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INTRODUCTION AND SUMMARY 

The cou5ination of circumstances attending the melting of materials in 
space presents the possibility of making glasses from substances which to date 
have been observed only in the crystalline condition. There is no need for a 
solid container during the melting and superheating portion of the manufactur- 
ing cycle. The only contact of the melt with its surroundings can therefore 
be a gaseous atmosphere or, if so desired, a vacuum. Thus it is possible to 
melt many high-melting-point materials that heretofore could not be success- 
fully melted because of reaction with the crucible material. This advantage 
alone might permit the preparation of new substances as glasses if their 
viscosity becomes sufficiently high on cooling to suppress crystal growth. 

In addition, space melting permits cooling without the use of a solid 
mold. Thus, many of the usual crystal nucleation sites are eliminated. Unless 
a given material can spcntaneously nucleate on cooling, undercooling below the 
normal melting point will occur. If a sufficient amount of undercooling is 
accompanied by a sufficient increase in viscosity, crystallization will be 
avoided entirely and glass will result. 

Studies of space glasses under the present contract have been confined to 
oxide glasses. It is felt that the applications for such glasses are more 
readily predictable than for the other materials. Also, many of the principles 
that will evolve from a study of oxide glasses, which can be melted in air, 
permit a more direct approach to non-oxide materials in the future. 

REVIEW OF EARLIER CONTRACT WORK 

The original objective of the present study, briefly stated, vas to attempt 
to prepare terrestrially 6-mm (114-inch) boules of new glasses by using con- 
tainerless melting techniqxes. To accomplish rhis objective, an air suspension 
melting technique was developed, and it is described, along with other work done 
in the earlier stages of the contract effort, in the First Interim Report 
(Reference 1). 

A laminar flow vertical wind tunnel was constructed for suspendicg oxide 
melts that were melted using the energy from a C02 laser beam. The laser, with 
an output of approximately 5.4 x 1013 ergsthour (1-112 kw), was available for 
this study at the Electronics Research Division of Rockwell International. 
Early experiments utilized commercial mullite as the starting material to 
develop techniques for working with the equipment, 

The vertical wind tunnel is shown to the left in Figure 1 along with the 
optical bench and equipment used for focusing and directing the laser beam. It 
was found necessary to employ a silica probe, or sting, in contact with the 
melt. The sting, which is wet by the melt and typically supplies only a small 
portion of the supporting force, stabilizes the melt, presenting a relatively 
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fixed target for the lascr beam, A photograph of the sting with a melt 
attached is shown in Figure 2. (To obtain the photograph, the laser beam was 
diracted behind the solidified melt and was made visible by sprinkling talcum 
powder in its path.) 

After a technique was developed, seven oxide compositians selected from 
previous work were studied.  Two of these ( i . e . ,  80 w/o gall ia 4- 20 w/o calcia 
and 40 w/o lanthana + 40 w/o alumina + 20 w/o calcia)  proved to be good glass 
formers fa the 6-mm sf ze t~ s ina  the techniques developed. Additionally, glasses  
were prepared in the 6-m size from several glass  compositions not included in 
the earlier studies. A11 of these latter glasses contained CaO as an addition 
agent. Final ly ,  a concept for an in-space g lass  melting experiment was 
developed f o r  use in conduting sounding rocket experiments under near zero- 
gravity conditions. 

Figure 2 .  Setup f o r  Melting Oxides 
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SUMMARY OF WORK DONE DURING THE CURRENT REPORTING PERIOD 

During t h e  c u r r e n t  r e p o r t i n g  per iod,  6-mm boules  of t h e  two composit ions 
( i .e . ,  g a l l i a - c a l c i a  and lanthana-alumina-calcia) were submitted t o  t h e  Perkin- 
Elmer Corporation f o r  a s tudy of  s t r e s s  r e l i e v i n g ,  sample f a b r i c a t i o n ,  and 
o p t i c a l  p r o p e r t i e s .  The presence of s t r i a e  prevented the  determinat ion of 
o p t i c a l  p r o p e r t i e s  f o r  t h e  t e r n a r y  composition and reduced the  hoped-for 
accuracy i n  t h e  determinat ions  f o r  t h e  b ina ry  composition. Never theless ,  the  
b ina ry  g a l l i a - c a l c i a  g l a s s  shows promise f o r  o p t i c a l  a p p l i c a t i o n s  i n  t h e  
v i s i b l e  spectrum. 

I n  cooperat ion wi th  Owens-Il l inois,  Inc. ,  a s tudy  w a s  performed of t h e  
c o n t a i n e r l e s s  mel t ing of s e v e r a l  improved l a s i n g  g l a s s  cand ida te  compositions. 
Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  space process ing shows much promise f o r  
improved l a s e r  g l a s s e s  which cannot b e  made t e r r e s t r i a l l y  because of 
d e v i t r i f i c a t i o n .  

A major t h r u s t  of the  p resen t  p o r t i o n  of t h e  program has  been t h e  develop- 
ment of cinematography techniques f o r  s tudying the mel t ing  and coo l ing  
phenomena occurr ing dur ing t h s  l a s e r  m e l t i n g l a i r  suspension process.  Considera- 
b l e  progress  has  been made along these  l i n e s ,  and we a r e  conf iden t  t h a t ,  w i t h  
minimal f u l t h e r  development, temperatures  a t  c r i t i c a l  p o i n t s  i n  t h e  c y c l e  can 
be  read from the  motion p i c t u r e  f i l m  wi th  reasonable  accuracy. 

F i n a l l y ,  a s i ~ n i f i c a n t  p o r t i o n  of t h e  program e f f o r t  has  continued t o  be  
devoted t o  suppor t ing  2 s e r i e s  of sounding rocke t   lass experiments. The 
p o r t i o n  of t h a t  e f f o r t  accomplished wi th  t h e  suppor t  of t h i s  program i s  
described.  
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SAIZPLE PREPARATION A13D OPTICAL PROPERTY XEASUREIENTS 

The work performed for Rockwell International by the Perkin-Elmer Corpora- 
tion of Norwalk, Connecticut,is summarized in this subsection. A detailed 
report is contained in Reference 2. 

Samples of the gallia - 20 w/o cal,:ia and the 40 w/o lanthana - 40 w/o 
alumina - 20 w/o calcia glasses shown in Figures 19 and 12 of Reference 1 were 
submitted to Perkin-Elmer for determination of stress relief annealing temp- 
eratures, fabrication into specimens suitable for measurement of optical proper- 
ties, and measurement of index of refracion at three wavelengths of light and 
transmission at various wavelengths in the visible portion of the spectrum. 
The initial submittal to Perkin-Elmer was from samples prepared in 1974 as 
described in Reference 1. The gallia-calcia glass was of a pale bluish-grey 
color and the lanthana-alumina-calcia glass was of a light straw color. 

Tn early 1975, a second shipment of hot-pressed rods of each composition 
was received from the su~plier, the IIaselden Company of San Jose, California. 
Pfore glass boules were prepared using a 4-mm diameter silica probe. The second 
lot of gallia-calcia yielded glass of a pale straw color as contrasted with the 
bluish-grey color of the earlier batch. The newer batch of the lanthana- 
alumina-calcia glass was free of the spalling and gassing problems encountered 
with the earlier batch. The color of the glass produced ;ram the newer batch 
of starting rods of the ternary glass was similar (a pale straw color) to 
that of the glass prepared from the earlier batch. Samples of glass boules of 
both compositions prepared from the newer material were sent to Perkin-Elmer. 

Devitrification Temperature and Stress Relief Annealing 

The samples received by Perkin-Elmer were found under crossed Polaroid 
examination to contain a high level of residual stress. This was expected in 
view of the hi~her expansion coefficient which may be presumed for the experi- 
mental glasses as contrasted with the very low expansion coefficient of the 
fused silica probe. 

Accordingly, each composition was heated in an annealing furnace to a 
series of temperatures in 50OC increments. The ternary glass devitrified at 
91n°C and the gallia-calcia glass devitrified at 330°C. In subsequent runs, it 
was found that annealing at 860°C and 760°C, respectively, for tlie ternary and 
binary glass was effective in producing relatively stress-free samples. However, 
it was noted that in those samples with the fused silica probes still attac\ed, 
stresses in the immediate vicinity of the probe were not completely removed. 
The annealing runs were made on the 1375 samples. 
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Rectangular p l a t e s L  were prepared from s t r e s s - r e l i e v e d  samples of t h e  
g l a s s  boules. It was noted t h a t  t h e  hardness  of both  g l a s s e s  was c l o s e  t o  
t h a t  of sapphire ,  9 on t h e  Floh s c a l e .  T'nis may be  compared w i t h  t y p i c a l  
hardnesses  of 4.5 t o  6.5 f o r  s i l i c a t e  g l a s s e s .  

Eight s a a p l e s  were prepared and a r e  shown magnified 10  t o  1 5  t imes i n  
Figures  3 and 4. A l l  samples were repor ted  r e l a t i v e l y  f r e e  of b i r e f r i n g e n c e  
a f t e r  f a b r i c a t i o n .  A l l  samples contained s t r i a e ,  which a r e  a r e a s  of unequal 
index of r e f r a c t i o n .  The samples were photbgraphed wi th  back l igh t ing  t o  
emphasize t h e  s t r i a e ,  which can be seen a s  p a t t e r n s  i n  t h e  specimens. I f  
t h e r e  were no s t r i a e  o r  ~ t h e r  d e f e c t s  p r e s e n t ,  t h e  samples photographed under 
t h e s e  cond i t ions  would be f e a t u r e l e s s .  Two of t h e  samples of t h e  lanthana- 
alumina-calcia i ; tass  (Figures  3a and 3c) ,  a l s o  show c racks  which formed, 
presumably, dur ing t h e  p o l i s h i n g  opera t ion.  I n  n e i t h e r  c a s e  i s  t h e  f r a c t u r i n ~  
complete, t h e  samples s t i l l  being i n  one piece .  The s u b j e c t  of s t r i a e  i s  
discussed f u r t h e r  i n  a l a t e r  sec t ion .  

Opt ica l  P r o p e r t i e s  Fleasurements 

Because of t h e  excess ive  s t r i a e  i n  t h e  lanthana-alumina-calcia g l a s s ,  i t  
was impossible t o  o b t a i n  iildex of  r e f r a c t i o n  measurements. Index v a l u e s  f o r  
t h r e e  w n v e l e n ~ t h s  c: liuhc were obta ined f o r  one of t h e  1975 g a l l i a - c a l c i a  
samples (Figure 3c). Because of s t r i a e ,  t h e  accuracy of measurement was no 
b e t t e r  than - + 5 i n  t h e  f o u r t h  decimal p lace .  Values determined a re :  

An a t tempt  was made t o  measure r e z r a c t i v e  index of one of t h e  1974 g a l l i a -  
c a l c i a  samples (Figure  4d). Because of excess ive  s t r i a e ,  which causes 
broadening and dimming of t h e  r e f r a c t e d  r a y s ,  t h e  index v a l u e s  obta ined were 
considered a c c u r a t e  only  t o  the  t h i r d  decimal p lace .  Values a r e :  

P ressure ,  
nun. of Hg 

762.4 

759.3 

762.4 

Vi th in  the  l i m i t s  of accuracy obtainf.:,  t h e r e  appears  t o  be  agreement 
between the  index v a l u e s  of t h e  two sample; a t  t h e  two longer  wavelengths. 

