1°C of the set point and
approximately 10°C absolute (the accuracy of the pyrometer).

Node Formation - Nodﬁles are produced on melt-spun fiber when the fiber is

bent to a sufficiently small radius to crack the solidified skin. Molten material
then flows through the break at the same time that the skin reforms on the fresh
surface.

Bending of the molten filament is caused largely by the axial velocity of
the filament relative to that of the gaseous environment which results in flutter
of the same kind observed when a flag waves in the breeze. The flutter amplitude
increases with increasing filament velocity and decreasing filament density.

The wavelength of this motion decreases with increasing velocity.

12
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NASA SPECIFIED ORIFICE
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A simple explanation of the mechanism which causes flutter can be found by
considering the equilibrium of a length of filament being carried along by a
gas stream. If the filament 1s oriénted parallel to the gas veloccity vector,

a turning moment is produced which tends to rotate the filament to an orientation
at right angles to the flow. The perpendicular position is stable; the parallel
position is unstable. In a continuous filament, these aerodynamic forces are
resisted by inertia and aerodynamic damping, resulting in a continuous wave
motion.

No flutter should occur if the gas stream into which the filament is in-
jected is flowing at the same velocity and in the same direction as the filament;
however, the cooling rate is very low in this case. A gas flow at right angles
to the filament should not cause flutter and also gives the best cooling rate.
Therefore, it was p;anned that any cooling gas (air or helium + air) used to
remove heat from theustream would be introduced perpendicularly to the molten jet.

Aluminum Oxide Alloy Systems - Aluminum oxide of high purity was the primary

material used in this program. However, additions of other oxides to the aluminum
oxide were made in order to study their effect on the fiberization process. The
following binary oxide mixtures were approved forfiﬁvestigation under this program:
1. Complete Solid Solution - 70 percent A1203 - 30 percent CrO2
liquidus 2130°C -~ solidus 2075°C.
2. Eutectic Composition - 80 percent Aly05 - 20 percent Y04
melting point - 1860°C.
3. Wide Range Solidification -~ 8O'percent.A1203r— 20 percent SnO,
liquidus 1960°C - solidus 1620°C.
L4, Eutectic Composition - 95 percent A1203 - 5 percent MgO
melting point - 1950°C.
The effect of alloy addition on the molybdenum crucible compatibility was also

studied.

1L
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EXPERIMENTAL PROCEDURES AND RESULTS

Melt Spin Apparatus

The apparatus that was used for preliminary experiments prior to the
program is shown schematically in Fig. 5. This equipment was used to determine
the accuracy of temperature control needed for the squirting process. It was
soon evident that using the orifice plate as the temperature indicating target
(as shown in Fig. 5) did not yield reproducible results; several runs made
under the seme conditions showed either no evidence of melting or resulted in
oozing of the aluminum oxide through the orifice. In order to be able to sguirt
at a constant temperature, some form of automatic control was necessary that
could maintain the aluminum oxide charge at any specific temperature during its
entire molfen stage. ©Since the change of viscosity with temperature for molten
aluminum oxide was anticipated to be quite sharp, accurate temperature control

was mandatory.

Temperature Control System -~ An automatic radiation ratio pyrometer was chosen

as the sensing element for the temperature control system in order to minimize
several of the errors normally associated with brightness pyrometer measurements.
To produce a linear increase in temperature with time, the output of the
pyrometer was compared electronically to a ramp generated in the controller.
The output of the comparator was then amplified and used to power a motor-driven
potentiometer. The motor acted as an integratcr thus yielding a low, steady-
state error for the system. The potentiometer was used to set the triggering
angle of a pair of silicon controlled rectifiers which, in turn, adjusted the
input power to the saturable reactor that controlled the power output of the
Lepel induction heater. The control system operated very well and maintained

