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Abstract 

C r y s t a l l i z a t i o n  ca lcu lat ions were peifcrmed i n  order t o  determine 

the p o s s i b i l i t y  o f  forming a p a r t i c u l a r  type o f  laser  glass w i t h  the 

avoidance o f  d e v i t r i f i c a t i o n  i n  an outer space laboratory. Although the 

1 aser g1 ass i n  question r e a d i l y  c r y s t a l  1 izes  i n  an ear th  envi ronsent , 
i t  i s  demonstrated t h a t  under the homogeneous nucleat ing condi t ions 

obtainable i n  a zero g r a v i t y  laboratory t h i s  l a s e r  glass may be e a s i l y  

quenched t o  a v i r t u a l l y  c r y s t a l  - f ree product. Furthermore, experimental 

evidence i s  provided t h a t  use o f  t h i s  mater ia l  as a host i n  a neodymium glass 

l a s e r  would r e s u l t  i n  more than a 10% increase i n  e f f i c i e n c y  when com- 

pared t o  laser  glass rods o f  a s i m i l a r  composition cur ren t ly  comnercial ly 

avai 1 ab1 e. 

A number o f  experimental studies are described which provide the 

input  data needed f o r  the  c rys ta l  nucleat ion and growth studies and also 

lend experimental support t o  the conjecture t h a t  the  l a s e r  glass mater ia l  

under inves t iga t ion  can be produced w i t h  t h e  avoidance o f  d e v i t r i f i c a t i o n  

i n  outer  space but  not  on earth. 

analysis, thermal gradient oven, x-ray d i f f r a c t i o n ,  and l i q u i d u s  deter- 

mination experiments were car r ied  out  t o  determine the basics o f  the 

c rys ta l  1 i zat ion behavior o f  the glass, and smal 1 -angle x-ray sca t te r ing  

I n  p a r t i c u l a r ,  d i f f e r e n t i a l  thermal 

and splat-cool i n g  experiments were performed i n  order t o  provide add 

evidence f o r  the f e a s i b i l  Sty o f  producing t h i s  laser  glass mater ia l ,  

c rys ta l  f ree,  i n  an outer  space environment. 

t iona  

v i  



Summary 

The purpose of th is  six-month study was t o  consider the f e a s i b i l i t y  

of  producing improved laser  glass mater ia l  i n  an outer  space laboratory.  

The unique advantage o f  outer  space, p a r t i c u l a r l y  germane t o  t h i s  study, 

i s  the zero g condi t ion o r  weightlessness. 

p l o i t e d  t o  melt  and form glass i n  outer  space without r e l y i n g  upon a 

container. Since the container wal ls  and impur i t ies  introduced i n t o  the 

bulk o f  the  glass from the container wa l ls  serve as heterogenious c r y s t a l  

nucleat ion s i tes,  the e l iminat ion o f  the container w i l l  g r e a t l y  reduce the 

a b i l i t y  f o r  c r y s t a l  nuc le i  t o  form i n  the mel t  and thus deter the d e v i t r i -  

f i c a t i o n  process. 

This condi t ion may be ex- 

A major por t ion  o f  t h i s  study was devoted t o  c lass ica l  homogeneous 

nucleat ion ca lcu lat ions and c rys ta l  growth ca lcu lat ions f o r  a laser  glass 

system, which are appropriate f o r  the  condi t ions I f  an outer space 

1 aboratory. We demonstrate t h a t  i n  the absence o f  heterogeneous nucleat- 

i n g  s i t e s  our experimental l a s e r  glass mater ia l  may be r e a d i l y  formed 

c rys ta l  free. 

I n  add i t ion  a number o f  experiments were performed i n  order t o  

obta in  informat ion essent ia l  f o r  the above ca lcu lat ions and t o  provide 

f u r t h e r  evidence f o r  t h e  feas i  b i  1 i ty o f  producing our experimental 1 aser 

glass i n  outer space and demonstrate the i m p o s s i b i l i t y  o f  i t s  c rys ta l - f ree  

production on earth. In p a r t i c u l a r ,  thermal gradient oven eyperiments, 

D.T.A. ( d i f f e r e n t i a l  thermal analyses) studies, l iqu idus  deter, , inat ion,  

and x-di f f r a c t i o n  analyses were 4erformed t o  e luc idate the fundamental 

phase behavior o f  the laser  glass system under invest igat ion.  Furthermore, 

- I -  



SAXS (small-angle x-ray scat ter ing)  data were co l lec ted  t o  study the pos- 

s i b l e  existence of a phase separation mechanism ac t ing  as a precursor t o  

the nucleat ion o f  the c rys ta l  phases observed. No evidence o f  a l i q u i d -  

l i q u i a  i m m i s c i b i l i t y  was found f o r  the  glass prepared v i a  the standard 

a i  r-quench procedure. Also a spl at-cool i n g  experiment was car r ied  ou t  

t o  observe the c r y s t a l l i z a t i o n  behavior exhib i ted by the laser  glass under 

very r a p i d  cool ing rates. 

c r y s t a l l i t e s  d i d  form, the i n t e r i o r  o f  the sample was c r y s t a l  free. This 

r e s u l t  serves t o  i l l u s t r a t e  the p o i n t  t h a t  ear th  f a b r i c a t i o n  o f  t h i s  mate- 

r i a l  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  surface contact, re-  

gardless o f  the cool ing rate.  Yet, i t  also ind icates 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  mater ia l  c rys ta l  free. O f  course, on 

ear th  i t  i s  not  feas ib le  t o  produce laser  glass by a sp lat -cool ing 

technique (even i f  surface c rys ta ls  d i d  not appear) since only  t h i n  

samples may be prepared i n  t h i s  manner. 

It was observed t h a t  although small surface 

F i n a l l y ,  the economScs associated w i t h  l c s e r  glass production was 

assessed. We i l l u s t r a t e d  how a small increase i n  laser  e f f i c i e n c y  

cGuld produce a sizeable cost reduct ion i n  the USA l a s e r  fus ion program. 

Furthermore, the f a b r i c a t i o n  o f  more e f f i c i e n t  glass lasers could open 

up new markets f o r  t h i s  pro\ Jct  h i t h e r t o  untapped. 

- 2 -  



R O  

I. Int roduc t ion  

The primary ob jec t ive  o f  t h i s  program i s  t o  examine the f e a s i b i l i t y  

o f  producing improved and novel glassy mater ia ls  f o r  use i n  l ase r  sysLems 

i n  an outer  space laboratory.  

i n  t h i s  repor t ,  have been r e s t r i c t e d  t o  an inves t iga t ion  o f  glasses which 

would be used i n  the fab r i ca t i on  o f  l ase r  rods. Since the u l t imate  goal 

o f  t h i s  program i s  the development o f  mater ia ls  f o r  use i n  commercial 

products, the touchstone f o r  our i n i t i a l  studies res ts  upon a commercially 

ava i lab le  Owens-I l l inois l ase r  glass. The basic ideas which under l ie  

t h i s  f e a s i b i l i t y  study may be described as fo l lows. A p a r t i c u l a r  type 

o f  h igh q u a l i t y  Owens-I1 no is  l ase r  glass i s  d i f f i c u l t  t o  prepare (and 

hence cos t l y )  because o f  t s  tendency towards d e v i t r i f i c a t i o n  ( c rys ta l  - 
1 i za t i on ) .  Furthermore , t has been observed t h a t  the tendency towards 

d e v i t r i f i c a t i o n  increases as higher concentrations o f  CaO are included i n  

the glass. On the o ther  hand, l ase r  glass containing l a rge  concentrations 

of CaO are extremely des i rab le since i t  has been observed i n  our laboratory  

t h a t  the l ase r  e f f i c i ency  increases wi th increasing CaO concentrations 

present i n  the glass. Our contention i s  simply t h a t  i n  an outer space 

laboratory one w i l l  be able t o  produce h igh e f f i c iency  l ase r  glass con- 

ta in ing  la rge  concentrations o f  CaO w i t h  the  avoidance o f  the d e v i t r i f i -  

cat ion t h a t  would occur on earth. 

such a clfiim, one must understand the fac to rs  t h a t  a i d  the rap id  c rys ta l -  

l i z a t i o n  o f  the glass t h a t  takes place on earth.  Since the l ase r  glass 

has a very high mel t ing point ,  the formation and mel t ing o f  the glass i s  

car r ied  out  i n  plat inum cruc ib les.  

Our current invest igat ions,  summarized 

I n  order t o  appreciate the basis f c r  

During the course o f  react ion,  melt ing,  

- 3 -  



and cool ing plat inum impur i t ies  are introduced i n t o  the melt. 

more, impur i t ies  i n  the atmosphere, and the  container wa l ls  themselves 

serve as impur i ty  s i t e s  dur ing the cool ing o f  the melt. 

known t h a t  nucleat ion o f  c rys ta l s  i s  g rea t l y  enhanced by the presence 

of foreign substances i n  contact  w i t h  the me1 t (heterogeneous nuclea- 

t i o n ) .  This phenomena i s  due t o  the f a c t  t h a t  the  surface-free energy 

f o r  c rys ta l  nucleus formation i s  lowered when nuc leat ion can take 

place on a fo re ign  surface. 

nucleat ion may be avoided since mel t ing and cool ing may be performed 

i n  the absence o f  a container because o f  the zero-grav i ty  condi t ion.  

Nucleation then can only  occur homogeneously. As w i l l  be i l l u s t r a t e d  

subsequently, however, the r a t e  o f  homogeneous nucleat ion i s  very small , 

and hence the mel t  can Lz cooled s u f f i c i e n t l y  r a p i d l y  i n  outer  space so 

t h a t  nucleat ion (and hence c r y s t a l l i z a t i o n )  i s  avoided. 

Further- 

It i s  wel l  

I n  outel. space, however, heterogeneous 

I n  the fo l law ing  sect ion a discussion w i l l  be presented o f  the 

economic advantages o f  being able t o  produce a high e f f i c i e n c y  laser  

glass i n  outer  space. Here we only  b r i e f l y  mention some o f  the  important 

appl icat ions o f  glass l ase r  rods. 

laser  glass i n  the fab r i ca t i on  of neodymium-glass l ase r  systems f o r  the 

experimental nuclear fus ion program. 

S c i e n t i f i c  American i t  was stated tha t ,  " A t  t h i s  w r i t i n g  neodymium-glass 

l ase r  systems have been chosen by a l l  but  one o f  the major laser- fus ion 

laborator ies i n  various countr ies as the prime vehic le  they w i l l  use t o  

prove the s c i e n t i f i c  f e a s i b i l i t y  o f  laser  fusicn." '  Another app l i ca t ion  

for  neodymium glass lasers i s  associated w i t h  t h e i r  possible use as range 

f inders  f o r  the m i l i t a r y .  

O f  primary impor twce i s  the use o f  

I n  a recent a r t i c l e  appearing i n  

- 4 -  



I n  t h i s  repo r t  we sha l l  show the  f e a s i b i l i t y  o f  producing l ase r  glass 

i n  an outer  space laboratory  by demonstrating the fo l low ing  four  po ints :  

1 )  The experimental l ase r  glass mater ia l  can be produced i n  outer  

space w i t h  the avoidance o f  d e v i t r i f i c a t i o n .  

2) The experimental l ase r  glass cannot be produced on earth. 

3)  The lase r  e f f i c i ency  o f  a neodymium-glass l ase r  produced from 

t h i s  mater ia l  w i l l  be enhanced. 

4) There are sound economic incent ives f o r  the outer space develop- 

ment o f  the experimental l ase r  glass. 

Section I 1  contains a discussion o f  the economics and importance o f  

tne production o f  more e f f i c i e n t  l ase r  glass mater ia l .  

I n  Section I11 a descr ip t ion i s  given o f  various experiments per- 

formed t o  determine the  c r y s t a l l i z a t i o n  tendencies o f  the l ase r  glass under 

earth c rys ta l1  i t a t i o n  condi t ions.  

cerning the conclusions t h a t  may be drawn from these studies. 

I n  addi t ion,  a discussion i s  given con- 

Section I V  contains a descr ip t ion  o f  various ear th  experiments which 

provide evidence f o r  the p l  ausabi 1 i t y  o f  producing c rys ta l  - f ree  experimental 

laser  glass mater ia l  i n  outer  space. 

I n  Sect;on V the d e t a i l s  o f  the  c rys ta l  nuc leat ion and growth ca l -  

cu la t ions appropriate f o r  outer  space condi t ions are presented. Also 

a b r i e f  commentary upon the requi  

t i o n  i s  given. 

cool i ng ra tes  t o  avoid devi tri f i ca- 

Section V I  presents evidence f o r  the super io r i t y  o f  our experimental 

laser  glass mater ia l  w i t h  respect t o  the expected l as ing  e f f i c i e n c y  o f  

neodymi um-g1 ass 1 asers constructed from such mater ia l .  

- 5 -  



Section V I 1  contains sugyestions for the directions that a continuation 

of this study would follow. 