Temperature, 
C 

2 5 

26.8 

24.9 

l ~ n r l i e r  p l ~ n \  called tor the pr,,:aratron ol'60" prrrlns. The preparation of rectangular plates (90" prr\rn\) perr~~rtted both tho ~ n d c t  of 
rcfractior~ (u\rng a Graucr refractornetrr) and trans~nrrsron ~ncasurernents t o  b e  performed o n  the same spcclrncn. 
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Index of 
Ref rac t ion  (n) 

1.7853 

1.7805 

Wavelength, 
A 

480r) 

5461 

Temperature, P ressure ,  
O C  mrn. of Hg 

Vavelength, 
fi 

S p e c t r a l  
Line 

Blue Cd (F') 

Green Hg (e )  

Index of 
Ref rac t ion  (n) 

6438 Red Cd (c ' )  1 1.1698 



a. Prepared 3120175-Striae and Cracke b. Prepared 3/20/75-Striae 

c. Prepared 3/20/ 75-Striae and Cracke d .  Prepared 10J26174-Striae 

Figure 3 .  Lanthana-Alumf na-Calcia Glass Specimens Prepared for $3 
Optical  Property Determination 

(All samples were photographed with front and back lighting) 
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a. Prepared 3/20/75-Straie (Index b, Prepared 3/20/75-Straie 
values measured to 4 O.0005) 

c. Prepared 3/20/75-Straie d .  Prepared 6/17/74-Straie l Index values . measur~d t o  9 0.005) 

Figure 4 .  Gall ia-Calcia Glaes Specimens Prepared for Optical  
Property Determination 

( A T 1  ~amples were photographed with  front and back lighting) 
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The index values  a t  4800 A, however, a r e  d e f i n i t e l y  n o t  i n  agreement, even 
wi thin  t h e  r a t h e r  poor l i m i t s  of accuracy obta ined.  It  is poss ib le  t h a t  t h e  
l ack  of agreement i n  t h e  b lue  i s  r e a l  and nlay be a s s o c i a t e d  wi th  t h e  d i f f e r e n t  
co lo r  of the  two samples.  The 1975 g l a s s ,  which gave a lower index va lue  %n 
the  blue ,  was of a straw c o l o r ,  while t h e  1974 g l a s s  was of a blue-grey c o l o r .  

The values  f o r  t h e  1975 g l a s s  were p l o t t e d  on a l a r g e  graph and index 
va lues  f o r  the  hydrogen F, helium d and hydrogen C l i n e s  were read  from t h e  
curve. These va lues  a r e  as follows: 

Hydrogen F 
Helium d 
Hydrogen C 

Line 

Using these  va lues  i t  is poss ib le  t o  c a l c u l a t e  t h e  Abbe uumber, vd: 

Wavelength, Index of Refract ion 
I 

The 1975 g a l l i a - c a l c i a  g l a s s  i s  shown p l o t t e d  on t h e  nd - vd map i n  
Figure 5. I t  f a l l s  j u s t  wi th in  the  a r e a  covered by t h e  Schot t  commercial 
o p t i c a l  g lasses .  Commercial o p t i c a l  g l a s s e s  wi th  s i m i l a r  nd - vd combinations 
a r e  : 

h n u f a c t u r e r  I Designation 

Schot t  
Schot t 
Schot t 
Schott  
Eastman Kodak 
Eas tman Kodak 
Corning 

1975 Gal l ia-Calc ia  (777465) 
LaF 2 1  (788474) 
LaF 24 (757478) 
LaK 1 7  (788505) 
LaF 1 0  (784439) 
EK 110 (647562) 
EK 450 (804418) 
LaF-74 (744-448) 

These commercial g l a s s e s  a r e  of complex composition and depend on r a r e  
e a r t h  oxide a d d i t i o n s  t o  ob ta in  t h e i r  combination of p r o p e r t i e s .  It would 
appear, then, t h a t  t h e  simple (binary)  g a l l i a  g l a s s  has  cons iderab le  promise 
as 3, base composition t o  f i l l  i n  an important a r e a  of t h e  n-v map without  
r e q u i r i n g  the  use of t h o r i a  o r  r a r e  e a r t h  oxides .  

A p l o t  of r e f r a c t i v e  index versus  wavelength i s  given i n  Figure  6 ( s o l i d  
l i n e ) .  It is  noteworthy t h a t  the  curve i s  concave-down i n  c o n t r a s t  t o  t h e  
c h a r a c t e r i s t i c  concave-up shape of v i r t u a l l y  a l l  s i l i c a t e ,  b o r a t e ,  and phosphate 
g lasses .  A p l o t  f o r  LaF 21, the  Schot t  g l a s s  w i t h  n~ - v~ c l o s e s t  t o  t h e  
g a l l i a - c a l e i a  g l a s s ,  i s  shown a s  a dashed l i n e  i n  Figure 6 f o r  comparison. 
Inspect ion shows t h a t  no combination of measurement e r r o r s  w i t h i n  t h e  +0.0005 
repor ted by Perkin-Elmer would a l t e r  the  concave-down na tu re  of t h e  g a l l i a  curve. 
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Therefore i t  can be assumed t h a t  t h i s  shape is r e a l  f o r  t h i s  p a r t i c u l a r  sample, 
a t  l e a s t .  

The 1975 g a l l i a - c a l c i a  g l a s s  appears t o  be e x h i b i t i n g  "anomalous" disper-  
s i o n  a s  d iscussed i n  Jenkins  and White (Reference 3). This  means t h a t  theze  
may be an absorpt ion band i n  t h e  near  i n f r a r e d ,  c l o s e r  t o  t h e  v i s i b l e  p o r t i o n  
of the  spectrun~ than is t h e  case  wi th  "normal" g lasses .  Such an absorp t ion  
band can be expla ined i n  two ways: e i t h e r  t h e  placement is i n t r i n s i c  t o  t h e  
g a l l i a - c a l c i a  g l a s s  o r  t h e  band is cause.' by impur i t i e s .  I f  t h e  f i r s t  explana- 
t i o n  t u r n s  ou t  t o  be t r u e ,  i t  i s  o s s i b l e  t h a t  t h e  u l t r a v i o l e t  absorp t ion  band, li which begins  i n  the  4000 t o  2000 region f o r  a l l  known g l a s s e s ,  i s  a l s o  d i s -  
placed t o  lower wavelengths f o r  t h e  g a l l i a  g l a s s .  I f  t h i s  should prove t o  be 
t r u e ,  the  g a l l i a - c a l c i a  g l a s s e s  may have p o t e n t i a l  a p p l i c a t i o n  a s  an  u l t r a v i o l e t  
t r a n s m i t t e r .  Unfortunately,  t h e  sample of 1975 g a l l i a - c a l c i a  g l a s s  shown i n  
Figure 3c has been i r r e t r e v a b l y  l o s t .  A s  of t h i s  w r i t i n g  l i m i t e d  funds do n o t  
permit  the  s t r e s s  r e l i e v i n g  and p repara t ion  o f  another  sample t o  measure t r ans -  
mission i n  the  u l t r a v i o l e t  and near  i n f r a r e d .  

Transmission measurements were obtained by Perkin-Elmer f o r  t h e  t e r n a r y  
g l a s s  and f o r  the  1974 g a l l i a - c a l ~ i a  g l a s s  (which e*ibited normal d i s p e r s i o n ) .  
Transmission over the  range 3300 A (0.33 p) t o  8000 A (0.8 p) i s  s i m i l a r  t o  
ordinary o p t i c a l  g lass .  Nei ther  showed a n  absorp t ion  band i n  t h e  red  end of 
the  spec5rum measured. Both g l a s s e s  showed cu tof f  (50-percent t ransmiss ion)  
a t  4000 A. 

A Bausch and Lomb paper (Reference 4 )  d i s c u s s e s  t h e  r o l e  of p a r t i a l  d i s -  
pe rs ions  i n  secondary s p e c t r a  cor rec t ion .  Using formulas given i n  t h e  paper,  
p a r t i a l  d i spers ions  were c a l c u l a t e d  f o r  t h e  1975 g a l l i a - c a l c i a  g l a s s  a s  fol lows:  

Assuming the  accuracy of t h e  o r i g i n a l  measurements ( i . e . ,  +0.0005) is  
maintained i n  the  read ing  of nF, nD, and n c  from t h e  graph, t h e  t r u e  va lues  of 
both  PFD and PDC can be expected t o  f a l l  i n t o  t h e  0.45 t o  0.55 range.  Such 
r-gr accuracy may be considered unacceptable f o r  "normal" g l a s s e s ,  where 
d i f f e r e n c e s  of 0.002 a r e  considered s i g n i f i c a n t .  However, because of t h e  l a r g e  
d i f f e r e n c e  i n  these  values  from "normaltt g l a s s e s  (whose PFD f a l l s  w i t h i n  t h e  
range 0.690 t o  0.710 and whose PDC f a l l s  w i t h i n  t h e  range 0.280 t o  0.300), i t  
may be s a f e l y  concluded t h a t  t h e  p a r t i a l  d i s p e r s i o n  r a t i o s  of t h e  g a l l i a  g l a s s  
a r e  indeed unusual. Perhaps gal l ium oxide may prove t o  be a powerful a d d i t i o n  
agen t  f o r  conventional g l a s s e s  t o  develop new f a m i l i e s  of g l a s s e s  f o r  secondary 
spectrum cor rec t ion .  

Discussion of S t r i a e  

The presence of s t r i a e  i n  a l l  of t h e  g a l l i a - c a l c i a  and lanthana-alumina- 
c a l c i a  g l a s s  samples s t u d i e d  by Perkin-Elmer must be  considered a major problem. 
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Because of s t r i a e ,  i t  was p o s s i b l e  t o  measure index of r e f r a c t i o n  of only  one 
of f o u r  of , l e  g a l l i a - c a l c i a  g l a s s  samples prepared t o  an accuracy approaching 
t h a t  requi:r:d f o r  a ressonab le  assessment of t h e  o p t i c a l  p r o p e r t i e s .  None of 
t h e  l a  .th.u .A-alumina-calcia g l a s s  specimens prepared could be  measured a t  a l l .  

S ince  s t r i a e  a r e  a  mani fes ta t ion  of l a c k  of homogeneity i n  the  g l a s s ,  i t  
seems p e r t i n e n t  t o  a t tempt  t o  a r r i v e  a t  a n  understanding of t h e  cause f o r  such 
inhomogenci t y  . There appear t o  be two p o s s i b l e  exp lana t ions  : 

1. In , ;u f f i c i en t  mixing of t h e  b a s i c  i n g r e d i e n t s  of t h e  mel t  (e.g. ,  ga l l ium 
or .de and calcium oxide i n  t h e  case  of t h e  g a l l i a - c a l c i a  g l a s s ) .  

2. S: ~ i c a  from t h e  probe be ing  cont inuously  d i s so lved  dur ing  t h e  mel t ing  
p1,Jcess and causing a r e a s  of h igh s i l i c a  con ten t  (and, t h e r e f o r e ,  
lower index of r e f r a c t i o n )  i n  t h e  f i n i s h e d  boule .  