the crucible temperature to within approximately 10°C, (the accuracy of the

15
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SCHEMATIC OF PRELIMINARY ALUMINA SQUIRTING APPARATUS

ARGON PRESSURE

-—Q -
FOR SQUIRT

WATER COOLED NOZZLE HOLDER —————

NN

~+—— ARGON FLUSH

‘ \r——WATER COOLED
DOUBLE WALL QUARTZ

WATER OUT :/
O "

o | O A1D, CHARGE
| O
INDUCTION COIL. Q) o

< FIREBRICK
SUPPORT

~— REMOVABLE PRISM

~

T
N SIGHT PORT

COLLECTION
CHAMBER

&




J910861-15

pyrometer). The major problem encountered with the controller was the thermal
lag of the induction heating syétem which caused overshooting whenever the
pyrometer came out of the automatic calibration cycle. This was simply eliminated
by calibrating just prior to approaching final temperature and then locking-out
the calibration cycle. The pyrometer was originally placed as shown in Figs. 6
and 7. The temperatures measured at this location were not uniform enough from
run to run due to small differences in the coil or crucible location. To elimi-
nate. these problems a holding assembly was fabricated to position the two-color
pyrometer directly above the squirting nozzle, where a quartz sight port allowed
direct temperature measurement of the melt. A periscope was fabricated to
provide observation of the melt through the pyrometer head. The entire assembly
is shown in Fig. 8. The pyrometer was calibrated by observation of incipient
melting of single crystal (sapphire) aluminum oxide within the nozzle. There
were initial problems encountered with the pyrometer due to an instability in
its output that caused sensing errors as high as 150°C., Replacement of the
sensing unit eliminated all further problems with the temperature control system
and the calibration experiments indicated the melting point of single crystal
aluminum oxide to be 2055°C.

Nozzle Pressurization System - A gas pressurization system was assembled

to provide low pressure purge gas to the crucible during melting and rapid
pressure application when squirt conditions were reached. The system as origi-
nally assembled can be seen in Fig. 7. Precision gauges with overlapping ranges
were used to monitor the gas pressure in the crucible. Both low pressure argon
for purging and high pressure tank argon for squirting were controlled by the
use of pressure regulators and flow meters as seen in the photograph shown in

Fig. 6. The change from low pressure purge to high pressure squirt was controlled

7
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COMPLETE MELT SPIN APPARATUS
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MELT SPIN APPARATUS GAS CONTROL SYSTEM
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by solenoid valves. Originally the squirt pressures were relatively low (20
psi) and the flow meters shown in Fig. T were adequate; but as the squirt pres=-
sure was raised (50 psi) guarded high pressure flow meters as shown in Fig. 8
were necessary.

During the initial experiments, squirt pressure was applied when dripping
or oozing of the melt was observed through the pyrometer monitoring the bottom
of the orifice plate. This condition was unsatisfactory because wetting of the
bottem plate prior to squirting would very often result in a plugged orifice.
To eliminate this problem, the gas collection envelope was modified to support
a 2 to 3 psia back pressure on the orifice plate. The pressure in the gas
envelope was monitored by one of the precision pressure gauges (shown in Fig. 7)
and controlled by means of a low pressure regulator. The release of chamber
pressure when squirting conditions were reached was originally accomplished by
the manual opening of a small hand valve. This system provided a relatively
slow release of chamber pressure down to atmospheric which still allowed oozing
of the molten alumina to take place. The apparatus was therefore modified
to provide for fast release of chamber back-pressure by means of a solenoid
valve. The system was rewired to actuate the release valve simultaneously with
the application of squirt pressure. This last modification eliminated all
further problems with oozing of the molten alumina.

Stream Velocity Measurements - A Fastax camera was set up to photograph the

molten jet. A speed of 1000 frames per second was found to be sufficiently fast
to provide clear photographs of the breakup of the stream. In order to accurately
measure the stream velocity, a 100-cycle-per-second timing mark was automatically
placed on the film during each run. A scale, lined up with the bottom of the

crucible, provided the distance measurement for the velocity calculations. In

21



J910861-15

order to achieve good photographs of the molten jet at approximately 2000°C,
several neutral density filters were needed on the camera. This necessitated
using a separate illuminator for the distance scale. Figure 8 shows the Fastax
camera, illuminator, and distance scale in position during a run and Fig. 9 is
a time exposure taken during a sguirting run. The many tracks seen in Fig. 9
are the tracers from individual droplets of aluminum oxide due to breakup of the
stream under the particular conditions used for that experiment.

