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Introduction 

Nuclaatlon and Rapid Solldltlcatlon 

M.C. Flemings and J. Szekely, "Basic Study of the Role 
of Convection i n  Grain Refining" 

N.J. Grant, "The Structure and Properties o f  Rapidly 
So l id i f ied,  Highly Alloyed Aluminum Materials" 

S .  Yurek, "Development o f  Rapidly So l i d i f i ed  , Oxi - 
dation Resistant A1 loys" 

S.A. Allen. "Processing o f  Sendust-Type Soft Ferro- 
magnetic Al loys" 

Fluid Flow and Crystallization Processes 

A.F. Y i t t ,  "Heat Flow and Segregation i n  Direct ional  
So l i d i f i ca t i on "  

R.A. Brown, "F lu id  Flow i n  Crystal Growth: Analysis 
of the Float ing Zone Prccess" 

R.A. Brown and A.F. W i t t ,  "Solutal Convection and I t s  
Ef fects on Crystal Growth fn Binary and Pseudo- 
Binary Systems w i th  Large Liquidus-Solidus 
Separation" 

D. K. Roylance, "Analysis o f  Polymer Me1 t Processing 
Operations" 

D.R. Sadoway , "Studies o f  Meta 1 s Electroprocessing 
i n  Molten Salts" 

Adaptive Matarialn Pr0~088ing 

T .W. Eagar , "Adaptive Control o f  Weldifig Processes" 



This Is the thlrd annual report o f  the research rctlvl ties can- 
ducted at the Materials Processlng Center under the Haterials Pro- 
cesslng Research Base of NASA Grant 17645 durlng the perlod October 1, 
1981 through September 30, 1982. Research projects conducted under 
the auspices of thls grant include work In the areas of nuclertlon 
and rapld solldlfication, fluid flow and crystalllzatlon processes, 
and adaptive materials processing. 

NASA's lnitlal and contlnulng funding of the Materials Processing 
Research Base has contrl butcd signlf lcately to the research and tndus- 
trial actlvltles of the Center to develop and mature In an cxpcdltlous 
manner. The actual do1 lar support provided by NASA has been effec- 
tively leveraged to promote research and lndustrlal lnteractlons in 
areas of national Interest and of particular relevance to the Space 
Program. 

Since Its inception In 1979, the Materlals Processing Center has 
sustained very rapld growth. The Center's staff has grown to some 15 
faculty h e r s ,  30 research staff, and 56 graduate students, all 
drawn from a number of MlT Departments, lncludlng Materlals Sclence 
and Englneerlng , Chemical Englneerlng, Mechanical Englneerlng , and 
Electrical Englneerlng and Computer Sclence. The total fundf ng level 
has g r m  to $3.425M, of which $1.267M Is derived from industrial 
sources. 

A very important actlvlty whlch came to fruition In 1982 was the 
creation of the Materlals Processlng Center/Industry Collegiun, which 
has provlded an excellent focal point tor close Interaction wlth 
lndustrlal organizations. Founded on November 1, 1981 , the Col legiun 
currently has more than forty lndustrlal members and has a goal of 



one hundred members for 1983. The Col legiun promotes information and 

technology exchange through i t s  Col 1 egium Reports and Workshops. The 
Co1 legium a1 so faci 1 i tates personnel exchange between industry and 

government agencies and MIT. I n  addition, the Col l  egi um provides 

fellowships and scholarships t o  focus a t tent ion upon and a t t r a c t  top 

students t o  material s processing research. There are cur rent ly  three 

fe l  lowshf ps f o r  the 1982-1983 academic year, w i th  comnitme~ts f o r  four 

1983 sumner scholarships and ten f u l l  -year f e l  lowships f o r  the 1983- 

1984 academic year. The Collegium also provides seed research funds, 

assists i n  acquiring necessary equi pment , and supports the development 

of new urricul\rm and t e x t  books. 

