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ABSTRACT 

The production of aluminum oxide f i b e r s  by a d i r e c t  m e l t  f i b e r i z a t i o n  process 

was s tud ied .  

aluminum-oxide f o r  sho r t  per iods of t i m e  and a success fu l  c ruc ib l e  and o r i f i c e  

design w a s  developed. Although t h e  program w a s  p r imar i ly  experimental ,  a sho r t  

computer program w a s  run t o  a i d  i n  def in ing  t h e  s ta te  of f l u i d  flow through t h e  

c ruc ib l e  o r i f i c e .  The experimental  r e s u l t s  and t h e  ca l cu la t ions  both  l e d  t o  t h e  

conclusion t h a t  t h e  molten l i q u i d  flow through t h e  s q u i r t i n g  o r i f i c e  w a s  laminar  

i n  nature  and t h e  break-up of t h e  l i q u i d  aluminum oxide j e t  was caused by su r face  

tens ion  fo rces  ( i . e .  f r e e  j e t  dynamics) and not by turbulence produced wi th in  

t h e  j e t  o r i f i c e .  

Molybdenum proved t o  be a s a t i s f a c t o r y  material f o r  holding molten 

Only shor t  f i b e r s  of aluminum oxide were obtained under t h i s  program due 

t o  t h e  aforementioned j e t  break-up. Attempts t o  s t a b i l i z e  t h e  stream by cooling 

or depos i t ion  of a s o l i d  on t h e  sur face  of t h e  l i q u i d  j e t  were unsuccessful .  The 

s t a b i l i z a t i o n  s tud ie s  w e r e ,  however, inconclusive i n  t h a t  optimum pos i t i on ing  of 

t h e  s t a b i l i z a t i o n  and cooling media w a s  not a t t a i n e d  due t o  equipment l i m i t a t i o n s  

found l a t e r  i n  t h e  program. 

v i  



SUMMARY 

Under t h e  program h e r e i n  descr ibed,  t h e  production of aluminum oxide f i b e r s  

by a d i r e c t  m e l t  f i b e r i z a t i o n  process  w a s  s tud ied .  Molybdenum proved t o  be a 

s a t i s f a c t o r y  material f o r  holding molten aluminum-oxide f o r  s h o r t  per iods of t i m e  

and a successfu l  c r u c i b l e  and o r i f i c e  design w a s  developed. Although t h e  program 

w a s  p r imar i ly  experimental ,  a sho r t  computer program w a s  run t o  a i d  i n  def in ing  

t h e  s ta te  of f l u i d  flow through t h e  c ruc ib l e  o r i f i c e .  The experimental  r e s u l t s  

and t h e  ca l cu la t ions  botii l e d  t o  t h e  conclusion t h a t  t h e  molten l i q u i d  flow 

through t h e  s q u i r t i n g  o r i f i c e  w a s  laminar i n  na ture  and t h e  break-up of t h e  

l i q u i d  aluminum-oxide j e t  was caused by su r face  t ens ion  fo rces  ( i . e .  f r e e  j e t  

dynamics) and not by turbulence  produced wi th in  t h e  jet, o r i f i c e .  

Only shor t  f i b e r s  of aluminum oxide were obtained under t h i s  program due 

t o  t h e  aforementioned j e t  break-up. 

or depos i t ion  of a s o l i d  on t h e  su r face  of t h e  l i q u i d  j e t  were unsuccessful .  

The s t a b i l i z a t i o n  s t u d i e s  were, however, inconclusive i n  t h a t  optimum pos i t i on ing  

of t h e  s t a b i l i z a t i o n  and cool ing media w a s  not  a t t a i n e d  due t o  equipment l i m i -  

t a t i o n s  found l a t e r  i n  t h e  program. 

Attempts t o  s t a b i l i z e  t h e  s t ream by cool ing 
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INTRODUCTION 

For t h e  pas t  s e v e r a l  yea r s ,  i n t e n s i v e  research  has been i n  progress  i n  a 

search f o r  new and improved f i lamentary materials f o r  use as s t r u c t u r a l  r e in -  

forcements. Filaments of boron, boron compounds, s i l i c o n  carb ide ,  and aluminum 

oxide have shown considerable  promise f o r  t h i s  app l i ca t ion ,  and research  i n  

t h i s  area has turned  t o  t h e  development of manufacturing processes  which w i l l  

allow t h e  economical production of such f i laments  a t  high rates. One such 

process i s  t h e  continuous s o l i d i f i c a t i o n  of a f ree  j e t  of molten ma te r i a l .  

METHOD OF APPROACH 

One approach t o  t h e  production of continuous aluminum oxide f i ldments  

d i r e c t l y  from a m e l t  involves t h e  formation of a s t a b l e ,  f r e e  j e t  of aluminum 

oxide and t h e  ex t r ac t ion  of heat  from t h e  j e t  a t  a rate s u f f i c i e n t  t o  produce 

a continuously s o l i d i f y i n g  f i lament .  However, a f ree  l i q u i d  j e t  tends t o  break 

up i n t o  d rop le t s  a t  some d i s t ance  from t h e  o r i f i c e .  Droplet formation i s  caused 

by t h e  high i n t e r f a c i a l  t ens ion  between t h e  l i q u i d  i n  t h e  j e t  and t h e  surrounding 

atmosphere and i s  preceded by t h e  development of a c a p i l l a r y  wave on t h e  sur-  

f ace  of t h e  j e t ,  t h e  amplitude of which grown with t ime.  I n  order  t o  form a 

f i lament ,  t h e  hea t  t r a n s f e r  rate must be  s u f f i c i e n t  t o  s o l i d i f y  t h e  f i lament  

before  t h e  wave amplitude reaches some c r i t i c a l  va lue .  This may be accomplished 

e i t h e r  by increas ing  t h e  r a t e  of hea t  t r a n s f e r  or by reducing t h e  ra te  of i nc rease  

of t h e  wave amplitude f o r  a f ixed  cool ing ra te  by s t a b i l i z i n g  t h e  j e t .  

Research conducted t o  da te  has not  tu rned  up any metal or m e t a l l i c  oxide 

which can be f i b e r i z e d  by f r e e  f a l l  i n  an i n e r t ,  quiescent  gas .  It w a s  t hus  

apparent t h a t  cool ing or cooling toge the r  wi th  s t a b i l i z a t i o n  might have t o  be 

2 



employed i n  order  t o  produce aluminum oxide f i b e r  from t h e  m e l t .  

cool ing w a s  t o  be appl ied  by means of a flow of gas t r ansve r se  t o  t h e  axis of 

t h e  molten j e t  s ince  t h e  t r ansve r se  flow p a t t e r n  has been found t o  be  t h e  only 

one which does not e x c i t e  e i t h e r  t h e  c a p i l l a r y  or sinous modes of i n s t a b i l i t y .  

The necessary 

If s t a b i l i z a t i o n  of t h e  l i q u i d  j e t  w a s  necessary,  it w a s  t o  be accomplished 

by depos i t ing  a s o l i d  coherent f i l m  on t h e  su r face  of t h e  j e t ;  a carbon f i l m ,  

f o r  example, could be deposi ted on t h e  su r face  of t h e  l i q u i d  j e t .  The s t a b i l i z i n g  

e f f e c t  of a su r face  film i s  respons ib le  f o r  t h e  success fu l  formation of f i b e r s  

of t i n ,  l e a d ,  and aluminum by a d i r e c t  m e l t  process .  

