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ABSTRACT 

Under t h i s  program, t h e  f e a s i b i l i t y  of manufacturing a n  oxide f i b e r  
with a core-sheath conf igu ra t ion  was inves t iga t ed .  Both l a r g e  and small 
diameter f i b e r s  possessing high s t r e n g t h  and outs tanding creep r e s i s t a n c e  
a t  2000°F ( l l O O ° C )  were produced. To manufacture these  high performance 
f i b e r s  required t h e  a d d i t i o n  of alumina t o  t h e  g l a s s  sheath composition 
t o  prevent formation of m u l l i t e  i n  t h e  core.  The metal used i n  t h e  f i b e r  
forming equipment was  c r i t i c a l .  Chemical composition and c r y s t a l l i n e  
s t r u c t u r e  of t h e  ceramic core w e r e  determined and t h e  t e n s i l e  s t r e n g t h  
of t he  f i b e r  as a f f e c t e d  by tes t  temperature and previous h e a t  t reatment  
was evaluated e 

V 



I. SUMMARY 

The primary o b j e c t i v e  of this program w a s  t o  develop a core-sheath 
process f o r  t he  production of h igh  s t r e n g t h  oxide f i b e r s  showing n e g l i g i b l e  
c reep  a t  2000 OF (1100 "C) and above e 
showing l i t t l e  o r  no c reep  a t  2000°F were produced, 
f i b e r s  v a r i e d  bu t  were found t o  have t e n s i l e  s t r eng ths  approaching 50,000 
p s i  (34,500 N/cm2) a t  room temperature.  Tens i l e  p rope r t i e s  of t hese  f i b e r s  
were not  measured a t  2000°F because of t e s t i n g  d i f f i c u l t i e s  and dimensional 
i r r e g u l a r i t i e s  i n  the  core  po r t ion  of t h e  f i b e r  caused by m u l l i t e  formation. 
Smaller diameter  core-sheath f i b e r s  were a l s o  produced and t e s t e d  a t  room 
temperature and 2000°F wi th  core  t e n s i l e  s t r e n g t h s  ranging a s  h igh  a s  76,000 
p s i  a t  2000°F. It was concluded t h a t  high temperature s t r eng ths  i n  t h e  
100,000 p s i  range could be a t t a i n e d  provided the  formation of m u l l i t e  i n  
the  core  could be prevented. 

Large diameter  core -sheath f i b e r s  
P rope r t i e s  of these  

F ibe r s  composed of a n  alumina core  and Vycor'" g l a s s  sheath were 
found t o  c reep  excess ive ly  a t  2000°F because of m u l l i t e  formation i n  the 
core  r e s u l t i n g  from d i f f u s i o n  of s i l i c a  i n t o  the  alumina core.  Mul l i te  
formation was e s s e n t i a l l y  e l iminated and the  h ighes t  s t r e n g t h  f i b e r s  
were a t t a i n e d  by inco rpora t ing  5% A1203 i n  t he  S i 0 2  g l a s s  shea th  compo- 
s i t i o n .  Larger  q u a n t i t i e s  of alumina i n  the  glass sheath reduced the  
g l a s s  v i s c o s i t y  too  much and made processing more d i f f i c u l t .  
of t he  shea th  bushing o r i f i c e  i t  i s  f e l t  t h a t  g r e a t e r  q u a n t i t i e s  of alumina 
can be u t i l i z e d  i n  t h e  g l a s s  formulat ion and s t ronge r  core-sheath f i b e r s  
can be produced. 

By modi f ica t ion  

Compatibi l i ty  of g l a s s  compositions with bushing a l l o y s  proved t o  be 
c r i t i c a l .  The 5% alumina modified g l a s s  composition could not  be dsed 
i n  the  tungsten bushing because of tungsten contamination and it was 
necessary t o  procure a n  a l l - i r i d i u m  bushing e 

*Corning Glass Works 



I1 ./ INTRODUCTION 

The development of high-temperature r e s i s t a n t  s t r u c t u r a l  composites 
i s  cont ingent  upon t h e  development of  high-temperature r e s i s t a n t  f i b e r s  e 
The purpose of  t h i s  program w a s  t o  develop a process f o r  t h e  continuous 
production o f  a n  oxide f i b e r  e x h i b i t i n g  high s t r e n g t h  and n e g l i g i b l e  
creep a t  a temperature of a t  least 2000°F ( l l O O ° C ) ,  The c o n t i n u i t y  of 
t h e  forming process i s  h igh ly  d e s i r a b l e  from t h e  p o i n t  o f  view of both 
manufacture and app l i ca t ion .  

The process o f  drawing continuous g l a s s  f i b e r s  from a melt  contained 
i n  a bushing i s  v e r y  e f f i c i e n t  and economical, but r equ i r e s  t he  long 
v i s c o s i t y  range t y p i c a l  of g l a s s .  Unfortunately,  another  consequence of 
t h e  long v i s c o s i t y  range i s  t h a t  even a t  a temperature as modest as 2000'F 
( l l O O ° C ) ,  t h e  g l a s s  i s  s u b j e c t  t o  creep. This  includes pure s i l i c a ,  t h e  
most r e f r a c t o r y  of the g l a s s e s .  
no t  g l a s s  formers and which the re fo re  cannot be drawn i n t o  f i b e r s ,  are  
mechanically s t a b l e  a t  o r  above 2000°F. 
candidate ,  consider ing a l l  p e r t i n e n t  p r o p e r t i e s  i s  alumina. 

On t h e  o t h e r  hand, many oxides which are 

One p a r t i c u l a r l y  a t t r a c t i v e  

The approach i n  t h i s  program was t o  u t i l i z e  a dual-melt bushing t o  
draw a g l a s s  f i b e r  with a core of a m a t e r i a l  such a s  alumina. The i n t e n t  
was t o  produce an alumina f i b e r  with a t h i n  g l a s s  sheath.  The purpose of  
t h e  g l a s s  sheath was t o  s t a b i l i z e  t h e  flow of  t he  l i q u i d  alumina. The 
p o s s i b i l i t y  of  creep i n  t h e  sheath i s  o f  no consequence s i n c e  t h e  sheath 
i s  extremely t h i n ,  although t h e  a b i l i t y  of  t h e  g l a s s  t o  deform may a c t u a l l y  
prove b e n e f i c i a l  by providing stress r e l i e f .  
po in t  o f  ma te r i a l s  such as alumina, only h i g h - s i l i c a  g l a s ses  with forming 
temperatures considerably above those of conventional g l a s ses  can be used. 
This c a l l s  f o r  unconventional equipment and techniques developed s p e c i f i -  
c a l l y  f o r  t h e  purpose, 

Due t o  the  high melting 

2 



111. EQUIPMENT 

A, F i b e r  Manufacturinp Equipment 

The b a s i c  fiber-forming equipment w a s  a l r eady  on hand when t h e  work 
on the  c o n t r a c t  commenced. Figure 1 shows the  power supply,  furnace 
chamber, and gloved box system, and accessory equipment, e.g. ,  pyromter ,  
dew-point meter,  e t c .  Expendable i t e m s  n a t u r a l l y  had t o  be purchased. 
Figure 2 shows the  h e a t  i n s u l a t i o n ,  hea t ing  element, and bushing i n s i d e  
t h e  furnace chamber. 

The design of t he  tungsten-iridium, dual-melt bushing used i n i t i a l l y  
and during the  g r e a t e r  po r t ion  of  t h i s  program i s  shown i n  Figure 3 .  The 
o u t e r  bushing contains  a g l a s s  m e l t  from which t h e  f i b e r  i s  a c t u a l l y  drawn, 
while t h e  i n n e r  bushing contains  t h e  core  material which gives the  f i b e r  
i t s  d e s i r a b l e  high-temperature p r o p e r t i e s .  The core m a t e r i a l  used almost 
exc lus ive ly  i n  t h i s  program because o f  i t s  s u p e r i o r  p rope r t i e s  was alumina. 
Ear l ier  work had revealed t h a t  alumina and tungsten a r e  no t  completely 
compatible. No v i o l e n t  r e a c t i o n  occurs,  bu t  t h e  alumina m e l t  becomes con- 
taminated when i n  con tac t  with tungsten.  For t h i s  reason, t h e  co re  melt  
w a s  contained i n  i r idium. 

-1. 