Research e f f o r t s  w i th in  the Materials Processing Center s t r i v e  t o  

control the structure, shape, and propert ies o f  materials a t  acceptable 

economic and social costs, through the e f fec t i ve  u t i l i z a t i o n  o f  the 

sc i en t i f i c  and engineering base. The research a c t i v i t i e s  o f  the Center 

may be divided i n t o  the following two broad categories: 

1) the Materials Processing Research Base, tha t  is ,  work which 
i s  d i r e c t l y  supported by NASA; and 

2) the overal l  materials processing research effort,  which i s  
supported by other governmental or  i ndus t r ia l  sources. 

The present report  describes indiv idual  projects completed under the 

Materials Processing Research Base, Information perta in ing t o  the 

general research e f f o r t  w i l l  be contained i n  the 1982 Materials Pro- 

cessing Center Annual Report. While very substantial i n  i t s  own r i gh t ,  

the Materials Processing Research Base has fur ther  served as an 

extremely important nucleus f o r  fac i  1 i tl t i n g  the growth of research 

e f f o r t s  i n  re lated areas. 

The work described i n  t h i s  report,  whi le involv ing research i n  

the broad f i e l d  o f  materials processing, has two comnon features: 

the problems are c losely re lated t o  space processing o f  materials and 

have both pract ica l  and fundamental significance. An in te res t ing  and 

important feature o f  many o f  the projects i s  that  the in te rd isc ip l ina ry  



nature of the  problem mandates complementary ana ly t i ca l  model ing lexper i  - 
mental approaches which are best undertaken by several inves t iga tors .  

The j o i n t  p ro jec ts  of Professors Brown and W i t t ,  i nvo l v ing  c r y s t a l  

growth, and Flemings and Szekely, deal ing w i t h  r a p i d  s o l i d i f i c a t i o n  

and gra in  re f i n ing ,  are excel l e n t  examples o f  such cooperative e f fo r t s .  

Very close cc:laboration 1 *tween inves t iga tors  occurs i n  many o ther  

instances, although t h i s  may no t  appear fo rmal ly  i n  the p r o j e c t  des- 

c r i p t i o n .  Inaeed, the  f a c i l i t a t i o n  o f  such close cooperation i s  a 

major func t ion  o f  the  Center. 

Another important aspect o f  many o f  the pro jec ts  ftinded under 

the NASA grant  i s  the increasing use o f  mathematical modeling tech- 

niques as one o f  the research too ls .  The p red i c t i ve  c a p a b i l i t y  o f  

these models, when tested against measurements, plays a very impor- 

t a n t  r o l e  i n  both the planning of experimental programs and i n  the  

r a t i o n a l  i n t e r p r e t a t i o n  o f  the resu l t s .  

F ina l l y ,  and perhaps most important, many o f  the pro jec ts  des- 

cr ibed i n  t h i s  repo r t  w i l l  have a space experiment as t h e i r  u l t ima te  

object ive.  Al lowing f o r  the r e a l i t i e s  o f  the 1 9 8 0 ' ~ ~  t h e w  space 

experiments cannot be undertaken 1 i g h t l y  , but  requ i re  extensive 

ground-based preparations. Mathematical models are proving t o  be 

extremely vat uable i n  p ro jec t i ng  the f ind ings  o f  ground-based experi  - 
ments t o  microgravi t y  condi t ions . 

O f  the pro jec ts  funded by NASA, the Grain Refining/Rapid S o l i d i -  

f i c a t i o n  program d i rec ted  j o i n t l y  by Professors Flemings and Szekely 

i s  the c losest  t o  r e a l i z a t i o n  as a space experiment. The space 

apparatus has been designed (on the basis of very extensive ground- 

base measurements and sophist icated ca lcu la t ions)  and a formal pro- 

posal for  the space experiments i s  being submitted. A formal proposal 

f o r  space experiments on e lect romagnet ica l ly-dr iven f lows i n  t rans-  

parent med:a (Professor Szekely) w i l l  be submitted t o  NASA dur ing the 

ea r l y  p a r t  o f  1983. Other space experiments on c rys ta l  growth under 

condi t ions o f  microgravi ty (Professors W i  tt and Brown) and e lec t ro -  

l y t i c  processing (Professor Sadoway) a re  a lso being contemplated. 