Dimensional Analysis of t h e  Process 

A q u a l i t a t i v e  mathematical ana lys i s  of t h e  d i r e c t  m e l t  f i b e r  process  may 

be performed by u t i l i z i n g  some of t h e  r e s u l t s  of t h e  theory of c a p i l l a r y  i n s t a -  

b i l i t y .  It has been v e r i f i e d ,  both t h e o r e t i c a l l y  and experimentally (Refs.  1 , 2 , 3 )  

t h a t  t h e  t i m e  requi red  f o r  t h e  d i s i n t e g r a t i o n  of a l i q u i d  j e t  i s  given by: 

t i = A  [ --+- 4% 3 P d l  
8T a T  

The symbols have t h e  fol lowing meanings: 

d - j e t  diameter,  cm 

p - mass dens i ty  of molten metal, gm/cm 

T - su r face  t e n s i o n ,  dyne/cm 

3 

2 
/A - v i s c o s i t y ,  dyne sec/cm 

A j e t  of nonviscous f l u i d  has a d i s i n t e g r a t i o n  t ime propor t iona l  t o  t h e  

1 . 5  power of j e t  diameter while  a viscous f l u i d  (such as g l a s s )  has a d i s i n t e -  

g r a t i o n  time propor t iona l  t o  t h e  f i r s t  power of j e t  diameter.  The dependence 

of t h e s e  two l i m i t i n g  cases  on su r face  t e n s i o n  and dens i ty  i s  a l s o  q u i t e  

3 



d i f f e r e n t ,  as may be seen by an inspec t ion  of Eq. (1). Since w e  were only 

i n t e r e s t e d  i n  a q u a l i t a t i v e  a n a l y s i s ,  w e  were not  concerned with t h e  a c t u a l  

values  of t h e  constants  A and a. We may, i n  f a c t ,  ass ign  t h e  va lue  A = 1 by 

s t r e t c h i n g  t h e  t i m e  s c a l e .  

The quan t i ty  of hea t  contained i n  a u n i t  l ength  of molten metal j e t  i s  

Ht P TT d2 
4 

The t i m e  requi red  t o  e x t r a c t  t h i s  hea t  i s  t h e r e f o r e  

where Hf = heat  of fu s ion ,  cal/gm 

h = heat  t r a n s f e r  c o e f f i c i e n t ,  c a l / s e c  ern2 O C  

0 = melt ing temperature,  O C  

A dimensionless quant i ty  governing t h e  s t a b i l i t y  of a j e t  with hea t  t r a n s f e r  

may be obtained by forming t h e  r a t i o  t i / t H :  

42d  h 0  + 1 2 P  h e  - -  t i  - 
t H  P T  Hf a P T  Hf 
_ . -  ( 3 )  

This r a t i o  governs t h e  f i b e r  formation process .  It i s  obvious t h a t  f i b e r  forma- 

t i o n  becomes e a s i e r  f o r  increas ing  va lues  of t i / t H .  -An idea  of t h e  r e l a t i v e  

d i f f i c u l t y  of f i b e r  formation f o r  d i f f e r e n t  ma te r i a l s  may be  obtained by ignoring 

t h e  v i s c o s i t y  term i n  Eq. ( 3 )  and evaluat ing t h e  quant i ty  

= F.P. = F i b e r i z a t i o n  P.otentia1 0 

Hf G 
which depends only on t h e  phys ica l  p rope r t i e s  of t h e  material. The necessary 

d a t a  and subsequently ca l cu la t ed  values of 

shown i n  Table 1. 

0 /Hf 4 P T f o r  some materials are 

4 



Mater i a1 

A 1  
Au 
Ag 
Cd 
cu 
Pb 
P t .  
Zn 
Sn 
Fe 
C r  
N i  
Be 
Mn 
B 

A120 3 

p4 3 
2.70 
19.3 
10 a 49 
8.64 
8.96 
11 34 
21.45 
7.14 
7.3 
7.87 
7.14 
8.9 
1.85 
7.43 
2.34 
4.0 

Table 1 

F i b e r i z a t i o n  P o t e n t i a l  of Various Materials 

T, dyne 
em 

840 
790 
800 
630 
110 3 
453 
1819 
753 
526 
1706 
1590 2 50 
1630 2 140 
1650 ( e s t .  ) 
880 ( e s t .  ) 
2500 ( e s t .  ) 
700 

94.5 
16.1 
25 
13.2 
50.6 

26.9 
6.26 

24.09 
14.0 
7.89 
96 

260 
63.7 

73.8 

480 
25.5 

660.1 

960.5 
1063 

1083 
320 * 9 

327'. 4 
1769 
419 0 5 
231.9 
1534 

1453 
1284 
1245 

20 50 

187 5 

20 50 

e 
H f  +T 

a 147 
.053 
.042 - 329 
.730 
.333 
.237 
,267 

.215 

1.68 
.183 
.163 
.089 

.056 

.242 

1.52 

(Data obtained from Refs. 4-7) 

An examination of t h i s  d a t a  shows t h a t  t h e  easiest materials t o  f i b e r i z e  should 

be i r o n ,  l e a d  and aluminum oxide.  

Equation (3) does not g ive  a complete desc r ip t ion  of t h i s  f i b e r  process  

because t h e  su r face  t ens ion  and v i s c o s i t y  are func t ions  of t h e  s o l i d  f r a c t i o n  

contained i n  t h e  s o l i d i f y i n g  f i lament ,  due t o  t h e  a c t i o n  of cool ing.  A qua l i -  

t a t i v e  p i c t u r e  of t h e  des i r ed  co r rec t ion  may be obtained by w r i t i n g  T and I.1 as 

func t ions  of t h e  hea t  r a t i o  

been ex t r ac t ed  from t h e  molten m a t e r i a l  per  u n i t  of j e t  length .  

t h e  j e t  i s  e n t i r e l y  l i q u i d  and t h e  j e t  i s  completely s o l i d  when q = Hf (q/Hf = 1). 

The hea t  ex t r ac t ed  from t h e  molten j e t  can also be expressed as 

q/Hf, where q i s  t h e  quan t i ty  of hea t  which has  

When q = 0 ,  

q =  r d h 8 t  (4) 
where t i s  t h e  length  of t ime t h a t  cool ing has been appl ied .  Now, t h e  su r face  

t ens ion  and v i s c o s i t y  of a completely molten metal may be def ined as To, p o ,  

5 



r e spec t ive ly .  As  hea t  i s  ex t r ac t ed  (at  constant  tempera ture) ,  s o l i d  material 

appears i n  t h e  m e l t  and t h e  su r face  t ens ion  and v i s c o s i t y  change. When t h e  m e l t  

has completely s o l i d i f i e d ,  t h e  su r face  t e n s i o n  i s  e f f e c t i v e l y  zero ,  and t h e  

v i s c o s i t y  i n f i n i t e .  It i s  apprec ia ted  t h a t  t h e  l a t te r  statement i s  not  s t r i c t l y  

t rue i n  a phys ica l  sense but  i.t should be r e a l i z e d  t h a t  w e  are t r y i n g  t o  assess 

t h e  propens i ty  of a l i q u i d  t o  undergo su r face  deformation under t h e  a c t i o n  of 

forces  which a r e  of t h e  order  of magnitude of t h e  sur face  t ens ion  and i n e r t i a  

fo rces  of t h e  completely molten metal. Under t h e s e  circumstances,  it i s  con- 

venient  t o  descr ibe  t h e  immobility of a s o l i d  su r face  under t h e  a c t i o n  of such 

fo rces  by saying t h a t  t h e  su r face  t ens ion  i s  zero and t h e  v i s c o s i t y  i n f i n i t e .  