Insuf f ic ienc  Mixing 

A l l  samples submit ted  t o  Perkin-Elmer were prepared from hot-pressed rods  
suppl ied  by the  Haselden Company of San J o s e ,  C a l i f o r n i a .  The hot-pressed rods  
were prepared from t h e  pure c o n s t i t u e n t  oxide  powders. The powders were thor-  
oughly mixed and blended be fore  ho t  p ress ing .  It is q u i t e  p o s s i b l e  t h a t  t h e  
i n d i v i d u l  c o n s t i t u e n t  oxide  p a r t i c l e s  d i d  n o t  i n t e r d i f f u s e  enough dur ing  h o t  
p ress ing  t o  r e s u l t  i n  a  homogeneous m a t e r i a l .  Therefore ,  i t  would appear 
reas0nab.e  t h a t  any l a c k  of homogeniety i n  t h e  hot-pressed rods  would b e  of a  
micro- r t h e r  than a  macro- na tu re .  It may a l s o  be p e r t i n e n t  t o  n o t e  t h a t  
t h e r e  wad no ,:ross evidence from t h e  handl ing and mel t ing  behavior  of t h e  r o d s  
t h a t  a  detec- table  amc it of macro- segrega t ion  was p resen t .  

The motion pLcture s t u d i e s  ( t o  be d i scussed  l a t e r )  demonstrate t h a t  t h e r e  
i s  a  l a r g e  amount of s w i r l i n g  turbulence  i n  t h e  mel t  w i t h  t h e  a i r  suspension/  
l a s e r  technit!ue. I t  would t h e r e f o r e  appear  t h a t  the  p o s s i b i l i t y  t h a t  s t r i a e  
a r e  caused b ; ~  improper mixing i s  extremely remote. This  conclus ion is  f u r t h e r  
ampl i f ied  by the cons ide ra t ion  t h a t  t h e  v i s c o s i t y  i n  t h e  molten s t a t e  f o r  both  
compo:;itions i s  very   lo^, prcbably approaching t h a t  of water .  

S i l i c a  Contamination 

Having a l l  b,, e l imina ted  improper mixifig of t h e  b a s i c  i n g r e d i e n t s  a s  a  
cause of s t r i a , ,  we must point  t h e  f i n g e r  of s u s p i c i o ~  s t r o n g l y  t o  t h e  s i l i c a  
probe a s  t h e  , r ime  cause of s t r i a e .  Chemical a n a l y s i s  has  s h w n  i n  t h e  p a s t  
t h a t  s i l i c :  pick-up can be he ld  t o  l e s s  than 1 percent  f o r  t h e s e  g l a s s e s .  
Chemical .na lys i s ,  however, r e v e a l s  nothing about how t h e  s i l i c a  which i s  
picked ,p i s  d i s t r i b u t e d .  Therefore ,  a  good c a s e  can be made f o r  t h e  s i l i c a  
probe being t h e  cause  L A  s t r i a e .  

During tht! me i t ing  process  the  s i l i c a ,  b e i n g  s o l u b l e  i n  t h e  molten g l a s s  
sample, i s  c c ~ ~ ' , i n u o u s l y  being d i s so lved .  Since  fused s i l i c a  has  a  h igh viscos-  
i t y  i t  is r 3 t  d i f f i c u l t  t o  imagine t h a t  i t  never  has  an oppor tun i ty  t o  become 
uniforniv  d i s t r i b u t e d .  The continuous feed ing  of t h e  mel t  w i t h  s i l i c a ,  p l u s  t h e  
-tirrl:,g a c t i o n  w i t h i n  t h e  mel t ,  could e a s i l y  r e s u l t  i n  t h e  striae p a t t e r n s  
o b j ~ r v e d  i n  Figu1.e~ 3 and 4 .  
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I n  t h e  forthcoming sounding rocke t  experiment program t h e  s i l i c a  probe 
may s t i l l  be used. However, the  l a c k  of  turbulence  expected when mel t ing  under 
near-zero-gravity cond i t ions  should r e s u l t  i n  an e n t i r e l y  d i f f e r e n t  type  of 
p a t i e r n .  The continuc *s d i s s o l v i n g  of s i l i c a  from t h e  probe dur ing  mel t ing  may 
r e s u l t  i n  a  uniform composition g rad ien t  a c r o s s  t h e  sample. I f  t h i s  happens, 
t h e r e  should be a  corresponding continuous v a r i a t i o n  i n  r e f r a c t i v e  index  from 
t h e  probe-sample i n t e r f a c e  t o  the  oppos i t e  s u r f a c e ,  perhaps analagous t o  s o l i d -  
s o l i d  d l f f u s i o n .  The u l t i m a t e  s o l u t i o n  t o  t h e  homogeneity problem may have t o  
awai t  the  development of space mel t ing procedures t h a t  avoid  a l l  c o n t a c t  w i t h  
t h e  mel t ,  except  f o r  t h e  mel t ing atmosphere. 

PRLLIPIINARY EXPERIFIENTS WITH LASING GLASS 

Owens-Il l inois,  Inc . ,  under c o v t r a c t  t o  t h e  J e t  Propuls ion Laboratory 
performed a  s tudy (Reference 5) which demonstrated t h a t  improved l a s i n g  g l a s s e s  
t h e o r e t i c a l l y  could be prepared i n  space by i n c r e a s i n g  t h e  calcium ox ide  con- 
t e n t  of the  commercial g l a s s e s  c u r r e n t l y  marketed by Owens-Il l inois.  I t  was 
shown, f o r  example, t h a t  i n c r e a s i n g  t h e  CaO con ten t  from 20 t o  30 pe rcen t  would 
inc rease  the  l a s i n g  e f f i c i e n c y  by about 10  pe rcen t .  S ince  an i n c r e a s e  i n  t h e  
CaO con ten t  a l s o  i n c r e a s e s  the  d e v i t r i f i c a t i o n  tendencies  of t h e  g l a s s e s ,  i t  
i s  n o t  f e a s i b l e  t o  prepare  h igh-qual i ty  improved g l a s s e s  t e r r e s t r i a l l y .  The 
summary from the  Owens-Il l inois f i n a l  r e p o r t  i s  p resen ted  verbatim: 

"The purpose o f t h i s  six-month s tudy was t o  cons ide r  the  f e a s i b i l i t y  of 
producing improved l a s e r  g l a s s  m a t e r i a l  i n  an o u t e r  space  l a b o r a t o r y .  The 
unique advantage of o u t e r  space,  p a r t i c u l a r l y  germane t o  t h i s  s tudy ,  i s  t h e  
zero-g cond i t ion  o r  we igh t l e ssness .  This  cond i t ion  may be e x p l o i t e d  t o  mel t  
and form g l a s s  i n  o u t e r  space without r e l y i n g  upon a c o n t a i n e r .  Since  the  
con ta ine r  w a l l s  and i m p u r i t i e s  in t roduced i n t o  t h e  bulk  of t h e  g l a s s  from the  
con ta ine r  w a l l s  s e r v e  a s  heterogeneous c r y s t a l  n u c l e a t i o n  s i t e s ,  the  e l i m i n a t i o n  
of the  con ta ine r  w i l l  g r e a t l y  reduce t h e  a b i l i t y  f o r  c r y s t a l  n u c l e i  t o  form 
i n  the  mel t  and thus  d e t e r  the  d e v i t r i f i c a t i o n  p rocess .  

"A major p o r t i o n  o f  t h i s  s tudy was devoted t o  c l a s s i c a l  homogeneous 
n u c l e a t i o n  c a l c u l a t i o n s  and c r y s t a l  growth c a l c u l a t i o n s  f o r  a  l a s e r  g l a s s  
system, which a r e  a p p r o p r i a t e  f o r  t h e  c o n d i t i o n s  of  a n  o u t e r  space l a b o r a t o r y .  
We demonstrate t h a t  i n  the  absence of heterogeneous n u c l e a t i n g  s i t e s  our  exper i -  
mental  l a s e r  g l a s s  m a t e r i a l  may be r e a d i l y  formed c r y s t a l  f r e e .  

" In  a d d i t i o n ,  a  number of experiments were performed i n  o r d e r  t o  o b t a i n  
informat ion e s s e n t i a l  f o r  t h e  above c a l c u l a t i o n s  and t o  provide  f u r t h e r  evidence 
f o r  the  f e a s i b i l i t y  of producing our  exper imenta l  l a s e r  g l a s s  i n  o u t e r  space  
and demonstrate the  i m p o s s i b i l i t y  of i t s  c r y s t a l - f r e e  product ion on e a r t h .  I n  
p a r t i c u l a r ,  thermal g r a d i e n t  oven experiments,  DTA ( d i f f e r e n t i a l  thermal 
analyses)  s t u d i e s ,  l i q u i d u s  determinat ion,  and x - d i f f r a c t i o n  ana lyses  were 
performed t o  e l u c i d a t e  the  fundamental phase behavior  of the  l a s e r  g l a s s  system 
under i n v e s t i g a t i o n .  Furthermore, SAXS (small-angle x-ray s c a t t e r i n g )  d a t a  
were c o l l e c t e d  t o  s tudy t h e  p o s s i b l e  e x i s t e n c e  of a  phase s e p a r a t i o n  mechanism 
a c t i n g  a s  a  p recursor  t o  t h e  nuc lea t ion  of t h e  c r y s t a l  phases observed.  No 
evidence of a l i q u i d - l i q u i d  immisc ib i l i ty  was found f o r  t h e  g l a s s  prepared v i a  
the  s tandard air-quench procedure.  Also, a  sp la t -coo l ing  experiment was c a r r i e d  
ou t  t o  observe t h e  c r y s t a l l i z a t i o n  behavior e x h i b i t e d  by t h e  l a s e r  g l a s s  under 
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very rap id  cool ing r a t e s .  It was observed t h a t  a l though smal l  s u r f a c e  c r y s t a l -  
l i tes  d i d  form, the  i n t e r i o r  of t h e  sample was c r y s t a l  f r e e .  This r e s u l t  
se rves  t o  i l l u s t r a t e  t h e  p o i n t  t h a t  e a r t h  f a b r i c a t i o n  of t h i s  material w i l l  
always be  marred by c r y s t a l l i z a t i o n  due t o  s u r f a c e  con tac t ,  r e g a r d l e s s  of t h e  
coo l ing  r a t e .  Yet, i t  a l s o  i n d i c a t e s  t h a t  i n  p r i n c i p l e  one may produce, i n  
bulk,  t h i s  m a t e r i a l  c r y s t a l  f r e e .  Of course ,  on e a r t h  i t  i s  n o t  f e a s i b l e  t o  
produce l a s e r  g l a s s  by a spla t -cool ing technique (even i f  s u r f a c e  c r y s t a l s  d i d  
n o t  appear) s i n c e  only  t h i n  samples may be prepared i n  t h i s  manner. 

"F ina l ly ,  t h e  economics assoc ia ted  wi th  l a s e r  g l a s s  product ion was assessed.  
We i l l u s t r a t e d  how a smal l  i n c r e a s e  i n  l a s e r  e f f i c i e n c y  could produce a s i z e a b l e  
c o s t  r educ t ion  i n  the  USA l a s e r  fus ion  program. Furthermore, t h e  f a b r i c a t i o n  
of more e f f i c i e n t  g l a s s  l a s e r s  could open up new markets f o r  t h i s  product h i t h e r -  
t o  untapped." 

I n  view of the  very favorab le  r e s u l t s  achieved wi th  t h e  Owens-Illinois 
s tudy,  i t  was agreed t h a t  t h e  i n t e r e s t s  of t h e  NASA space process ing program 
would be well-served by e n t e r i n g  i n t o  an informal  agreement i n  which samples 
prepared by Owens-Illinois would be melted by Rockwell us ing  the  a i r  suspension1 
l a s e r  mel t ing technique developed under t h e  c u r r e n t  MSFC-sponsored program. 
The JPL and MSFC COR' s  both  concurred wi th  t h i s  arrangement. 