Section VI11 presents a brief summary and statement o f  our conclusions. 
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11. Economic Considerations 

In this section we i l lus t ra te  t h a t  there exist  strong economic 

incentives for the outer space production of laser glass. As we have 

suggested, i n  an outer space laboratory i t  will be possible to fabricate 

laser glass material w i t h  an enhanced efficiency. Since laser glass i s  

quite expensive the benefits of producing a more efficient laser glass 

mater a1 are apparent. For any particular application a cost reduction 

would ensue from util izing a more efficient laser glass since a smaller 

quant  ty of this material would be needed. 

would be even greater when this more efficient glassy material i s  l i t i l i ted 

i n  a complex system such as the experimental laser fusion system being 

constructed a t  Lawrence Livermore Laboratory. For example, i i a laser 

glass of 10% higher efficiency were employed, then on2 could reduce 

the number of amplifier stages b j  10% and s t i l l  get the same power output. 

Since The laser system costs E t o  10 times the cost of the glass com- 

ponet,ts, a 10% increase i n  effici+:-cy will pay for 50 t o  109% of the total 

cost of the lase- glass i n  t h a t  system. Since Lawrence Livermore Labora- 

tory i s  currently using Ndt3 glass laser rods in their current experiments. 

this i s  n o t  a mere academic p o i n t .  

Furthermore, th t .  cost reductions 

An additional feature o f  the economic picture which indicates the  

significance of this product is the estimated growth i t 1  the total glass 

laser market ( i n  wh;ch 0-1 i s  the dominant figure) shown below: 

1974 - $3.0 x 106 

1975 - $3.5 x lo6 

1976 - $4.0 x lo6 

1977 - $4.5 x lo6 

- 7 -  
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These f igures are based upon the current  uses o f  glass lasers,  namely, 

as the source f o r  heating and implcfl ing the fue l  p e l l e t  i n  fus ion 

reactions and m i l i t a r y  range f inders.  

laser  dr iven fusion power plants would be grea t ly  enhanced by t h e  

in t roduct ion of a more e f f i c i e n t  glass laser.  

The comnercial f e a s i b i l i t y  o f  

The l a s e r  e f f i c i e n c y  i s  an important f a c t o r  i n  the consideration o f  

the f e a s i b i l i t y  o f  laser  dr iven fusion reactions f o r  a v a r i e t y  o f  reasons. 

F i r s t  o f  a l l ,  the  overa l l  gain obtained f r o m  l a s e r  fus ion ( r a t i o  o f  energy 

out  t o  energy supplied) i s  a funct ion o f  the various e f f i c i e n c i e s  which 

enter i n t o  the process. Hence, increasing laser  e f f i c i e n c y  (which i s  a 

very r e a l i s t i c  prospect) would increase the overa l l  e f f i c i e n c y  o f  the 

fusion process and thus enhance the gain. 

o f  energy must be supplied t o  the fue l  p e l l e t  f r o m  the l a s e r  i n  order 

t o  obtain i g n i t i o n .  This requirement c a l l s  f o r  very la rge  power outputs from 

the laser  i n  very short  pulses. Ihus, i f  laser  losses are reduced, by 

increasing laser  e f f i c iency ,  the sever i ty  o f  the power output require- 

ments o f  the laser  w i l l  be correspondingly reduced. 

Also a c e r t a i n  minimum amount 

As we mentioned previously, the neodymium-doped glass laser  seems t o  

be the most promising candidate i n  the search f o r  a power source i n  the 

laser-dr iven fusion program. 

may not be fabr icated i n t o  1 arge, high-opt ical  q u a l i t y  pieces wi thout  extreme 

d i f f i c u l t y .  

glass lasers, but  s u f f e r  f rom a t  l e a s t  two drawbacks. 

Ruby lasers have very low e f f i c i e n c i e s  and 

C O P  lasers a r e  more e f f i c i e n t  than the current  Ndt3 doped 

F i r s t  o f  a l l ,  

obtained from such lasers i s  small compared 

i ght 

the 

the short  pulse power output 

t o  tha t  obtaived from Ildt3 g 

o f  the neodymi um 1 aser seems 

ass lasers. 

t o  provide a more e f f i c i e n t  heating o f  

I n  addi t ion,  the 1.06 pm 
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fue l  than the  longer wavelength (10.6 pm) l i g h t  emit ted by the C02 laser .  

For range f i nde r  appl icat ions,  increased e f f i c i e n c y  would no t  on ly  

reduce the cost, but  a lso the  number of components s ince a smaller power 

supply i s  needed. This, o f  course, would reduce the weight o f  the device. 

More important, however, are thermal considerations. Current glass lasers 

tend t o  get  too hot  as a r e s u l t  o f  the high power required t o  operate them. 

Again, a lowering o f  the i n p u t  power, would a l low glass lasers  t o  operate 

much cooler and thereby be more compet i t ive w i t h  YAG and ruby lasers.  A 

glass laser  would use much simpler components, e.g., a $;30 r o t a t i n g  m i r r o r  

could replace a $2,000 Q-switch. Users would c e r t a i n l y  be w i l l i n g  t o  

pay a higher p r i c e  f o r  the  glsss l ase r  i n  re tu rn  f o r  a t o t a l  system cost  

reduct ion as wel l  as a less  comp ex and more f l e x i b l e  system. 

Other fu tu re  uses o f  glass asers inc lude conversion o f  uranium t o  

plutonium by neutron absorption f o r  use i n  nuclear f i ss ion .  This i s  a t -  

t r a c t i v e  from the po in t  o f  view of using a l ase r  system as a small, 

f a i  1 -safe, breeder reactor.  Neutron absorption could a1 so be used f o r  

the dest ruct ion of  isotopes i n  rad ioact ive wastes. Commerci a1 feasi  b i  1 i ty 

of these po ten t ia l  appl icat ions would be markedly hastened by l a rge  

increases i n  g1 ass 1 aser e f  f i c i  ency. 

F ina l l y ,  i t  should be mentioned tha t  s ince laser  glass s e l l s  f o r  over 

$800/lb., the cost requirement of  a t  leas t  $160/lb. i s  eas i l y  met. 

Owens-I l l inois '  laser  glass i s  so expensive because o f  the  d i f f i c u l t i e s  

tha t  a r i se  i n  the preparat ion o f  t h i s  mater ia l .  These lase r  glasses are 

q u i t e  prone t o  c r y s t a l l i z a t i o n  and are very corrosive t o  a l l  known 

c ruc ib le  mater ia ls,  inc lud ing  pure platinum. 

one p a r t  per m i l l i o n  of microscopic plat inum inc lus ion  makes the laser  glass 

Furthermore, less than 
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unusable. 

l a s e r  glass w i l l  take place without the use o f  a container (making use o f  

zero-gravi ty condi t ion) no pldt inum impur i t ies  w i l l  be introduced. 

the overa l l  cost o f  f a b r i c a t i o n  o f  laser  glass mater ia l  may be reduced by 

e l im ina t ing  " re jects"  due t o  plat inum impur i t ies  (which would be included 

i n  ear th  fabr ica t ion)  and which add t o  the u l t imate  sa le p r i c e  o f  the laser  

glass. 

an addi t ional  $100/lb. over and above those prev ious ly  mentioned. 

It i s  extremely d i f f i c u l t  t o  p r e d i c t  the  s ize  t h a t  the t o t a l  laser  

Since i n  an outer  space aboratory the  mel t ing and cool ing o f  the  

Hence, 

I n  fac t ,  we estimate t h a t  t h i s  cost saving could amount t o  roughly 

glass market would reach i f  a l l  o f  the above appl icat ions were f u l f i l l e d .  

However, our company experts fee l  t h a t  i f  glass lasers were u t i l i z e d  f o r  a l l  

o f  the new appl icat ions mentioned, then the t o t a l  market f o r  laser  glass 

coul d easi l y  increase by a couple orders o f  magnitude. Conservatively , 

t h i s  would place the t o t a l  l a s e r  glass market a t  about $lOe/year. 

F ina l l y ,  some rough estimates were made f o r  the power requirements 

needed t o  melt  la rge  samples o f  glass. For a 50-60 lb .  melt,  roughly 

11 k i  lowatt-hrs. of energy would be required , operat ing under maximum 

operating condit ions. 

be needed. 

For a 100 lb .  melt  roughly 13 k i lowat t -hrs .  lvolrld 
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111. Experimental Study o f  C r y s t a l l i z a t i o n  Behavior 

The l a s e r  glass systems u i t h  which we are deal ing are q u i t e  prone 

t o  d e v i t r i f i c a t i o n  when moderate t o  h igh percentages o f  CaO are included 

i n  the glass composit im. 

v i t r i f i c a t i o n  can be avoided under outer  space condit ions, i t  i s  essent ia l  

t o  determine some basic fac ts  concerning the c r y s t a l l i z a t i o n  behavior o f  

such systems here on earth. Thus, i n  t h i s  sect ion we present the r e s u l t s  

o f  several experiments which have provided us w i t h  t h i s  essent ia l  i n -  

formation. 

o f  the glass samples, the x-ray d i f f r a c t i o n  measurements o f  the c rys ta ls  

which were formed, the  r e s u l t s  o f  heat treatments o f  the glassy mater ia l  

a t  various temperatures, D.T.A. ( d i f f e r e n t i a l  thermal analysis)  studies, 

and a l iqu idus  determination measurement. As we s h a l l  see subsequently 

the above-mentioned studies were o f  c r i t i c a l  importance t o  our f u r t h e r  

invest igat ions i n  t h a t  they provide c r u c i a l  parameters f o r  our ca l -  

cu la t ions as wel l  informat ion regarding the nature o f  the c rys ta l1  iza-  

t i o n  behavior o f  the dominant c rys ta l  phases. 

I n  order t o  p r e d i c t  whether o r  no t  t h i s  de- 

I n  p a r t i c u l a r  we sha l l  discuss the preparat ion and analysis 

A. Glass Preparation and Analysis 

I n i t i a l l y  samples o f  three d i f f e r e n t  glass compositions were pre- 

pared. 

amounts o f  CaO were introduced i n  place o f  S i O z  (see Table 111-1). 

One 5" x 1" x 3/4" bar and two 2" diameter discs were cast f o r  each o f  

The base composition o f  each glass was ident ica l ,  but  varying 
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Table 111-1 

Laser G1 ass Compositions 

Composition 20 Composition 25 

49.67 44.70 

19.87 24.84 

27.32 27.32 

2.48 2.48 

.50 .50 

.16 -16 

Compos i ti on 30 

39.74 

29.80 

27.32 

2.48 

.50 

.16 

the above compositions. The glass was melted a t  1454OC i n  a plat inum 

cruc ib le  i n  an a i r  atmosphere. 

a t  temperature o f  454°C. An e l e c t r i c  furnace was used f o r  a l l  mel t ing 

and heat treatments performed. 

A l l  samples were annealed f o r  1/2 hour 

Composition 20 i s  q u i t e  c lose i n  composition (approximately 20% CaO) 

t o  a c o m r c i a l  U-I l a s e r  glass. Compositions 25 and 30 contain higher 

mole percentages o f  CaO, and w i l l  be re fe r red  t o  as experimental l a s e r  glass 

materia:. 

gat ion cjf  l aser  glass composition 30, a b r i e f  discussion w i l l  be presented 

o f  the proper t ies L' a l l  compositions melted. 

Although the  major e f f o r t  i n  the study i s  devoted t o  an i n v e s t i -  

?he 20% au composition samples were o f  good qua l i t y ,  having very 

low seed bevels and cord free. 

o f  d o v i t r i f i c a t i o n  t o  the naked eye. 

(rere observed when tne  samples were viewed under magnif icat ion w i  t h  crossed 

polaroids. 

In the c i s e  o f  the 30% CaO samples, however, both surface and bulk 

I n  addi t ion,  there was no evidence 

However, a few small c r y s t a l l i t e s  

J r ipec t ion  o f  composition 25 resul ted i n  s in i i l a r  observations. 
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d e v i t r i f i c a t i o n  were e a s i l y  detected wi thout  magnif icat ion. Surface 

c rys ta l  1 i z a t i o n  appeared i n  " islands" and numerous c r y s t a l  1 i tes  were 

observed i n  the  i n t e r i o r  of the samples. 

An elemeiltal analysis was performed v i a  a microprobe technique, o f  

the surface c r y s t a l s  appearing i n  the 30% CaO glass and those found i n  

la rge  chunks o f  20% CaO l a s e r  glass previously prepared. The r e s u l t i n g  

chemical compositions are shown i n  Table 111-2. 

Table 111-2 

Elemental Analysis o f  Surface Crystals 

Compos i ti on 20 

G1 ass Crystals 
w t .  % w t .  % 

S i 0 2  55.65 fb 70 

A1 203 4.72 f b 4  

CaO 20.78 f b 6  

NdpO j 3.11 fb .1 

L i  20 15.22 fb 20 

Ce02 .52 - 
Composi t i o n  30 

No s i g n i f i c a n t  d i f ference could be found between the chemical composition 

o f  the c rys ta ls  and the glass. - 
One should note t h a t  the three important conclusions t h a t  may be 

drawn from the microprobe analysis are the fo l lowing:  

1) The surface c rys ta ls  formed i n  the 20% CaO glass correspond t o  a 

l i t h i u m  metas i l icate based s o l i d  so lut ion.  
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2) The chemical composition o f  the c r y s t a l s  from the  30% CaO sample 

i s ,  w i t h i n  experimental e r ro r ,  the same as t h a t  o f  the glass. 

3) The chemical composition o f  t h e  c rys ta ls  f r o m  the surface o f  the 

30% CaO glass d i f f e r s  s i g n i f i c a n t l y  from those taken from the  

20% CaO sample. 