A func t iona l  r e l a t i o n  which expresses t h i s  statement i n  a q u a l i t a t i v e  way i s  

given by 

T = T o  (1-$) 

Subs t i t u t ing  Eq. ( 5 )  i n t o  Eq. ( 3 )  w e  f i n d :  

( 0  5 g 5 1) 
H f 

It can be seen t h a t ,  as q/Hf inc reases ,  t h e  t ime r a t i o  t i / t H  increases  from a 

value t i i / t E  t o  i n f i n i t y .  

l i q u i d  j e t .  

Cooling, t h e r e f o r e ,  e x e r t s  a s t a b i l i z i n g  e f f e c t  on a 

This ana lys i s  does not t ake  i n t o  account t h e  var ious schemes f o r  s t a b i l i z i n g  

a j e t  by producing a su r face  coa t ing ,  but  it does g ive  a c l e a r  p i c t u r e  of t h e  

phys ica l  behavior of a l i q u i d  j e t  with cool ing.  

6 



Variab les  Affect ing Filament Formation 

I n  t h e  previous mathematical ana lys i s  f a c t o r s  in f luenc ing  s t a b l e  j e t  l eng th ,  

t h e  flow of molten f l u i d  from t h e  e x i t  nozzle  w a s  assumed t o  be laminar.  Tran- 

s i t i o n  t o  tu rbu len t  f l u i d  flow, whether due t o  Reynold's number e f f e c t s  or l o c a l  

su r f ace  a c t i v a t e d  t r i p p i n g  of t h e  stream, would y i e l d  such shor t  j e t  lengths  

( R e f .  8 )  t h a t  formatian of f i laments  would be extremely d i f f i c u l t .  Fac tors  i n  

t h e  design of t h e  e x i t  o r i f i c e  t o  insure proper flow such as chamfer angle ,  depth 

of chamfer t o  prevent c a v i t a t i o n  ( R e f .  9 )  and a smooth en t ry  flow t r a n s i t i o n  

regime ( R e f .  1 0 )  were taken i n t o  account. A f u r t h e r  number of p r a c t i c a l  con- 

s i d e r a t i o n s  involved i n  t h e  formation of such a j e t  w i l l  now be discussed.  

Squ i r t  Pressure  - The s t a b l e  length  of a f ree  j e t  has been found t o  be  equal  

t o  t h e  j e t  v e l o c i t y  mul t ip l i ed  by t h e  d i s i n t e g r a t i o n  t i m e ,  t i .  An important 

f a c t o r  a f f ec t ing  t h e  length  of s t a b l e  j e t  which w a s  not previously considered 

i s  t h e  turbulence  wi th in  t h e  j e t  produced by flow through t h e  o r i f i c e  of t h e  

c ruc ib l e .  The ne t  e f f e c t  of turbulence i s  a reduct ion i n  t h e  d i s i n t e g r a t i o n  

t i m e  (ti) a t  h igh  j e t  v e l o c i t i e s .  

shown i n  Fig. l a  f o r  water ( R e f .  11). 

A t y p i c a l  curve i l l u s t r a t i n g  t h i s  f a c t o r  i s  

The corresponding curve of t i  versus V i s  

shown i n  Fig.  l b .  It i s  obvious from an inspec t ion  of t h e s e  f i g u r e s  t h a t  t h e  

s q u i r t i n g  p res su re  should be chosen so as t o  g ive  t h e  maximum length  of s t a b l e  

j e t .  The optimum s q u i r t i n g  pressure  w a s  one of t h e  va r i ab le s  inves t iga t ed  under 

t h i s  program. 

Crucible Material Se lec t ion  - Compatibil i t j j  s t u d i e s  were conducted between 

aluminum oxide and s e v e r a l  candidate  c ruc ib l e  m a t e r i a l s .  Because of t h e  high 

melt ing poin t  of aluminum oxide only tungs ten ,  molybdenum, tantalum, and i r id ium 

were considered t o  be  s u i t a b l e  f o r  t h i s  app l i ca t ion .  Molybdenum w a s  chosen as 

t h e  nozzle ma te r i a l .  Tantalum, which has a high enough melt ing po in t  (2996'~) 

7 
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and i s  e a s i l y  f a b r i c a t e d ,  underwent severe embrit t lement and g r a i n  boundary a t t a c k  

when aluminum oxide was kept  molten f o r  even s h o r t  per iods of t i m e .  Tungsten 

(M.P. 3 4 1 O o C ) ,  which i s  more d i f f i c u l t  t o  f a b r i c a t e ,  would conta in  t h e  molten 

aluminum oxide without observable damage t o  t h e  conta iner  w a l l s  but  contaminated 

t h e  melt  with migrat ion of m e t a l l i c  tungs ten  p a r t i c l e s  throughout t h e  molten oxide 

i n  per iods of less  than f i v e  minutes. 

needs of both f a b r i c a t i o n  and iner tness  toward t h e  molten oxide f o r  t i m e s  up t o  

Molybdenum (M.P. 2610Oc) s a t i s f i e d  t h e  

45 minutes.  

i n  which p o l y c r y s t a l l i n e  aluminum oxide w a s  melted and then  s o l i d i f i e d  i s  shown 

i n  F ig .  2. No d i f fus ion  of e i t h e r  spec ie  i s  i n  evidence. I r idium (M.P. 2454OC), 

another p o s s i b l e  conta iner  material, w a s  not  i nves t iga t ed  due t o  i t s  high cos t  

and d i f f i c u l t y  of f a b r i c a t i o n .  

A photomicrograph of a cross  s e c t i o n  through a c losed end nozzle  

Crucible Design - The i n i t i a l  c ruc ib l e s  used for d i r e c t  m e l t  aluminum oxide f i b e r -  

i z a t i o n  s t u d i e s  at  UARL were simple flat-bottomed closed-end tubes wi th  e lec t ron-  

beam d r i l l e d  o r i f i c e  holes .  The most s e r ious  problems encountered with t h i s  type  

of c ruc ib l e  were f r eez ing  of t h e  aluminum oxide on t h e  ou t s ide  bottom of t h e  

c ruc ib l e  with subsequent plugging of t h e  o r i f i c e  and j e t  turbulence caused by 

t h e  roughness of t h e  electron-beam d r i l l e d  hole .  Af te r  s eve ra l  modi f ica t ions ,  

a c ruc ib l e  design evolved as shown i n  Fig. 3. The nozzle  w a s  assembled from four  

simple and r e l a t i v e l y  inexpensive molybdenum p a r t s .  The ho le  was d r i l l e d  i n  t h e  

o r i f i c e  d i sc  p r i o r  t o  electron-beam welding of t h e  d i s c  t o  t h e  tube .  

cedure g r e a t l y  f a c i l i t a t e d  t h e  d r i l l i n g  of a proper o r i f i c e  and allowed t h e  hole  

t o  be c o r r e c t l y  shaped. The s k i r t  on t h e  bottom of t h e  c ruc ib l e  ac t ed  as a 

susceptor  t o  hea t  t h e  o r i f i c e  and prevented t h e  premature f r eez ing  of t h e  aluminum 

oxide stream. 

p l a t e s )  throughout t h e  program. 