The g l a s s  used o r i g i n a l l y  was Vycor" g l a s s  which is  p e r f e c t l y  compat- 
i b l e  with tungsten.  L a t e r  on, a g l a s s  containing alumina was s u b s t i t u t e d .  
This g l a s s  w a s  found t o  be incompatible with tungsten.  The dec i s ion  w a s  
t h e r e f o r e  made t o  procure a bushing made e n t i r e l y  from ir idium. The design 
i s  shown i n  Figure 4 .  The changes i n  t h e  design were made t o  save material  
and t o  s i m p l i f y  t h e  manufacturing process,  thus reducing c o s t .  The narrow 
core bushing i s  q u i t e  adequate,  and i s  a c t u a l l y  a n  improvement s i n c e  it 
leaves more room f o r  t h e  g l a s s ,  which i s  depleted r a t h e r  quickly i n  normal 
drawing. In t h e  new design,  t h e  bushing r e s t s  on a support  made o f  Zircoa- 
Cast:* t h e  same material  used f o r  h e a t  i n s u l a t i o n  i n  t h e  furnace. 

The s u i t a b i l i t y  of graphi te  as a m a t e r i a l  from which t o  manufacture 
e i t h e r  bushings o r  h e a t i n g  elements w a s  i nves t iga t ed .  It was found t o  
r e a c t  with g l a s s  even before t h e  forming temperature had been reached, 
thus precluding i t s  use as a bushing ma te r i a l .  Furthermore, i t  w a s  found 
t o  r e a c t  with a11 the r e f r a c t o r y  metals  W, Mo, T a ,  and Ir a t  o r  below 
t h e  forming temperature. The conclusion was reached t h a t  i t  would be 
too r i s k y  t o  use i t  even as a h e a t i n g  element. 
only one o t h e r  material has been found t o  react with i r idium, namely 
boron. I n  f a c t ,  only a minute amount of boron i s  needed t o  des t roy  a 
p a r t  made from s o l i d  i r idium, 
of a boron-iridium e u t e c t i c  a t  only 1046°C i n  t h e  very high i r id ium region.  

I n  o u r  experimentation, 

An i n d i c a t i o n  i s  given i n  t h e  l i t e r a t u r e ( ' )  

* Corning Glass Works 
** Zirconium Corporation of America 
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Figure 1. Fiber  Forming Equipment 

Figure 2. Furnace, I n t e r i o r  V i e w  
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Material: Tungsten, except as noted 

Pedes ta 1 

I 

Part C 

/ 

_c_ Part B 

114 i I rod 

Figure 3. Tungsten-Iridium Dual-Melt Bushing 
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MATERIAL : IRIDIUM 

NPART 

,,PART A 

-SUPPORT 
(CERAMIC) 

Figure 4 e A l l - I r i d i u m  Dual-Melt Bushing 
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During most of t h i s  program, a winder with a drum diameter  of s i x  

Toward the  end 
inches (15 cm) w a s  used. It had a drawing speed ranging from about 
100 f t /min  t o  s e v e r a l  thousand (0.5 t o  over  10 m/sec). 
of t h e  program it w a s  decided t h a t  a l a r g e r  f i b e r  was more d e s i r a b l e ,  
A winder wi th  a 12-inch (30 cm) diameter  drum and a maximum speed of 
69 f t /min  (0,35 m/sec) w a s  pu t  i n t o  se rv i ce .  However, on occasion i t  
w a s  d e s i r a b l e  t o  exceed t h i s  speed. Therefore ,  t h e  12-inch drum was  
incorporated i n  a winder with a speed ranging from 31 f t /min to  s e v e r a l  
hundred (0.16 t o  over 1.0 m / s e c ) .  

Successfu l  core-sheath f i b e r  forming r equ i r e s  c o n t r o l  of t h e  flow 
of core  material. This  i s  accomplished by means of a v a r i a b l e  pressure  
system, shown i n  F igure  5,  which c o n t r o l s  t h e  pressure above t h e  core 
melt  and t h e r e f o r e  t h e  flow through t h e  o r i f i c e .  
nega t ive  as w e l l  as p o s i t i v e  p re s su re  of more than  12 inches (30 cm) of 
water  equiva len t .  

The system permits 

B, F i b e r  Evaluat ion Equipment 

One of two s i n g l e  f i b e r  t e n s i l e  t e s t e r s  i s  shown i n  F igure  6. 
C a l i b r a t i o n  i s  accomplished simply and accu ra t e ly  by suspending a s tandard 
weight from a l i g h t  s t r i n g  which runs over  a pul ley  and i s  a t tached  t o  
t h e  load c e l l  jaw. Included i n  t h e  p i c t u r e  i s  a platinum furnace which 
permits t e s t i n g  a t  temperatures up t o  about 2200°F (1200°C). 
values  became e s s e n t i a l ,  two c o i l  furnaces were made. The f i r s t ,  us ing  
a platinum c o i l ,  extended t h e  range t o  approximately 3000°F (165OoC), 
while  t he  second, wi th  an i r id ium c o i l ,  could be used a t  temperatures 
considerably i n  excess of t h i s  value.  A d i f f i c u l t y  was encountered 
i n  t h a t  many f i b e r s  which had t o  be t e s t e d  were so s h o r t  t h a t  they d id  
no t  extend ou t s ide  t h e  furnace,  and could not  be a t tached  d i r e c t l y  t o  
t h e  t e s t e r  jaws. This  was overcome by a t t ach ing  t h i n  alumina tubes t o  
the  jaws, i n s e r t i n g  t h e  ends of t he  f i b e r  i n t o  the  tubes ,  and bonding 
wi th  Ceramabond 503;k. Unfortunately,  with l a rge  f i b e r s ,  i .e . ,  about 
10 m i l  (254 micron) diameter,  no bonding agent could be found which 
had both the  cohesive and adhesive s t r e n g t h  required.  

When h igher  

The s t r e s s - r u p t u r e  apparatus  shown i n  F igure  7, w a s  modified t o  
extend i t s  temperature range t o  above 2000°F (1100 C ) .  
lamps were placed below the  f i b e r s  i n  a d d i t i o n  t o  the  t h r e e  a l r eady  
s i t u a t e d  above. With t h i s  equipment s i x  f i b e r s  can be t e s t e d  s imultan-  
eous l y  

Three quar tz  

Figure 8 shows t h e  microscope used t o  measure and examine the  f i b e r s .  
Measurements were made using a F i l a r  eyepiece,  Cal ibra t ion .was  performed 
f o r  each magnif icat ion used by means of a Bausch and Lomb c a l i b r a t i o n  
s c a l e  having 100 and 10 micron d iv i s ions .  When a core-sheath f i b e r  
i s  viewed from t h e  s i d e ,  t h e  core  i s  o p t i c a l l y  magnified by t h e  sheath.  

9cAremco Products Inc  
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Figure 5. Variable  Pressure System 



Figure 6 .  High Temperature Tension Tes t e r  
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Figure 7 e Stress-Rupture Apparatus 
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Figure  8. Microscope 
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The magnif icat ion,  and thus t h e  c o r r e c t  core  diameter,  can be ca l cu la t ed  
us ing  the  equation: 

PL 

Where (p) i s  t h e  r a t i o  of f i b e r  diameter t o  apparent core  diameter,  (n) 
i s  t h e  index of r e f r a c t i o n  of t h e  shea th  g l a s s ,  usua l ly  taken t o  be 
n = 1.5, and (M) i s  t h e  magni.fication. Also  shown i n  Figure 8 i s  the  
ho t  s t age  furnace which made it poss ib le  t o  s tudy microscopical ly  
observable changes i n  t h e  f i b e r  a t  e leva ted  temperatures as they occurred. 

The Noreko X-ray d i f f r a c t i o n  u n i t  used t o  i d e n t i f y  t h e  var ious  
c r y s t a l l i n e  ma te r i a l s  obtained i n  t h e  core-sheath f i b e r  i s  shown i n  
F igure  9. Since t h e  f i b e r  conf igura t ion  i s  i d e a l  f o r  use i n  t h e  powder 
camera, only t h i s  u n i t ,  seen a t  t h e  l e f t ,  w a s  u t i l i z e d .  