I n  order t o  f u r t h e r  analyze the c rys ta l  species formed, x-ray d i f f r a c t i o n  

patterns were obtained from both c rys ta l  species. The c r y s t a l s  formed i n  

glass composition 30 gave a sharp c rys ta l  pat tern (see Fig. 3.1, 22 l i n e s  

found), but  could not  be i d e n t i f i e d  i n  terms o f  any c r y s t a l  species 

containing the elements present. 

large chunk o f  glass o f  composition 20, 17 l i n e s  were found, and a general ly 

good sharp pat tern was obtained. Here, one phase could t e n t a t i v e l y  be 

i d e n t i f i e d  as a s o l i d  so lu t ion  having the base Li2Si03 c r y s t a l  s t ructure 

(ASTM #15-519). 

known crys ta l  s t ruc tu re  having the  elements present. 

I n  the  case o f  the c rys ta ls  formed i n  the 

The n ine remaining l i n e s  could not be i d e n t i f e d  w i t h  any 

X-ray d i f f r a c t i o n  patterns were also obtained from the powdered glass 

(bulk)  o f  the samples of the three compositions cast i n  t h i s  present 

study. All patterns appear q u i t e  s i m i l a r  and show no evidence o f  c r y s t a l -  

l i n i t y  (see Fig. 3.2 f o r  d i f f r a c t i o n  pat tern o f  composition 30). 

The c rys ta l  species which form, i n  a given composition, i s  c l e a r l y  

dependent upon a la rge  number o f  condit ions. Time and temperature t r e a t -  

ment, surface contaminants, and chemical composition no doubt play a large 

r o l e  i n  determining which c rys ta l  species are obtained. Furthermore, 

i n  l i g h t  o f  the f a c t  t h a t  c rys ta l  s t ructures could not  be found f o r  several 

phases i n  both samples, one might suspect t h a t  metastable c r y s t a l  phases are 
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more from an inspect ion o f  

i n  these two spectrum, i t  

the 

s c  

being prodvced. 

tendencies o f  our experimental l ase r  glass, a t t e n t i o n  was r e s t r i c t e d  t o  one 

chemical composition (30% CaO glass) thus e l im ina t ing  the complication o f  

composition change upon c rys ta l  1 i za t ion .  I n  add i t ion  , experiments were 

performed t o  z luc ida te  the c r y s t a l l i z a t i o n  behavior o f  t h i s  composition 

under eqci 1 i b r i  um conditions. These experiments w i  1 now be discussed. 

I n  order t o  more f u l l y  understand the  c r y s t a l l i z a t i o n  

B. Thermal Gradient Oven Heating and X-Ray D i f f r a c t i o n  Analysis 

A sample o f  30% CaO glass, f r e e  o f  surface c rys ta ls ,  but  containing a 

d i l u t e  concentration o f  small c r ys ta l s  i n  the  i n t e r i o r ,  cu t  from a bar 

was placed i n  a thermal gradient oven w i t h  a temperature rar.ge from 

48YC t o  788°C f o r  one hour. 

a i r  quenched t o  room temperature. 

above 595°C appeared as a chalky gray, opaque mass. 

595°C appeared as a semi-translucent, smokey gray mater ia l .  X-ray d i f -  

f r a c t i o n  pat terns were taken o f  four  samples o f  mater ia l  ext racted from 

the bar. 

d i v i d i n g  1 i ne  a t  595°C and roughly correspond t o  heat- t reat ing temperatures 

o f  626°C and 732°C. 

low temperature region and correspond t o  heat- t reat ing temperatures o f  

518°C and 582°C. 

the rod are q u i t e  s im i la r ,  and show a number o f  r e l a t i v e l y  broad low 

i n t e n s i t y  l i nes .  

8, the remainder o f  the spectrum may be i d e n t i f i e d  as corresponding t o  some 

s o l i d  so lu t ion  based upon a LiA102 c rys ta l  phase (ASTM # 22-678). Further- 

r e l a t i v e  i n t e n s i t i e s  and widths o f  the l i n e s  

ear tha t  the  sample heat t reated a t  the 

The sample was then removed from the oven and 

The po r t i on  o f  the sample t h a t  was heated 

The po r t i on  below 

Two samples were on the high temparature s ide o f  the  sharp 

The other  two patterns were taken o f  samples i n  the 

The two pat terns taken from the low temperature end o f  

Aside from a broad moderately intense l i n e  a t  d = 3.50 
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higher o f  t h e  two temperatures contains more c r y s t a l l i n e  mater ia l ,  which 

i n  some p a r t  a t  l e a s t  i s  due t o  enhanced growth o f  the c r y s t a l l i t e s  i n  

the higher temperature region. The la rge  breadth o f  the l i n e s  i n  both cases, 

however, i n d i c a t e  t h a t  the c r y s t a l s  are q u i t e  small. The spectrum obtained 

from the two samples on the  high temperature end o f  the bar are q u i t e  com- 

plex, and i n  each case consists o f  a number o f  s o l i d  so lu t ion  phases. The 

primary s o l i d  phases upon which the s o l i d  so lut ions are based have been 

i d e n t i f i e d ,  and are l i s t e d  i n  Table 111-3 below. The d i f f r a c t i o n  pat tern 

o f  t h a t  glass heated a t  626°C i s  shown i n  Fig. 3.3. 

Table 111-3 

Crystal Phases t h a t  Appear as a Function o f  Temperature 

Approxi mate 
Temperature 
o f  Sample Phases 

ASTH 
X-Ray Card 

F i l e  No. Relat ive Amounts 

518OC Glass Predominant Phase 

and 5 8 2 " ~  LiA102 22-678 M i  nor Phase 

Unexplained broad 
peak a t  3.50 a 

626OC a'-CaSiOl, 

L i2Si03 

LiA102 

20-237 Moderate Amount 

15-51 9 Moderate Amount 

22-678 M i  nor Phase 

Ca 3 S i  207 20-235 Trace Phase 

Perhaps some glass (Minor Phase) 



732°C L i2S i03  15-51 9 Moderate Amount 

Ca3Si2O1*1/3H2O 11-316 Moderate Amount 

a '-Ca2SiOb 20-237 M i  nor Amount 

LiA102 22-678 M i  nor  Amount 

o r  Ca gS1207 20-235 

................................................................. 

The general features o f  the h igh temperature phases may be summarized 

as fo l lows: 

1)  The i n t e n s i t y  o f  the l i n e s  corresponding t o  the new phases (not 

found i n  patterns o f  g lass held a t  518°C and 582°C) i s  l a rge  and 

the l i n e s  are narrow ind i ca t i ng  the existences o f  we l l  developed 

and la rge  crysta ls .  

2) The LiA102 phase i s  s t i l l  present and the  growth o f  t h i s  phase 

has been enhanced. This conclusion stems from the increase i n  

i n t e n s i t y  and narrowing o f  the LiA102 l i n e s  found i n  the high- 

tempera t u  r e  heat - t reated s amp1 es . 
Since the resu l t s  given above only  pe r ta in  t o  a po r t i on  o f  the  tem- 

perature egion o f  i n te res t ,  a second thermal gradient  experiment was 

performed on a piece o f  30% lase r  glass. The glass was placed i n  a plat inum 

boat and nserted i n  a thermal gradient oven f o r  1/2 hour. The temperature 

range was 82OoC-945"C. A f t e r  the 1/2 hour heat treatment, the sample was 

removed from the  oven and a i r  quenched. 

s o l i d  was observed. Above 903°C a whi te  mass formed. 

clude t h a t  the sample flows above t h i s  temperature. Since, however, i n  

the temperature range from 903"C-945OC the sample was not  c lear ,  903°C 

does no t  represent the 1 iquidus temperature, but  corresponds t o  the t rans f -  

t i o n  temperature between a l l  s o l i d  phases and l i q u i d  + s o l i d  phases. 

Below 903°C a chalky gray-blue 

Thus, one may con- 

The 
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R O  

sample was c u t  i n t o  several pieces and subjected t o  x-ray d i f f r a c t i o n  analysis.  

The three temperature ranges chosen were 825"C-83OoC, 86OoC-865"C and 895°C. 

The d i f f r a c t i o n  patterns obtained from these three samp:es are vzry 

s imi la r ,  w i t h  t h a t  obtained f o r  the 895°C glass shovdn i n  Fig.  3.3. 

i s  c lea r  t h a t  these patterns correspond t o  several phases. One minor phase 

has been i d e n t i f i e d  as a l i t h i u m  metas i l i ca te  phase which a lso appeared 

i n  the  temperature range 626O-732OC. Also found was a minor amount o f  

some unknown c r y s t a l l i n e  species (x phase) which could not  be i d e n t i f i e d  

i n  the ASTM card f i l e .  

a l l  3 pat terns i s  the phase denoted by S. This i s  a new phase which does 

not appear i n  the samples heat t reated a t  lower temperatures. We s h a l l  

subsequently discuss the prime importance o f  t h i s  phase t o  t h i s  present 

study. F i r s t ,  however, several o ther  experiments performed w i  11 be 

b r i e f l y  described. 

It 

However, by f a r  the dominant phase observed i n  

C. 

I n  order t o  f i n d  the glass t r a n s i t i o n  temperature, T , and obta in  

in format ion concerning the  c r y s t a l l i z a t i o n  behavior of the 30% CaO sample, 

several D.T.A. runs were made (see Figs. 3.5 and 3.6). 

scan from room temperature t o  1000°C was made heating a t  10"C/min. and 

then a cool down o f  the sample a t  40"C/min. Also two more de ta i l ed  heat-up 

runs a t  1O0C/min. and 2O0C/min. were made. 

t u r e  could recldi ly be i d e n t i f i e d  i n  heat up and i t  was found t h a t  T % 

475°C a t  2O"C/min. 

o f  heat ing ( o r  cool ing)  ra te,  one would expect t ha t  the e f f e c t i v e  T 

f o r  an air-quenched sample would occur a t  a somewhat higher temperature 

than the T values obtained w i th  the above-mentioned heat ing rates.  

D.T.A., Liquidus Measurements, and Crystal1 i t a t i o n  

9 

An i n i t i a l  rap id  

The glass t r a n s i t i o n  tempera- 

9 %  
Since the glass t r a n s i t i o n  temperature i s  a func t ion  

9 

9 
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T :vas not  observed i n  cool down. This fact  can be a t t r i b u t e d  t o  the 

in tervening c rys ta l1  i z a t i o n  a t  some temperature higher than T Exo- 

thermic peaks were found a t  570°C and 638°C i n  heat up a t  a r a t e  o f  

1O0C/min. and a t  595°C and 658°C a t  a r a t e  o f  20"C/min. 

correspond t o  the  low temperature end of the c r y s t a l l i z a t i o n  o f  a t  l e a s t  

two d i s t i n c t  species. The 570'C and 585"Cbnd a lso 638°C and 658°C) 

peaks correspond t o  the same c r y s t a l l i z a t i o n  process and are merely 

s h i f t e d  t o  a higher temperature a t  a more rap id  cool ing rate.  The 

"equi 1 i brium" lower 1 i m i  t t o  the c rys ta l  1 i t a t i o n s  no doubt occur a t  

somewhat lower temperatures. A more de ta i l ed  analysis o f  the c rys ta l  - 
l i z a t i o n  process may be made by a comparison o f  the D.T.A. t races w i t h  

the r e s u l t s  o f  the thermai gradient experiments. A t  both 518°C and 582°C 

the LiA102 phase may c r y s t a l l i z e  from the melt. If one takes i n t o  ac- 

count the time(and hence temperature) delay f o r  c r y s t a l l i z a t i o n  due t o  the 

f i n i t e  heat ing r a t e  i n  a d i f f e r e n t i a l  thermal analysis run, then the peak 

a t  570°C (which would be s h i f t e d  t o  lowe, temperatures as the heat ing r a t e  

decreases) could p laus ib ly  be i d e n t i f i e d  w i t h  c r y s t a l l i z a t i o n  o f  t h i s  phase. 

The peak a t  638°C may be i d e n t i f i e d  w i t h  the c r y s t a l l i z a t i o n  o f  add i t iona l  

phases found i n  the higher tempersture regime. The sharp endotherm which 

occurs a t  approximately 900°C s ignals  the d isso lu t ion  process which was 

observed a t  roughly 903°C i n  the high temperature thermal gradient exper i -  

ment. 

thermal gradient oven experiments. I n  addi t ion,  d i f f e r e n t i a l  thermal 

analysis data has provided us h i t h  a re6,onably good estimate o f  T 

9 

9' 

These peaks 

I n  general, the D.T.A. r e s u l t s  arc supportive o f  the f ind ings  o f  the 

g' 
The high temperature end o f  the region of i n t e r e s t  i s  bounded by the 

l i qu idus  temperature. I n  order t a  determine the l iqu idus  temperature, smal 1 
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samples o f  glass were heated i n  a plat inum boat f o r  1/2 hour a t  a h i yh  

temperature. 

lonq enough per iod t o  come t o  equ i l ib r ium a t  those temperatures. The 

samples were then a i r  quenched. Those samples t h a t  remained c l e a r  

and cooled t o  glass therefore must have been held a t  temperatures higher 

than the  l iqu idus .  

Sampl ; were then held a t  various lower temperatures f o r  a 

Those samples which were held below the  l i qu idus  

temperature appeared opaque when they were removed from the  furnace arld 

subsequently cooled t o  a c r y s t a l l i n e  mass. By means o f  t h i s  procedure, 

the l iqu idus  temperature f o r  the experimental l ase r  glass was found 

t o  be 1010°C. 