This pro- 

This b a s i c  c ruc ib l e  conf igura t ion  w a s  used (with var ious  o r i f i c e  

9 
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Crucible O r i f i c e  Design - The long i tud ina l  p r o f i l e  of t h e  o r i f i c e  and t h e  

roughness of t h e  w a l l s  of t h e  o r i f i c e  have a profound e f f e c t  on t h e  s t a b i l i t y  

of t h e  j e t .  It i s  w e l l  known t h a t  su r f ace  roughness induces turbulence  and t h a t  

such turbulence  can be damped out  by causing t h e  o r i f i c e  t o  t a p e r  i n  t h e  d i r e c t i o n  

of flow. For t h e s e  reasons a l l  o r i f i c e  p l a t e s  used i n  t h i s  i n v e s t i g a t i o n  were of 

t h e  genera l  conf igura t ion  as shown i n  F ig .  4. 

were considered t o  be one of t h e  va r i ab le s  t o  be  inves t iga t ed  under t h i s  program. 

Melt Temperature - The temperature of t h e  m e l t  w a s  one of t h e  most c r i t i c a l -  

The p r e c i s e  o r i f i c e  dimensions 

va r i ab le s  i n  t h i s  process .  

"shot" would be formed when t h e  s q u i r t  p re s su re  w a s  appl ied .  On t h e  o the r  hand, 

i f  t h e  melt  temperature w a s  t o o  cold (very l i t t l e  supe rhea t ) ,  it w a s  almost 

impossible t o  g e t  anything through t h e  o r i f i c e  of t h e  c ruc ib l e .  The m e l t  tempera- 

t u r e ,  t h e r e f o r e ,  had t o  be accura te ly  monitored and con t ro l l ed  i n  order  t o  succeed 

with t h i s  process .  A s p e c i a l  hea t ing  c o n t r o l  system w a s  designed and assembled 

t o  provide con t ro l  of t h e  m e l t  temperature t o  wi th in  l0C of t h e  se t  po in t  and 

approximately 1 0 ° C  abso lu te  ( t h e  accuracy of t h e  pyrometer).  

If t h e  m e l t  was t o o  h o t  ( t o o  much supe rhea t ) ,  only 

Node Formation - Nodules a r e  produced on melt-spun f i b e r  when t h e  f i b e r  i s  

bent  t o  a s u f f i c i e n t l y  s m a l l  r ad ius  t o  crack t h e  s o l i d i f i e d  sk in .  Molten material  

then  flows through t h e  break a t  t h e  same t i m e  t h a t  t h e  sk in  reforms on t h e  f r e s h  

su r f  ace. 

Bending of t h e  molten f i lament  i s  caused l a r g e l y  by t h e  a x i a l  v e l o c i t y  of 

t h e  f i lament  relative t o  t h a t  of t h e  gaseous environment which r e s u l t s  i n  f l u t t e r  

of t h e  same kind observed when a f lag waves i n  t h e  breeze.  The f l u t t e r  amplitude 

increases  with increas ing  f i lament  v e l o c i t y  and decreasing f i lament  dens i ty .  

The wavelength of t h i s  motion decreases with increas ing  v e l o c i t y .  

12 
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A simple explanat ion of t h e  mechanism which causes f l u t t e r  can be found by 

consider ing t h e  equi l ibr ium of a length  of f i lament  being c a r r i e d  along by a 

gas stream. 

a tu rn ing  moment i s  produced which tends  t o  r o t a t e  t h e  f i lament  t o  an o r i e n t a t i o n  

at  r i g h t  angles  t o  t h e  flow. The perpendicular  p o s i t i o n  i s  s t a b l e ;  t h e  p a r a l l e l  

pos i t i on  i s  uns tab le .  I n  a continuous f i l amen t ,  t h e s e  aerodynamic fo rces  are 

I f  t h e  f i lament  i s  o r i e n t e d  p a r a l l e l  t o  t h e  gas v e l o c i t y  v e c t o r g  

r e s i s t e d  by i n e r t i a  and aerodynamic damping, r e s u l t i n g  i n  a continuous wave 

motion. 

No f l u t t e r  should occur i f  t h e  gas stream i n t o  which t h e  f i lament  i s  in-  

j e c t e d  i s  flowing a t  t h e  sme v e l o c i t y  and i n  t h e  same d i r e c t i o n  as t h e  f i l amen t ;  

however, t h e  cool ing r a t e  i s  very low i n  t h i s  case.  A gas flow a t  r i g h t  angles  

t o  t h e  f i lament  should not  cause f l u t t e r  and a l s o  gives  t h e  b e s t  cool ing rate.  

Therefore ,  it w a s  planned t h a t  any cool ing gas ( a i r  or helium + a i r )  used t o  

remove hea t  from t h e  stream would be introduced perpendicular ly  t o  t h e  molten j e t .  

Aluminum Oxide Alloy Systems - Aluminum oxide of high p u r i t y  w a s  t h e  primary 

material used i n  t h i s  program. However, addi t ions  of o the r  oxides t o  t h e  aluminum 

oxide were made i n  order  t o  s tudy t h e i r  e f f e c t  on t h e  f i b e r i z a t i o n  process .  The 

following b inary  oxide mixtures  were approved f o r  i nves t iga t ion  under t h i s  program: 

1. Complete S o l i d  Solu t ion  - 70 percent  A1203 - 30 percent  Cr02 

l i qu idus  213OoC - so l idus  2075OC. 

Eu tec t i c  Composition - 80 percent  A1203 - 20 percent  Y203 

melt ing poin t  - 1 8 6 0 O c  

Wide Range S o l i d i f i c a t i o n  - 80 percent  A1203 - 20 percent  Sn02 

l iqu idus  1 9 6 0 ~ ~  - so l idus  1620°c, 

Eutec t i c  Composition - 95 percent  A1203 - 5 percent  MgO 

melt ing po in t  - 195OoC, 

2 .  

3.  

4. 

The e f f e c t  of a l l o y  add i t ion  on t h e  molybdenum c ruc ib l e  compat ib i l i ty  w a s  a l s o  

s tud ied  

14 
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EXPERIMENTAL PROCEDURES AND RESULTS 

Melt Spin Apparatus 

The apparatus t h a t  w a s  used for prel iminary experiments p r i o r  to t h e  

program i s  shown schematical ly  i n  Fig.  5 .  

t h e  accuracy of temperature con t ro l  needed f o r  t h e  s q u i r t i n g  process .  It w a s  

soon evident  t h a t  using t h e  o r i f i c e  p l a t e  as t h e  temperature ind ica t ing  t a r g e t  

(as shown i n  F i g ,  5 )  d i d  not  y i e l d  reproducible  r e s u l t s ;  s e v e r a l  runs made 

under t h e  same condi t ions showed e i t h e r  no evidence of mel t ing or r e s u l t e d  i n  

This equipment was used t o  determine 

oozing of t h e  aluminum oxide through t h e  o r i f i c e .  

at a constant  temperature ,  some form of automatic con t ro l  w a s  necessary t h a t  

I n  order  t o  be a b l e  t o  s q u i r t  

cou1.d maintain t h e  aluminum oxide charge a t  any s p e c i f i c  temperature during i t s  

e n t i r e  molten s t a g e ,  Since t h e  change of v i s c o s i t y  wi th  temperature f o r  molten 

aluminum oxide w a s  a n t i c i p a t e d  t o  be q u i t e  sharp ,  accura te  temperature c o n t r o l  

w a s  mandatory. 