Nucleation and Rapid Solidification 

Basic Study Of the Role of Convection in Grain Refining 

Principal Investigators: Merton C. Flemingr 
and 

Julian Stekely 

RESEARCH SUMMARY 

The s c i e n t i f i c  aim o f  t h i s  program i s  t o  obta.tn a b e t t e r  understanding 

o f  f l u i d  flow, nucleat ion, g ra in  refinement and s t ruc ture  i n  undercooled 

melts. Work under Professor J. Szekely has the fo l low ing p r i nc ipa l  components: 

( i )  Calculat ion o f  the electromagnetic force f i e l d ,  the f l u i d  f low f i e l d  

and the temperature f i e l d  i n  l e v i t a t i o n  me1 ted  (posi t ioned)  specimens both 

under earthbound and zero g r a v i t y  condit ions, and the  v s r i f i c a t i o n  o f  these 

through a comparison w i t h  experimental resu l t s .  

( i i )  The use of the above techniques f o r  the r a t i o n a l  design o f  i n - f l i q h t  

experiments, f u l l y  u t i l i z i n y  the unique features ava i lab le  i n  a zero q rav i t y  

envi ronment . 
(i i i ) Fundamental studies o f  electromagnetic force f i e 1  d-tur bulence i n t e r -  

act ions. 

( i v )  The i n te r fac ing  o f  these r e s u l t s  w i t h  the undercooling studies 

conducted under Professor Flemings ' d i  r e c t i o n  . 
(v )  The broad dissemination of the fundamental f ind ings  through po ten t i a l  

appl icat ions i n  metals processing. 

Work under the d i r e c t i o n  o f  Professor M.C. Flemings and D r .  Y .  Shiohara 

i s  i n  the fo l l ow ing  four  areas: 
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(1 ) Emu1 s i f i c a t i  on studies on undercool i n g  and l e v i t a t i o n  me1 t i n g  Sn-Pb 

a l l oys .  

(2) Fine droplet  studies on i r o n  and n icke l  base a l loys .  

( 3 )  Thermal and s t ruc tu ra l  measurements on 1 e v i  t a t i o n  me1 ted drop1 e t s  

o f  i r o n  and n icke l  base a l l oys .  

( 4 )  Emuls i f i ca t ion  studies on i r o n  and n icke l  base a l l oys .  

To date, a t o t a l  o f  3  publ icat ions have resu l ted  from t h i s  work; these are 
(7-9) l i s t e d  a t  the ecd o f  t h i s  sect ion o f  the repo r t  

The Mathematical and Physical Model1 i n g  o f  E l  ectromaqnetical l y  Driven F l u i d  

Flow and Associated Transport i n  Contained and i n  Container1 ess Me1 t s  

( i )  Electromagnetic Force F i e l  d and F l u i d  Flow F i e l  d Calculat ions 

Concerning Levi ta ted  Specimens 

A formulat ion has been developed t o  represent tu rbu len t  , r e c i  r c u l  a t i  ng 

f low as dr iven by the combination o f  buoyancy and electromagnetic forces i n  

1 ev i  ta ted  specimens. The general vec to r i a l  form o f  the governing equatiofi 

i s  given as: 

equation o f  c o n t i n u i t y  

where '7.r i s  the tu rbu len t  stress tensor and Fb i s  the body force f i e l d ,  which 

i n  general w i l l  inc lude both the buoyancy and the electromagnetic forces. The 

electromagnetic component o f  the body force was calculated using the technique 

of mutual inductances(' ). The buoyancy component, which i s  o f  re1 evani? on  ty 

f o r  ground based appl i ca t ions  was obtained through the simul ataneous so lu t i on  

o f  the thermal energy balance equation. 

The thermal energy balance equation takes the fo l low ing form: 

UVT = VkVT - 



ORIGINAL PAGE 1s 
where ke i s  the e f f e c t i v e  thermal conduct iv i ty .  OF POOR QUALITY 

The system o f  equations (1-3) was solved numerically, u t i l i z i n g  the k-c 

model t o  represent the components ~f the tu rbu len t  s t ress :ensor. An extensive 

set  o f  the computed r e s u l t s  pe r ta in ing  t o  ground based condi t ions has been 

puhi i s  hed ' 2 3 .  Here we s h a l l  present a se lec t ion  o f  the computed r e s u l t s  

concerning zero g r a v i t y  condi t ions.  I n  the presentat ion o f  the computed 

r b c l l t s  emphasis w i l l  be placed on the  app l i ca t i on  of these t o  the i n t e r p r e t a t i o n  

o f  previous experimental measurements, notably the  SPAR 1 ser ies and on t h e i r  

tlse I n  the design o f  the Space Shut t le  experiments, which invo lve  s c a l e - ~ p .  