The c rys ta ls  formed from those samples which were held j u s t  belcw the  

l i qu idus  (97?"C, 1002"C, and 1009°C) dur ing the course o f  the  l i qu idus  

determination were also subjected t o  x-ray d i f f r a c t i o n  anaiysis. The 

d i f f r a c t i o n  pa t te rn  o f  the  glass held a t  1009°C i s  presented i n  Fig. 3.7. 

This sample shows l i n e s  corresponding t o  s o l i d  so lu t ions  based upon severai 

phases which have been i d e n t i f i e d .  The th ree  dominant phases are 6-Ca2Si04, 

Li,Si03, and 8Ca0*5Si02 based phases. A t  1002°C the 6-Ca2Si04 and L i2S i03  

based phases are also present, bu t  the 8Ca0.5Si02 based phasc appears 

t o  be absent. The pa t te rn  cbtained from the  sample held a t  972°C i s  near ly  

iden t fc t l l  t o  the one formed from 1002°C sample. 

however, t h a t  S phase does pJ appear i n  any of these traces. 

It i s  important t o  note, 

D. S Phase and Summary 

I n  view o f  the  somewhat lengthy descr ip t ion  o f  the experimc .a1 pro- 

cedures and r e s u l t s  presented, i t  may be o f  some bene f i t  t o  b r l e f l y  sum- 

marize the main conclusions t n a t  can be drawn from these studies. F i r s t  

o f  a l l ,  i t  i s  apparent t h a t  the c r y s t a l l i z a t i o n  behavior o f  t he  experimental 

l ase r  glass system i s  q u i t e  complex, A mu l t i tude  o f  c rys ta l  phases may 
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be formed, even under equ i l  brium condit ions, as a function o f  temperature, 

as may be seen i n  Fig. 3.8. Furthermore, i t  was observ, t h a t  c r y s t a l l i t a -  

t i o n  proceeds q u i t e  rap id l y  w i t h  l a rge  growth ra tes  very l i k e l y .  

samples w i l l  near ly t o t a l l y  d e v i t r i f y  if held  below the l i qu idus  f o r  times 

of the order o f  a minute. 

appearance of the S phase i n  equ i l i b r i um c r y s t a l l i z a t i o n  experiments over a 

r e s t r i c t e d  teniperature region. 

t o  detenni ne whether c rys ta l  1 i t a t i o n  o f  experimental 1 aser glass may be 

avoided J u r i  nc the usual quencni ng procedure. 

la rge  surface c rys ta ls  (as wel l  ds smaller c rys ta l s  i n  the bulk)  appear 

i n  our experimental l ase r  glass subsequent t o  a i r  quenching o f  the melt.  

The x-ray pa t te rn  o f  these surface c rys ta l s  i s  shown i n  Fig. 3 . 1 .  One 

observes tha t  the c rys ta l s  formed may be i d e n t i f i e d  as the ., phase. Thus 

under the  experimental condit ions o f  i n te res t ,  the  most rap id  c r y s t a l l i z a t i o n  

taking place (and presumably the  on ly  process o f  s ign i f i cance)  i s  t h a t  o f  

S phdse. This o b w v a t i o n  enormously s i m p l i f i e s  ’b subsequelit calcula- 

t i o n  o f  c rys ta l  nucleat ion and growth ra tes  since we need on ly  estimate 

the c r y s t a l l i z a t i o n  r a t e  o f  . - S phase. Furthermore, since 2 know the 

temperature range i n  wnich S phase tends t o  c r y s t a l l i t e  under equ i l ib r ium 

conditions, we also hcive an i nd i ca t i on  o f  the temperature range f o r  wr,ich 

c rys ta l  nucleat ion and growth calculat ions must be performed. A l t o  tugh i t  

i s  t r u e  t h a t  c r y s t a l l i z a t i o n  o f  secondary phases may p lay  some ro le ,  

t h i s  r o l e  w i l l  be o f  secondarj importance compared t o  the  nucleat ion and 

growth of S phase. 

space laboratory condit ions, then i t  i s  q u i t e  reasonable t o  expect the 

t o t a l  absence - %  

Small 

The most s i y i f i c a n t  r e s u l t ,  however, i s  the  

The primary aim o f  t h i s  cur ren t  study i s  

As was mentioned previously , 

I f  S phase c r y s t a , l i z a t i o n  may be avoided under outer 

, s t a l l i t a t i o n  since S phase c rys ta l  i i z e s  most rap id l y .  
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I n  section V we demonstrate, v ia classical ho;nogeneous nuclea5on and 

growth calculations, that  indeed S phase crystal l izat ion i n  our 30% 

CaO laser glass may be avoided i n  an outer space laboratory. 

- 22 - 



I V .  O r ig in  o f  C rys ta l l i za t i on  a t  Normal Cooling Rates 

When a commercial-type 20% CaO glass i s  prepared by cool ing a t  

normal cool ing rates, bu lk  and surface c r y s t a l l i t e s  o f  l i t h i u m  meta- 

s i l i c a t e  are sometimes formed, depending upon the  method o f  mel t ing.  

It i s  found t h a t  the concentration o f  these c r y s t a l l i t e s  i s  dependent upon 

the amount o f  p lat inum introduced dur ing melt ing.  The nucleat ion o f  the 

L i  #O c rys ta l  1 i tes may therefore be a t t r i b u t e d  t o  a heterogeneous mechanism 

w i t h  reasonable confidence under these condi t ions.  

With our experimental 30% CaO glass i t  was ind icated t h a t  the Li,Si03 

phase a lso appears as a major equ i l ib r ium phase upon heating the  glass 

i n  the temperature range from about 1000°C t o  the  l i qu idus  temperature. 

However, w i t h  normal cool ing rates from the melt ,  i .e. , a f t e r  pouring 

the glass i n t o  a s tee l  mold and a i r  quenching, on ly  c r y s t a l l i t e s  o f  S phase 

are detected. 

found t o  be present under these coo:ing condi t ions,  occurs both w i t h i n  the 

bulk and a t  the  surface o f  the Slass. 

c r y s t a l l i t e s  o f  S phase found w i t h i n  the i n t e r i o r  o f  the glass i s  shown 

i n  Fig. 4.1. 

The formation o f  S phase c r y s t a l l i t e s ,  which were always 

A photomicrograph o f  t yp i ca l  

Since c r y s t a l l i t e s  o f  on ly  S phase, and no t  L i2S i03 ,  form i n  our 

experimental composition dur ing normal cool ing w i t h  the given method o f  

preparation, i t  i s  assumed t h a t  the prevention o f  S phase Crys ta l l i za t i on  

w i l l  be o f  major concern dur ing space fab r i ca t i on  of t h i s  l ase r  glass. 

That i s ,  s ince S phase i s  the only  c r y s t a l l i n e  species found t o  form from 

the mel t  under normal rap id  quench condi t ions,  i t  may be assumed tha t  i t  

i s  the most probable phase t o  nucleate homogeneously under these con- 

d i t i ons ,  I t appears probable tha t  c r y s t a l l i z a t i o n  o f  the L i2S i03  phase, 
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o f  secondary concern, i s  i n i t i a t e d  by a heterogeneous mechanism and can be 

prevented by container less me1 t ing .  We f u r t h e r  assume t h a t  c rys ta l  l i t e s  

of S phase which appear t o  i n i t i a t e  a t  the glass surface are due t o  

impur i ty  p a r t i c l e s  which at tach to  the surface o f  the glass mel t  and 

which then serve as s i t e s  f o r  heterogeneous nucleat ion,  s ince there i s  

substant ia l  experimental evidence which ind ica tes  t h a t  +be g lass-a i r  

in te r face  i t s e l f  i s  no t  s u f f i c i e n t l y  favorable t o  a l low f o r  heterogeneous 

nucleat ion a t  the f ree  surface.* 

Since we were unable t o  prepare our  experimental l ase r  glass f ree  o f  

c r y s t a l l i t e s  o f  S phase under normal, o r  production operation, m l t i n g  and 

cool 

pare 

t h i s  

sp l  a 

thus 

ng r a t e  conditions, we consider whether i t  i s  e.en possible t o  pre- 

a homogeneous glass under more favorable cool ing r a t e  conditions. To 

end, 

-coo 

obta 

the glass 

p l  ate1 e ts  

the  30% CaO glass was melted and then rap id l y  cooled employing 

i n g  techniques by pressing a molten glob between copper blocks, 

n ing  a glass p l a t e l e t  nominally about 2 m i n  thickness before 

becomes r i g i d .  Opt ical  microscopic examination o f  these 

were made f o r  comparison w i t h  the micrograpiis o f  t h i s  glass 

prepared by the conventional cool ing methods. I n  the splat-cooled 

samples, f o r  which a micrograph i s  shown i n  Fig. 4.2, a l l  c r y s t a l l i t e s  

appear t o  be i n  contact w'th the surface. No c r y s t a l l i t e s  w i t h i n  the 

bulk o f  the splat-cooled glass were observed, i n  contrast  t o  the con- 

ventional l y  cooled g1 ass slabs where many c rys ta l  l i t e s  were found i n t e r i o r  

t o  the surface. These resu l t s  demonstrate t h a t  i t  should ,e possible 

t o  preqare a homogeneous glass under space condi t ions i f  the bulk  c rys ta l -  

1 i t e s  do not  form by a homogeneous mechanism. 

t h a t  w i t h  ear th  conditions, even under condi t ions o f  rap id  quench, nuc ieat ion 

The experiments alsc show 
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apd c r y s t a l l i z a t i o n  a t  a gldss-melt i n te r face  cannot be prevented. 

Conceivably, the bulk fo rna t ion  o f  S phase c r y s t a l l i t e s  may OCCUI’ 

through (1) a heterogeneous mechanism a t  the surface o f  fore ign i m p u r i t j  

p a r t i c l e s  such as plat inum w i t h i n  the glass, (2) an inherent ly  homo- 

geneous nucleat ion mechanism, o r  (3)  an i n i t i a l  amorphous phase separation 

followed by nucleat ion o f  S phase c r y s t a l l i t e s  a t  the intersurfaces. This 

l a t t e r  mechanism i s  bel ieved t o  be involved i n  the formation process o f  

c e r t a i n  glass-ceramic materials. 

appropriate condit ions, amovhous phase separation may occur by a spinodal 

mechanism which i s  characterized by the absence o f  an energy b a r r i e r  f o r  

the i n i t i a  i o n  o f  t h e  process. Thus, amorphous phase separation by spinodal 

decomposit on may occur extremely r a p i d l y  and without an incubation period. 

I f  S phase c r y s t a l l i t e s  form by the sequence o f  events o f  t h i s  l a s t  

mechanism, there would accordingly be no way t o  prevent t h e i r  occurrence 

under outer space condit ions, other than by a change of composition t o  

one l y i n g  outside o f  the i m m i s c i b i l i t y  region. 

I n  c e r t a i n  glass compositions under 

Small-angle x-ray sca t te r ing  measurements were thus made on a sample 

from a slab o f  the 30% CaO experimental glass which had undergone normal 

cooling, as wel l  as on a sample o f  t h i s  glass which was f u r t h e r  annealed 

a t  500’C f o r  6 hours, t o  searcb fer  any evidence o f  amorphous phase separa- 

t ion .  The sca t te r i ng  curves obtained f o r  these two glasses were the same 

w i t h i n  experimental e r r o r  and were o f  very low i n t e n s i t y .  The sca t te r ing  

curve obtained f o r  the annealed glass i s  shown i n  Fig. 4.3. Also shown i n  

t h i s  f i g u r e  f o r  comparison are the sca t te r ing  curves obtained under the 

same condit ions f o r  a homogeneous MgO-A1 203-SiO?-Zr02 CER-VITT‘* type glass 

T”A reg is te red  trademark o f  Owens-I l l inois, Inc. 
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p r i o r  t o  nucleat ion and for  pure water-free fused s i l i c a .  

glass contained a s u f f i c i e n t l y  small amount o f  nucleat ing agent (7, 8 

weight percent o f  t he  Z r 0 2 )  such t h a t  it was possible t o  quench i t  without 

t he  occurrence o f  appreciable phase separation o f  a Zr02-r ick phase. 

has been found t h a t  phase separation dur ing quench i n  a1 1 -gl  ass compositions 

which have been studied occurs on a s u f f i c i e n t l y  small scale (no greater 

than about 50 B; such t h a t  i t  gives r i s e  t o  an angular independent scat- 

te red  i q t c n s i t y  i n  the  angle range depicted i n  Fig. 4.3.  

4 . 3  only t h a t  sca t te r i ng  which occurs a t  angles greater than about 3 mrad 

can be a t t r i b u t e d  t o  sca t te r i ng  due t o  amorphous phase separation o f  t he  

glass. 

angular range i s  not  much greater than t h a t  observed f o r  a very homo- 

geneous one component mater ia l  ( t h e  fused s i l i c a ) ,  and i s  a t  l e a s t  an 

order o f  magnitude less than t h a t  observed i n  glasses which have under- 

gone appreciable phase separation. 

a t  sca t te r ing  angles below 3 mrad i s  bel ieved l i k e l y  t o  be an a r t i f a c t  

due t o  cracks i n  the glass surfaces, but t h i s  was not  in:est igated 

fu r the r  due t o  the prel iminary nature of the invest igat ion.  