Temperature Control System - An automatic r a d i a t i o n  r a t i o  pyrometer w a s  chosen 

as t h e  sensing element f o r  t h e  temperature con t ro l  system i n  order  t o  minimize 

several of t h e  errors normally assoc ia ted  with br ightness  pyrometer measurements. 

To produce a l i n e a r  inc rease  i n  temperature with t ime,  t h e  output  of t h e  

pyrometer w a s  compared e l e c t r o n i c a l l y  t o  a ramp generated i n  t h e  c o n t r o l l e r .  

The output of t h e  comparator w a s  then  amplif ied and used t o  power a motor-driven 

potentiometer.  The motor ac t ed  as an i n t e g r a t c r  t hus  y i e ld ing  a low, steady- 

s t a t e  error for t h e  system. The potent iometer  w a s  used t o  s e t  t h e  t r i g g e r i n g  

angle  of a p a i r  of s i l i c o n  con t ro l l ed  r e c t i f i e r s  which, i n  t u r n ,  ad jus ted  t h e  

input  power t o  t h e  s a t u r a b l e  r e a c t o r  t h a t  con t ro l l ed  t h e  power output of t h e  

Lepel induct ion  hea te r .  The con t ro l  system operated very w e l l  and maintained 

t h e  c ruc ib l e  temperature t o  wi th in  approximately 10°C, ( t h e  accuracy of t h e  

15 
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pyrometer).  

l a g  of t h e  induct ion  hea t ing  system which caused overshooting whenever t h e  

pyrometer came out  of t h e  automatic c a l i b r a t i o n  cyc le .  

by c a l i b r a t i n g  j u s t  p r i o r  t o  approaching f i n a l  temperature and then  locking-out 

t h e  c a l i b r a t i o n  cycle .  The pyrometer w a s  o r i g i n a l l y  placed as shown i n  F igs .  6 

and 7. The temperatures measured at t h i s  l o c a t i o n  were not uniform enough from 

run t o  run due t o  small d i f f e rences  i n  t h e  c o i l  or c ruc ib l e  loca t ion .  To e l i m i -  

The major problem encountered with t h e  c o n t r o l l e r  w a s  t h e  thermal  

This w a s  simply el iminated 

na te  t h e s e  problems a holding assembly w a s  f a b r i c a t e d  t o  pos i t i on  t h e  two-color 

pyrometer d i r e c t l y  above t h e  s q u i r t i n g  nozz le ,  where a quar tz  s i g h t  p o r t  allowed 

d i r e c t  temperature measurement of t h e  m e l t .  A per iscope w a s  f a b r i c a t e d  t o  

provide observat ion of t h e  melt  through t h e  pyrometer head. 

i s  shown i n  F ig .  8. The pyrometer w a s  c a l i b r a t e d  by observat ion of i n c i p i e n t  

mel t ing of s i n g l e  c r y s t a l  ( s apph i re )  aluminum oxide wi th in  t h e  nozzle.  There 

were i n i t i a l  problems encountered with t h e  pyrometer due t o  an i n s t a b i l i t y  i n  

i t s  output t h a t  caused sensing e r r o r s  as high as 1 5 O o C .  

sensing u n i t  e l iminated a l l  f u r t h e r  problems wi th  t h e  temperature c o n t r o l  system 

and t h e  c a l i b r a t i o n  eyperiments i nd ica t ed  t h e  melt ing poin t  of s i n g l e  c r y s t a l  

aluminum oxide t o  be 2055OC. 

The e n t i r e  assembly 

Replacement of t h e  

Nozzle P res su r i za t ion  System- - A gas p re s su r i za t ion  system w a s  assembled 

t o  provide low pressure  purge gas t o  t h e  c ruc ib l e  during melt ing and r ap id  

pressure  app l i ca t ion  when s q u i r t  condi t ions were reached. The system as o r i g i -  

n a l l y  assembled can be seen i n  F ig .  7 .  

were used t o  monitor t h e  gas pressure  i n  t h e  c ruc ib l e .  Both low pressure  argon 

f o r  purging and high pressure  tank argon f o r  s q u i r t i n g  were con t ro l l ed  by t h e  

use of pressure  r egu la to r s  and flow meters as seen i n  t h e  photograph shown i n  

F ig .  6.  

P rec i s ion  gauges with overlapping ranges 

The change from low pressure  purge t o  high pressure  s q u i r t  w a s  con t ro l l ed  
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by solenoid va lves .  

p s i )  and t h e  flow meters shown i n  Fig.  7 were adequate;  bu t  as t h e  s q u i r t  pres- 

su re  w a s  r a i s e d  ( 5 0  p s i )  guarded high pressure  flow meters as shown i n  Fig.  8 

were necessary.  

Or ig ina l ly  t h e  s q u i r t  p ressures  were r e l a t i v e l y  low (20 

During t h e  i n i t i a l  experiments, s q u i r t  p ressure  w a s  appl ied when dr ipping  

or oozing of t h e  melt w a s  observed through t h e  pyrometer monitoring t h e  bottom 

of t h e  o r i f i c e  p l a t e .  

bottom p l a t e  p r i o r  t o  s q u i r t i n g  would very o f t en  r e s u l t  i n  a plugged o r i f i c e .  

To e l imina te  t h i s  problem, t h e  gas c o l l e c t i o n  envelope w a s  modified t o  support  

a 2 t o  3 p s i a  back pressure  on t h e  o r i f i c e  p l a t e .  

envelope w a s  monitored by one of t h e  p rec i s ion  pressure  gauges (shown i n  F ig .  7 )  

and con t ro l l ed  by means of a low pressure  r egu la to r .  The r e l e a s e  of chamber 

pressure  when s q u i r t i n g  condi t ions were reached w a s  o r i g i n a l l y  accomplished by 

t h e  manual opening of a s m a l l  hand valve.  

slow re l ease  of chamber pressure  down t o  atmospheric which s t i l l  allowed oozing 

of t h e  molten alumina t o  t a k e  p lace .  

t o  provide f o r  fas t  r e l e a s e  of chamber back-pressure by means of a so lenoid  

valve.  The system w a s  rewired t o  ac tua t e  t h e  r e l e a s e  valve simultaneously with 

t h e  app l i ca t ion  of s q u i r t  p ressure .  This las t  modif icat ion el iminated a l l  

f u r t h e r  problems with oozing of t h e  molten alumina. 