The s e c t i o n  which fol lows desc r ibes  t h e  pre l iminary work from Rockwell's 
p o i n t  of view. The work began i n  J u l y ,  1975, upon r e c e i p t  of t h e  f i r s t  l o t  
of s t a r t i n g  m a t e r i a l  from Owens-Il l inois,  s h o r t l y  a f t e r  t h e i r  new c o n t r a c t  wi th  
JPL was i n  e f f e c t .  Most of t h e  work performed dur ing t h i s  r e p o r t i n g  per iod was 
of a pre l iminary na tu re  aimed p r i m a r i l y  a t  e v a l u a t i n g  f o r  Owens-Il l inois t h e  
s u i t a b i l i t y  of va r ious  s t a r t i n g  m a t e r i a l  p repara t ion  techniques.  Some of t h e  
b a t c h - c r y s t a l l i n e  m a t e r i a l  of t h e  35 and 40 percen t  c a l c i a  compositions a l s o  
were included i n  some of t h e  cinematography s t u d i e s  and t h e  f i n d i n g s  a r e  
repor ted  i n  a l a t e r  s e c t i o n  of t h i s  r e p o r t .  Table 1 summarizes t h e  pre l iminary 
t e s t s  performed by Rockwell. The samples a r e  l i s t e d  i n  t h e  o r d e r  i n  which they 
were received.  It is  t h e  w r i t e r ' s  understanding t h a t  t h e  nominal composition 
of a l l  samples received from Owens-Illinois i s  a s  fol lows,  i n  mol pe rcen t :  

Si02 + CaO - 69.3 

Based on t h e  r e s u l t s  obta ined and repor ted  i n  Table 1, the  fol lowing con- 
c l u s i o n s  represen t  the  w r i t e r ' s  opinion of t h e  m a t e r i a l  suppl ied t o  d a t e  : 

1. The b e s t  m a t e r i a l  is t h e  35-percent CaO c r y s t a l l i n e  m a t e r i a l  (sample 
No. 1 ) .  I t  i s  a good glass-former wi th  t h e  p repara t ion  techniques  
used. The s t a r t i n g  m a t e r i a l  i s  rugged and q u i t e  f r e e  of gas .  



2. The second choice i s  t h e  40-percent CaO c r y s t a l l i n e  m a t e r i a l .  It is  
less rugged than t h e  35-percent CaO material and i s  more gassy.  I t  
appears  t o  be a marginal  glass-former wi th  t h e  techniques used. 

3. The 30-percent CaO m a t e r i a l  i s  a n  e x c e l l e n t  glass-former bu t  a l l  
samples suppl ied had s e r i o u s  handling,  s p a l l i n g ,  and gass ing  problems. 

4. The cold-pressed 35-percent CaO m a t e r i a l  confirms t h e  r e s u l t s  obta ined 
w i t h  t h e  c r y s t a l l i n e  m a t e r i a l  of t h e  same composition cooled from t h e  
batch s o  f a r  a s  g l a s s  formation is concerned. However, ti.2 m a t e r i a l  
i s  too f r a g i l e  t o  be handled e f f e c t i v e l y .  

The f i r s t  t h r e e  conclusions suggest  the  p o s s i b i l i t y  t h a t  a good s t a r t i n g  
m a t e r i a l  might be obta ined f o r  t h e  30-percent CaO composition by coo l ing  from 
t h e  batch i n  platinum and in t roduc ing  some c r y s t a l l i n e  ( d e v i t r i f i e d  g l a s s )  
m a t e r i a l  i n t o  t h e  melt whi le  i t  is cool ing.  

Some of t h e  samples prepared were mailed t o  0-1. Their  pre l iminary t e - t s  
ind ica ted  t h a t  t h e  40-percent CaO g l a s s  boules  s u f f e r e d  s e v e r e  l i t h i a  l o s s  
(about 7 pe rcen t )  and s i l i c a  pickup (from t h e  probe).  S i l i c a  pickup was about 
6 percent .  The 35-percent CaO g l a s s e s  showed a smal le r  l i t h i a  l o s s  (about 
3 pe rcen t )  along wi th  a s i m i l a r  s i l i c a  pickup (6 pe rcen t ) .  

Liquidus temperatures have been determined f o r  so~ne of t h e  l a s i n g  g l a s s  
candidates  by both  Owens-Il l inois and t h e  Rockwell Science Center.  Owens- 
I l l i n o i s  used d i f f e r e n t i a l  thermal a n a l y s i s  (DTA) and t h e  Science Center read 
the  l i q u i d u s  both  on hea t ing  and coo l ing  us ing  an o p t i c a l  pyrometer on 
t h e  s u r f a c e  of t h e  mel t  which was induction-melted us ing a platinum c r u c i b l e .  
I n i t i a l  r e s u l t s  were a s  follows: 

Science 
Center 

Method Determined by 

0-1 

Percent  CaO (mol. %) 

30 

- -- 

DTA 

Liquidus O C  

1010 

DTA 

DTA 

Opt ica l  
Tyrometer 

Subsequent i n v e s t i g a t i o n s  by 0-1 us ing d i r e c t  obse rva t ion  of t h e  mel t  
s u l f a c e  dur ing cool ing showed t h a t  a small amount of primary phase nucleated on 
the  s u r f a c e  of t h e  40-percent CaO composition a t  a temperature w e l l  i n  excess  
of t h e  temperature determined by DTA. Since t h e  amount of phase formed was 
very small, i t  apparent ly  escaped d e t e c t i o n  i n  t h e  DTA. U n t i l  f u r t h e r  work 
can be done, i t  must be t e n t a t i v e l y  concluded t h a t  t h e  t r u e  l i q u i d u s  temperatures 
f o r  a l l  t h r e e  compositions f a l l  i n t o  t h e  range 1070 t o  1140°C. 

During the  cinematographic s tudy t o  be descr ibed l a t e r ,  i t  was discovered 
t h a t  our mel t ing procedure produces superheat  temperatures t y p i c a l l y  i n  t h e  
range 1750 t o  2200°C r e g a r d l e s s  of t h e  composition being melted.  Since  these  



Table 1. Lasing Glass Samples Evaluated for Owens-Illinois, Inc. 
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I. 35% CaO c r y s t a l l i z e d  
mate r ia l  (cooled f r o r  
the  batch)  

11. 30% La0 g l a s s  mate r ia l  
( i d e n t i f i e d  by 0-1 a s  
74064 A2) 

111. 30% CaO cold-pressed 
mate r ia l  , 

IV. 35% CaO cold-pressed 
mate r ia l  

V. 40% CaO cold-pressed 
mate r ia l  

VI. 40% CaO c r y s t a l l i z e d  
mate r ia l  (cooled from 
t h e  batch) 

VII. 40% CaO p e l l e t  prepared 
by MOD (metal organic 
d e r i v a t i v e )  technique. 
(mate r ia l  claimed by 
0-1 t o  be amorphous) - 
P e l l e t  A 

VIII. S imi la r  t o  VII - 
P e l l e t  B 

IX. Similar  t o  VII - 
P e l l e t  C 

Laser melted with no s p i t t i n g  o r  s p a l l i n g .  Appeared r e l a t i v e l y  gas-free.  
D i f f i c u l t  t o  t r a n s f e r  t o  probe because of low v i s c o s i t y  when molten. 
Readily f o r m d  100% g l a s s  when laser-melted on probe wi th  a i r  suspension.  

Spal led severe ly  when touched by l a s e r  beam. Itanaged t o  melt a por t ion  
of t h e  boule supplied with t h e  l a s e r  beam t o  form a puddle. Par t  of  t h e  
remelted mate r ia l  was c r y s t a l l i n e  - presumably having d e v i t r i f i e d  a t  a 
temperature below the  c r y s t a l l i n e  s o l i d u s  during the l a s e r  h e a t i n g  
operat ion.  Unable t o  t r a n s f e r  t o  t h e  probe f o r  a i r  suspension t e s t s  
because of the  severe s p a l l i n g  problem. Test  was inconclusive.  

One of t h r e e  d i s c s  was i n t a c t  when package was opened. About one-half 
of each of t h e  o t h e r  two samples had rever ted  t o  powder. The i n d i c s t i n ~  
dess ican t  i x l u d e d  i n  the  package (b lue  d r i r i t e )  had p a r t l y  changed c o l o r  
i n d i c a t i n g  t h e  presence of moisture. The i n t a c t  sample s p i t  a b i t  (gass-  
ing)  when l a s e r  melted and t r a n s f e r r e d  t o  a probe. S a ~ l p l e  was about  95% 
glassy  a s  t r a n s f e r r e d  t o  t h e  probe. T e s t s  had t o  be discont inued because 
of extreme d i f f i c u l t y  i n  handling f r a g i l e  mate r ia l .  Had i t  been poss ib le  
t o  cont inue t e s t s ,  no doubt would have obtained 100% g l a s s  with ease  using 
a i r  suspension melting. This  was f i r s t  sample t e s t e d  on t h i s  program 
t h a t  was l a r g e l y  g lassy  a s  t r a n s f e r r e d  t o  probe. 

A l l  t h r e e  d i s c s  received s t i l l  I n t q r t .  Dessicant  had p a r t l y  changed 
co lor .  F i r s t  sample melted on a probe dropped from t h e  probe when melted 
and was caught by the  s t a i n l e s s  e t e e l  sc reen  a t  t h e  top of the  wind 
tunnel  e x i t .  This sample was 100% g lassy  a s  examined under low power 
with a hand g lass .  This  confirms e a r l i e r  obse rva t ions  t h a t  t h i s  composi- 
t i o n  is a good g l a s s  former. This  was t h e  f i r s t  time i n  h i s t o r y  of 
program t h a t  sample cooled on sc reen  was o t h e r  than 100% c r y s t a l l i n e .  
T e s t s  had t o  be discont inued because of extreme f r a g i l i t y  of p ress ing8  
received.  

Two of t h r e e  d i s c s  received i n t a c t .  Third was s p l i t  i n t o  two pieces.  
Dessicant had begun t o  tu rn  co lo r .  Sample was very gassy when melted 
with l a s e r  beam. Numerous melt ing a t t empts  were made with probe and s i r  
suspension. Mater ial  had g r e a t  tendency t o  climb (and bury) probe. 
Obta~ned  s e v e r a l  c lacked samples t h a t  were almost e n t i r e l y  g lassy .  
Invar iab ly  had t o  remelt s e v e r a l  times t o  avoid d e v i t r i f i c a t i o n  on 
cool ing.  Composition appeared t o  be be border l ine  glass-former. 

Laser-melted f a i r l y  we l l  but  t h e r e  was some ind ica t ion  of gassing.  Not 
a s  s t rong  a s  35% CaO c r y s t a l l i n e  sample (I).  Spal led moderately when 
s t ruck  by l a s e r  beam. Numerous p robe /a i r  suspension melt ing t e s t s  per- 
formed. Never obtained g l a s s  on f i r s t  a i r  suspension melt ing at tempt - 
usua l ly  obtained (cracked) g l a s s  on second at tempt ( remel t ) .  There was 
evidence t h a t  one o r  more (LizO?) c o n s t i t u e n t s  bo i led  o f f  dur ing  melt ing.  

Melts and handles n ice ly .  Very gassy. Transferred t o  probe e a s i l y  and 
produced g l a s s  on f i r s t  a t tempt with p robe la i r  suspension technique. 
Sample a s  received appears  t o  have very low apparent dens i ty .  