12 



Figure 9 ,  X-Ray Dif f r ac t ion  Unit 
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IV. FIBER DEVELOPMENT 

A. T i t a n i a  Core F ibe r s  

While awai t ing  the  arr ival  of t he  f i r s t  dual-melt bushing, t h e  
furnace was t e s t e d  success fu l ly  t o  a temperature of 2100°C a f t e r  a long 
per iod  of i n a c t i v i t y .  Upon a r r i v a l ,  t he  shea th  bushing was charged 
wi th  Vycor g l a s s ,  and t h e  core  bushing wi th  Ti02. Judging from t h e  
l i t e r a t u r e ,  t h i s  m a t e r i a l  looked r a t h e r  promising and t h e  f i b e r  i s  easy 
t o  form, When t h e  1.5 - 2.0 m i l  (38-51 micron) diameter f i b e r s  were 
t e s t e d  a t  room temperature,  however, an  average s t r e n g t h  value of only 
15,000 p s i  (10,300 N/cm2) was obtained. Moreover, when t e s t e d  a t  an  
e leva ted  temperature,  breaks were observed t o  occur i n  the  core ,  per -  
m i t t i n g  c reep  i n  t h e  g l a s s ,  and elongat ion of t he  f i b e r .  The use of 
Ti02 was discont inued,  and t h i s  ma te r i a l  w i l l  not  be discussed f u r t h e r .  

B. Vycor-Alumina F ibe r s  

During t h e  remainder of t h e  program, t h e  core  m a t e r i a l  used was 
Lucalox’k alumina. Diameters of t h e  f i r s t  f i b e r s  formed, using Vycor 
g l a s s  i n  t h e  shea th ,  ranged from 1 ,9  t o  2,5 m i l s  (48-63 microns).  
The average s t r e n g t h  va lue  obtained a t  room temperature w a s  72,000 p s i  
(49,600 N/cm2) which i s  q u i t e  s a t i s f a c t o r y  f o r  completely unprotected 
f i b e r s  taken from a bundle. 
and a value of 144,000 p s i  (99,300 N/cm2) was obtained,  
a cons iderable  amount of creep was a l s o  observed a t  t h i s  temperature.  
X-ray ana lys i s  revealed t h a t  m u l l i t e  (3A1203 02Si02) had been formed 
i n  the  core  and apparent ly  was the  cause of t h e  excessive amount of 
c reepo  
were then inves t iga t ed  and it w a s  decided t o  reduce the  S i 0 2  migrat ion 
r a t e  by inco rpora t ing  A1203 i n  t h e  composition of t he  g l a s s  shea th ,  

One f i b e r  w a s  t e s t e d  a t  1800°F (980°C) 
Unfortunately,  

Methods t o  reduce the  migrat ion of t h e  Si02 i n t o  t h e  alumina 

C. Alumina-Silica Sheath Compositions 

Mixtures of alumina and s i l i c a  conta in ing  0 ,  9.1, 15, 20, 25, 30, 
40, 45, and 50% alumina by weight were melted i n  t h e  hydrogen flame. 
I n  t h e  flame, long f i b e r s  could be drawn from a l l  of t hese  except t h e  
l a s t  one, On t h e  o t h e r  hand, when a s i n g l e  melt bushing was f i l l e d  with 
a mixture conta in ing  45% alumina, and an at tempt  a t  f i b e r  forming was 
made, i t  was completely unsuccessful .  m e n  the  ma te r i a l  was allowed t o  
d r i p  out  of t he  bushing and s o l i d i f y ,  a white ,  opaque mass w a s  obtained 
which w a s  probably s i l i ca  mixed with d e v i t r i f i e d  mul l i t e .  (2) 

The mixture  conta in ing  25% alumina w a s  then t r i e d .  F ibe r s  could 
be drawn i n  t h e  temperature range between 1650°C and 1700°C although 
g r e a t  c a r e  was required t o  avoid d e v i t r i f i c a t i o n ,  
processing and t o  inc rease  t h e  g l a s s  v i s c o s i t y  t h e  A1203 content  w a s  
reduced t o  lo%, With t h i s  mixture t h e  g l a s s  moved e a s i l y  out  of t h e  

*General E l e c t r i c  Go, 

For g r e a t e r  ease  of 
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o r i f i c e  a t  179OoC. 
2O0O0C2 bu t  t h e  v i s c o s i t y  was too low making f i b e r  drawing d i f f i c u l t  e 
Need f o r  f u r t h e r  decrease i n  alumina content  of  t h e  g l a s s  shea th  composition 
was ind ica t ed ,  
follows e 

Fibe r s  were being formed a t  temperatures around 

A d e s c r i p t i o n  of the o t h e r  compositions inves t iga t ed  

Miscellaneous Sheath Glass Compositions 

As t h e  alumina content  i n  t h e  sheath g l a s s  i s  reduced, one would ex- 
p e c t  t h e  advantages of adding i t  i n  the  f i r s t  place t o  gradual ly  disappear.  
It w a s  hoped t h a t  i n  a d d i t i o n  t o  reducing t h e  s i l i c a  d i f f u s i o n  ra te ,  i t  
would be poss ib l e  t o  increase the  thermal expansion c o e f f i c i e n t  of the 
sheath g l a s s  so t h a t  i t  would match more c l o s e l y  t h a t  of the alumina i n  
t h e  core .  Several  compositions were made wi th  these  ob jec t ives  i n  mind, 

Three compositions from the  MgO-Al20 -Si02  system were made. The 
f i r s t  contained 50 w t  % s p i n e l  (MgO-A1203f, and 50 w t  % s i l i ca .  This com- 
p o s i t i o n  formed a g l a s s  and f i b e r s  were drawn i n  t h e  flame, bu t  t he  vis- 
c o s i t y  w a s  much t o o  low t o  make i t  compatible with e i t h e r  a n  alumina o r  a 
s p i n e l  core .  The phase diagram w a s  consulted t o  f ind  compositions with a 
melt ing po in t  i n  t h e  region of 2050°C. 
f i v e  p a r t s  s p i n e l  and one p a r t  s i l i c a  (by weight) ,  and one containing 70 
w t  % MgO and 30 w t  % Si02. Nei ther  one formed a g l a s s .  

Two were made: one containing 

It has been reported t h a t  f i b e r s  can be drawn from mixtures o f  alumina 
and s i l i c a  containing as much a s  70% alumina when the proper amount of P205 
i s  added. A composition was made containing 2.5 grams each of alumina and 
s i l i c a ,  and 1.75 grams of P2O5. 
d i f f i c u l t y ,  which, as mentioned e a r l i e r ,  w a s  not poss ib l e  when the  mixture 
contained equal  amounts of alumina and s i l i c a ,  but without the P2O5 a d d i t i o n .  
The proper amount of P2O5 was then added t o  an -a lumina - s i l i ca  mixture con- 
t a i n i n g  70% alumina. This t i m e  t he  mixture was kept molten i n  the flame 
f o r  an extended period of time t o  s imula t e  condi t ions i n  the bushing. 
Subsequently, t he  m a t e r i a l  proved completely incapable of being drawn i n t o  
a f i b e r .  
o f f  e 

Fibe r s  were drawn i n  t h e  flame without 

Apparently,  during the prolonged hea t ing ,  a l l  t h e  P2O5 was dr iven 

A p e c u l i a r  g l a s s  com o s i t i o n ,  containing ve ry  l i t t l e  s i l ica ,  w a s  
found i n  t h e  l i t e r a t u r e .  8) Theory p r e d i c t s  t h a t  the compound 12CaOm7A1203 
w i l l  form a g l a s s ,  This turns  ou t  t o  be t r u e  i n  pract ice ,  but  with 
g r e a t  d i f f i c u l t y ,  
o r  even less , g r e a t l y  enhances t h e  glass-forming c a p a b i l i t y  and two 
compositions of t h i s  type were made. 
quoted, contained 49.4% CaO, 39.8% A12032 5.8% Si02 and 5.0.% MgO by 
weight. The second w a s  made by mixing 20 p a r t s  12CaOe7A120~~~ and 1 
p a r t  Si02 ( i e e m 9  4,76 w t  % Si02). 
e l imina te  any s i g n i f i c a n t  amount o f  s i l i ca  migrat ion i n t o  t h e  core ,  
i f  t h i s  type g l a s s  were used i n  t h e  sheath,  
flame from both compositions, but ,  un fo r tuna te ly ,  t h e  v i s c o s i t y  of 
each w a s  too low t o  be compatible with t h e  melt ing p o i n t  of an alumina 
core m e l t ,  