The CER-VIT 

It 

?h~;r; i 3  Fig. 

It i s  noted t h a t  the sca t te r i ng  by the laser  glass i n  t h i s  

The upturn i n  the sca t te r i ng  i n t e n s i t y  

I t was concluded f rom analysis o f  these SAXS data t h a t  no appreciable 

o r  measureable phase separation occurs i n  our experimental laser  glass 

during quenching a t  the normal cool ing fate. 

the annealed glass show no evidence t h a t  spinodal decomposition may 

take place a t  t h  ese lower temperatures. 

Also the SAXS data f rom 

bie thus conclude t h a t  amorphous phase separation i s  not  involved i n  

the nucleation o f  c r y s t a l l i t e s  o f  S phase, which would therefore al low 

f o r  the p o s s i b i l i t y  o f  the fab r i ca t i on  o f  the homogeneous glass under 
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outer space condi t ions i f homogeneous nucleat ion i s  no t  occurr ing . 
the f e a s i b i l i t y  ca lcu la t ion  presented i n  the fo l low ing  sect ion does i nd i ca te  

tha t  homogeneous nucleat ion i s  no t  involved i n  t h e i r  formation. 

experiments which have been described ind i ca te  t h a t  under ear th  condi t ions 

w i th  conventional me1 t i n g  and cool ing procedures, c rys ta l  1 i zat ion o f  

t h i s  glass a t  the container wal ls  cannot be avoided dur ing cool ing,  and t h a t  

bulk c r y s t a l l i z a t i o n  due t o  the presence of plat inum p a r t i c l e s  may be 

impossible t o  prevent. 

Indeed, 

Also the 
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V .  F e a s i b i l i t y  Evaluation of Outer Space Production 

A. Overview o f  C r y s t a l l i z a t i o n  Calcu lat ion 

I n  the previous sect ion it was ind icated t h a t  S phase i s  the on ly  

c r y s t a l l i n e  species observed t o  form i n  our experimental 30% CaO laser  glass 

upon cool ing from t h e  melt. 

found t h a t  the chemical 

base glass, and t h a t  S phase i s  the  predominant c r y s t a l l i n e  species t o  form 

upon iong-time heat treatments i n  the  temperature range from about 800' t o  

900" c . 

From the experiments c a r r i e d  out, i t  was a lso 

composition of S phase i s  very c lose t o  t h a t  o f  the 

These resu l ts  ind ica te  t h a t  S phase w i l l  be the most probable c r y s t a l -  

1 i n e  species t o  nucleate homogeneously under normal cool ing r a t e  condi t ions 

s ince the c r y s t a l l i z a t i o n  of the other phases can be assumed t o  occur more 

slowly. Therefore, t o  determine i f  our experimental glass can be prepared 

homogeneously under outer  space condit ions, i t  appears t h a t  i t  i s  on ly  

necessary t o  ca lcu iate if the glass can be cooled from the molten s t a t e  

wi thout the occurrence o f  appreciable homogeneous nucleat ion and growth o f  

S phase. Stated otherwise, i t  appears adequate t o  determine by ca lcu la t ion  

whether homogeneous nucleat ion theory can account f o r  the  presence o f  S 

phase c r y s t a l  15 tes i n  the normally cooled experimental glass, since i f  

t h i s  i s  not the case i t  may be assumed t h a t  a heterogeneous mechanism 

must be involved. 

For the purpose o f  homogeneouz nucleat ion ca lcu lat ions , it i s  

f o r t u i t o u s  t h a t  S phase c r y s t a l l i t e s  w i t h  essent ia l l y  no compositional 

change. I n  t h i s  case the c ruc ia l  var iables o f  c lass ica i  nucleat ion 

theory, the bulk- f ree energy o f  c r y s t a l l i z a t i o n  o f  a nucleus and i t s  
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l i qu id -c rys ta l  surface tension, can be approximatnd w i t h  reasonable con- 

fidence from heat o f  fus ion parameters, as w i l l  be shown. It w i l l  a lso be 

shown t h a t  the l i n e a r  c rys ta l  growth o f  t h i s  nucleat ing phase can l i kewise  

be estimated from these same experimental parameters. A1 1 uncer ta in t ies  

i n  the values o f  the parameters and i n  the approximations made f o r  ca l -  

cu la t ing  the nucleat ion and growth rates w i l l  be chosen as t o  i nd i ca te  

the l a rges t  probable overa l l  c r y s t a l l i z a t i o n  r a t e  as der ived from them, 

tha t  i s  f o r  the  worst possible case. For the determination from t h i s  

c rys ta l  1 i z a t i o n  r a t e  o f  the t o t a l  amount of c rys ta l  1 i z a t i o n  upon cool ing 

from the molten state,  a procedure s i m i l a r  t o  t h a t  used f o r  the con- 

s t ruc t i on  o f  so-cal led time-temperature-transfornation (T-T-T) curves 

w i l l  be employed. 

i s  selected, and the time required f o r  t h i s  volume f r a c t i o n  t o  c r y s t a l l i z e  

assuming continuous homugeneous nucleat ion i s  ca lcu lated a t  various 

temperatures over the temperature i n t e r v a l  o f  concern. I n  our present 

ca lcu lat ion,  a f t e r  determining the  nose o f  the  T-T-T curve, which cor-  

responds t o  the temperature where the c r y s t a l l i z a t i o n  r a t e  i s  greatest ,  

t h i s  maximum c r y s t a l l i z a t i o n  r a t e  w i l l  be determined as a func t ion  o f  

the heat o f  fus ion parameter by a var ia t iona l  procedure. F ina l l y ,  o f  

estimate w i l l  be made from these resu l t s  o f  the minimum coo l ing  rates re -  

qu i red t o  avoid various degrees o f  c r y s t a l l i z a t i o n  as a funct ion o f  the 

heat o f  fus ion parameter. These resu l t s  w i l l  enable one t o  determine the 

longest cool ing t ime which may be to le ra ted  i n  order t o  l i m i t  the t o t a l  

f r a c t i o n  o f  c r y s t a l l i t e s  t o  an acceptably low value. 

By t h i s  procedure a given volume f r a c t i o n  c r y s t a l l i z e d  

B. Homogeneous Nucleation Calcu lat ion 

According t o  c l  assi cal homogeneous nucl e a t i  or theory2 f o r  the 
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formation o f  c r y s t a l l i n e  spherical nuc le i  o f  the same composition as the 

matr ix,  the steady-state nucleat ion ra te ,  I, may be expressed as3 

I = (N:D/ao2) exp (-AG*/kT) (5.1 1 

where N: i s  the number o f  molecules per  u n i t  volume, a, i s  the molecular 

diameter, D i s  the k i n e t i c  coe f f i c i en t  f o r  molecular t ranspor t  across the  

nucleus-matrix in te r face ,  and AG* i s  the f ree  energy required t o  form a 

c r i t i c a l  spherical nucleus given by 

AG* = ( 1 6 ~ / 3 )  (03/AGv2) (5.2) 

I n  Eq. (5.2) a i s  the l i qu id -c rys ta l  surface tension and A G ~  i s  the  bulk 

free energy change per u n i t  volume f o r  c r y s t a l  formation. 

shown t h a t  o and A G ~  may be approximated by the following4,5 

It has been 

u = 6AHf/ ( N V2/ ) (5.3) 

AG, = AHfTRATR/V (5.4) 

I n  Eq. (5.3), AHf i s  the molar heat o f  fusion of the  x y s t a l  a t  i t s  me l t ing  

po in t ,  N i s  Avogadro's number, V i s  the molar volume, irnd 8 i s  a constant 

which may range i n  value from about 0.33 t o  0.5. I n  Eq. (5.4), TR i s  the 

reduced temperature obta ned by d i v i d i n g  the temperature by the equ i l i b r i um 

mel t ing  temperature, TE, and  AT^ 5 1 - TR. 

If i t  i s  assumed t h  t D i n  Eq. (5.1) may be equated t o  the  l i q u i d  

d i f f u s i v i t y  as given by the Stokes-Einstein equation, then 

D = kT/3raoq (T) (5.5) 

where n(T) i s  the v iscos i ty .  

nHf/RTE denote the entropy o f  fusion i n  u n i t s  o f  R, one f inds  

Employing Eqs. (5.1-5.5) and l e t t i n g   AS^^ = 
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0 I n  order t o  evaluate Eq. (5.6) , values f o r  the parameters ao, Nv, B ,  

and A S f R  must be given. a, was estimated from the s i ze  o f  the u n i t  c e l l  

of 3 phase der ived from x-ray data and was taken t o  be 5 x 10'*cm. Nv i s  

given approximately as 3 x l o 2 *  molecules cmS3. 

l a t i v e l y  i nsens i t i ve  t o  these l a t t e r  two parameters, and thus the  precise 

values o f  a, and Nv are no t  required. 

fo r  the present ca lcu la t ion  a value of 1/3 was chosen t o  comespond t o  

the most unfavorable case ( o f  maximum nucleat ion ra te ) .  

found5 t h a t  ASfR associated w i t h  c rys ta l s  t h a t  e x h i b i t  an isot rop ic  and 

mul t i faceted growth s a t i s f i e s  the i nequa l i t y  ASfR 7 4. Since the S phase 

was observed t o  grow i n  such a fashion, the above condi t ion appears appro- 

p r i a t e  f o r  our c a l c u l d i o n .  Thus f o r  the nuc leat ion ra te  ca lcu lat ions 

a value o f  ASfR = 4 was chosen, s ince t h i s  value gives the highest 

nucleat ion r a t e  a t  a l l  temperatures. However, for  the t o t a l  c rys ta l -  

l i z a t i o n  r a t e  ca lcu lat ions t o  be described subsequently, a range o f  

A S f R  values from 4 t o  20 were employed. 

0 

The value o f  I i s  re -  

0 Since B can range from 0.33 t o  0.5, 

It has been 

It may be seen i n  Eq. (5.6) t ha t  the v i scos i t y  as a func t ion  o f  tempera- 

t u r e  i s  also needed f o r  the ca lcu la t ion  o f  the homogeneous nucleat ion ra te .  

Unfortunately, we were unable t o  oJta i t i  v i scos i t y  data on our experimental 

30% CaO glass due t o  rap id  d e v i t r i f i c a t i o n  o f  t h i s  glass i n  the tempera- 

tu re  range o f  concern. However, the temperature dependence o f  v i scos i t y  

was obtained on two s i m i l a r  glasses which contain 10% and 20% CaO. 

Fig. (5 .1 )  the s o l i d  l i n e  i l l u s t r a t e s  the temperature dependence o f  the v i s -  

cos i t y  f o r  the 10% CaO glass and the dashed l i n e  f o r  the 20% CaO glass. A t  

Jn 
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intermediate temperatures (750°C-950°C) the v i scos i t i es  o f  the 10% and 

20% CaO glasses are near ly  i den t i ca l .  

t u r e  the v i scos i t y  of the  20% CaO gless may increase more rap id l y  than the 

10% CaO glass. Since both the  growth r a t e  (as w i l l  be shown i n  the next 

sect ion)  and nucleat ion rates are roughly inverse ly  propor t ional  t o  the  

v iscos i ty ,  i t  i s  evident t h a t  i f  there does occur an appreciable change o f  

v i scos i t y  w i t h  increasing CaO content o f  the glass, i t  occurs i n  such a 

d i r e c t i o n  as t o  suppress c r y s t a l l i z a t i o n  i n  the higher percentage CaO 

composition glass. Ext rapolat ing t o  30% CaO, i t  i s  reasonable t o  expect 

t h i s  t rend t o  continue. 

obtained f o r  the 10% CaO lase r  glass i n  our present ca lcu lat ions w i t h  the 

expectation t h a t  these data w i l l  g ive a conservative lower l i m i t  t o  the sup- 

pression o f  nucleat ion and growth o f  c r y s t a l l i t e s  from v i scds i t y  e f fec ts  

( t h a t  i s ,  t ha t  these v i scos i t y  data, i f  i n  er ro r ,  w i l l  be i n  t h a t  d i r e c t i o n  

t o  p red ic t  a l a rge r  degree o f  c r y s t a l l i z a t i o n ) .  

However, w i t h  decreasing tempera- 

Therefore, we sha l l  employ the v i scos i t y  data 

Thus f o r  i n te rpo la t i on  o f  the v i scos i t y  data o f  the 10% CaO glass shown 

i n  Fig. (5. l )as i s  required f o r  evaluat ion o f  Eq. (5.6), the empir ical  

Fulcher equation was employed: 

I n  t h i s  equation T i s  the temperature and A, B, and To are a r b i t r a r y  

constants. A l e a s t  squares f i t  of the experimental v i scos i t y  data of 

the 10% CaC glass y i e l d  A = -1.3854, B = 2696.6, and To = 561.88. Eqw- 

t i o n  (5.7) w i t h  these values o f  the constants w i l l  a lso be employed sub- 

sequentlq t o  ca lcu la te  the  temperature dependence o f  the v iscos i ty ,  know1 - 
edge o f  which i s  required f o r  the determination o f  the maximum c r y s t a l l i z a -  
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t i o n  r a t e  o f  our 30% CaO glass. 