The movies taken of the squirting runs were also used to determine the length
of the stable liquid Jjet before breakup into droplets.

Aluminum-Oxide Alloy Preparation - Aluminum oxide alloys with CrO2 (30 per-

cent), Sn0, (20 percent), Y05 (20 percent), and MgO (5 percent) were prepared
from carefully Weighed and well-mixed, high-purity powders. Initial melts were
made in the squirt apparatus using closed-end nozzles as the melting crucibles.
This technique worked for the yttria and chromia alloys but was unsuccessful in
the case of the SnO, alloy due to its decomposition and subsequent reaction with
the crucible. High pressure melting equipment was not available and the Sn0,
alloy work was discontinued. Remelting in the closed-end nozzles of the CrOp
and Y203 with additional material to provide large enough charges for squirting
was performed, but this technique was abandoned because it did not yield a homo-
geneous mixture.

A series of arc melted buftons were then prepared from pressed oxide powders.
Although a few squirt experiments were performed with these alloys this technique
was also discarded due to lack of homogeneity in the buttons. In order to pro-
vide a large and uniform supply of the oxide alloys, new powder mixtures were
prepared and melted in a large, high-temperature furnace. This technique was

very successful in providing homogeneous alloys of aluminum oxide with yttria,
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chromia, and magnesia. Enough material was melted at one time for 12 squirting
experiments of each alloy. X-ray and wet chemical analyses established that the
charges were of the desired compositions.

Cooling and Jet Stabilization ~ When the stable jet length was increased to

almost 3 inches, cooling and stabilization studies were initiated. Several

water-cooled quartz heating assemblie§ were made incorporating various transverse

flow coolers. A typical configuration is shown in Fig. 10. A cooling gas solenoid

valve was wired into the gas control panel in such a manner as to permit operator

control of the valve. In practice, the aluminum oxide stream was first stérted

and then the cooling gas applied. This allowed direct observation and photography

of the effects of the transverse flow on the stream. The transverse cooling gas

(helium) did not introduce any lateral motion or periodic instability to the

molten stream. It was felt, however, that for the cooling gas to be most effec-

tive, the apparatus used for these experiments needed major changes iﬁ~order to

get the cooling gas introduced directly below the exit orifice. Because of,ité’

relatively low position (2 1/2 inches below the orifice), the cooling was not °

effective in increasing the fiber lengths obtained with this equipment. There

was not sufficient time remaining in the program to make the necessary changes:in

the heating assembly to place the transverse cooler at its optimum position.
Stabilization of the stream was attempted using methane and ammonia as

stabilizing gases to produce solid carbon or aluminum nitride, respectively on

the surface of the molten Jjet. The stabilization gas was introduced into both

the outer flush and the transverse cooling manifold. However, since the collection

envelope on the system was glass, the stabilization gas was limited to approxi-

mately 10 percent by volume of the total gas flow.
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Experimental Results

The major variables in the process, the exit orifice design, the squirting
pressure, and the temperature of the melt all interact to affect one another so
that a discussion of the effects of these variables is difficult to separate into
indjvidual categories. However, since the orifice during any run is fixed and
the other parameters are variable, this discussion will be based on a given ori-
fice design with the effects of squirting pressure and temperature on the resultant
oxide stream. The goal throughout the program was to obtain a long, stable,
laminar stream of molten aluminum oxide that could be solidified into a fiber.