However, a very s m a l l  a d d i t i o n  of s i l i c a ,  i e e e g  5% 

One given i n  the  reference j u s t  

The very low s i l i c a  content would 

F i b e r s  were drawn i n  t h e  
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E,  5A Sheath - Alumina Core F ibe r s  

An alumina-si l ica  sheath composition containing 5 w t  % alumina was 
made and was found t o  have a s u i t a b l e  v i s c o s i t y  i n  the  region of 2O5O0C, 
t h e  me l t ing  po in t  of alumina, This composition w a s  designated 5A g l a s s ,  
The v i s c o s i t y  w a s  a c t u a l l y  somewhat lower than t h a t  o f  Vycor g l a s s ,  which 
proved t o  have a b e n e f i c i a l  e f f e c t  on the  forming c h a r a c t e r i s t i c s ,  
a l s o  aided i n  f i n i n g  t h e  g l a s s .  
i n  powder form, and i n i t i a l l y  t h e  melt  was f i l l e d  with bubbles, One 
hour a t  2050OC with t h e  o r i f i c e  plugged 
bubbles except j u s t  under t h e  t o p  su r face  where they are  harmless, 
thermal expansion c o e f f i c i e n t  of t h i s  g l a s s  d id  not  seem t o  be any h ighe r  
t han  t h a t  of  Vycor g l a s s ,  bu t  t h e  l a r g e  d i f f e r e n c e  between it and the  
c o e f f i c i e n t  f o r  alumina d id  not  appear t o  c r e a t e  any s e r i o u s  problems. 

It 
The g l a s s  was loaded i n t o  t h e  bushing 

s s u f f i c i e n t  t o  remove a l l  t h e  
The 

Core-sheath f i b e r s  were formed us ing  5A g l a s s  i n  t h e  shea th  and 
Lucalox alumina i n  t h e  co rec  It was immediately apparent t h a t  t h e  core  
i n  these  f i b e r s ,  being f o r  t h e  most p a r t  white and opaque, w a s  d i f f e r e n t  
from t h e  t r anspa ren t  co re  i n  t h e  Vycor-alumina f i b e r s .  Unfortunately,  
t h e  white core  w a s  not continuous,  but  w a s  i n t e r rup ted  by s h o r t  t r a n s -  
parent  s e c t i o n s .  I n  a t y p i c a l  f i b e r ,  t h e  length of t hese  s e c t i o n s  
averaged about 1/32 inch (0.8 mm), while t h e i r  frequency v a r i e d  t o  a 
considerable  e x t e n t ,  The spacing between them, i , e .  t h e  length of 
continuous white core ,  v a r i e d  between about 1/16 of an inch (1.6 mm) 
i n  very poor samples, up t o  approximately one f o o t  i n  t h e  b e s t  sample 
produced I) 

Most of t h e  5A sheath-alumina core f i b e r s  produced during t h i s  
program may be r e f e r r e d  t o  as small-diameter f i b e r s  having diameters 
between 3 and 4 m i l s  (76 and 102 microns),  These were drawn on a 6-inch 
(15 cm) drum a t  speeds i n  t h e  v i c i n i t y  of- 100 f t /min (0,5 m h e c )  and a t  
a forming temperature of about 2050°C, 
were gene ra l ly  considerably l a r g e r  t han  those obtained with Vycor g l a s s  
i n  t h e  sheath.  

Core-to-sheath diameter r a t i o s  

The l a s t  po r t ion  of t h e  program w a s  spent  producing large-diameter 
f i b e r .  This  f i b e r  required a reduct ion i n  t h e  drawing speed, and a 
l a rge  (12-inch) winding drum t o  prevent it from breaking. A t  a speed 
of  25 f t /min (0,127 m/sec) and a temperature of about 2O3O0C, f i b e r  
forming w a s  q u i t e  d i f f i c u l t ,  Breaks occurred frequent ly ,  and numerous 
globs of g l a s s  were pul led down with t h e  f i b e r ,  
w a s  t oo  slow t o  prevent t h e  g l a s s  from accumulating a t  t h e  o r i f i c e .  
Core-sheath f i b e r s  were drawn a t  49  f t /min (0.25 m/sec). 
averaged, and were a l l  c l o s e  t o ,  8,7 m i l  (221 microns), Core diameters 
v a r i e d  from 72% of the f i b e r  diameter up t o  a diameter s o  l a rge  t h a t ,  
under the microscope, t h e  core  seemed t o  f i l l  t he  e n t i r e  f i b e r ,  

Apparently t h e  p u l l  

F i b e r  diameters 

A t  t h i s  po in t  i n  the program the  a l l - i r i d i u m  bushing w a s  pu t  i n t o  
u s e ,  Since the  core  m a t e r i a l  could now be watched as it  entered the 
forming cone, i t  was p o s s i b l e  t o  p u l l  a continuous f i b e r  f o r  a period 
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extending over several minutes, 
had been ad jus t ed  t o  g ive  a d e s i r a b l e  flow rate of core  ma te r i a l ,  constant  
a t t e n t i o n  w a s  no longer  necessary.  
but  t h e  f i b e r  was poor with a high frequency of core  d i s c o n t i n u i t i e s .  
The drawing speed w a s  69 f t /min (0,35 m/sec), and the  temperature 2O1O0C, 
which i s  comparatively low. The f i b e r  diameter was 6.7 m i l  (170 micron), 
which i s  somewhat smal le r  than idea l .  

It w a s  found t h a t  once the  pressure 

A l a rge  f i b e r  bundle w a s  produced, 

A f i b e r  was a l s o  pul led  a t  115 f t h i n  (0.58 m/sec) and 203OOC. 
a few tu rns  on t h e  drum were obtained and t h e  diameter w a s  only 5.9 m i l  
(150 micron); however, the core  had few and very small d i s c o n t i n u i t i e s ,  
The d i s t ance  between two adjacent  d i s c o n t i n u i t i e s  w a s  approximately 
one foo t  (30 cm). 

Only 
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V. FIBER EVALUATION 

Except f o r  t h e  few ins t ances  reported ear l ie r ,  eva lua t ion  and t e s t i n g  
was confined t o  t h e  5A sheath-alumina core f i b e r .  

The na tu re  and composition of t h e  core  w a s  s tud ied  by means of X-ray 
d i f f r a c t i o n  a n a l y s i s ,  In  a spectrum obtained on a white core  s e c t i o n ,  14 
l i n e s  were analyzed, A l l ,  except two weak ones, belong t o  t h e  spectrum 
f o r  0-alumina, The two exceptions can be accounted f o r  by t r a c e s  of o t h e r  
forms of alumina. Furthermore, t he re  a r e  no important l i n e s  i n  the  6-alumina 
spectrum which cannot be found i n  t h e  spectrum obtained, Thus, t h e  white 
s e c t i o n s  of t h e  core  i n  these  f i b e r s  are 6-alumina as opposed t o  m u l l i t e  
which was obtained when Vycor g l a s s  w a s  used i n  the sheath,  0-alumina i s  
c l o s e l y  r e l a t e d  t o  (?-alumina, i n t o  which it i s  supposed t o  convert  completely 
i n  about an hour a t  12OO0C.(4) 
conversion d i d  not  t ake  place.  In s t ead ,  the spectrum f o r  6-alumina became 
more in t ense  i n d i c a t i n g  t h a t  t h i s  phase became more f i rmly e s t ab l i shed .  

When t h i s  heat  t reatment  was t r i e d ,  however, 

Spectra have a l s o  been obtained f o r  t he  t r anspa ren t  s e c t i o n s ,  one 
before  and one a f t e r  hea t  t reatment .  The f i r s t  showed few l i n e s ;  only 
f i v e  were analyzed, a l l  of which can be found i n  t h e  m u l l i t e  spectrum. 
Heat t reatment  i n  t h e  propane t o r c h  brough out s e v e r a l  a d d i t i o n a l  l i n e s ,  
Sixteen were analyzed, and a l l  of these can be accounted f o r  by t h e  presence 
of m u l l i t e .  The t reatment  a l s o  changed t h e  m u l l i t e  s ec t ions  from t r anspa ren t  
t o  opaque. I n  every r e spec t ,  t hese  sec t ions  behaved exac t ly  l i k e  the  core  
i n  t h e  f i b e r  u s ing  Vycor g l a s s  i n  t h e  sheath.  