This condi t ion  w a s  unsa t i s f ac to ry  because wet t ing of t h e  

The pressure  i n  t h e  gas 

This system provided a r e l a t i v e l y  

The apparatus w a s  t h e r e f o r e  modified 

Stream Veloci ty  Measurements - A Fas t ax  camera w a s  s e t  up t o  photograph t h e  

molten je t .  A speed of 1000 frames per  second w a s  found t o  be s u f f i c i e n t l y  f a s t  

t o  provide c l e a r  photographs of t h e  breakup of t h e  stream. I n  order  t o  accura te ly  

measure t h e  stream v e l o c i t y  a 100-cycle-per-second timing mark w a s  automatical ly  

placed on t h e  f i l m  during each run. A s c a l e ,  l i n e d  up with t h e  bottom of t h e  

c ruc ib l e ,  provided t h e  d i s t ance  measurement f o r  t h e  v e l o c i t y  ca l cu la t ions .  I n  
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order  t o  achieve good photographs of t h e  molten j e t  a t  approximately 20OO0C, 

seve ra l  n e u t r a l  dens i ty  f i l t e r s  were needed on t h e  camera. This necess i t a t ed  

using a sepa ra t e  i l l umina to r  f o r  t h e  d i s t ance  sFale .  

camera, i l l umina to r ,  and d i s t ance  s c a l e  i n  p o s i t i o n  during a run and Fig .  9 i s  

a t i m e  exposure taken  during a s q u i r t i n g  run.  The many t r a c k s  seen i n  F ig .  9 

are t h e  t r a c e r s  from ind iv idua l  d rop le t s  of aluminum oxide due t o  breakup of t h e  

stream under t h e  p a r t i c u l a r  condi t ions used f o r  t h a t  experiment. 

Figure 8 shows t h e  Fastax 

The movies taken of t h e  s q u i r t i n g  runs were a l s o  used t o  determine t h e  length 

of t h e  s t a b l e  l i q u i d  j e t  before  breakup i n t o  d rop le t s .  

Aluminum-Oxide Alloy Prepara t ion  - Aluminum oxide a l l o y s  wi th  Cr02 (30 per- 

c e n t ) ,  Sn02 (20 p e r c e n t ) ,  Y203 (20 p e r c e n t ) ,  and MgO ( 5  percent )  were prepared 

from c a r e f u l l y  weighed and well-mixed, high-purity powders. I n i t i a l  melts were 

made i n  t h e  s q u i r t  apparatus using closed-end nozzles as t h e  melt ing c ruc ib l e s .  

This technique worked f o r  t h e  y t t r i a  and chromia a l loys  but  w a s  unsuccessful  i n  

t h e  case of  t h e  Sn02 a l l o y  due t o  i t s  decomposition and subsequent r eac t ion  with 

t h e  c ruc ib l e .  

a l l o y  work w a s  discont inued.  

and Y203 wi th  add i t iona l  material t o  provide l a r g e  enough charges f o r  s q u i r t i n g  

w a s  performed, bu t  t h i s  technique w a s  abandoned because it d i d  not  y i e l d  a homo- 

geneous mixture.  

High pressure  melt ing equipment w a s  not a v a i l a b l e  and t h e  Sn02 

Remelting i n  t h e  closed-end nozzles of t h e  Cr02 

A series of a r c  melted but tons were t h e n  prepared from pressed oxide powders. 

Although a f e w  s q u i r t  experiments were performed with t h e s e  a l loys  t h i s  technique 

w a s  a l s o  discarded due t o  l ack  of homogeneity i n  t h e  but tons .  

v ide  a l a r g e  and uniform supply of t h e  oxide a l l o y s ,  new powder mixtures were 

prepared and melted i n  a l a r g e ,  high-temperature furnace.  This technique w a s  

very successfu l  i n  providing homogeneous a l l o y s  of aluminum oxide with y t t r i a ,  

I n  order t o  pro- 
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chromia, and magnesia. Enough material w a s  melted at one t i m e  f o r  1 2  s q u i r t i n g  

experiments of each a l l o y .  X-ray and w e t  chemical analyses  e s t ab l i shed  t h a t  t h e  

charges were of t h e  des i r ed  compositions.  

Cooling and Jet S t a b i l i z a t i o n  - When t h e  s t a b l e  j e t  l eng th  w a s  increased  t o  

almost 3 inches , cool ing and s t a b i l i z a t i o n  s t u d i e s  w e r e  i n i t i a t e d .  Severa l  

water-cooled quar tz  hea t ing  assemblies were made incorpora t ing  var ious  t r a n s v e r s e  

flow coo le r s .  A t y p i c a l  conf igura t ion  i s  shown i n  F ig .  1 0 .  A cooling gas  so lenoid  

valve w a s  wired i n t o  t h e  gas con t ro l  pane l  i n  such a manner as  t u  permit ope ra to r  

con t ro l  of t h e  valve.  I n  p r a c t i c e ,  t h e  aluminum oxide stream w a s  f i r s t  s t a r t e d  

and then t h e  cooling gas appl ied .  This allowed d i r e c t  observat ion and photography 

of t h e  e f f e c t s  of t h e  t r ansve r se  flow on t h e  stream. The t r ansve r se  cool ing gas 

(helium) d i d  not introduce any la te ra l  motion o r  per iodic  i n s t a b i l i t y  t o  t h e  

molten stream. It w a s  f e l t ,  however, t h a t  f o r  t h e  cooling gas t o  be most effec-  

t i v e ,  t h e  apparatus  used f o r  t h e s e  experiments needed major changes i n  order  to 

g e t  t h e  cooling gas introduced d i r e c t l y  below t h e  ex i t  o r i f i c e .  Because of i t s  

r e l a t i v e l y  low p o s i t i o n  ( 2  1 / 2  inches below t h e  o r i f i c e ) ,  t h e  cool ing w a s  not 

e f f e c t i v e  i n  increas ing  t h e  f i b e r  lengths  obtained with t h i s  equipment. There 

was not s u f f i c i e n t  t i m e  remaining i n  t h e  program t o  make t h e  necessary changes i n  

t h e  hea t ing  assembly t o  p l ace  t h e  t r ansve r se  cooler  a t  i t s  optimum pos i t i on .  

S t a b i l i z a t i o n  of t h e  stream was attempted using methane and ammonia as 

s t a b i l i z i n g  gases t o  produce s o l i d  carbon o r  aluminum n i t r i d e ,  r e spec t ive ly  on 

t h e  su r face  of t h e  molten j e t .  The s t a b i l i z a t i o n  gas w a s  introduced i n t o  both 

t h e  outer  f l u s h  and t h e  t r ansve r se  cool ing manifold. However, s ince  t h e  c o l l e c t i o n  

envelope on t h e  system w a s  g l a s s ,  t h e  s t a b i l i z a t i o n  gas w a s  l i m i t e d  t o  approxi- 

mately 1 0  percent  by volume of t h e  t o t a l  gas  flow. 
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Experiment a1 Results 

The major va r i ab le s  i n  t h e  process ,  t h e  e x i t  o r i f i c e  design,  t h e  s q u i r t i n g  

pressure ,  and t h e  temperature of t h e  m e l t  a l l  i n t e r a c t  t o  a f f e c t  one another  so  

t h a t  a d iscuss ion  of t h e  e f f e c t s  of t h e s e  va r i ab le s  i s  d i f f i c u l t  t o  s epa ra t e  i n t o  

ind iv idua l  ca t egor i e s .  However, s ince  t h e  o r i f i c e  during any run i s  f i x e d  and 

t h e  o the r  parameters are v a r i a b l e ,  t h i s  d i scuss ion  w i l l  be  based on a given o r i -  

f i c e  design with t h e  e f f e c t s  of s q u i r t i n g  pressure  and temperature on t h e  r e s u l t a n t  

oxide stream. The goa l  throughout t h e  program w a s  t o  obta in  a long,  s t a b l e ,  

laminar stream of molten aluminum oxide t h a t  could be s o l i d i f i e d  i n t o  a f i b e r .  