The effects of jet turbulence as previoﬁsly discussed were felt to be of paramount
importance and, therefore, a great deal of effort was spent on obtaining laminar
streaming through the orifice. The initial squirting runs were made with NASA
specified orifices of 0.010 inch diameter, L/D approximately 1:1 and with entrance
angles of 60° (see Fig. 4). Although the molten aluminum oxide squirted, some

divergence of the flow was apparent. Bending calculations based on room temperature

mechanical properties of the molybdenum orifice plate and 30 psig squirting pres-
sure indicated that a 0.003 inch deflection would take place at room temperature;
considerably more bending was to be expected at 2000°C. It was felt, therefore,
that the deflection of the orifice plate with subsequent distortion of the circular
orifice could account for the observed divergence of the molten stream during the
squirting. To confirm the orifice plate deflection, a closed end nozzle was run
with a typical charge and pressure (30 psig) applied at the same temperature as
in the normal squirting experiments. The charge was solidified under pressure
and the crucible cut open to permit observation of the bottom surface of the
aluminum oxide. The deflection of the orifice plate can be seen by observing the
"bowed" surface of the alumina as shown in Fig. 11. The actual deflection was

measured to be 0.030 inches.
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Several squirt experiments were made with 0.0135 inch, 0.020 inch, and 0.040
inch thick orifice plates with a constant orifice diameter of 0.016 inch and al
squirt pressure of 10 psig. The 0.040 inch thick orifice plate produced a good,
straight stream of aluminum oxide and showed no visible deflection after squirting,
whereas the 0.013 inch and 0.020 inch thick plates produced deflected streams
even at the low 10 psi squirt pressure used for these experiments.

A series of experiments were run with 0.040 inch thick orifice plates at
5, 10, and 20 psi squirt pressures. Stable stream lengths were still short and
no fiber was obtained at any of the squirting conditions. It was concluded at
this time that the orifice plaﬁe design was still not correct and the effort
was, therefore, concentrated on factors concerned with producing stable flow
conditions.

If all the molten fluid in the crucible bghaved‘as a perfect liquid at the
instant of application of the squirting pressure, the entire container could
have been fluid mechanically treated with a circular pipe flow model (Ref. 12).
Since perturbations were present, such as a lower temperature gas contacting the
top surface of the melt causing adverse thermal gradients and.slight irregulari-
ties in wall thickneés providing nonuniform heating, the_aséumption of fully
developed flow in the body of the nozzle was not justifiéd. iIn order to apply
the Hagen-Poiseuille equaﬁions of flow through a pi@e SO that an analytically
determined uniform velocity profile (Ref. 13) would enter the inlet to the exit
orifice, thick orifice plates with nozzle details as shown in Fig. 12 were made.
A pipe inlet diameter ratio of 8:1 was provided just prior to the entrance of the
exit orifice to establish the desired laminar velocity profile.

To determine the geometric physical parameters for the orifice that would
yield the least chance of falling within the turbulent flow regions, Reynold's
number calculations were made., Bach item in the Reynold's number definition was

given a wide range of variance. The viscosity of molten aluminum oxide was allowed to
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vary from 1 to 1000 centipoise. The orifice diameters ranged from 0.002 to 0.030
inch and the flow velocity VariedAfrom 1 to 1000 feet per second. The density of
molten aluminum oxide at 2100°C (5.82 slugs/ft3) was chosen for all calculations.
The results are shown as Reynold's number versus velocity for various viscosities
in Figs. 13 through 19. There is a Reynold's number plot for each orifice diameter
from .002 inch up to .030 inch.

Simplified flow calculations assuming isotropic nozzle conditions (Ref. 1k)
wvere also made to determine the range of flow velocities for various squirting
pressures. The actual stream velocities of the molten aluminum oxide and
selected aluminum oxide alloys were then measured from high-speed movies taken
of the experimental squirts. These measufed velocities together with the cal-
culated velocities were combined with newly obtained (Ref. 15) viscosity data to
compress the field of calculable Reynold's numbers. The viscosity range used
was 60 to 80 centipoise. The flow velocity was varied from 1 to 30 ft/sec.