Behaved s i m i l a r l y  t o  Sample VII. Very gassy. No probe melt ing t e s t s  
performed. 

Behaved s i m i l a r l y  t o  Samples VII and VIII .  Very gassy. No probe 
melt ing t e s t s  performed. 



temperatures a r e  obviously too high f o r  a mater ia l  with a l iqu idus  temperature 
below 1140°C, i t  was decided t o  prepare some more specimens with t h e  l a s e r  
power at tenuated.  The method chosen t o  accomplish t h i s  was t o  detune (misalign) 
the l a s e r  t o  c u t  the  beam power t o  about a t h i r d  of t h a t  used f o r  preparing the  
e a r l i e r  melts. 

New melts were prepared from both t he  35- and 40-percent CaO l a s ing  g l a s s  
candidate mater ia l s  (samples I and V I  of Table 1). These melts were prepared 
l a t e  i n  the report ing aer iod  and no motion p i c tu re s  have been obtained t o  da te .  
However, it was poss ib le  t o  prepare g l a s s  samples from both compositions wi th  
much lower superheat temperatures. The temperatures reached were s u f f i c i e n t l y  
lower than t h a t  of the e a r l i e r  melts t h a t  t h e  samples could not  be observed 
e f f e c t i v e l y  through t h e  cobal t  blue g l a s s  blower's goggles normally used. The 
newer melts were therefore  prepared without p ro t ec t i ve  glasses ,  an i nd i ca t i on  
t h a t  the temperatures were much lower. Less d i f f i c u l t y  was encountered with 
probe climbing so  t h a t  uncracked boules were obtained i n  many instances.  Some 
of the  boules prepared i n  t h i s  manner a r e  shown i n  Figure 7. Several  samples 
were mailed t o  0-1 f o r  chemical ana lys i s .  Resul ts  have not  been obtained a s  
of t h i s  wri t ing.  

CINEMATOGRAPHY STUDIES 

Technique Development 

One of the  p r inc ipa l  ob jec t ives  of the work performed during the  cur ren t  
repor t ing  period has been the development of motion p i c tu re  techniques f o r  
studying the melting and cooling of oxides wi th  the  laser mel t ing la i r  suspension 
technique. Motion p i c tu re s  of t he  freezing of mu l l i t e  prepared during t h e  
e a r l i e r  port ion of the  program revealed much about t he  na ture  of nucleat ion and 
c r y s t a l  growth during conta iner less  cooling. It was decided t o  p lace  major 
emphasis on motion p i c tu re s  as a way of understanding what i s  happening during 
the processing of the experimental boules. 

During the  preparat ion process developed f o r  t h i s  study, a t y p i c a l  6-mm 
diameter boule is heated t o  temperature a s  high a s  2200°C from room temperature 
i n  l e s s  than 12 seconds. Cooling t o  temperatures below about 600°C occurs 
typ ica l ly  i n  l e s s  than 15 seconds. Many c r i t i c a l  events  therefore  happen s o  
rapidly tha t  i t  is d i f f i c u l t  o r  impossible t o  follow them adequately with rea l -  
time observation. I n  addi t ion,  i t  is  very d i f f i c u l t  t o  ob ta in  d i r e c t  measure- 
ment of temperatures o r  t o  know when t o  read them. Therefore the use of slow- 
motion cinematography appears t o  be an i d e a l  method f o r  studying t h e  process,  
In  theory, it is possible  t o  record t he  e n t i r e  process on motion p i c t u r e  f i lm.  
The developed f i lm  can be played back a t  any speed desired. C r i t i c a l  events  
can be i den t i f i ed  a s  occurr ing i n  designated frames, and densitometer readings 
obtained on por t ions  of the  frames of i n t e r e s t .  I f  t he  film/development pro- 
cedure has been properly ca l ib ra ted ,  t he  densitometer readings can be  converted 
t o  temperatures. 

While t h i s  procedure sounds easy and r e l a t i v e l y  s t ra ightforward,  there  
a r e  a number of d i f f i c u l t i e s  t h a t  must be  overcome before  reasonable da ta  can 
be obtained. Some of these d i f f i c u l t i e s  a r e  r e  follows: 



a. 35X CaO Laser Glass-Prepared wtth b. 40% CaO Laser Glass-Prepared with 
laser beam attenuated t o  42% normal Lases beam attenuated to 33% normal-- 
and remelted once remelted twice; note devitrif Scation 

(two darker zones) 

c. Same sample as Figure a- d, 40% CaO Lager Glass-Laser beam 
Fracture face down attenuated to  35% normal-- 

remelted once-approximately 
50J50 glass and crystal (note 
tapering of probe indicating 
dissolution of silica) 

Figure 7. Lasing Glass Samples Prepared 
With Attenuated Laser Power 
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1. With the  process  under s tudy,  alignment of t h e  camera w i t h  t h e  s u b j e c t  
must be p r e c i s e .  S l i g h t  misalignment of t h e  camera o r  s u b j e c t  can 
r e s u l t  i n  the  s u b j e c t  n o t  appear ing i n  t h e  frame a t  a l l .  

2 .  Since the r a d i a n t  energy from the  s u b j e c t  i s  a  func t ion  of temperature  
t o  the  f o u r t h  power, a  temperature range of only s e v e r a l  hundred 
degrees can be recorded a p p r o p r i a t e l y  w i t h  a  given f i l m  exposure.  The 
range of i n t e r e s t  i n  t h e  c o n t a i n e r l e s s  me l t ing  process  i s  on t h e  o r d e r  
of 1000°C o r  g r e a t e r .  Therefore  one cannot o b t a i n  a c c u r a t e  superheat  
temperatures and accura te  c r y s t a l l i z a t i o n  temperatures,  f o r  example, 
from the  same scene,  even when shoot ing w i t h  wide l a t i t u d e  b l a c k  and 
white f i lm.  A s e r i e s  of runs  must b e  made and s h o t  a t  d i f f e r e n t  
exposures wi th  d i f f e r e n t  c a l i b r a t i o n  s t andards  t o  o b t a i n  good d a t a  a t  
such widely d ive rgen t  temperatures .  

3 .  D i f f e r e n t  l o t s  of f i l m  and d i f f e r i n g  development procedures can have 
a s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t s  obta ined.  Therefore  i t  i s  necessary  
t o  purchase a  r a t h e r  l a r g e  q u a n t i t y  of f i l m  from t h e  same l o t  and 
c o n t r o l  t h e  development process  a c c u r a t e l y .  It has  been found t h a t  
commercial l a b o r a t o r i e s  which do l a r g e  amounts of development f o r  t h e  
motion p i c t u r e  i n d u s t r y  a r e  geared t o  e x e r c i s e  t h e  amount of p rocess ing  
c o n t r o l  r e q u i r e d .  For tuna te ly ,  such l a b o r a t o r i e s  a r e  l o c a t e d  i n  the  
Los Angeles a r e a ,  s o  s e r v i c e  i s  r a p i d  and communications r e l a t i v e l y  
easy.  

4.  To o b t a i n  a c c u r a t e  temperatures,  t h e  e m i s s i v i t y  of t h e  sample and the  
c a l i b r a t i o n  s t andard  must be  known a t  a l l  t h e  temperatures  of i n t e r e s t .  
More w i l l  be s a i d  about t h i s  i n  a  l a t e r  s e c t i o n .  

5. With the lower mel t ing  temperature g l a s s e s  ( e .  g.,  the g a l l i a - c a l c i a  
g l a s s  and the  l a s e r  g l a s s e s ) ,  c r y s t a l l i z a t i o n ,  i f  i t  occurs ,  happens 
a t  such a low temperature t h a t  very l i t t l e  r a d i a n t  energy i s  emit ted  
f o r  the  f i l m  t o  record.  While u s e f u l  informat ion about n u c l e a t i o n  
and c r y s t a l  growth r a t e s  could be obta ined by i l l u m i n a t i n g  t h e  specimen, 
temperature informat ion would he t o t a l l y  l ack ing .  Shooting i n  a  
darkened room would doub t l ess  extend downward t h e  temperature range 
t h a t  could be  recorded adequate ly ,  Such a  procedure,  however, i n t r o -  
duces s a f e t y  hazards and o p e r a t i o n a l  d i f f i c u l t i e s  t h a t  must be eva lua ted  
c a r e f u l l y  . 

These d i f f i c u l t i e s  notwi ths tandiug,  cons ide rab le  p rogress  was made dur ing  
t h e  report :qg per iod.  The al ignment problems have been l a r g e l y  solved and 
3u i t ab le  s tandard exposures f o r  s e v e r a l  of t h e  h igher  temperature ranges of  
i n t e r e s t  were determined s u c c e s s f u l l y .  Some t e n t a t i v e  r e s u l t s  were obta ined 
wi th  s e v e r a l  g l a s s  compositions and a r e  summarized l a t e r  i n  t h i s  s e c t i o n .  The 
progress  made to d a t e  would n o t  have been p o s s i b l e  wi thout  t h e  kind a s s i s t a n c e  
of Dr. Lloyd Nelson of t h e  S m d i a  Corporation,  who generously shared some of 
h i s  exper iences  i n  developing s i m i l a r  procedures f o r  h i s  s t u d i e s .  
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Emiss iv i ty  of Molten Oxides 

There i s  a  pauc i ty  of informat ion i n  t h e  open l i t e r a t u r e  on t h e  e m i s s i v i t y  
of oxides .  The work of D r .  Noguchi and h i s  a s s o c i a t e s  a t  t h e  S o l a r  Research 
Laboratory,  Japanese Government Research I n s t i t u t e  (Reference 6 ) ,  provides  
almost  the  only  e x i s t i n g  d a t a  f o r  molten oxides .  D r .  Noguchi has  s t u d i e d  t h e  
f r e e z i n g  of many r e f r a c t o r y  oxides  a f t e r  s o l a r  fu rnace  mel t ing.  He h s s  c c c ~ r a t e l y  
measured the  e m i s s i v i t y  a t  0.65 micron, a s  w e l l  a s  the  f r e e z i n g  p c i n t s  of tt,b-se 
oxides .  Some of h i s  d a t a  a r e  summarized i n  Table 2. With t h e  sl-ngle except ion 
of z i r c o n i a ,  a l l  of the  oxides  s t u d i e d  e x h i b i t e d  e rn i s s i , ? i t i e s  i n  excess  of 0 .90.  
It should be noted t h a t  a l l  of the  d a t a  ob ta ined  by Dr. Noguchi a r e  f o r  *~xidla? 
wi th  mel t ing  p o i n t s  exceeding about 1900°C, The only d a t a  on lower mel t ing 
oxides  was found i n  the  Handbook of Chemistry and Physics  (Reference 7) a s  
fo l lows : 

Since t h e r e  a r e  no d a t a  on t h e  e m i s s i v i t y  i n  t h e  l i q u i d  s t a t e  of a l l  of 
t h e  oxides  of i n t e r e s t ,  i t  i s  necessa ry  t o  make a  few assumptions be fo re  an  
es t ima te  f o r  t h e  probable accuracy of t h e  proposed measurements can be made. 
These assumptions a r e :  

1. Mixtures of oxides  w i l l  have e m i s s i v i t i e s  i n  t h e  l i q u i d  s t a t e  
no lower than t h a t  of t h e  pure c o n s t i t u e n t s .  