SPAR 1 Experiments 

I n  the SPAR 1 experiments zero g r a v i t y  (ac tua l l y  I O - ~ ~ )  condit ions were 

produced, f o r  b r i e f  t ime periods, say 5-7 mins. by using a rocket. I n  the 

studies bery l l ium spheres, 9 mn i n  diameter were l ev i t a ted ,  using a spherical  

c o i l ,  sketched i n  Fig. (1 ) .  The c o i l  was made o f  copper tubing, 2.5 mn i n  

diameter. The co i  1 consisted o f  two turns, each hemisphere wound on a 16 mn 

diameter sphere. The aximuthal angles formed by the two turns o f  the c o i l  a re  

46' and 74' respect ive ly .  The power supply was a 107 kHz rad io  frequency 

generator, which drew 1.2 kW, DC from a bat tery.  The co i  1 cur ren t  was 300A 

and i t  was estimated t h a t  a power absorpt ion r a t e  o f  about 46 watts produced a 

mean sample temperature o f  1 4 0 0 ~ ~ .  

Fig. 2 shows + : ~ e  computed electromagnetic force f i e l d  and the heat 

generation pat tern,  wh i l e  Fig. 3 shows the computed v e l o c i t y  and temperature 

f i e l d s .  I t  i s  of i n t e r e s t  t o  compare these r e s u l t s  w i t h  the corresponding 

values computed f o r  earthbound condi t ions using a c o i l  assembly sketched 

i n  F ig .  4, f o r  a s tee l  sphere, 6 mn i n  diameter, given i n  Fig. 5 and 6. 

It i s  seen t h a t  vigorous c i r c u l a t i o n  ex i s t s  i n  both cases, but  f o r  

the zero g rav i t y  case we have four, ra ther  than two r e c i r c u l a t i n g  loops 

i n  each h a l f  sphere. This s i g n i f i c a n t  di f ference between the two f low pat terns 

i s  no t  due t o  the absence o f  g rav i t y ,  bu t  ra the r  a t t r i b u t a b l e  t o  the d i f fe rence i 

i n  c o i l  con f igura t ion  and the  actual pos i t i on  o f  the sphere w i t h i n  the f i e l d  



and hence the ac tua l  f o r ce  f i e l d  induced w i t h i n  t he  sphere which was depic ted 

i n  Fig. 3 and 5. This p o i n t  w i l l  be discussed subsequently. 

Fig, 7 and 8 show the  computed values o f  the t u r b u l e n t  k i n e t i c  energy 

and t h e  r a t i o :  e f f e c t i v e  v i scos i  ty /molecular  v i s c o s i t y  f o r  the  zero g r a v i t y  

be ry l l i um  run and the earthbound s tee l  run  respec t i ve ly .  

I t  i s  seen t h a t  i n  both cases the t u r b u l e n t  k i n e t i c  energy and the  

t u rbu len t  v i s c o s i t y  are h igher  i n  the  center  than a t  the  ou te r  surface, 

however there  are marked d i f fe rences  i n  t h e  d e t a i l s  o f  the behavior. I n  the 

zero g r a v i t y  case the i sop le ths  are symnetr ical ,  furthermore, the  r a t i o  o f  

t he  t u rbu len t  v i  scosi  t y  t o  the  molecular value i s  much h igher  and va r i es  

much less  than i n  the earthbound case. The behavior o f  the  t u r b u l e n t  k i n e t i c  

energy para1 l e l  s  t h a t  seen f o r  the tu rbu len t  v i scos i t y .  

Space Shu t t l e  Experiments 

I n  the proposed space s h u t t l e  experiments a  v a r i e t y  o f  ma te r i a l s  w i l l  

be exairriqed, hu t  f o r  the purpose o f  comparison b e r y l l i u m  w i l l  be used i n  

the present example. The same spher ica l  c o i l  design w i l l  be used as f o r  

SPAR 1, bb: the  l i n e a r  sca le  w i l l  be increased by a f a c t o r  o f  two. 