The r e s u l t s  o f  the nucleat ion ca lcu la t ion  are shown i n  Fig. (5-2) ,  where 

the l og  o f  the nucleat ion frequency i s  p l o t t e d  as a func t ion  o f  tempera- 

ture.  I n  t h i s  f i g u r e  the s o l i d  l i n e  i l l u s t r a t e s  the temperature dependence 

o f  the l o g  o f  the pre-exponential factor. The decrease o f  t h i s  quant i t y  a t  

lower temperatures i s  caused p r i m a r i l y  by the decrease o f  the v i scos i t y  i n  

t h i s  range. The dashed l i n e  i l l u s t r a t e s  the  temperature dependence o f  the  

exponential factor .  The rap id  increase of t h i s  quant i t y  w i t h  decreasing 

temperature i s  due t o  a decrease i n  ac t i va t i on  energy f o r  c r i t i c a l  nucleus 

formation a t  the lower temperatures. The sum o f  these gives the t o t a l  

nucleat ion r a t e  and i s  i l l u s t r a t e d  by the  dot ted curve i n  Fig. (5.2). 

the temperature range where S phase i s  observed t o  form (800’-900°C), i t  

may be seen from Fig. (5.2) t h a t  the !-iomogeneous nucleat ion r a t e  may no t  

exceed 10’22cm-3sec’1. 

I n  

C. Growth Rate and Crystal  1 i z a t i o n  - Calculat ions 

A stdndard expression f o r  the r a t e  o f  advance o f  a c r y s t a l - l i q u i d  i n t e r -  

face, per u n i t  area o f  in te r face ,  may be wr i t t en6  

u = (fD’/ao) [l - exp(-v~G,,/RT)] (5.8) 

Here u i s  the growth r a t e  i n  cm/sec, f i s  the f r a c t i o n  o f  s i t e s  a t  the 

in te r face  where atoms can be p r e f e r e n t i a l l y  added o r  removed, D’ i s  the 

k i n e t i c  c o e f f i c i e n t  f o r  t ranspor t  across the c r y s t a l - l i q u i d  i n te r face  

i s  the molecular diameter, V i s  the molar volume, and AG,, i s  the f ree  

change per u n i t  volume accompanying c r y s t a l l i z a t i o n .  

I n  s i n g  Eq. (5.8), we assume tha t  the k i n e t i c  t ranspor t  c o e f f i c  

energy 

ents 

fo r  nucleat ion and growth rates are equal, and thus we employ Eq. (5.5) t o  

evaluate D’ as a funct ion o f  temperature. 
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Also Eq. (5.4) may ' ( -  s e d  t o  express Gv i n  terms o f  the undercooling 

ATR. Thus, u i s  given by 

Since the growth r a t e  increases w i t h  decreasing values of ASFR, i t  i s  use- 

fu l  t o  determine the temperature dependence o f  c rys ta l  growth f o r  the minimum 

value o f   AS^^, ASFR = 4, as was employed fo r  the nucleat ion ca lcu lat ion,  and 

f o r  f equal t o  i t s  maximum value o f  u n i t y  a t  a l l  temperatures, as t h i s  pro- 

vides an u '3e r  l i m i t  f o r  c rys ta l  growth rates.  The Eq. (5 .9 )  reduces t o  

(5.10) 

The r e s u l t i n g  c rys ta l  growth r a t e  as a func t ion  o f  undercooling was computed 

using Eq. (5.10) w i t n  the  values o f  n(T) as given by Eq. (5.7). The resu l t s  

are displayed i n  Fig. (5-3), where the s o l i d  l i n e  shows the temperature 

dependence o f  l o g  u3. The funct ion u j  i s  plbb+,ed, ra ther  than u, s ince 

Tu3 i s  propor t ional  t o  the  volume f r a c t i o n  o f  c r y s t a l l i t e s  grown a f t e r  a 

given time. As ant ic ipated, t h i s  quant i t y  i s  r e l a t i v e l y  l a rge  a t  h igh 

temperatures and f a l l s  o f f  f a i r l y  rap id l y  i n  the low temperature region. 

The dashed l i n e  i n  t h i s  f i g u r e  shows the v a r i a t i o n  o f  l o g  I, as WPS 

p l o t t e d  i n  Fig. (5-1). The sum o f  these two curves, o r  l og  Iu3,  i s  given 

by the long and shor t  dashed curve. It should be noted t h a t  I u 3  peaks a t  

about 675°C. This temperature should correspond t o  the nose o f  a T-T-T 

p lo t ,  as w i l l  be discussed next. 

I f  u and I are independent o f  time and i f  continuous nuc leat ion and 

growth occur w i t h  increasing time, then the volume f r a c t i o n  o f  glass 

c rys ta l l i zed ,  X, i n  a time, t, i s  given by the Johnson-Mehl equation: 
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x = 1 - exp[!-n/3) 1u3  t 4 ]  (5.11) 

Since we are concerned w i t h  the formation of very small volume fractions of 

crystals, E q .  (5.11) can be approximated by 

x = (n/3) T u 3  t4 (5.12) 

ThuF I u 3  is proportional t o  the volume fraction crystal l i ted(for  small X, 

af ter  a time, t , as was indicated. 

plot, a ?articular value of X !s selected, and the times required for that  

volume fraction to form a t  various temperatures4 correspondi ng to  ir.creasi ng 

amount of undercooling, may be calculated th rough  the use o f  E q .  (5.12). 

The resultant time-undercool i n g  curve exhibits a pose a t  sollie minimum 

time, due to  the competition between driving force far  nucleation and growth. 

T h i s  nose clearly occurs where, f o r  some constant X, dt/dT = u irl Eq. (5 .12) ,  

and represents the temperatwe of rrtaximum crystall ization rate. 

(5.12) one observes t h a t  the minimum in the t versus T curve ( tho case) 

clearly corresponds t o  the maximum in the Ill3 versus T curve zlready f o m d .  

This maximum value of Iu is  also independent o f  the particular value c i  

X, so the nose position on the T axis i s  independent o f  the value of X. 

The location o f  the nose of the T-T-T plot can therefore be determined, as 

required for the cr i t ical  cooliiig rate calculations presented i n  the next 

section, by determining the maximum value of I u 5  and the temperature a t  

which i t  occurs, and then substi tuting the value of I u 3  i n t o  Eq. (5.12) 
to determine the time i-equired for the particular volume f rac t ion  chosen. 

On a T-T-T (time-temperature-transformation) 

From Ey. 

D. Criticzl Cooling Rate Calculations 

The cooling rate required t o  avoid the crystallization of a given volume 

fraction of glass, ( d T / d t ) c ,  may be estimated from Eq. (5.12) by means of 

the criterion given by Uhlmann ,6 
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(5.13) 

M where TM i s  the time a t  the nose o f  the T-T-T curve, and AT' = TE - T the 

temperature a t  the nose o f  the T-T-T curve, i s  +he undercooling. Equation 

(5.13) represents a more s t r ingent  condi t ion than i s  required since w i t h  

t h i s  cool ing r a t e  excessive c r y s t a l l i z a t i o n  i s  avoided even i f  c r y s t a l l i z a -  

t i o n  occurs a t  a l l  temperatures a t  the maximum rate.  Thus Eq. (5.13) re- 

presents an upper l i m i t  t o  the cool ing r a t e  needed. 

(dT/dt), = AT M /T,,, 

I n  our previous ca lcu lat ions o f  I and u, employing Eqs. (5.6) and (5.9), 

respectively, we l e t  ASm = 4. Also we Set f = 1 a t  a l l  temperatures i n  

Eq. (5.9). These condit ions may not be k a r t i c u l a r l y  appropriate f o r  nu- 

c leat ion and growth o f  S phase, and i n  the fo l lowing cool ing r a t e  calcula- 

t i m s  we attempt t o  choose more su i tab le  and general c r i t e r i a .  

Uhlmann has indicated t h a t  f o r  c r y s t a l l i n e  mater ia ls w i t h  la rge   AS^^, 
the condi t ion f = 0.2  AT^, where  AT^ = 1 - TR, i s  a more su i tab le  approxi- 

mation f o r  f. This refinement was included i n  our present ca lcu lat ions,  

and a l l  o f  t k ?  fo l lowing growth and c r y s t a l l i z a t i o n  r e s u l t s  were obtained 

fur  f = 0.2 dTR. 

A fur ther general i z a t i o n  of our ca lcu la t ion  w i  11 be introduced by 

set t ing A S f R  = n, w i t h  n an arbi'rary in teger  equal t o  o r  greater than 4, 

so as t o  consider a l l  entropies o f  fusion which may be a7propriate t o  c r y s t a l -  

l i t e s  o f  S phase. 

rearrangements o f  Eq (5.7), then y i e l d s  an expression f o r  Iu3 n terms o f  

only the parameters TR and n. Then the value o f  TR which maxim tes 11.43, 

decoted TR , was founc' f o r  a r b i t r a r y  n by so lv ing 

Combining Eqs. (5.6), (5.7), and (5.9), w i t h  appropriate 

M 

d - [Iu3 (TR, n ) ]  = 0 
dTR 

(5.14) 
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The preceding d i f f e r e n t i a t i o n  may be ca r r i ed  ou t  i n  a straightforward 

manner. However, the r e s u l t i n g  transcendental equation does not al low 
M the e x p l i c i t  so lu t i on  o f  TR . Accordingly, a Fortran computer program 

was prepared t o  al low evaluation o f  T: and hence AT: f o r  a r b i t r a r y  

n. This program was also used t o  compute X(TR , n), U'(TR , n), (n/3) IU 

(T;, n)  from Eqs. (5.6) and (5.7), T" for  given X from Eq. (5.12) and 

f i n a l l y  the c r i t i c a l  cool ing r a t e  from Eq. (5.13). 

M M 

M The resu l t s  i l l u s t r a t e d  i n  Table V-1 show how the values o f  TR , AT: 
and T,,, thus obtained vary as a funct ion o f  t he  entropy o f  fus ion parameter, 

n. A$: was calculated f o r  TE = 1283'K. The values o f  T~ given were ca l -  

culated f o r  X = I t  i s  seen t h a t  the minimum time required t o  form 

even t h i s  extremely small volume f r a c t i o n  o f  c r y s t a l l i t e s  a t  t h i s  greatest 

possible C r y s t a l l i z a t i o n  r a t e  i s  always very long i n  terms o f  required 

cool ing times. 

Table V-1 

Var iat ion o f  temperature and time a t  maximum c r y s t a l l i z a t i o n  r a t e  as a 

fuv A i o n  o f  entropy o f  fusion parameters. 

f o r  x = 10-20 *T? 'M 
loK) (sec.) T i 4  - n - 

4 0.706 377 1.4 x 103 

8 0.683 407 6.5 x 10" 

12 0.650 449 2.2 x 1020 

16 0.659 437 2.1 x 1028 

20 0.650 449 2.5 x 1036 
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r i  The r e s u l t s  o f  the nucleat ion and growth r e calcu lat ions a t  the TR 

corresponding t o  various values o f  n are i l l u s t r a t e d  i n  Fig. (5.4). I n  

addi t ion,  the fac to r  f n / 3 )  I u 3  f o r  T: i s  p l o t t e d  as a funct ion o f  n i n  

Fig. (5.5). 

funct ion o f  the  degree o f  c r y s t a l l i z a t i o n  a t  various values o f  n employing 

Eqs. (5.12), (5.13), and (5.14) and the r e s u l t s  a re  shown i n  Fig. (5.6). 

An inspect ion o f  Figs. (5.4) and (5.5) reveals t h a t  nucleat ion and 

F i n a l l y  : e have ca lcu lated the necessary c-I: l n g  ra tes  as a 

growth rates are q u i t e  small and decrease as a funct ion n a t  the respect ive 

T:. It i s  c l e a r l y  ind icated i n  Fig. (5.6) t h a t  the required cool ing r a t e  

t o  avoid c r y s t a l l i z a t i o n  o f  as l i t t l e  as one p a r t  i n  l ozo  par ts  glass can 

eas i l y  be met. 

E. 

The heat loss, and hence the  cool ing rate,  o f  hot  glass on ear th  

Outer Space Cooling Abi i  i ty 

ar ises from both conduction losses t o  the container and rad ia t i on  effects 

( the  a i r  convection heat losses are n e g l i g i b l y  small). 

containerless outer  space process, cool ing i s  due so le l y  t o  heat losses 

by rad iat ion.  

due t o  the lower black-body temperature o f  the surroundings, the overa l l  

cool ing r a t e  could be s i g n i f i c a n t l y  lower under ou ter  space condi t ions.  

Order of magnitude ca lcu lat ions were made t o  determine the r a t e  o f  

heat loss i n  our glass employing c lass ica l  black-body rad ia t i on  theory. 

A number o f  complications a r i se  i n  performing t h i s  ca lcu la t ion  f o r  glass 

because o f  i t s  semi-transparent charac ter is t i cs  over the black-body f r e -  

quency range i n  the temperature i n t e r v a l  o f  concern. 

from opaque mater ia ls  occur j u s t  from the surface and t h i s  loss can be 

ca lcu lated so le l y  from a knowledge o f  the emiss iv i ty  o f  the mater ia l  i n  

However, i n  a 

Although t h i s  process w i l l  be more e f f i c i e n t  than on earth,  

The rad ia t i on  losses 
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conjunction w i t h  the Stefan-Boltzmann law. 

be a bu lk  emi t te r  over a p o r t i o n  o f  the frequency spectrum o f  concern 

and therefore one must know o r  be able t o  ca lcu la te  i t s  emissive power 

as a func t ion  o f  i t s  thickness, i n  order t o  determine the heat loss as 

a func t ion  o f  time. Complications a r i s e  due t o  the i n te rna l  emission, 

i n t e r n a l  re f lect ions,  and absorptions , and remissions o f  rad iat ion.  