Melt ing P o i n t ,  O C  

1800 

1637 

1 2  36 :*. 

Oxl de 

COO 

Sn02 

Copper oxide  

2. Oxides of i n t e r e s t  ( i . e . ,  Nb205, Ge02, and Moog) f o r  which we 
have no l i q u i d  e m i s s i v i t y  d a t a  have l i q u i d  e m i s s i v i t i e s  g r e a t e r  
than 0.70. 

E (most probable va lue )  

0.75 

0.32 t o  0.60 

0.70 

Inspec t ion  of Figure  8,which is  a  r e p l o t  of d a t a  appear ing i n  Reference 9,  
shows t h a t  f o r  e m i s s i v i t i e s  g r e a t e r  than 0.7, temperature  e r r o r s  l e s s  than 
60°K may be expected. A t  temperatures  below 1500°K, e m i s s i v i t i e s  a s  low a s  
0.53 should cause e r r o r s  no l a r g e r  than 60°K. The d e n s i t y  of t h e  f i l m  can 
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be read t o  accurac ies  of approximately one p a r t  i n  200. Therefore  e r r o r s  
from t h a t  source should be we l l  wi th in  t h e  c o r r e c t i o n  e r r o r  (due t o  emiss iv i ty  
unknowns). Another p o t e n t i a l  source of e r r o r  is  i n  picking o f f  t h e  t r u e  
f reez ing  o r  mel t in r  po in t  of t h e  temperature s tandard used t o  c a l i b r a t e  t h e  
f i lm. Experience has  ind ica ted  t h a t  t h i s  can be  done f a i r l y  e a s i l y  t o  wi th in  
about 10°K. It would appear reasonable,  then,  t h a t  i f  a  c o r r e c t i o n  of 30°K 
were added t o  temperatures obta ined from t h e  f i lm,  t h e  t r u e  temperature should 
be s a f e l y  wi th in  - + 30'. 

Temperature Standards 

With t h e  technique 7mploved t o  da te ,  a t  l e a s t  two pure oxides  wi th  known 
melting po in t s  a r e  l a s e i  melted on each l o t  of f i lm.  A t  l e a s t  one of t h e s e  i s  
melted f o r  each r o l l  t o  check v a r i a t i o n s  and constancy of developnent proce- 
dures. The oxide chosen f o r  each r o l l  i u i t h  a mel t ing point  wi th in  t h e  
temperature range of i n t e - e s t )  i s  s e l e c t e d  s o  t h a t  t h e  f i l m  d e n s i t y  obtained 
a t  i t s  mel t ing point  i s  i n  t h e  c e n t e r  one t h i r d  of t h e  d e n s i t y  range ob ta inab le  
f o r  t h e  s e t  of exposure cond i t ions  chosen. The oxides  s e l e c t e d  f o r  temperature 
s tandards  a r e :  

*'2'3 

coo 

Oxide 

Hot-pressed 4-inch-long, 1/4-inch-diameter rods  of each of t h e  above 
oxides were ordered from t h e  Baselden Co. D f f f i c u l t y  was experienced i n  
hot p ress ing  a l l  but t h e  alumina and n iob ia  (which have been rece ived) .  
R c  . n t l y  t h e  shape requested was changed t o  f l a t  d i s c s  about 1 inch i n  
diameter. It is  a n t i c i p a t e d  t h a t  t h e  balance of t h e  oxides  w i l l  be received 
i n  time f o r  use i n  t h e  sounding rocket  program. For exp lora to ry  sxper imental  
purposes, high p u r i t y  V205 was cold-pressed i n t o  a f l a t  d i s c .  Th i s  permit ted  
some coverage of t h e  e n t i r e  temperature range of i n t e r e s t ,  al though not  i n  
a s  much d e t a i l  a s  des i red.  

Melting Point  ("c) 
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on t h e  f i l m  was a b i t  l a r g e r  than  t h e  spot  s i z e ,  so  t h a t  it  was p o s s i b l e  t o  
o b t a i n  good read ings  when t h e  sample was e n t i r e l y ,  o r  n e a r l y  a l l  molten. 
Good readings  normally could no t  be 3bta ined,  f o r  example, when t h e  sample 
w a s  approximately 50-percent molten. 

It i s  planned t o  read d e n s i t i e s  from a p r o j e c t e d  image i n  t h e  f u t u r e  
us ing  a densi tometer  designed f o r  e n l a r g i n g  work i n  photography. Such a 
technique should p e r s i t  t h e  reading o f  temperature  a t  any po in t  i n  t h e  speci -  
men des i red .  Reasonably good read ings  of t h e  l i q u i d u s  and s o l i d u s  temperatures  
should be o b t a i n a b l e  wi th  t h i s  technique.  It should a l s o  be p o s s i b l e  t o  
determine t h e  amount of undercooling occur r ing  i n  samples t h a t  c r y s t a l l i z e  on 
cooling.  

P a r t i c u l a r  d i f f i c u l t y  was experienced i n  o b t a i n i n g  good readings  on t h e  
alumina and n i o b i a  temperature s tandards .  Usually t h e  s i z e ,  a s  recorded on 
t h e  f i lm,  of t h e  molten pool formed on t h e  end of  t h e  rod was l e s s  than  t h e  
densi tometer  spot  s i z e .  However, i t  was p o s s i b l e  t o  o b t a i n  a smal l  number 
of good readings  s o  t h a t  a f i r s t  approximation of t h e  superheat ing temperature 
was obta ined.  These r e s u l t s  a r e  summarized a s  follows: 

Composition 

40 CaO l a s i n g  g l a s s  

G a l l i a  - 20 c a l c i a  

Alumina - 40 l an thana  - 
20 c a l c i a  

Alumina - 30 c a l c i a  I 

Maximum (superheat )  
Temperature, 'C 

Approximate Time 
t o  Reach Max. 

Temperature, sec .  

These va lues  r e p r e s e n t  t h e  range obta ined £01 a number of d i f f e r e n t  
runs. It should be noted t h a t  some r u n s  of each m a t e r i a l  approached 2200°C. 
Therefore  i t  would appear t h a t  a given s i z e  sample qu ick ly  reaches  a tempera- 
t u r e  equ i l ib r ium t h a t  r e p r e s e n t s  a s t a t e  i n  which t h e  power input  from t h e  
l a s e r  equa l s  t h e  energy l o s t  by r a d i a t i o n  and conduction t o  t h e  s u ~ p o r t i n g  
a i r  stream. It i s  apparent  t h a t  t h e  only  way t o  reduce t h e  temperature  
achieved i s  t o  reduce t h e  power of t h e  l a s e r  beam. Th i s  was done i n  exper i -  
ments wi th  t h e  l a s i n g  g l a s s ,  t h e  r e s u l t s  of which a r e  r epor ted  e a r l i e r .  

Se lec ted  p o r t i o n s  of scenes  from t h e  motion p i c t u r e s  ob ta ined  have 
been assembled i n t o  a s h o r t  movie which has  been shown t o  i n t e r e s t e d  NASA, 
academic, and i n d u s t r y  personnel.  Se lec ted  frames from t h a t  movie a r e  
reproduced a s  F igures  9 through 14. They h i g h l i g h t  some of t h e  more i n t e r e s t i n g  
even t s  observed i n  t h e  f i l m s  . 



a, Frame 582 (0  eec) 

c. Frame 609 (0.31 see) 

Figure 9. Crystallization of 40 La203 - 40 A I Z O j  - 20 CaO 



a. Frame 2002 (0  sec] 

Melting-Liquid + undiaeolved, 
crya talline solid 

Laser beam caraing from left,  rear 

b. Frame 2346 (5.4 aec) 

Cooling (glass) 

Figure 10. Glass Formation with 40 La203 - 40 A1203 - 20 CaO 



a. Frame 1038 (0 aec) 

Melting 
Liquid + undissolved, crystalline solid. 

Laser beam coming from left-rear 

b. kame 1374  15.6 sec) 

Cooling (glass) 

c, Frame 1421 (6.0 see) 

Cooling (glass) 

Figure 11. Glass Formation i l i t h  40 La 0 - 40 AI2O3 - 20 CaO 2 3 
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a. Frame 3630-Glass With Bubbles 

c. Frame 4874 (0.9 see) 

Figure 12. Glass Formation With 70 Al2O3 - 30 CaO 



a. Frame 7825 (0  see) 

b, Frame 7832 10.11 sec) 

c ,  Frame 7936 (1.7 sec) 

F l ~ u r e  13. 4U CaO Laser Glass 



g. 1.06 sec 
Figure 14. 80 Ga203 - 20 CaO Showing Turbulence During Melting 
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The f c u r  frames s e l e c t e d  f o r  Figure  9 show t h e  p rogress  of a c r y s t a l  
growth f r o n t  which s t a r t s  a t  t h e  t o p  of t h e  sample and proceeds downward. A s  
can be seen from t h e  t i m e s  shown on t h e  f i g u r e ,  t h e  c r y s t a l  grows q u i t e  
r a p i d l y ,  t ak ing  s l i g h t l y  over  1 second t o  consume t h e  e n t i r e  melt .  The 
bottom frame i s  i n t e r e s t i n g  i n  t h a t  t h e  c r y s t a l  f r o n t  a c t u a l l y  grew p a s t  t h e  
conf ines  of t h e  l i q u i d  from which i t  formed, l eav ing  a s p i k e  on t h e  su r face .  

Figure  10,  a l s o  of t h e  t e r n a r y  lanthana-alumina-calcia composit ion,  
shows i n  t h e  upper frame t h e  appearance j u s t  b e f o r e  a 100-percent molten s t a t e  
i s  reached. Note t h e  b o i l i n g  occur r ing  a t  t h e  upper l e f t  p a r t  of t h e  sample 
and t h e  unmelted p o r t i o n  which shows up a s  a da rke r  zone t o  t h e  r i g h t  of  t h e  
v e r t i c a l  c e n t e r  i i n e .  In  t h e  lower frame is  shown t h e  coo l ing  g l a s s .  It i s  
r e l a t i v e l y  f e a t u r e l e s s ,  a s  might be expected. The bottom p o r t i o n  i s  darker ,  
i n d i c a t i n g  t h a t  it is  cooler .  Th i s  probably r e p r e s e n t s  e x t r a  coo l ing  r e s u l t i n g  
from t h e  impinging a i r  s t ream from t h e  wind tunne l .  It should a l s o  be noted 
t h a t  t h e  probe i t s e l f  i s  i n v i s i b l e  i n  t h i s  frame, a n  i n d i c a t i o n  t h a t  i t  i s  a t  
a much lower temperature than t h e  coo l ing  melt .  The reader  should be caut ioned 
a g a i n s t  a t tempt ing t o  draw any i n f e r e n c e s  about temperature by comparing one 
frame wi th  another  i n  t h i s  o r  any of t h e  o t h e r  sequences shown here .  These 
a r e  p r i n t s  from t h e  o r i g i n a l  nega t ive  prepared i n  Rockwell's product ion 
p r i n t i n g  shop. Therefore ,  t h e  p r i n t i n g  exposure was v a r i e d  i n  o r d e r  t o  produce 
a good-appearing p r i n t .  