I n  sca l i ng  these systems the f o l l o w i n g  p r i n c i p a l  factors  have t o  be 

considered. 

( i )  A two fo ld  increase i n  the l i n e a r  dimension w i l l  p rov ide  a  f o u r f o l d  

increase i n  the sur face area o f  the specimen over which heat i s  d iss ipated.  

( i i  ) Approximate c i r c u i t  ana lys is  i nd i ca tes  t h a t  t h i s  scaie-up w i  I ?  
a l s o  increase the energy absorpt ion due t o  the  induced cu r ren t  by a  f a c t c r  

of four .  

( i i i )  The above would i n d i c a t e  t h a t  the system could be operated a t  the 

s3me current ,  however due t o  impendance losses associated w i t h  the  l a r g e r  

c o i l  a  h igher  c o i l  curpent would be r q u i  red. 

Ca lcu la t ion  have shown t h a t  a  c o i l  c u r r e n t  o f  500~"A, would g i v e  

an energy i npu t  o f  25511, which i n  t u r n  would ~ i v e  t he  des i red 1 4 0 0 ~ ~  specimen 

temperature. 



Fig. 9 shows the computed electromagnetic fo rce  f i e l d  and heat generation i '  

pa t te rn  f o r  t h i s  l a rge r  c o i l ,  which i s  q u i t e  s i m i l a r  t o  t h a t  computed f o r  the 

smaller spherical  c o i l .  

Fig. 10 shows p l o t s  o f  the computed v e l o c i t y  and temperature f i e l d -  ? 

four  r e c i  r c u l a t i n g  loops, cha rac te r i s t i c  o f  the spherical  c o i l  desigr ,-!re 

read i l y  apparent, bu t  the numerical value o f  the absolute v e l o c i t y  sn~a? l e r ,  

by about a f a c t o r  of four  than t h a t  found f o r  the l a rge r  c o i l ,  

Fig. 11 shows the computed tu rbu len t  k i n e t i c  energy and the r a t i o :  

e f f e c t i v e  v iscosi ty /molecular  v iscos i ty .  I t  i s  seen t h a t  the  f low f i e l d  i s  

h igh l y  tu rbu len t  but  there i s  very l i t t l e  spa t i a l  v a r i a t i o n  of these propert ies. 

The important f i nd ings  assocated w i t h  these r e s u l t s  are t h a t  there are 

s i g n i f i c a n t  differences i n  the f l u i d  f low f i e l d s  i n  l e v i t a t i o n  me1 ted  droplets  

under earthbound and zero g r a v i t y  condit ions. 

More p a r t i c u l a r l y  f o r  a zero g r a v i t y  cond i t ion  and the c o i l  conf igurat ion 

e ~ p l o y e d  we found a symnetrical c i r c u l a t i o n  pa t te rn  and four r e c i r c u l a t i n g  

loops i n  contrast  t o  a asymmetrical c i r c u l a t i o n  pa t te rn  and two c i r c u i a t i o n  

loops predic ted fo r  the earthbound condit ions. 

The actual dimension of the drop was found t o  p lay  a major r o l e  i n  

determining the s t ruc ture  of the turbulence. For the small, earthbound 

system there was 6 marked damping of the turbulence on approaching the free 

surface, due t o  the changes i n  the angular momentum ( the c.. n t r i f u g a l  and the 

Cor io l  i s  forces).  I n  contrast  for the la rger ,  zero g r a v i t y  systems the spa t i a l  

v a r i a t i o n  i n  the tu rbb len t  k i n e t i c  energy was g rea t l y  reduced. 

Examination of the l a rge r  system ( I  .e. the planned Space Shut t le  

experiment) has shown tha t  notwithstanding the increase i n  the absolute value 

o f  the c o i l  cur ren t  the actual  l i n e a r  v e l o c i t y  would be s i g n i f i c a n t l y  reduced 

(by a fac to r  o f  four  compared t o  an i den t i ca l  geometrical arrangement but  

having h a l f  the l i n e a r  dimension). 