The closeness  of t h e  d i s c o n t i n u i t i e s  i n  t h e  core would suggest t h a t ,  
i f  indeed caused by v a r i a t i o n s  i n  t h e  flow, these  v a r i a t i o n s  would be too  
rapid t o  be followed by t h e  eye. 
rapid changes i n  t h e  p re s su re  above the  co re -me l t ,  such as might be gener- 
a t e d  by t h e  mechanical vacuum pump used i n  the  v a r i a b l e  pressure system. 
To i n v e s t i g a t e  t h i s  p o s s i b i l i t y  t h r e e  empty argon cy l inde r s  were connected 
t o  t h e  system and evacuated, I n  subsequent runs,  these were used t o  o b t a i n  
any negat ive p re s su re  required,  with t h e  pump turned o f f  during forming. 
Unfortunately , t h e  formation of c0 re  d i s c o n t i n u i t i e s  p e r s i s t e d  

They might conceivably be produced by 

When t h e  alumina core w a s  examined under the microscope9 the  poly- 
c r y s t a l l i n e  s t r u c t u r e  w a s  c l e a r l y  evidenced by the grainy appearance, 
When the  f i b e r  with t h e  shea th  removed w a s  placed between two microscope 
s l i d e s  which were then rubbed together ,  t he  g r a i n s  were sepa ra t ed ,  Heat 
t reatment  f o r  one hour a t  3000°F (165OOC) preceding t h i s  t e s t  d i d  not a f f e c t  
t h e  r e s u l t s ,  Small b a l l s  obtained by melt ing t h e  f i b e r ,  and s m a l l  p ieces  
of Lucalox, could a l s o  be crushed i n  t h i s  manner, although they seemed 
somewhat s t ronge r  than  t h e  as-drawn f i b e r  core .  

The alumina f i b e r  was heated slowly toward i t s  melt ing point  i n  t h e  
h o t  s tage-furnace,  A s  red h e a t  was  reached, i t  showed a tendency t o  bend, 
and a t  temperatures approaching t h e  melt ing point  i t  s t a r t e d  t o  break up, 
t h i s  process cont inuing u n t i l  mel t ing occurred, Apparently, g ra in  growth 
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became s o  r a p i d  and extensive t h a t  t h e  s t r u c t u r a l  i n t e g r i t y  of  t h e  f i b e r  
was destroyed. 
melted, w a s  ground between two g l a s s  s l i d e s ,  t h e  average particle s i z e ,  
and t h e  s i z e  of t h e  marks made i n  the  g l a s s ,  were considerably l a r g e r  than 
i n  t h e  case of a n  un t r ea t ed  f i b e r .  

When a f i b e r  t r e a t e d  i n  t h i s  manner, but without being 

The mechanical performance of t he  f i b e r ,  e s p e c i a l l y  a t  e levated temper- 
a t u r e s ,  i s  of course of primary in te res t . .  The 5A sheath-alumina core f i b e r  
w a s  found t o  possess t h e  e s s e n t i a l  q u a l i t y  of being creep r e s i s t a n t  a t  
2000°F (llOO°C) 
1500 p s i  (1030 N/cm2), it i s  s i g n i f i c a n t  t h a t  no c reep  was observed a t  a 
temperature as high as 2200°F (1200°C) 

I n  one p a r t i c u l a r  experiment, al though t h e  load w a s  only 

T e n s i l e  s t r e n g t h  values  obtained under var ious condi t ions are shown 

Since t h e  ind iv idua l  Young's moduli of t he  
i n  Table I, I n  t h e  case of t h e  room temperature t e s t s ,  only the f i b e r  as 
a whole has been considered. 
shea th  and core are  not  known, t h e  load c a r r i e d  by each cannot be spec i f i ed .  
On t h e  o t h e r  hand, t e s t s  c a r r i e d  ou t  on 5A g l a s s  f i b e r s  a t  2000°F (1100°C) 
have shown t h a t  t h e  g l a s s  deforms very r ap id ly  under load a t  t h i s  temperature. 
Thus, although t h e  breaking loads f o r  core-sheath f i b e r s  t e s t e d  a t  2000°F 
have been ca l cu la t ed  us ing  both t h e  f i b e r  diameter and t h e  core diameter ,  
i t  is  probably s a f e  t o  assume t h a t  t h e  load i s  c a r r i e d  by the  core alone. 
The t a b l e  then shows t h a t  t h e  core  i s  s t ronge r  a t  2000°F than t h e  f i b e r  as 
a whole a t  room temperature. 
condi t ion by removing t h e  sheath using 52% hydrofluoric  ac id .  Immersion 
f o r  a per iod of 15 minutes removed t h e  e n t i r e  sheath and most of t h e  m u l l i t e  
s ec t ions  i n  t h e  core .  An a d d i t i o n a l  15 minutes w a s  s u f f i c i e n t  t o  remove 
t h e  remainder of t h e  m u l l i t e ,  but  d id  not  change the  diameter of  t h e  alumina 
core.  It i s  seen t h a t  t h e  s t r e n g t h  values  obtained on t h i s  all-alumina 
f i b e r  were d i sappo in t ing ly  low (No.  5 and 6 ) .  It appears t h a t  t h e  HF has 
a de t r imen ta l  e f f e c t  on the  alumina f i b e r .  I n  one case where the sheath 
was removed mechanically,  a method which might have been expected t o  cause 
considerable  damage, t h e  s t r e n g t h  value obtained was considerably h ighe r  

Attempts were made t o  c a p i t a l i z e  on t h i s  

(No, 12) e 

I n  a d d i t i o n  t o  being t e s t e d  a t  a n  elevated temperature,  f i b e r s  Cere 
Three f i b e r s  (Nos. 7, 8, 9) which had a l s o  subjected t o  hea t  t reatment ,  

had t h e i r  sheaths  removed by means of HF were t r e a t e d  a t  temperatures w e l l  
above 2000°F (1100°C): 
each f o r  a per iod o f  one hour, 
such an e x t e n t  t h a t  a r e l i a b l e  value could not be obtained,  
the shea th  r e t a ined  w a s  a l s o  t r e a t e d  f o r  one hour a t  2700°F and then t e s t e d  * 

a t  200OoF, 
a s i g n i f i c a n t  amount of s t r e n g t h  (No .  l o ) ,  

one a t  2200°F (1200°C) and two a t  2700°F (1480°C) 

A f i b e r  w i th  
I n  each case the  s t r e n g t h  w a s  reduced t o  

Although the  loss in this case t o o  w a s  c o n s i d e r a b l e , - i t  r e t a ined  

The e f f e c t  of h e a t  treatment a t  t h e  t e s t  temperature f o r  periods 
longer than one hour 
obtained a f t e r  f i v e  hours (No. 11) is t h e  second h ighes t  of any shown i n  
t h e  t a b l e ,  b u t  it is  s i g n i f i c a n t l y  below t h e  value obtained when t h e  f i b e r  
w a s  t e s t e d  immediately upon a t t a i n i n g  2000°F (1100°C) (No. 4). 
values obtained a f t e r  50 hours r ep resen t  a f u r t h e r  considerable  reduct ion 

s a l s o  inves t iga t ed .  The value f o r  the core  s t r e n g t h  

The two 
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N 
0 TABLE I 

PROPERTIES OF SMALL-DIAMETER CORE - SHEATH FIBERS 

Sample 
No 

1 

2 

3 

4 

5 

6 

7 
8 

9 

PO 

11 

3.2 

13 

14 

Test  
Temp e 
OF O C  

Room 

Room 

Room 

2000 1100 

2000 1100 

2000 1100 

2060 1130 

2000 1100 

2000 1100 

2000 1100 

2000 1100 

2000 1100 

2000 1100 

2000 1100 

Sheath 
:e- Re-  
:ained moted 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 
X9r 

X 

X 

Treatment 
Temp. 