The e f f e c t s  of j e t  turbulence as previously discussed were f e l t  t o  be of paramount 

importance and, t h e r e f o r e ,  a g r e a t  dea l  of e f f o r t  w a s  spent  on obta in ing  laminar 

streaming through t h e  o r i f i c e .  The i n i t i a l  s q u i r t i n g  runs were made with NASA 

s p e c i f i e d  o r i f i c e s  of 0.010 inch diameter,  L/D approximately 1:l and with entrance 

angles of 60" ( s e e  F ig .  4). Although t h e  molten aluminum oxide s q u i r t e d ,  some 

divergence of t h e  flow w a s  apparent .  Bending ca l cu la t ions  based on room temperature  

mechanical p rope r t i e s  of t h e  molybdenum o r i f i c e  p l a t e  and 30 p s i g  s q u i r t i n g  pres-  

su re  ind ica t ed  t h a t  a 0.003 inch d e f l e c t i o n  would t ake  p lace  at room temperature;  

considerably more bending w a s  t o  be expected a t  2000°C. 

t h a t  t h e  d e f l e c t i o n  of t h e  o r i f i c e  p l a t e  with subsequent d i s t o r t i o n  of t h e  c i r c u l a r  

It w a s  f e l t ,  t h e r e f o r e ,  

o r i f i c e  could account f o r  t h e  observed divergence of t h e  molten stream during t h e  

s q u i r t i n g .  To confirm t h e  o r i f i c e  p l a t e  d e f l e c t i o n ,  a closed end nozzle w a s  run 

with a t y p i c a l  charge and pressure  (30 p s i g )  appl ied  a t  t h e  same temperature as 

i n  t h e  normal s q u i r t i n g  experiments. The charge w a s  s o l i d i f i e d  under pressure  

and t h e  c ruc ib l e  cu t  open t o  permit observat ion of t h e  bottom su r face  of t h e  

aluminum oxide.  The d e f l e c t i o n  of t h e  o r i f i c e  p l a t e  can be seen by observing t h e  

"bowed" sur face  of t h e  alumina as shown i n  F ig .  11. The e c t u a l  d e f l e c t i o n  w a s  

measured t o  be 0.030 inches.  
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Severa l  s q u i r t  experiments were made with 0.0135 inch ,  0.020 inch ,  and 0.040 

inch t h i c k  o r i f i c e  p l a t e s  wi th  a constant  o r i f i c e  diameter of 0.016 inch and a 

s q u i r t  p ressure  of 10  ps ig .  

s t r a i g h t  stream of aluminum oxide and showed no v i s i b l e  d e f l e c t i o n  after s q u i r t i n g ,  

whereas t h e  0.013 inch  and 0.020 inch t h i c k  p l a t e s  produced de f l ec t ed  streams 

even a t  t h e  low 1 0  p s i  s q u i r t  p ressure  used for t h e s e  experiments. 

The 0.040 inch t h i c k  o r i f i c e  p l a t e  produced a good, 

A series of experiments were run with 0.040 inch t h i c k  o r i f i c e  p l a t e s  at 

5 ,  10 ,  and 20 p s i  s q u i r t  p ressures .  S t ab le  stream leng ths  were s t i l l  s h o r t  and 

no f iber  w a s  obtained a t  any of t h e  s q u i r t i n g  condi t ions .  It w a s  concluded a t  

t h i s  time t h a t  t h e  o r i f i c e  p l a t e  design w a s  s t l l l  no t  co r rec t  and t h e  e f f o r t  

w a s ,  t h e r e f o r e  , concentrated on f a c t o r s  concerned with producing s t a b l e  flow 

condi t ions.  

If a l l  t h e  molten f l u i d  i n  t h e  c ruc ib l e  bghaved as a p e r f e c t  l i q u i d  a t  t h e  

i n s t a n t  of app l i ca t ion  of t h e  s q u i r t i n g  pressure ,  t h e  e n t i r e  conta iner  could 

have been f l u i d  mechanically t r e a t e d  with a c i r c u l a r  pipe flow model (Ref. 1 2 ) .  

Since per turba t ions  were p resen t ,  such as a lower temperature gas contac t ing  t h e  

t o p  sur face  of t h e  m e l t  causing adverse thermal. g rad ien t s  and s l i g h t  i r r e g u l a r i -  

t i e s  i n  w a l l  th ickness  providing nonuniform hea t ing ,  t h e  assumption of f u l l y  

developed flow i n  t h e  body of t h e  nozzle w a s  not j u s t i f i e d ,  I n  order  t o  apply 

t h e  Hagen-Poiseuille equations of flow through a pipe s o  t h a t  an a n a l y t i c a l l y  

determined uniform v e l o c i t y  p r o f i l e  (Ref. 13) would e n t e r  t h e  i n l e t  t o  t h e  e x i t  

o r i f i c e ,  t h i c k  o r i f i c e  p l a t e s  with nozzle d e t a i l s  as shown i n  F ig .  1 2  were made. 

A p ipe  i n l e t  diameter r a t i o  of  8:l w a s  provided j u s t  p r i o r  t o  t h e  entrance of t h e  

e x i t  o r i f i c e  t o  e s t a b l i s h  t h e  des i r ed  laminar v e l o c i t y  p r o f i l e .  

To determine t h e  geometric phys ica l  parameters f o r  t h e  o r i f i c e  t h a t  would 

y i e l d  t h e  least chance of f a l l i n g  within t h e  tu rbu len t  flow reg ions ,  Reynold's 

number ca l cu la t ions  were made, Each i t e m  i n  t h e  Reynold's number d e f i n i t i o n  w a s  

given a wide range of var iance.  The v i s c o s i t y  of molten aluminum oxide w a s  allowed t o  

28 



910861-15 

d 

-l 

8 
0 

+I 

- 
0 
N 

0 
0, 

1 
T 

29 



3910861-15 

vary from 1 t o  1000 cent ipoise .  The o r i f i c e  diameters ranged from 0.002 t o  0.030 

inch and t h e  flow v e l o c i t y  v a r i e d  from 1 t o  1000 f ee t  pe r  second. The dens i ty  of 

molten aluminum oxide at 2100°C (5.82 s l u g s / f t 3 )  w a s  chosen f o r  a l l  ca l cu la t ions .  

The r e s u l t s  are shown as Reynold's number versus  v e l o c i t y  f o r  var ious  v i s c o s i t i e s  

i n  F igs .  13 through 19. There i s  a Reynold's number p l o t  f o r  each o r i f i c e  diameter 

from .002 inch  up t o  .030 inch.  