F igure  11, a l s o  of  t h e  t e r n a r y  g l a s s ,  shows frames from ano thz r  run t h a t  
r e s u l t e d  i n  g l a s s  formation. The top frame shows mel t ing and 'he lower two 
frames show t h e  cool ing g l a s s .  These two frames a r e  i l l u s t r a t i v e  3f t h e  po in t  
made i n  t h e  preceding paragraph and show s i m i l a r  o v e r a l l  d e n s i t i e s  i n  t h e  
p r i n t  f n  s p i t e  of t h e  f a c t  t h a t  t h e  lower frame is  s i g n i f i c a n t l y  c o o l e r  than  
t h e  c e n t e r  one. The lower frame shows t h e  o u t l i n e  of  t h e  p a r t i a l l y  d i s so lved  
s i l i c a  probe and is  i l l u s t r a t i v e  of t h e  cl imbing e f f e c t  noted when t h e  a i r  
v e l o c i t y  from t h e  tunne l  is  too high o r  t h e  superheat  temperature excess ive .  

Figure  12 shows g l a s s  formation wi th  two runs  of t h e  70130 alumina-calcia 
composition. Many bubbles can be ssen.  Both climbed t h e  probe, but  not  
symmetrically. I n  t h e  run of Figure  12a, t h e  cl imbing i s  up and t o  t h e  l e f t .  
I n  Figure  12b and 12c,  t h e  cl imbing i s  up and away from t h e  camera. The 
p a r t i a l l y  d i s so lved  probe can be seen c l e a r l y  i n  t h e  latter two p r i n t s .  

Figure 1 3  shows frames from one mel t ing  sequence of  t h e  40 m/o c a l c i a  
l a s i n g  g lass .  Note t h a t  i n  t h e  upper frame, l a r g e  bubbles can be seen a t  t h e  
four  t o  f i v e  o 'c lock p o s i t i o n  nea r  t h e  su r face .  The bubbles appear t o  be  gone 
i n  t h e  c e n t r a l  frame and reappear  i n  t h e  bottom frame. I t  is f e l t  t h a t  t h e  
apparent  disappearance of t h e  bubbles may be a s s o c i a t e d  wi th  t h e  o p t i c a l  
c h a r a c t e r i s t i c s  of t h e  m a t e r i a l  a t  e l eva ted  temperatures .  The m a t e r i a l  appears  
t o  be opaque a t  0.66 micron a t  a temperature  range achieved i n  t h e  c e r t e r  frame. 
The absorp t ion  band has  apparen t ly  swept t o  ano the r  wavelength i n  t h e  bottom 
frame and t h e  m a t e r i a l  i s  aga in  t r a n s p a r e n t  a t  0.f '  IJ. 

The frames s e l e c t e d  f o r  Figure  14 show t h e  g a l l i a - c a l c i a  g l a s s  a s  i t  i s  
being melted. Note t h a t  t h e  dark ,  unmelted, p o r t i o n  changes p o s i t i o n  r a p i d l y  
from frame t o  frame. Ohservation of t h e  movie shows c l e a r l y  t h a t  t h e  unmelted 
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p o r t i o n  i s  s w i r l i n g  rap id ly ,  i n d i c a t i n g  t h e r e  i s  s t r o n g  tu rbu lence  w i t h i n  t h e  
melt a s  it  is being melted. The reason t h e  b o i l i n g  from t h e  impinging l a s e r  
beam cannot be seen i n  Frames b  through e is  t h a t  t h e  l a s e r  used i s  of t h e  
a l t e r n a t i n g  cur ren t  type and those  frames happened t o  be sho t  dur ing t h e  o f f  
p o r t i o n  of t h e  cycle .  

Discussion of Progress  t o  Date 

It is f e l t  t h a t  t h e  major hurd les  have been overcome i n  development of a  
v i a b l e  cinematography techniq-ie f o r  s tudy ing  t h e  a i r  suspens ion / lase r  mel t ing  
process  i n  d e t a i l .  The alignment and exposure problems have been solved and 
t h e  temperatures determined t o  d a t e  have been s u f f i c i e n t l y  a c c u r a t e  t o  enab le  
us t o  g lean  va luab le  informat ion from t h e  motion p i c t u r e s .  Several  a r e a s  need 
f u r t h e r  work. These a r e  summarized i n  t h e  following  paragraph^. 

Densitometer techniques  need improvement. It i s  f e l t  t h a t  r ead ing  
d e n s i t i e s  of t h e  negat ive  from a  p ro jec ted  image w i l l  enable  f a s t ,  a c c u r a t e  
measurements t o  be made i n  any p o r t i o n  of t h e  sample des i red .  It i s  a n t i -  
c i p a t e d  t h a t  a  s u i t a b l e  dens i t iomete r  t o  enable  t h i s  t o  bz done w i l l  be 
purchasea on t h e  sounding rocket  program. A s  a  backup, t h e r e  i s  a  micro- 
densitometer a v a i l a b l e  a t  t h e  Rockwell Science Center i n  Thousand Oaks, 
C a l i f o r n i a .  We a r e  r e l u c t a n t  t o  use i t ,  however, because t h e  measurements a r e  
time-consuming and t h e  l o c a t i o n  i s  r e l a t i v e l y  remote from where t h e  bulk of 
t h e  work w i l l  be done. 

More temperature s t andards  a r e  needed, e s p e c i a l l y  a t  temperatures below 
1500°c. It i s  hoped t h a t  t h e  complete s e r i e s  o f  hot-pressed rods ,  hopefu l ly  
t o  be received s h o r t l y ,  w i l l  f i l l  i n  t h e  gaps t h a t  p r e s e n t l y  e x i s t .  B e t t e r  
emiss iv i ty  da ta ,  e s p e c i a l l y  i n  t h e  l i q u i d  s t a t e  j u s t  above t h e  c r y s t a l l i n e  
mel t ing temperature of t h e  lower mel t ing po in t  pure oxides ,  would be most 
h e l p f u l  i n  improving confidence i n  t h e  temperatures  determined. It i s  no t  
proposed t o  do such work on t h i s  program i n  t h e  near  f u t u r e ,  however, because 
of funding and manpower l i m i t a t i o n s .  

It would be d e s i r e a b l e  t o  o b t a i n  f i l m  i n  r o l l s  g r e a t e r  than 125 f e e t  i n  
length .  Th is  i s  t h e  s tandard l eng th  suppl ied by Eastman Kodak f o r  t h e  
She l lburs t  f i lm.  I n q u i r i e s  a r e  beinc  made about ob ta in ing  500-f oo t  r o l l s  
on s p e c i a l  o rder .  I f  t h e  minimum q ~ - . , l t i t i e s  requ i red  a r e  not  too  l a r g e ,  
t h e  a v a i l a b i l i t y  of longer  r o l l s  w i l l  considerably  reduce t h e  footage consumed 
f o r  c a l i b r a t i o n  (with tempel-ziure s t andards )  and should permit s t u d i e s  of 
longer  cycles .  This  may become e s p e c i a l l y  important a s  we ge t  more i n t o  
prepar ing g l a s s  samples us ing lower superheat  temperatures than have been used 
i n  t h e  pas t .  
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SOUNDING ROCKET EXPERINENT STUDIES 

During t h e  r e p o r t i n g  pe r iod  some work was done t o  suppor t  a  probe (o r  
s t i n g )  p o s i t i o n i n g  approach f o r  sounding r o c k e t  experiments.  I t  was f e l t  by 
NASA t h a t  t h e  G f o r c e s  w i t h i n  t h e  sounding r o c k e t s  dur ing  t h e  c o a s t i n g  phase 
of t h e  f l i g h t s  would be too  h igh t o  permit  a  f r e e - f l o a t i n g  sample dur ing  t h e  
me l t ing  and coo l ing  p o r t i o n s  o f  t h e  g l a s s  p r e p a r a t i o n  cyc le .  NASA personnel  
? l s o  expressed t h e  op in ion  t h a t  a c o u s t i c  p o s i t i o n i n g  development had' n o t  
progressed f a r  enough ( a s  of t h e  summer o f  1975) t o  permit  schedu l ing  of e a r l y  
f l i g h t s  w i t h  t h e  g a l l i a - c a l c i a  g l a s s .  The reason f c r  t h e  h e s i t a n c y  on NASA'S 
p a r t  was t h e  t i e - i n  of  s o n i c  p o s i t i o n i n g  wi th  a fu rnace  capable  o f  h e a t i n g  
g a l l i a - c a l c i a  melts t o  t h e  temperature  range,  1550 t o  1 6 0 0 " ~  i n  a i r .  

Probe Experiments - 
I n  response  t o  t h i s  informat ion,  i t  was decided t o  propose t o  NASA a n  

approach i n  which p o s i t i o n i n g  was achieved by means of a s i l i c a  probe,  a long  
t h e  l i n e s  of t h e  t e r r e s t r i a l  r e s e a r c h  wi th  t h e  v e r t i c a l  wind tunnel .  There 
appeared t o  be l i t t l e  doubt t h a t  t h e  w e t t i n g  f o r c e s  between t h e  sample and t h e  
probe would be more than adequate  t o  cope w i t h  t h e  smal l  g f o r c e s  i n  t h e  
sounding rocke t .  The p r i n c i p a l  concern is  t h a t  i n  a near-zero-gravity f i e l d  
t h e  sample may c reep  a long  t h e  probe,  be ing  d r i v e n  by w e t t i n g  fo rces ,  and t h e  
end r e s u l t  may be a sample w i t h  t h e  probe completely embedded through a d ia-  
meter. Such a c o n d i t i o n  would undoubtably cause  t h e  sample t o  s h a t t e r  on 
c o o l i n g  because of d i f f e r e n t i a l  thermal  c o n t r a c t i o n  between t h e  sample and t h e  
s i l i c a  probe. 

There appeared t o  be two approaches t o  p reven t ing  probe embedment: 

1. Use two probes on the  same a x i s  wi th  t h e  sample suspended between 
them. Surface  t e n s i o n  f o r c e s  would then be oppos i t e  and equa l  and 
movement a long e i t h e r  probe p reven tede l  

2. Use v i t r e o u s  carbon a s  a "stop-off" m a t e r i a l .  Th i s  i s  d i scussed  i n  
more d e t a i l  l a t e r  i n  t h i s  s e c t i o n .  

Some curso ry  experiments were performed i n  an a t t empt  t o  determine whether 
c reep  a long  t h e  probe was a r e a l  problem and a l s o  whether t h e  use  of two probes 
would, indeed,  so lve  the  problem. Samples o f  bo th  gall ia--20 w/o c a l c i a  and 
alumina--30 wlo c a l c i a  were puddled on to  t h e  end of some s i l ' ca  probes,  i n  t h e  
same manner used f o r  performing t h e  a i r  suspension mel t ing .  I n  t h e  experiments 
performed i n  t h i s  case  the  probe was chucked i n  a h o r i z o n t a l  p o s i t i o n  over  t h e  
wind t u n n e l  e x i t  and t h e  g lob of oxide  melted w i t h  t h e  l a s e r  beam. Numerous 
a t t e m p t s  were made t o  a d j u s t  t h e  a i r  s t r eam v e l o c i t y  t o  hold t h e  molten 
sample o p p o s i t e  t h e  end of  t h e  probe a s  fo l lows:  

lUnlcu\ ttic ends ol. the prohes were separated by less than one melt dlarnctt r .  in whlcli caw partla1 errlhedrnent could result J\ tile 
surfhcc tension I'orces c'auwd the sarnple to aswlne a \phcrlcal shape. 