OF OC 

NA 

NA 

NA 

NA 

NA 

NA 

2200 1200 

2700 1480 

2700 ' 1480 

2700 1480 

2000 1100 

2000 1100 

2000 1100 

2000 1100 

Time 
H r s  e 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

5 

5 

50 

50 

Diameter 
F i b e r  

M i l  Micm 

3.91 99,3 

3,91 99.3 

3.91 99.3 

3.59 91.1 

NA 

NA 

NA 

NA 

NA 

3.74 95.0 

3,32 84.3 

NA 

3,36 85.4 

3.78 96.0 

Core 
M i l  &ron 

2.65 67.3 

2.65 67-3 

2.65 67.3 

2.25 57.1 

2.08 52.8 

2.47 62.7 

1.25 31.8 

2-13 54.1 

2.09 53, l  

2,22 56.4 

1 .91  48,5 

2.20 55.9 

Tens i l e  S t rength  

F i b e r  
p s i  N/m2 

Z8,W 19,3cx) 

33,m 22,800 

h4Q00 30,3a 

34000 209700 

NA 

NA 

NA 

NA 

NA 

7,000 4,800 

2&000 1495CC 

NA 

9,100 6y300 

12y000 8,300 

Core, 
psi N/cm2 

NA 

NA 

NA 

76,000 52,40C 

24,008 16,500 

3I$OO 21,4(30 

Low 

Low 

Low 

2&000 L5,200 
53,500 36,900 

28,000 19,300 

35000 24,100 

Jr Sheath removed mechanically r a t h e r  than by us ing  HF. 



i n  t h e  s t r e n g t h  (Nos. 13 and 1 4 ) -  
t h e  sheath changed from t r anspa ren t  t o  t r ans lucen t .  X-ray d i f f r a c t i o n  
a n a l y s i s  showed t h a t  m u l l i t e  had formed, probably as inc lus ions  i n  t h e  
g l a s sy  matrix. 
while t h e  co re  remained i n t a c t ,  i n d i c a t i n g  t h a t  m u l l i t e  formation d i d  
no t  extend i n t o  t h e  core .  

I n  t h e  course of  t h i s  heat  t reatment ,  

Immersion i n  HF brought about d i s s o l u t i o n  of t he  sheath 

The large-diameter  f i b e r  could not  be s u c c e s s f u l l y  t e s t e d  i n  tension 
a t  2000°F (1100°C) before  funds were depleted.  A s  mentioned ea r l i e r ,  no 
bonding agent with s u f f i c i e n t  s t r e n g t h  could be found. The h ighes t  load 
app l i ed  t o  a f i b e r  before  bond f a i l u r e  occurred w a s  29,000 p s i  (20,000 N/cm2) ;  , 
not s u f f i c i e n t  t o  break the f i b e r .  I f  a long f i b e r  without core  discon- 
t i n u i t i e s  had been produced, t h e  f i b e r  would have been a t t ached  d i r e c t l y  
t o  t h e  t e s t e r  j a w s  o u t s i d e  t h e  furnace,  e l imina t ing  the  need f o r  a bond 
s u f f i c i e n t l y  s t r o n g  a t  2000'F. 

Gore-sheath f i b e r  samples were s e n t  t o  NASA f o r  examination and 
t e s t ing .*  
f i b e r s ,  and t h e  samples were s l i g h t l y  bent ,  both of  which a r e  f a c t o r s  
c o n t r i b u t i n g  t o  a reduct ion i n  t h e  s t r e n g t h .  

Values obtained are  shown i n  Table 11. These were n o t  v i r g i n  

TABLE I1 

PROPERTIES OF NASA-TESTED GORE-SHEATH FIBERS 

No. 

1 
2a 
2b 

3 
4 f  
5 
6 

D iami  
M i  1 

6 .O 

8.2 
8.2 

7 -65 
- 

3.8 
4.4 

e r  
Micron 

152 
208 
208 

' 194 
- 
96.5 

112 

T e n s i l e  Strength 
p s i  1 N/cm2 

40 , 700 28,100 

32,200 22,200 

32,000 22,100 
34 , 500 23,800 

- - 
46,000 31,700 
37,500 25,800 

Photomicrographs were a l s o  made of some of these samples. Figure 10 
shows a f a i r l y  small  f i b e r  with a f a i r l y  t h i c k  sheath.  The f i b e r  shown i n  
Figure 11 has a diameter of 8.2 m i l  (208 micron), and t h e  sheath is  extremely 
t h i n .  I n  f a c t ,  on one s i d e ,  t h e  sheath i s  v i r t u a l l y  nonexis tent .  This i s  
the same f i b e r  as Sample No. 2 i n  Table 11. The magnif icat ion i n  both 
f i p r e s  i s  91 .5 .  

Figure 12 shows long i tud ina l  c ros s - sec t ions  of t h e  f i b e r  i n  Figure 11. 
An impressive amount of s t r u c t u r a l  d e t a i l  i s  displayed i n  these  photographs * 

The magnif icat ion is  200 i n  Figure 12a,  and 500 i n  Figure 12b. 

9: The work was conducted by M r .  Leonard J. Wes t f a l l ,  NASA-Lewis Research Center 
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Figure 10. S m a l l  Core-Sheath Fiber  
Magnification 91.5 

Figure 11, Large Core-Sheath F ibe r  
Magnification 91,5 
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(a) Magnification 200 

(b) Magnification 500 
Figure 12,  Cross-Section of Large Core-Sheath Fiber  
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V I .  DISCUSSION OF RESULTS 

The s u b s t a n t i a l  i nc rease  i n  s t r e n g t h  of t he  Vycor sheath-alumina core 
f i b e r  which w a s  obtained when the  t e s t  temperature w a s  increased w a s  no t  
unexpected. 
by imperfections i n  the  g l a s s  su r face  are r ap id ly  r e l i eved .  

I n  t h e  region of  1800°F (980°C) s t r e s s  concentrat ions produced 

The creep observed a t  t h i s  temperature c o n s t i t u t e d  a r a t h e r  severe 
se tback  a t  t h i s  e a r l y  s t a g e  of t he  program. 
i s  not  s u r p r i s i n g ;  i n  f a c t ,  a fused s i l i c a  f i b e r  w a s  t e s t e d  and found t o  
creep a t  t h i s  temperature. However, some c reep  i n  the shea th  would be 
harmless due t o  t h e  s m a l l  th ickness  of t h e  sheath.  On t h e  o t h e r  hand, 
t h e  creep a c t u a l l y  observed i n  t h e  core-sheath f i b e r  i nd ica t ed  creep i n  
t h e  co re ,  and t h i s  i s  completely unacceptable. X-ray d i f f r a c t i o n  a n a l y s i s  
of t h i s  type of f i b e r  had a l r eady  revealed t h a t  t he  core i s  not  alumina, 
but m u l l i t e  (3A1*O3*2Si02). This  m a t e r i a l  i s  obtained because during 
f i b e r  forming a s u b s t a n t i a l  amount of s i l i c a  migrates from the  sheath 
i n t o  t h e  c o r e ,  where i t  combines with the  alumina. It w a s  now evident 
t h a t  t h e  m u l l i t e  d i d  not  have s a t i s f a c t o r y  mechanical p rope r t i e s  a t  the  
c r u c i a l  temperature of 2000"F(1100"C), and t h a t  a d r a s t i c  change i n  f i b e r  
composition w a s  required.  Since alumina appears t o  be s u p e r i o r  t o  a l l  
o t h e r  ceramic m a t e r i a l s  with t h e  poss ib l e  exception of some containing 
b e r y l l i a ,  i t  was decided t o  concentrate  on modifying the sheath composition 
s o  as t o  prevent s i l i c a  migration. The d i f f u s i o n  r a t e  i s  governed by the 
equat ion(5):  Q = -DA(dc/dx), where (Q) is t h e  r a t e  of m a t e r i a l  t r a n s f e r  
i n  t h e  x -d i r ec t ion  through the  a r e a  ( A ) ,  (D) is  the  d i f f u s i o n  c o e f f i c i e n t ,  
and ( c )  i s  the concentrat ion of d i f f u s i n g  ma te r i a l .  One method of reducing 
t h e  d i f f u s i o n  r a t e  c o n s i s t s  of adding alumina t o  the  sheath g l a s s .  Vycor 
g l a s s ,  cons i s t ing  of approximately 96% s i l i c a  and 4% b o r i c  oxide (B203), 
i s  v i r t u a l l y  devoid of alumina. 