The estimates o f  minimum cool ing r q t e  obtained e a s i l y  s a t i s f y  the 

requirements which were encountered i n  the previous section. However, 

due t o  the approximate nature o f  our calculat ion,  we were unable t o  

conclude whether the cool ing r a t e  i n  ou ter  space w i l l  be f a s t e r  o r  slower 

than on ea r th  where both rad ia t i on  and conduction losses are involved. 

I f  t h i s  becomes a sens i t i ve  matter, then more re f i ned  ca lcu la t ions  can 

be made i n  t1.e fut:r 

However, glass i s  found t o  

F. Conclusion C I  . e q s i b i l i t y  

I n  the preceding =3ctlon we have considered i n  d e t a i l  the factors  which 

may lead t o  the homogeneous nucleat ion and c r y s t a l l i z a t i o n  o f  a phase o f  

i d e n t i c a l  composition t o  t h a t  o f  t he  glass (S  phase), under condit ions 

which should be applicable f o r  the containerless meltSng and cool ing o f  

outer space. 

heterogeneous nucleation v ia  containerless me1 t i n g  i s  the most important 

o f  the several unique advantages o f fe red  Oy outer space fabr icat ion.  

Nevertheless, the a b i l i t y  t o  fabr icate our glass under condit ions o f  h igh 

vacuum w i l l  insure the absence o f  any airborne impur i ty  p a r t i c l e s  which may 

serve as surface s i t e s  f o r  heterogeneous nucleation. We have no evidence 

t h a t  the condit ions o f  zero o r  low g r a v i t y  should have any appreciable 

e f f e c t  on the tendency toward homogeneous nucleation, so long as the glass 

It i s  our view t h a t  the a b i l i t y  t o  e l im ina te  s i t e s  f o r  
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conposit ion does not  f a l l  i n  a region where l i q u i d - l i q u i d  phase separa- 

t i o n  may occur, and provided t h a t  the glass can be prepared i n i t i a l l y  i n  

a homogeneous condit ion. 

t o  1 iquid-1 i q u i d  separation, then the decrease i n  g rav i ta t i ona l  fo rce  

would e l im ina te  g r a v i t y  induced convecticn e f fec ts ,  which i n  t u r n  could 

conceivably r e t a r d  the phase separation which i s  e f f e c t i v e  i n  i n i t i a t i n g  

c rys ta l  nucleation. 

l ase r  glass was detected, such considerations were not  explored. 

I f  the glass i s  i n i t i a l l y  unstable w i t h  respect 

However, since no phase separation o f  our experimental 

Previously we calculated the required cool ing rates t o  avoid the c rys ta l -  

1 i t a t i o n  o f  various a r b i t r a r y  volume fract ions of c r y s t s l s  under homogeneous 

nucleat ing condit ions. 

i n  our est imation o f  nucleation rates.  

c r i t i c a l  cool ing r a t e  i s  r e l a t i v e l y  i nsens i t i ve  t o  e r r o r  i n  nucleat ion 

r a t e  because o f  the t4 dependence i n  Eq. (5.12). 

we thus believ,? t h a t  our calculated cool ing rates should be r e l i a b l e  t o  

w i t h i n  about one order o f  magnitude. 

The createst  uncertainty i n  our ca lcu la t ions  l i e s  

Fortunately, the calculated 

From the data ava i lab le  

It has been estimated t h a t  the avoidance o f  a volume f r a c t i o n  o f  

i n  the laser  glass i s  required t o  maintain an acceptable product. 

for the l eas t  favorable entropy o f  fcsion f o r  c r y s t a l l i t e s  o f  S phase 

(n = 41, we ca lcu la te  tha t  t o  obtain a glass containing no more than one p a r t  

i n  loi@ o f  crysta ls ,  a cool ing r a t e  of only 0.25 deg K/sec. i s  required, 

as indicated i n  Fig. (5.6). 

bel ieve t h a t  t h i s  condi t ion can eas i l y  be m e t .  

1 i t a t i o n  leve l  i s  many orders o f  magni tude smaller than required t o  form an 

However, 

From our rad ian t  cool ing r a t e  calculat ions,  we 

However, c l e a r l y ,  t h i s  c r y s t a l -  

f r a c t i o n  o f  10-20 

ameter per m3 of 

product. It might be indicated tha t  a volume 

t from a s ing le c r y s t a l l i t e  about 1/4 um i n  d 

acceptable 

would resu 

- 40 - 



glass as the worst poss ib le  case. Thus a t  t h i s  c rys ta l  l eve l ,  i n  the 

fab r i ca t i on  o f  a laser  rod o f  less  volume, there i s  a h igh p r o b a b i l i t y  

t ha t  the glass w i l l  be t o t a l l y  c rys ta l  free. Even given the uncer ta in ty  

estimated fo r  the c r i t i c a l  cool ing r a t e  values, the ca lcu lated resu l t s  

c l e a r l y  shon tha t  the  required minimum degree o f  c r y s t a l l i n i t y  can r e a d i l y  

be met, so long as we concern ourselves only  w i t h  the formation o f  S 

phase by a homogeneous mechanism. Ne conclude t h a t  these ca lcu lat ions 

demonstrate the  f e a s i b i l i t y  of preparing our experimental l ase r  glass f r e e  

o f  c rys ta ls  under ou ter  space condit ions. 
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R O  r: 
b 

V i .  Laser 

A. Neodymium lasers  

NdHt doped s o l i d s  have proven t o  be one of the  most useful sources 

o f  1 ser materials. The neodymium laser  i s  t y p i c a l  o f  a c lass o f  four  

leve s o l i d  s t a t e  lasers. Figure 6.1 i s  a schematic i l l u s t r a t i o n  o f  

some o f  the processes t h a t  may occur i n  such a system. 0 denotes the 

Figure 6.1 

ground s t a t e  and 1, 2, and 3 the relevant exc i ted s tates f o r  laser  opera- 

t ion.  

the various l e v e l s  ind icated whi le  the l i n e s  w i t h  wiggles represent 

non-radiat ive t rans i t ions .  

s t a t e  populat ing l e v e l  3. Level 3 i s  then depopulated by a r a p i d  non- 

r a d i a t i v e  t r a n s i t i o n  t o  l e v e l  2. 

broad arrow o r i g i n a t i n g  a t  lehe l  2 and terminat ing a t  leve l  1. 

2 may be depopulated by a v a r i e t y  o f  sources which include spontaneous , 

emission t o  leve ls  0 and 1 , non-radiat ive decay t o  leve l  1, and the 

The s o l i d  l i n e s  represent ab$orption o r  emission o f  l i g h t  between 

Typ ica l l y  l i g h t  i s  absorbed from the ground 

The l a s i n g  l i n e  i s  denoted by the 

Level 
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st imulated emission f r o m  leve l  2 t o  1, which i s  the source o f  the l a s e r  

output. Ions i n  leve l  1 must be capable o f  making a rap id  t r a n s i t i o n  by 

a non-radiat ive process t o  the ground state.  

operating temperature t h e  0-1 energy l e v e l  separation must be s u f f i c i e n t l y  

la rge  so t h a t  the f i r s t  l e v e l  i s  not  s i g n i f i c a n t l y  thermal ly populated. 

I n  the case o f  NdHt, the  e lec t ron ic  s t ruc tu re  o f  the ground s t a t e  

Furthermore, a t  a spec i f ied  

i s  such t h a t  three 4 f  e lectrons are populated i n  add i t ion  t o  the  remain- 

i n g  closed s h e l l  structure.  Within the  Russel-Saunders coupling scheme 

i t  i s  observed t h a t  o f  the mul t i tude o f  terms t h a t  may be constructed 

f r o m  three f electrons the ground s t a t e  i s  given by '+Ic,/~. 

las ing  t r a n s i t i o n  i n  t h i s  system or ig ina tes  i n  the  4F3/2 + 4111/2 t r a n s i -  

t ion .  One should note t h a t  although 4111/2 does correspond t o  the f i r s t  ex- 

c i t e d  l e v e l  of t h e  system, the 4F3/2 l e v e l  l i e s  above the second exc i ted 

state. The energy d i f ference between the states involved i n  the laser  

t r a n s i t i o n  i s  about 1.06 p. We also take note o f  the f a c t  t h a t  a l l  o f  the 

exc i ted s tates per t inent  t o  the  las ing  behavior o f  Nd*+ are formed from 

three 4 f  electrons. Hence, the l a s i n g  t r a n s i t i o n  as wel l  as a l l  other 

r a d i a t i v e  t r a n s i t i o n s  o f  i n t e r e s t  are symmetry forbidden t r a n s i t i o n s  

( 4 f  + 4 f  type). Thus, we an t ic ipa te  t h a t  the  e l e c t r i c  f i e l d  produced by 

ions i n  the host l a t t i c e  a t  the Nd+++ s i t e  w i l l  p lay a major r o l e  i n  

determining the l a s i n g  behavior since such f i e l d s  are capable o f  mixing 

states o f  d i f f e r e n t  symmetry w i t h  the f o r b i t a l s  ( i .e.,  c rys ta l  f i e l d  

breaks symmetry). 

The primary 

The host mater ia l  f o r  the Nd+'+ may be e i t h e r  c r y s t a l l i n e  o r  glassy. 

I f  one uses a glassy host then the  absorption and emission l i n e s  w i l l  be 

broad compared t o  t h a t  c f  a c r y s t a l  host since each Nd+++ sees a somewhat 
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d i f f e ren t  environment i n  the glassy host. Glass lasers o f f e r  a number o f  

the a b i l i t y  t o  r e a d i l y  vary the s ize  and 

ca t ion  o f  the index o f  r e f r a c t i o n  o f  the 

produce high op t i ca l  qual i t y  glasses. 10 

d i s t i n c t  advantages which inc lude 

shape o f  the laser ,  ease i n  modif 

host mater ia l ,  and the  a b i l i t y  t o  

B. Laser Gain 

The at tenuat ion o f  l i g h t  i n  

Beer's Law re la t ionsh ip  

I v ( x )  

n absorbant mater ia l  fo l lows the usual 

= Ioe  -k,x 

where Io i s  the  i n t e n s i t y  o f  the inc ident  beam, kv i s  the  frequency de- 

pendent absorption c o e f f i c i e n t  and I v ( x )  i s  the i n t e n s i t y  a t  a depth x i n  

the mater ia l .  

associated w i t h  the quantum mechanical t r a n s i t i o n  

It i s  a lso possible t o  express kv i n  terms o f  the parameters 

f . .  (I$ - - Nj) S(V) (6.2) 
S i  r e 2  

mc 
k = -  

1J 
gj 

V 

where fij i s  the o s c i l l a t o r  s t rength f o r  the absorption from leve l  i t o  

leve l  j, gi and g.  are the degeneracies o f  the i t h  and j t h  levels ;  respect ive y, 

Eli and N .  are the number o f  atoms occupying the i t h  and j t h  l eve ls ,  S ( V )  i s  

the l i n e  shape funct ion,  c i s  the speed o f  l i g h t ,  and m and e are, respect ive y 

the mass and charge o f  an electron. When the quant i t y  (Ni - - 'i N.) i s  

negative, a population invers ion o f  the s tates has occurred and kV i s  negative. 

A quant i t y  a, ca l l ed  the gain coe f f i c i en t ,  may be defined under these con- 

d i t i o n s  as a = - k v .  o i s  a measure o f  the enhancement o f  the l i g h t  i n t e n s i t y  

i n  t h i s  populat ion ir,verted system since eaL (ca l l ed  the gain) determines the 

increase i n  i n t e n s i t y  o f  the l i g h t  t rave l i ng  a distance L i n  the medium 

J 

J 

S j  J 
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v i a  the Beer's Law equation. 

where the  populat ion invers isn  i s  roughly conctant, the gain coe f f i c i en t  i s  

d i r e c t l y  proport ional  t o  the o s c i l l a t o r  s t rength ( o r  the cross sect ion f o r  

the t r a n s i t i o n ) .  

It i s  imoortant t o  note t h a t  f o r  s i t ua t i ons  

We have mentioned previously tha t  the nature o f  the laser  glass host 

mater ia l  could s t rong ly  in f luence the t r a n s i t i o n  p r o b a b i l i t y  (i .e., cross 

sect ion) o f  the Nd''' l as ing  l i n e .  It has been observed tha t  CaO i s  a 

p a r t i c u l a r l y  e f f e c t i v e  substmce i n  enhancing t h i s  cross section: and, 

furthermore, i t  has been noted t h a t  the increase i n  cross sect ion i s  roughly 

proport ional  t o  the increase i n  the mole % o f  CaO included i n  the glass. I n  

turn,  t h i s  enhancement o f  the cross sect ion would y i e l d  a propor t ional  increase 

i n  the gain coe f f i c i en t .  I t  has a lso been observed t h a t  i f  one pumps the l ase r  

w i t h  a shor t  durat ion pulse (a  case where one would expect the populat ion 

invers ion t o  remain roughly constant), then the overa l l  las ing  e f f i c i e n c y  i s  

roughly propor t ional  t o  the t r a n s i t i o n  p r o b a b i l i t y  f o r  st imulated emission 

o f  the l as ing  l i n e .  