I n  each case  the  sample ended up d i s t r i b u t e d  along t h e  end por t ion  of t h e  
probe, a s  follows: n 

It was d i f f i c u l t  t o  determine whether creeping was t h e  reason o r ,  a l t e r n a -  
t i v e l y ,  whether t h e  f i n a l  p o s i t i o n  r e s u l t e d  from unbalanced f o r c e s  because of 
t h e  d i f f i c u l t y  of a d j u s t i n g  the  air  v e l o c i t y  t o  o b t a i n  a  t r u e  equ i l ib r ium 
p o s i t i o n  i n  l i n e  wi th  t h e  probe. Next, a  second, handheld probe was touched 
t o  the  m e l t  and a  l i q u i d  pool  was formed between t h e  two probes. It was found 
p o s s i b l e  t o  move the  hand-held probe i n  and ou t  and change t h e  l eng th  and 
diameter of t h e  suspended l i q u i d  s i g n i f i c a n t l y ,  a s  follows: 

and 6-o-h 

There appeared t o  be no tendency f o r  t h e  sample t o  surround e i t h e r  probe. 
I f  the  movable probe were withdrawn t o  t h e  p o i n t  t h a t  tila melt  f r a c t u r e d  it 
i n v a r i a b l y  hopped back onto  one of the  probes i n  t h e  fol lowing manner: 

The conclusion t h a t  may be drawn froin these  experiments is  t h a t  t h e  two- 
probe approach appears e f f e c t i v e  i n  prevent ing creep o r  embedr,aent of the  
sample. It was no t  p o s s i b l e  t o  determine conclus ively  whether embedment would 
be a  r e a l  problem i n  zero g rav i ty .  However, i t  appeared t h a t  such probably 
would be the  case. 

Some samples of "vi t reous"  carbon were obta ined from a  s u p p l i e r ,  t h e  
Beckwith Carbon Corporation of Van Nuys, C a l i f u r n i a .  V4treous  car'bon i s  
prepared by t h e  thermal degraciation of c e r t a i n  organic  polymers, such a s  
phenol ics .  It i s  termed "vi t reoust '  because of i t s  glossy (black)  appearance 
and i t s  conchoidal  f r a c t u r e .  I t  is  no t  t r u l y  a  g l a s s  bu t  appears  t o  have a 
" t u r b o s t r a t i c "  s t r u c t u r e  consis t inp,  mainly of g raph i te - l ike  hexagonal l a y e r s  
i n  ve ry  smal l  "packets", wi th  no t r u e  g r a p h i t e  o r i e n t a t i  ... bt tween t h e  l a y e r s .  
The c r y s t a l l i t e  s i z e  appears  t o  be a  decade o r  more ~maller than t h a t  f c r  a 
t y p i c a l  e l e c t r o d e  graphi te .  

Several  experiments were performed t o  determine whether v i t reoi is  carbcn 
would prove t o  be a  s u i t a b l e  m a t e r i a l  f o r  prevent ing creep of g l a s s  mel ts  i n  
zero g rav i ty .  The f i r s t  experiment cons i s ted  of a t t empt ing  t o  melt  samples of 
t h e  35 m/o CaO l a s i n g  g l a s s  on a  f l a t  s l a b  of v i t r e o u s  carbon. The f i r s t  s i x  
o r  seven a t tempts  r e s u l t e d  i n  c r y s t ~ l l i n e  mate r ia l .  There appeared t o  be 
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a b s o l u t e l y  no wet t ing  of the  carbon by t h e  l a s i n g  g l a s s  candidate  composition, 
however, F i n a l l y ,  a smal ler  sample was malted and a g l a s s  sample was produced. 
Half of t h i s  sample was s e n t  t o  Owens-Illinois who confirmed i t  was '"0-percent 
g lassy.  There a r e  a l t d r n a t i v e  explanat ions  f o r  t h e  f a i l u r e  of the  e a r l i e r  
a t t empts  t o  y i e l d  g lass .  The m o ~ r  p l a u s i b l e  exp lana t ion  t o  t h e  w r i t e r ,  i s  t h a t  
t h e  aample was too l a r g e ,  coupled wi th  a h e a t  s i n k  e f f e c t  from t h e  carbon s l a b  
s o  t h a t  it  was n o t  p o s s i b l e  t o  h e a t  t h e  e n t i r e  sample above t h e  l iqu idus .  The 
p o s s i b i l i t y  t h a t  t h e  v i t r e o u s  carbon nucleated t h e  m a t e r i a l  on cool ing cannot 
be conclus ively  r u l e d  o u t ,  however. 

Attempts t o  prepare  g a l l i a - c a l c i a  g l a s s e s  oq t h e  v i t r e o u s  carbon s l a b  
were inconclusive  because t h e  m a t e r i a l  skipped o f f  t h e  s l a b  a s  soon a s  i t  was 
melted. No b e t t e r  r e s u l t s  were obta ined when a t t empts  were made t o  melt the  
m a t e r i a l  on t h e  concave s u r f a c e  of a p iece  of broken v i t r e o u s  carbon tubing.  
F i n a l l y ,  a sl!.ver of v i t r e o u s  carbon was wired t o  t h e  s i d e  of a probe and a 
g l a s s  sample was prepared.  This se tup  was a s  follows : 

w i r e  
s i l i c a  probe --a 1 b v i t r e o u s  carbon s i l v e r  

&- g a l l i a - c a l c i a  sample 

Wich t h i s  experiment the  v i t r e o u s  carbon p r o j e c t e l  w e l l  i b t o  the  molten 
g a l l i a - c a l c i a  g l a s s  sample. TIiis experiment tends  t o  confirm the  e a r l i e r  
r e s u l t s  wi th  t h e  l a s e r  g l a s s  t h a t  v i t r e o u s  carbon may n o t  nuc lea te  t h e  g l a s s e s  
on yooling. Fur ther  experiment9 w i l l  be t o  be performed, however, be fore  
confidence can be obtained i n  v i t r e o u s  carbon a s  a p o t e n t i a l  s topof f  m a t e r i a l .  

A s tudy was i n s t i t u t e d ,  us ing Rockwell i n t e r n a l  funding, t o  des ign equip- 
ment f o r  incorpora t ing  t h e  probe approach i n t o  an  ARTCOR ceramic element furnace.  
The b a s i c  approach of t h i s  des ign involved t h e  p o s i t i o n i n g  of two samples i n s i d e  
t h e  furnace c a v i t y  wi th  s i l i c a  probes. Vi t reous  carbon tubes  surrounded t h e  
I,., bes t o  p.r?vc.nt creep along the  probes. The design a l s o  permit ted  t h e  use of a 
two probes wi th  one sample i n  t h e  event t h a t  f u r t h e r  experiments t h a t  were t o  
be performed dur ing t h e  course  of t h e  sounding r o c k e t  program demonstrated t h a t  
t h e  use of v i t r e o u s  carbon was too  r i s k y .  P r o p r i e t a r y  f e a t u r e s  were a l s o  
included t o  support  t h e  samples dur ing l i f t o f f  and t o  permit  r a p i d  cool ing 
a f t e r  the  samples were melted and superheated,  

' A s  of t h i s  w r i t i n g  t h e  AFLTCOR furnace w i l l  n o t  be used on the  f i r s t  few 
f l i g h t s .  NASA has decided t o  pursue a c o u s t i c  p o s i t i o n i n g  wi th  a high-temperature 
furnace,  ins tead .  
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I t  seems a p p r o p r i a t e  t o  p o i n t  o u t  t h a t ,  a s  of  t h e  t imc of t h e  p r e p a r a t i o n  
of t h i s  r e p o r t ,  t e r r e s t r i a l  r e s e a r c h  work r e q u i r e d  t o  s u p p o r t  fu t l : r e  sounding  
r o c k e t  f l i g h t s  i s ,  e f f e c t i v e l v ,  b e i n g  t e rmina t ed  by NASA. While t h e  w r i t e r  
e x p e c t s  t o  p a r t i c i p a t e  i n  two e a r l y  sounding  r o c k e t  f l i g h t s ,  a v a i l a b l e  fund ing  
pe rmi t s  o n l y  t h e  minimum work r e q u i r e d  t o  s u p p o r t  d i r e c t l y  t i r o se  two f l i g h t s .  

The f i r s t  two f l i g h t s  a r e  ~ c h e d u l e d ~ g o  a t t e m p t  t o  p r e p a r e  one h a l f - i n c h  
d i ame te r  s p h e r e s  of g l a s s  from t h e  gallf:g&20 w/o c a l c i a  and alumina-30 w/o 
c a l c i a  composi t ions .  

No work i s  scheduled  t o  c o n t i n u e  t h e  work o n  l a s i n g  g l a s s e s .  Work t h a t  
needs t o  b e  done at  a n  e a r l y  d a t e  i n c l u d e s :  

1. F u r t h e r  expe r imen ta l  work t o  de t e rmine  a  s u i t a b l e  s t a r t i n g  m a t e r i a l .  
One such  p o s s i b i l i t y  is  h o t  p r e s s i n g .  

. Owens-I l l ino is  h a s  been deve lop ing  l i t h i a - f r e e  l a s e r  g l a s s  c a n d i d a t e  
composi t ions  i n  r e sponse  t o  t h e  h i g h  l i t h i a  l o s s e s  encoun te red  i n  
t h e  c o n t a i n e r l e s s  l a s e r  m e l t i n g  expe r imen t s  perform?d t o  ds!.c. 
These composi t ions  need t o  b e  e v a l u a t e d  i n  t h e  c o n t a i n e r l e b a  i a s e r  
m e l t i n g  s e t u p .  Such a n  e v a l u a t i o n  should  i n c l u d e  cinemato:raphic 
s t u d i e s  a s  w e l l  a s  l i a o i d u s  t empera tu re  d e t e r m i n a t i o n s .  

3. F u r t h e r  work i s  r e q u i r e d  t o  minimize s i l i c a  p izkup d u r i n g  t e r r e s -  
t r i a l  p r e p a r a t i o n .  P o s s i b i l i t i e s  f o r  accompl i sh ing  t h i s  i n c l u d e :  

a .  Reducing t h e  s u p e r h e a t  t empera tu re  and messur ing  t h e  temp- 
e r a c u r e s  a c t t i a l l y  ach i eved  u s i n g  c i  2 e ~ a t r . g r a p h y  t echn iques .  

b. Per forming expe r imen t s  w i t h  a 1-g a c o u s t i c  l e v i t a t i o n  u n i t  
w i t h o u t  t h e  u s e  of s i l i c a  p robes .  The C02 l a s e r  cou ld  con- 
v i z n t l y  b e  used t o  me l t  t h e  samples .  Such aK a p p m a c h  should  
a l s o  pe rmi t  t h e  eva . l ud t ion  of  d i f f e r e n t  melt i r lg  atmosphere 
composi t ions ,  such  a s  a i r ,  oxygen, and i n e r t  g a s s e s  such  a s  
a rgon .  

It i s  f e l t  t h a t  t h e  l a s e r  g l a s s e s  may r e p r e s e n t  some of  t h e  most s a l e a b l e  
p o t e n t i a l  accomplishments  of t h e  NASA space  p r o c e s s i n g  a c t i v i t y .  S ince  they  
g e n e r a l l y  have low m e l t i n g  p o i n t s ,  t h e i r  p r e p a r a t i o n  i n  sounding r o c k e t  e x p e r i -  
ments shoa ld  pose s imp le r  equipment problems t h a n  i s  t h e  c a s e  w i t h  t h e  o p t i c a l  
g l a s s  c a n d i d a t e  c ~ m p o a d t i o n s ,  many of wllich have l i q u i d u s  t empera tu re s  
exceediqg  1700 C* 
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