The results are plotted as Reynold's number versus velocity for various
viscosities in Figs. 20 through 26. There is again a Reynold's number plot for
each orifice diameter. The same Reynold's number data are presented as functions
of orifice diameter for various velocities at a constant viscosity in Figs. 27
through 31. A field plot is, therefore, available for viscosity values of 60,
65, 70, 75, and 80 centipoises.

With the experimentally measured velocities, known jet diameter and
reasonably close viscosity values, the Reynold's number data showed that the
laminar flow region prevailed for most all conditions employed in our experiments.

Fastax motion pictures at 1000 frames per second were taken of many squirt
experiments using the thick laminar inlet orifice plate and indicated that the
stable jet length was increased from the initial 1/2 inch to approximately 3

inches. Aluminum oxide fibers 0.005 inch to 0.010 inch in diameter and up to
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1/4 inch long were produced during these experiments. Figure 32 shows some
typical fibers from these runs. Although the fibers were too small for mechaﬁical
testing, X-ray analysis indicated that these fibers were a-aluminum oxide.

All attempts to solidify the stable jet into a continuous fiber were
unsuccessful. The transverse coolers were not effective, probably because the
space limitations on the equipment did not allow them to be placed close enough
to the orifice exit. The transverse flow principle was proven, however, inasmuch
as no stream deflection toock place under high cooling gas flows.

Squirting experiments with the alloy oxide systems showed that their
behavior was not different from that of the pure aluminum oxide.

Attempts to utilize ammonia and methane as stabilizing media were unsuccess-
ful. This work was inconclusive in that high volume percentages of these gases

could not be used due to the danger of explosion in the glass-enclosed equipment

used for these experiments.

CONCLUSIONS

Although only short fibers of both aluminum oxide and aluminum oxide alloys
have been produced under this program, the results indicate that aluminum oxide can
be squirted through small orifices with a stable jet length of approximately
three inches. Also, since the gas-cooling experiments have shown that a trans-
verse gas flow does not appreciably alter the path of the molten stream, it
should be possible to solidify the jet into a continuous filament of aluminum-
oxide with suitably placed transverse coolers.

There does not yet appear to be any advantage in using the oxide alloys
over pure gluminum oxide, Metallographic examination of shot produced from several

experiments showed that aluminum oxide and aluminum oxide alloys both produced

>0
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MELT SPUN ALUMINUM OXIDE FIBERS
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about the same amount of hollow spheres; the use of the alloy additions to the
melt did not, therefore, appear fo change the distribution of shrinkage cavities
during solidification. No correlation could be found between the void size
(Figs. 33,34) and the diameter of the spheres.

Stabilization of a molten Jjet of aluminum oxide may be possible using high-
volume percentages of reactant gases in the squirting environment. These per-
centages should be in excess of 20 percent and the gas must be introduced as

close to the orifice exit as possible without causing plugging of the nozzle.

SUGGESTIONS FOR FUTURE WORK

Since very little difficulty was experiencéd in‘bbtaining?égod,streaming
of the alﬁminumloiide once the correct orifice plate deéign was}foﬁnd, any future
work using a melt}spinning'technique‘should Concentraté upon-strééi“cooling,
surface tension control, and stream stabilization. The use of<otﬁéf gases as
squirting envifonments may result in a lower interfacial tension of the aluminum
oxide which will allow solidification of the stream before it breéks up into shot.
Alloy addiﬁi@ns (in small amounts) of high melting oxides,Suéh as HfO, and
Zrog,may be effective in increasing the solidification rate of the molten stream.
A promising technique that should also be explored in any future work is
the production of aluminum oxide ribbon by splat cooling the molten jet against
a cold rotating drum. If the drum were to be placed very near the orifice exit,
it would be in the stable stream zone and a continuous ribbon of aluminum oxide

should be formed.
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CROSS SECTION OF SOLID TADPOLE OF ALUMINUM OXIDE
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CROSS SECTION OF ALUMINUM OXIDE SHOT

(NOTE VOIDS)
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