C. Results 

The e f f i c i ency  o f  our experimental laser  glass mater ia l  was compared t o  

the e f f i c i ency  o f  o ther  l ase r  glasses containing lower CaO content by f i nd ing  

the r a t i o  o f  the cross sections f o r  st imulated emission o f  the 1.06 l i n e  

i n  the experimental glass t o  the oihers.  

the fo l low ing  procedure. 

l i n e  (ground s t a t e  -+ i n i t i a l  s ta t?  o f  l as ing  l i n e )  was measured f o r  a number 

o f  l ase r  glasses inc lud ing  our experimental l ase r  glass. 

t ha t  the l i n e  shapes and branching r a t i o s  are i den t i ca l  i n  a l l  glasses considered, 

then the r a t i o  o f  the 1.06 L, cross sect ion t o  the .88 IJ cross sect ion w i l l  

This was accomplished by means o f  

The relative absorption cross sections f o r  the .88 ~r 

I f  i t  i s  assumed 
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be the same for  a l l  glasses. This assumption i s  i n  accord w i t h  the  observa- 

t ions  made previously i n  our l a b o r d o r y  i n  t h i s  fami ly  o f  l a s e r  glasses. 

L i s t e d  below i n  Table VI-1 are the absorption c o e f f i c i e n t s  f o r  neodymium i o n  

f o r  the .88 p 1 ine  f o r  two 0-1 laser  glasses o f  lower CaO content and our 

experimental 1 aser glass. 

Table VI-1 

G1 ass Compos i t i  on 

Experimental Laser Glass (30% CaO) 6.51 x 

Absorption/Nd'+' sec-lcm- 

0-1 Laser Glass 1 (10% CaO) 5.49 x 10-8 

0-1 Laser Glass 2 (20% CaO) 5.89 x 

On the basis o f  these experimental resu l ts ,  orle expects our experimental 

l a s e r  glass t o  be 10% more e f f i c i e n t  than the super ior  o f  the two 0-1 

laser  glasses l i s t e d  above. An empir ical  cor re la t ion  between glass com- 

p o s i t i o n  and absorption o f  the .88 u band has been formulated i n  the past 

f o r  0-1 laser  glasses i n  t h i s  fami ly  of compositions. 

equation :or the absorption o f  our experimental glass predic ts  an absorp- 

t i o n  c o e f f i c i e n t  about 4% less than the measured value. This discrepsncy 

could stem from an e r r o r  i n  the chemical analysis fo r  hdtt+ concentrat ion 

o r  i t  could o r i g i n a t e  in the f a c t  t h a t  f o r  high CaO concentrat ions the 

cross sect ion f o r  absorption (acd hence the overa l l  l a s e r  e f f i c i e n c y )  

i s  higher than one would p r e d i c t  from empir ical  composition considerations. 

Use o f  t h i s  empir ical  

Thus, i n  summary, we may s t a t e  t h a t  there i s  evidence t o  lead one t o  

be l ieve t h a t  our experimental laser  glass composition should be roughly 

10% more e f f i c i e n t  than the 0-1 laser  glass w i t h  s i m i l a r  composition, but  
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20 mole% CaO content. This conclusion i s  based upon the measurements o f  the 

absorption a t  .88 1.1 i n  these glasses and our (0-1) experience z d  knowledge 

o f  such systems which allows one to draw the l i n k  between these wasure- 

ments and the overall  ef f ic iency.  
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R O  r '  L 

VII. Future Studies 

Al though  a good deal of information pertaining to the crystallization 

tendency of our laser glass was ascertained during this  s tudy,  and calcula- 

tions presented have indicated the feas ib i l i ty  of avoiding devitrification of 

tbis glass i n  outer space, further experitxental and theoretical work i s  clearly 

called for i n  order to b r ing  this study to fruition. 

we briefly indicate some future studies which we hope to ini t ia te .  These 

studies ma; be conveniently caC?gorized i n t o  two areas: 1 )  melting and form- 

i n g  problems and 2 )  more detailed and expanded study of laser glass. 

both o f  the above-mentioned areas of endeavor are clear y relevant to this  

study, i t  should be recognized t h a t  a study of the melt ng and forming problems 

associated w i t h  laser glass fabr ica t ion  i n  outer space i s  applicable t o  space 

glass and glass-ceramic formation i n  general. 

Thus, i n  th is  section 

Although 

A number of experiments have been planned i n  order to give a d d i t i o n a l  

confirmation of the results presented here, and t o  explore the opportunities 

for further extending the efficiency of our experimental laser glass. Since 

we have determined the temperature region i n  which the dominant S phase 

tends t o  crys' i l l i t e  from the melt, crystal growth rate experiments may be 

performed i n  this temperature region to obtain a more accurate measure of 

the growth r s te  of this  dominant phase. Although the outer space nucleation 

rate will dif fer  greatly from the "earth" nucleation rate,  because of the 

homogeneous nucleating conditions i n  the former case, the outer space and 

earth crystal growth rates should be comparable. 

products should be studied as a function of cooling rate i n  order to  evaluate 

the possible signi! icance of crystallization of subs id ia ry  phases. 

experimevtal tes t  of our predictions may be made by the following. 

Also, the crystallization 

Another 

Laser 

- 48 . 



glass may be fabricated into many beads of small diameter. 

t h a t  are round to  be virtually impurity f re t  pay be levitated and melted. 

The crystallization tendency of the levitated material may then be studied 

as a function of time and undercooling. 

Those beads 

All of the experiments mentioned above would be aimed a t  p r o v i d i n g  

ex I imental confirmation of the abil i ty t o  ,;reduce our experimental laser 

glass i n  an outer space laboratory. However, a d d i t i f  .la1 earth experimmts 

should be performed in order to  t e s t  the abi l i ty  t o  pr3duce lae k r  glass 

with even greater efficiency t h a n  our experimental laser glass. 

melts could be prepared w i t h  percentages of CaO greater t h a n  30%. 

which do not completely d&vitrify would then be tested for their  lasing 

efficiency. 

experimentally studied in a fashion out1 ined i n  the previous pzragraph. 

Furthermore, t o t a l l y  new glass compositions which promise t o  offer yet higher 

efficiencies, b u t  cannot be formed readily i n  tka b u l k  may be invesLigated. 

For example, 

Samples 

Similarly, compositions containing greater t h a n  30% 9 0  could be 

I t  i s  anticipated t h a t  a major requirement t h a t  milst be met by extended 

or new glass compositions which would permit the crystal-free formation o f  

such glasses under the homogeneous nucleation condit.ions of outer ,pace i s  

t h a t  said compositions do not fa l l  : d i t h i n  equilibrium or mctastable l i q u i d -  

liquid immiscibility regions. 

promote devitrification (even under homogeneous nucleating conditions), i t  

i s  preferable t o  avoid the composition regions of the phase diagram where 

such liquid-liquid immiscibility may occur. Concurrent qtudies will  be 

mtde t o  determine t h a t  th!s requirement i s  satisfied.  

Since phase separation Cn many cases tertds t o  

Several experiments are also planned t c  a i d  i n  the confirmation o f  the 

impossibility of fabricating our experimental laser glass 3n  eart? As 
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was mentioned previously, both bu lk  impur i t ies  introduced from the plat inum 

cruc ib le  as we l l  as surface impur i t ies  introduced from the atmosphere and 

the contqjner wal Is themselves serve as heterogeneous s i t e s  f o r  nucleation. 

Melting and forming experiments i n  cont ro l led  atmospheres and w i t h  care fu l  

surface treatment o f  glass w i l l  be performed t o  t e s t  the  e f f e c t  Qn surface 

cr5: ta l l izat ion.  

f ree o f  platinum i n  order t o  study the bulk  nucleat ion e f fec ts  on earth. 

One should ;.-:all, however, t h a t  the l ase r  glass mater ia l  i s  q u i t e  cor- 

rosive so t h a t  one does no t  expecb t o  eas i l y  obviate the bulk  nucleat ion pro- 

blem on earth by avoidance o f  p lat inum cruc ib les  s ince there i s  a 1 -ge 

p robab i l i t y  t h a t  the molten glass w i l l  a t tack and p a r t i a l l y  d isso lve any 

c ruc ib le  employed. 

-. rthermore, attempts w i l l  be made t o  u t - , l i t e  cruc ib les 

The second major area o f  study w i l l  be concerned w i t h  glass prepara- 

t i o n  melting, and forming. 

o f  s t r i a ,  bubbles and other glass defects. 

w i l l  a r i se  w i t h  regard t o  the production o f  defect - f ree glass. 

on earth one possible mechanism for  the e l im ina t ion  of gas bubbles i n  a 

glass me1 i i s  the loss o f  bubbles due t o  buoyancy e f fec ts .  Bubbles having 

J la rge diameter w i l l  tend t o  rap id l y  r i s e  out o f  the melt. However, i n  

the absence o f  g rav i t y  such bubble r i s e  w i l l  no t  occur. It i s  p laus ib le  t o  

speculate t h a t  the bubble problem may be overcome by appropr iate react ion 

techniques and the use o f  r e f i n i n g  agents. Nevertheless, t h i s  problem 

deserves fu r the r  deta i led study. ? Is> one must devise a method f o r  appropr ia te ly  

reacting, melting, and " s t i r r i n g "  :he reactants. 

t o  the e l im ina t ion  o f  the gas formed i n  the  glass forming react ion and the 

appropriate control  o f  such parameters as temperature, pres5ure , and gas 

Good lase r  glass must be homogeneous, and f r e e  

I n  outer  space several problems 

For example, 

Consideration must also be given 
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atmosphere. Although s a t i s f y i n g  many o f  the above requirements w i l l  re-  

qu i re  thought and ingenuity, the current inves t iga tors  w i l l  have a t  t h e i r  

disposal the years o f  accumulated experience and expert ise which reside 

a t  Owens-I l l inois i n  handling such special r e f i n i n g  and forming problems. 

Furthermore, one o f  us i s  a c t i v e l y  engaged i n  deal ing w i t h  bubble melt 

defect problems, and thus may u t i l i z e  t h i s  experience toward the solu- 

t i o n  o f  bubble defect ?emoval i n  laser  glass i n  outer space 
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R o  

V I  I I. Concl usions 

I n  conclusion, we f e e l  t h a t  we have demonstrated t h a t  there are 

F i r s t  strong incent ives f o r  a f u r t h e r  inves t iga t ion  o f  t h i s  system. 

o f  a l l ,  the economics o f  outer space l a s e r  glass production looks q u i t e  

favorable. AS we have ind icated i n  Section II., not on ly  i s  the market 

f o r  glass lasers growing a t  a substant ia l  ra te,  but  we also an t ic ipa te  an 

even more rap id  growth if glass lasers w i t h  greater e f f i c i e n c i e s  are 

found. Furthermore, we have demonstrated t h a t  a r e l a t i v e i y  small increase 

i n  laser  e f f i c i e n c y  could produce q u i t e  impressive savings i n  the cost o f  

complex systems such as those cur ren t ly  employed i n  the  USA laser  fus ion 

program. 

I n  addi t ion,  we have shown t h a t  production o f  our experimental laser  

glass w i l l  be feas ib le  i n  an outer space laboratory,  wh i le  there are 

strong ind icat ions t h a t  ear th  fabr ica t ion  o f  t h i s  mater ia l  w i l l  not  be possi- 

ble. These conclusions are based upon the  observed ear th  c r y s t a l l i z a t i o n  

o f  the  experimental l a s e r  glass mater ia l  abetted by the impur i t ies  o f  the 

container, and the cal  c r l  a t i  ons performed which i 1 1 us t ra te  the v i  r t u a l  

absence o f  c r y s t a l l i z a t i o n  under the containerless mel t ing condi t ions 

achi eveabl e i n  outer space. 

F ina l l y ,  we have experimental evidence which ind icates t h a t  our ex- 

perimental l a s e r  glass mater ia l  w i l l  have somewhat greater than 10% more 

e f f i c i e n c y  than the current 0-1 l aser  glass mater ia l  w i t h  s i m i l a r  com- 

p u s i t i o n  but containing a 20% CaO content. I t  i s  important t o  note, 

however, tha t  an even more substant ia l  increase i n  the las ing  e f f i c i e n c y  

may be gained by f u r t h e r  increasing the CaO content o f  our experimental 

laser  glass. I n  t h i s  current study our a t ten t ion  was l i m i t e d  t o  one com- 
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pos i t i on  due t o  time constraints as wel l  t o  the r e a l i z a t i o n  t h a t  com- 

pos i t ions  containing very high CaO concentrations would d e v i t r i f y  t o  a much 

la rge r  extent, making experimentation impract ical .  However, i t  i s  q u i t e  

reasonable t o  expect, as suggested by our resul ts ,  t h a t  the composition 

range, and hence e f f i c iency ,  o f  our experimenthl laser  glass may be 

increased by subs tan t i a l l y  more than 10% i n  an outer space laboratory. 
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Figure 4.3 

SAXS CURVES FOR 

(A)  o EXPERIMENTAL LASER GLASS 

(8 )  6 H,O FREE FUSED SiO, 

(C) t HOMOGENEOUS CERVIT GLASS 
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Figure 5 . 4  
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Figure 5.6 

CRITICAL COOLING RATES vs X 
FOR VARIOUS ASFR 
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