Creep i n  Vycor a t  1800"F(980"C) 

I n  t h e  case of  the alumina-si l ica  sheath composition containing 45% 
alumina, it appears t h a t  t h e  proper v i s c o s i t y  f o r  f i b e r  forming occurs a t  
a temperature considerably below the l i qu idus .  When the f i b e r  i s  drawn 
i n  t h e  hydrogen flame, t h e  material i s  f i r s t  heated above i t s  l i q u i d u s ,  
t h e  to rch  i s  then withdrawn, and t h e  f i b e r  drawn when the v i s c o s i t y  has 
increased s u f f i c i e n t l y ,  but before d e v i t r i f i c a t i o n  has occurred t o  a 
s i g n i f i c a n t  e x t e n t ,  (The f i b e r  i t e s e l f  i s  quenched r ap id ly  enough t o  
remain i n  a glassy s t a t e , )  The technique of drawing while t h e  m e l t  i s  
cool ing i s  of course no t  a p p l i c a b l e  t o  continuous f i b e r  forming from a 
bushing, and t h e  experiment shows t h a t  t h e  a b i l i t y  t o  draw a f i b e r  from 
a material  i n  t h e  flame i s  no guarantee t h a t  i t  can be drawn from t h e  
s a m e  material  i n  the  bushing, 

I n  the  case of the mixture containing 25% alumina, t he  obvious problem 
w a s  that proper forming v i s c o s i t y  w a s  a t t a i n e d  a t  a temperature approxi- 
mately 350°C below t h e  melt ing po in t  of alumina. 
r a i s e d  by t h i s  amount, t h e  v i s c o s i t y  of t h e  g l a s s  would be much t o o  low 
f o r  f i b e r  forming. 

I f  t h e  temperature were 
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The production of t h e  c reep  r e s i s t a n t  5A-fiber containing f o r  t h e  most 
p a r t  alumina i n  t h e  co re  as opposed t o  m u l l i t e ,  n a t u r a l l y  c o n s t i t u t e d  
the  most important development during t h i s  program. 
c h a r a c t e r i s t i c s  which may eventual ly  e l iminate  t h e  need f o r  constant  regu- 
l a t i o n  of t h e  flow of core  material w i l l  be important i f  l a r g e  scale 
production i s  eve r  contemplated. The appearance of +alumina r a t h e r  than 
cr-alumina i n  the core  i s  not n e c e s s a r i l y  undes i r ab le ,  although t h e  p o s s i b i l i t y  
of b r ing ing  about improvement i n  t h e  mechanical p rope r t i e s  of t h e  f i  
through conversion i n t o  t h e  cu-phase c e r t a i n l y  e x i s t s .  

The improved forming 

No explanat ion f o r  t h e  formation of t h e  m u l l i t e  s e c t i o n s  has y e t  
been found. I r r e g u l a r i t i e s  i n  t h e  flow of alumina causing momentary 
shortages of t h i s  material i n  t h e  co re  would seem l i k e  a p l a u s i b l e  explan- 
a t i o n .  A tendency of t h e  alumina t o  d r i p  r a t h e r  than flow evenly out 
of t h e  c o r e  o r i f i c e  w a s  observed during ear l ie r  work. 
w a s  f i r s t  put  i n t o  use i t  was impossible t o  observe t h e  behavior of t h e  
alumina as it l e f t  t h e  co re  o r i f i c e .  This was due t o  the  f a c t  t h a t  the 
alumina-containing g l a s s ,  when i n  con tac t  with t h e  tungsten bushing a t  
forming temperature,  turned very dark and v i r t u a l l y  opaque. The alumina 
could n o t  be seen through t h e  g l a s s  i n  t h e  forming cone. Toward the end 
of t h e  program, t h i s  problem was el iminated by s u b s t i t u t i n g  an a l l - i r i d i u m  
bushing, descr ibed ea r l i e r .  With the  g l a s s  now being p e r f e c t l y  c l e a r ,  
t h e  flow of alumina could be observed c l o s e l y ,  and was found t o  be per-  
f e c t l y  even. It should be noted here  t h a t  checking the evenness o f  t h e  
flow was not  t h e  only purpose of introducing the  i r idium bushing. The 
a b i l i t y  t o  observe the flow of core m a t e r i a l  i s  abso lu te ly  e s s e n t i a l  t o  
t h e  production o f  continuous core-sheath f i b e r s  w i t h  a -large and uniform 
core diameter. 

When the  5A g l a s s  

From the r e s u l t s  of the t e n s i l e  s t r e n g t h  t e s t s  i t  i s  evident  t h a t  
immersion i n  hydro f luo r i c  ac id  has a d e t r i m e n t a l - e f f e c t  on t h e  s t r e n g t h  
of the alumina co re ,  This  i s  t r u e  under any circumstances,  but  t h e  e f f e c t  
i s  g r e a t l y  emphasized when t h e o f i b e r  i s  a l s o  h e a t  t r e a t e d  a t  a very high 
temperature,  e.g, 2700°F (1480 C)  before t e s t i n g .  

The reduct ion i n  s t r e n g t h  produced by the 50-hour t reatment  a t  2000°F 
(1100°C) n a t u r a l l y  creates concern regarding the f i b e r ' s  a b i l i t y  t o  r e t a i n  
s t r e n g t h  when exposed t o  temperatures i n  t h i s  region f o r  extended per iods 
of t i m e ,  However, consider ing t h e  s c a r c i t y  of d a t a ,  any d e f i n i t e  conclusions 
a t  t h i s  po in t  would c e r t a i n l y  be premature, More samples a r e  needed t o  
e s t a b l i s h  the po in t s  examined, and furthermore,  t h e  period of h e a t  t reatment  
should be extended t o  determine i f  t h e  apparent t r end  continues. '  Since 
the  b a s i c  material i s  alumina, which would not  normally be expected t o  
d e t e r i o r a t e  a t  2000°F (1100°C) o t h e r  poss ib l e  causes should be' i nves t iga t ed  e 

The o r i g i n  of t h e  weakening of t h e  f i b e r  may l i e  i n  the sheath r a t h e r  than 
t h e  co re ,  as ind ica t ed  by t h e  noted change i n  appearance of  t he  sheath,  
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VII. CONCLUSIONS AND RECOMMENDATIONS 

A f i b e r  c o n s i s t i n g  of  an alumina c o r e  wi th in  a g l a s s  sheath has been 
produced us ing  a continuous fiber-drawing process,  and samples have been 
de l ive red  t o  NASA-Lewis Research Center,  The f i b e r  i s  c r e e p - r e s i s t a n t  a t  
2000°F ( l l O O ° C ) ,  a c h a r a c t e r i s t i c  no t  shared by any g l a s s  f i b e r ,  including 
a pure s i l i ca  f i b e r .  The room temperature t e n s i l e  s t r e n g t h  approached 

amount of alumina, An inc rease  by a f a c t o r  of two i n  t h e  t e n s i l e  s t r e n g t h  
values  obtained would be d e s i r a b l e ,  and does no t  appear e n t i r e l y  beyond 
reach. Factors  which may have con t r ibu ted  t o  a reduction i n  t h e  measured 
s t r e n g t h  a r e  mechanical ab ras ion  of t h e  g l a s s  su r face ,  curvature  o f  t he  
f i b e r ,  and a high frequency o f  jaw-breaks. On t h e  o t h e r  hand, no reduction 
i n  t h e  s t r e n g t h  o f  t h e  co re  was observed when t h e  t e s t  temperature was 
increased from ambient t o  2000°F. F ibe r s  t e s t e d  a t  2000°F showed a core 
s t r e n g t h  as high as 76,000 p s i  (52,400 N/cm2).  Prolonged h e a t  treatment 
a t  2000°F appears t o  produce a loss  i n  s t r e n g t h ,  however, t h e  da t a  i s  
inconclusive.  Heat treatment should be c a r r i e d  out f o r  periods longer 
than 50 hours,  t h e  longest  per iod used i n  t h i s  program. 