S impl i f ied  flow ca lcu la t ions  assuming i s o t r o p i c  nozzle condi t ions ( R e f .  1 4 )  

were a l s o  made t o  determine t h e  range of flow v e l o c i t i e s  for various s q u i r t i n g  

pressures .  The a c t u a l  stream v e l o c i t i e s  of t h e  molten aluminum oxide and 

s e l e c t e d  aluminum oxide a l l o y s  were then  measured from high-speed movies taken 

of t h e  experimental  s q u i r t s .  These measured v e l o c i t i e s  t oge the r  wi th  t h e  cal-  

cu la t ed  v e l o c i t i e s  were combined with newly obtained (Ref,  1 5 )  v i s c o s i t y  d a t a  t o  

compress t h e  f i e l d  of ca l cu lab le  Reynold's numbers. The v i s c o s i t y  range used 

w a s  60 t o  80 cent ipoise .  The flow v e l o c i t y  w a s  va r i ed  from 1 t o  30 f t / s e c .  

The r e s u l t s  are p l o t t e d  as Reynold's number versus  ve loc i ty  f o r  var ious 

v i s c o s i t i e s  i n  F igs .  20 through 26. 

each o r i f i c e  diameter.  The same Reynold's number d a t a  are presented  as func t ions  

of o r i f i c e  diameter f o r  var ious  v e l o c i t i e s  a t  a constant  v i s c o s i t y  i n  F igs .  27 

through 31. A f i e l d  p l o t  i s ,  t h e r e f o r e ,  ava i l ab le  for v i s c o s i t y  values  of 60, 

65, 70, 75, and 80 cent ipoises .  

There i s  again a Reynold's number p l o t  f o r  

With t h e  experimentally measured v e l o c i t i e s ,  known j e t  diameter and 

reasonably c lose  v i s c o s i t y  va lues ,  t h e  Reynold's number d a t a  showed t h a t  t h e  

laminar flow region p reva i l ed  f o r  most a l l  condi t ions employed i n  our experiments, 

Fastax motion p i c t u r e s  a t  1000 frames pe r  second were taken of many s q u i r t  

experiments using t h e  t h i c k  laminar i n l e t  o r i f i c e  p l a t e  and ind ica t ed  t h a t  t h e  

s t a b l e  j e t  length  w a s  increased  from t h e  i n i t i a l  1 / 2  inch t o  approximately 3 

inches.  Aluminum oxide f i b e r s  0.005 inch t o  0,010 inch i n  diameter and up t o  
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1/4 inch long were produced during t h e s e  experiments. 

t y p i c a l  f i b e r s  from t h e s e  runs.  ' Although t h e  f i b e r s  were too  s m a l l  f o r  mechanical 

t e s t i n g ,  X-ray ana lys i s  i nd ica t ed  t h a t  t h e s e  f i b e r s  were a-aluminum oxide. 

Figure 32 shows some 

A l l  at tempts t o  s o l i d i f y  t h e  s t a b l e  j e t  i n t o  a continuous f i b e r  were 

unsuccessful.  The t r ansve r se  coolers  were not e f f e c t i v e ,  probably because t h e  

space l i m i t a t i o n s  on t h e  equipment d id  not allow them t o  be placed c lose  enough 

t o  t h e  o r i f i c e  e x i t .  

as no stream d e f l e c t i o n  took p lace  under high cooling gas flows. 

The t r ansve r se  flow p r i n c i p l e  w a s  proven, however, inasmuch 

Squ i r t i ng  experiments wi th  t h e  a l l o y  oxide systems showed t h a t  t h e i r  

behavior w a s  not d i f f e r e n t  from t h a t  of t h e  pure aluminum oxide. 

Attempts t o  u t i l i z e  ammonia and methane as s t a b i l i z i n g  media were unsuccess- 

f u l .  This work w a s  inconclusive i n  t h a t  high volume percentages of t h e s e  gases 

could not be used due t o  t h e  danger of explosion i n  t h e  glass-enclosed equipment 

used f o r  t h e s e  experiments. 

CONCLUSIONS 

Although only sho r t  f i b e r s  of both aluminum oxide and aluminum oxide a l l o y s  

have been produced under t h i s  program, t h e  r e s u l t s  i n d i c a t e  t h a t  aluminum oxide can 

be s q u i r t e d  through s m a l l  o r i f i c e s  with a s t a b l e  j e t  l ength  of approximately 

t h r e e  inches.  Also, s i n c e  t h e  gas-cooling experiments have shown t h a t  a t r a n s -  

ve r se  gas flow does not appreciably a l t e r  t h e  pa th  of t h e  molten stream, it 

should be poss ib l e  t o  s o l i d i f y  t h e  j e t  i n t o  a continuous fi lament of aluminum- 

oxide with s u i t a b l y  placed t r ansve r se  coolers .  

There does not y e t  appear t o  be any advantage i n  using t h e  oxide a l l o y s  

Over pure aluminum oxide. Metallographic examination of shot produced from s e v e r a l  

experiments showed t h a t  aluminum oxide and aluminum oxide a l loys  both produced 
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about t h e  same amount of hollow spheres ;  t h e  use of t h e  a l l o y  addi t ions  t o  t h e  

m e l t  d id  n o t ,  t h e r e f o r e ,  appear t o  change t h e  d i s t r i b u t i o n  of shr inkage c a v i t i e s  

during s o l i d i f i c a t i o n .  No c o r r e l a t i o n  could be  found between t h e  void s i z e  

(F igs .  33,34) and t h e  diameter of t h e  spheres .  

S t a b i l i z a t i o n  of a molten j e t  of aluminum oxide may be poss ib l e  using high- 

volume percentages of r e a c t a n t  gases i n  t h e  s q u i r t i n g  environment. These per- 

centages should be i n  excess of 20 percent  and t h e  gas must be introduced as 

c lose  t o  t h e  o r i f i c e  e x i t  as poss ib l e  without causing plugging of t h e  nozzle.  

SUGGESTIONS FOR FUTURE WORK 

Since very l i t t l e  d i f f i c u l t y  w a s  experienced i n  obtaining good streaming 

of t h e  aluminum oxide once t h e  co r rec t  o r i f i c e  p l a t e  design was f d ,  any f u t u r e  

work using a m e l t  spinning technique should concent ra te  upon stream cool ing,  

su r f ace  t e n s i o n  con t ro l ,  and stream s t a b i l i z a t i o n .  The use of o the r  gases  as 

s q u i r t i n g  environments may result  i n  a lower i n t e r f a c i a l  t ens ion  of t h e  aluminum 

oxide which w i l l  al low s o l i d i f i c a t i o n  of t h e  stream before  it breaks up i n t o  s h o t .  

Alloy addi t ions  ( i n  s m a l l  amounts) of high melt ing oxides ,such as Hf02 and 

Zr02 may be  e f f e c t i v e  i n  increas ing  t h e  s o l i d i f i c a t i o n  ra te  of t h e  molten stream. 

A promising technique t h a t  should a l s o  be  explored i n  any f u t u r e  work i s  

t h e  production of aluminum oxide ribbon by s p l a t  cool ing t h e  molten j e t  aga ins t  

a co ld  r o t a t i n g  drum. 

it would be  i n  t h e  s t a b l e  stream zone and a continuous ribbon of aluminum oxide 

should be formed. 

If t h e  drum were t o  be placed very near  t h e  o r i f i c e  e x i t ,  
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