50,000 p s i  (34,500 N / c m  2 ) f o r  l a r g e  diameter f i b e r s  containing a l a r g e  

The occurrence of d i s c o n t i n u i t i e s  i n  t h e  alumina core i n  t h e  form of 
s h o r t  m u l l i t e  s ec t ions  remains a n  unsolved problem, even though occasional  
f i b e r s  with hardly any d i s c o n t i n u i t i e s  have been produced. Considering 
t h e  d r a s t i c  improvement i n  core  composition when the g l a s s  containing 5% 
alumina was introduced,  i t  i s  reasonable t o  expect t h a t  a sheath g l a s s  
containing,  s ay ,  10% alumina would completely el iminate  any m u l l i t e  formation. 
The low v i s c o s i t y  of such a g l a s s  makes i t  inconvenient,  but not  impossible 
t o  use  a t  t h e  temperature where alumina melts.  The inconvenience could 
be g r e a t l y  reduced, i f  not e l iminated,  by decreasing the s i z e  of the sheath 
o r i f i c e .  An i n c i d e n t a l  advantage of i nc reas ing  t h e  alumina content  of t h e  
shea th  g l a s s  would be an inc rease  i n  t h e  thermal expansion c o e f f i c i e n t ,  
thus br inging it c l o s e r  t o  t h a t  of t h e  alumina core.  It may a l s o  be noted 
t h a t  t he  decrease i n  the v i s c o s i t y  a t t end ing  the  in t roduc t ion  of t he  5A 
g l a s s  made i t  poss ib l e  t o  inc rease  t h e  core-to-sheath r a t i o .  A f u r t h e r  
decrease i n  the  v i s c o s i t y  may produce a f u r t h e r  improvement i n  t h i s  r e spec t .  
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llepar tnicnt o f  tlie Navy 
\insliington, L). C. 20525 
Attn:  T. F. Kerirns (1) 

NASA - Langley Re se arch Center. 
1,anglcy F ie ld ,  Vi rg in ia  233 65 
A t t n :  Library (1) 

Kicliarci Pride (1) 

$5 e t  P r  opu 1 s i on Lab o r  a t  or y 
[!-SUO Oak Grove Drive 
Pasadena, Calii'ornia 91102 
At-tn: Library (1) 
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Army Mater ia l s  Research Agency 
Watert own Arsenal 
Watertown, Massachusetts 02172 
Attn:  S. V ,  Arnold, Di rec tor  (1) 

NASA-Ames Research Center 
Moffett  F i e ld ,  Ca l i fo rn ia  94035 
At tn :  Library (1) 

NASA-Goddard Space F l i g h t  Center 
Greenbelt ,  Maryland 2 0 7 7 1  
Attn:  Library (1) 

NASA-Manned Space Fl.iglit Center 
Houston, Texas 77058 
Attn:  Library (1) 

NASA-Flight Research Center 
P. 0. Box 273 
Edwards, Ca l i fo rn ia  93523 
Attn:  Library (1) 

De Cense Netals  l I ~ I c ) ~ t 1 l i ~ t i O 1 ~  Cent-cr 
(DMIC) (1) 

B a t t e l l e  Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43201 

General E l e c t r i c  Company 
Advanced Technology Laboratory 
Schenectady, New Yorli 12305 
At tn :  Library (1) 

General E l e c t r i c  Company 
Mater ia l s  'Development Laboratory 

Advanced Engine and Technology 

Cinc inna t i ,  Ohio 45215 
Attn: L, P. Jahnke (1) 

Operation 

Department 

General Mot o r  s (Iorpor a t  i. on 
A 1 li s on Divi s i  on 
Indianapol i s ,  Indiana 46206 
Attn:  D. I<, Haninlc, DIaterials 

Laboratory (1) 

Stanford  Universi ty  
Pi l l0  Al-to, Cal.i€ornia 94305 
At tn :  P ro f ,  Oleg Sherby, Dept. 

of P3atTle Science (1) 

Unit e d A i r c r a f t  Corporation 
400 Main S t r e e t  
East  Hartford,  Connecticut 05108 
At tn :  E. F. Bradley, Chief 

Mat*ls .  Eng. (1) 

United A i r c r a f t  C orp o r  a t  i o n  
IIamilton S t d ,  Div. 
h'indsor LOCILS, Conn, 06096 
At tn :  H, P. Berie  (1) 

Locltheed Miss i s s ipp i  Space Co. 
Palo Al to  Research Lab 
P a l o  A l t o ,  Ca l i fo rn ia  
At tn :  J. L. Camahort (1) 

Lo c lihc c d - G e o r  g i  a 

Fla r i e t t a ,  Georg ia  30060 
At tn :  D r .  W. Cremens, Zone 

1)cpt. 7 2 - 1 4  

402 (1) 

C 1  e v i t  e C o r p  o r  a t  i on 
7000 S t .  C l a i r  Avenue, N. E.  
Cleveland, Ohio 44110 
At tn :  G. F. Davies (1) 

>lafigs Rc,searc~h Center 
\Caterv l ie t  Arsenal 
Waterv l ie t ,  N. Y, 12189 
At tn :  D r .  I. Ahmad 

XASA-Langley Research Center 
L;ingley S tat.ion 
1Iciinptoii, Vi rg in ia  233 CS 
I l t tn:  John Huclcley (1) 

General E l e c t r i c  AETL) 
Evandale, Ohio 45215 
At tn :  D r .  \to I f .  Chang (1) 
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Harvey Engineering Labs 
llarvey Aluminum Co, 
1920U S.  Western Avenue 
TorranceS Ca l i fo rn ia  90509 
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Evandale, Ohio 45215 

C. A ,  Calow (1) 
U, K. A. E.  A ,  
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England 
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2200 P a c i f i c  Highway 
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13r- D, Cratchley (I.) 
li 011 s -K oy ce L t  t 1 
The Old 1 I a l l  
L i t t l eove r ,  Derby 
England 
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Chief, High Temp. Mat. 
United A i r c r a f t  Research Lab 
East Hartford,  Conn. 06108 
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United A i r c r a f t  Research Lab 
E a s t  Hartford,  Conn, 06108 
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S out hwe s t R e  s e a rch  Ins e 
8500 Culebra Road 
San Antonio, Texas 78206 

D r ,  M, Yerman (1) 
Al l i son  Division, GMC 
Department 5 8 2 7 
P, 0 ,  Box 894 
Indianapol is ,  lridiana 46206 

Dr. L. M. G i l l i n  
Aeronautical  Research Labs 
c;, P, 0. KOX '1331 
Elclbourne, C,  1 
Vic to r i a ,  Aus t r a l i a  

K, R ,  Hanby (1) 
B a t t l e  Plemorial I n s t i t u t e  
505 King Avenue 
I:olumbus, Ohio 43201 

l i e  Herring (1) 
NASA-Langley Research Center 
S t ruc tu re  Research Divis ion 
Langley S t a t i o n  
Harnpton, Vi rg in ia  23365 

D r .  A. Kelly (1) 
Superintendent 
Div. Inorg./Metallic S t r ,  
Nat. Physical  Lahoratory 
'l'ecldiii,cr;ton, ~ l i d ~ l l ~ ~ s ~ x  
1: lis1 a nci 

D r .  I(. G .  l i reider (1) 
Unit e d A i r c r a f t  Research Lab 
East Hartford,  Conn. 06108 

Professor  Tsuyoshi Hayashi (1) 
S t ruc tu res  Research I n s t i t u t e  
Universi ty  of  Tokyo 
liongo 7-3-1, Bunliyo-Ku 
Tokyo, Japan 

Plajor Jon Kershaw (1) 
>&>IS 
N r i t h t  Pa t te rson  A i r  Force 2ase 
( )h i0  453 04  

1)r- I<, l i ,  Krock (1) 
1'. I < .  Plallory (lo, 
N vr t l iwc  s t  I n d u s t r i a l  Parl, 
h t r l i ng ton ,  Mass, (11803 

D. P, Laverty (1) . 
Sect ion  Mgr., Mat, Tech, 
Equip. Labs. Div. of TRW 
23555 Eucl id  Avenue 
Cleveland, Ohio 44117 
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Lowell Industr3.al  Park 
Lowell, Mass, 01850 

D r .  S. R. Lyon (1) 
AFML (MAMS) 
Wright-Pat terson A i r  Force Base 
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I n t .  Harvester Co. 
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Phi lade lphia ,  Pa. 19104 

A. P. Levit-t 
Army Mat ./Plecli. Kcscarcli 
Watertown, Mass. 0 2 1 7 2  

L. McCreight (I) 
General E l e c t r i c  Co. 
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P, 0. Box 8555 
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Tokyo, Japan 
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Technical  L ib ra r i an  (I) 
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4300 E. 5 t h  Avenue 
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R ,  T. Pepper (1) 
Aerospace Corp. 
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16,555 Snti.coy St. 
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