Our a b i l i t y  t o  quant i fy  these ef fects i s  thought t o  represent s i g n i f i c a n t  

cont r ibu t ion  t o  the fundamentals o f  f l u i d  mechanics and a t  the same t ime i s  

an important asset i n  the ra t i ona l  planning of the i n - f l i g h t  experiments. 

( i i )  The Design of Space Shu t t l e  Experiments 

The p r i nc ipa l  s c i e n t i f i c  t r u s t  of the proposed space experiments i s  the 

extension o f  the ground based experiments t o  a zero g r a v i t y  environmen'. The 

actual concept of these experiments has been def ined as a r e s u l t  of the p r i o r  

ground based studies; the feasi b i  1 i t y  of accomplishing the measurements durii-ig 

i n - f l i g h t  condit ions has been as certained as a r e s u l t  of d i s c ~ s s i o n s  w i t h  

D r .  T. Frost  of the  GE Space Science Center, i n  Val ley Forge, Pennsylvania. 

While essen t i a l l y  the same equipment w i l l  be used f o r  both the f l u i d  

flow and the undercool i ng  studies, the deta i  1 s of the experimental object ives 

w i l l  necessari ly d i f f e r .  

The purpose o f  the experiments i s  t o  determine the n I t  v e l o c i t i e s  on 

the f ree  surface o f  l e v i t a t e d  specimens a t  various current  leve ls  and thus 

enable a d i r e c t  comparison u f  these experimental measurements w i t h  the theore- 

t i c a l  predic t ions thd t  have been developed as p a r t  o f  t h i s  program. 

I n  essence the experimental procedure w i  11 invo l  ve the l e v i t a t i o n  me1 t i n g  

o f  t i n  spheres, 1.84 cm i n  diameter, a t  var ious cur ren t  i n p u t  leve ls .  The 

po in t  values of the ve loc i t y  a t  the surface of the t i n  specimens w i l l  be 

determined using t race r  pa r t i c l es ,  the l oca t i on  of which would be fol lowed 

using a c ine camera, w i th  a frame speed of 48 sml. 

The spec i f i c  experiments t o  be performed on t i n  would inc lude:  

(a) the determination of the steady ve loc i ty ,  corresponding t o  a 
p a r t i c u l a r  current  i n p u t  l eve l  a t  several cur ren t  inputs. 

(b)  the r a t e  of v e l o c i t y  decay, once the d r i v i n g  fo rce  has been d ras t i ca l -  

l y  reduced. 



an-i f i cance of the Experiments 
- - 

F l u i d  f l ow  i n  l e v i t a t i o n  me1 ted  and pos i t ioned specimens i s  an i n t e r e s t i n g  

class o f  problems i n  e lect romagnet ica l ly  d r iven flows, because i t  Involves 

a curv-i l i n e a r  coordinate system. 

The proposed measurements would enable us t o  c r i t i c a l l y  t e s t  the theore- 

t i c a l  representat ions t h a t  have been developed, through ve r i f y i ng  - 
( a )  the predic t ions made regardi the  f low pat terns and the v e l o c i t y  

f i e l d s .  

(b) the dependence of the v e l o c i t y  f i e l d  on c o i l  current.  ? 
( c )  the  tu rbu len t  - l a v i ~ a r  t r a n s i t i o n .  

i I 

( 4 )  the decay times, once the d r i v i n g  force has been discontinued. 

These experiments could n o t  be ca r r i ed  ou t  i n  an earthbound environment, 

Secause m d e r  the condi t ions o f  the ea r th ' s  g rav i t a t i ona l  f i e l d  there i s  a 
very narrow l i m i t  o f  c o i l  currents, which al lows one t o  a t t a i n  l e v i t a t i o n ;  

almost i nva r iab l y  t h i s  corresponds t o  tu rbu len t  f low. Furthermore, one i s  

l i m i t e d  i n  the s i r e  o f  the snecimens t h a t  may be l ev i t a ted .  UntJer earthbouad 

conditions i t  would be impossible to :  

( i )  measure the cur:-ent dependence o f  the ve loc i t y .  

( i  i )  measure the decay times. 

(i ii) determine the laminar - tu rbu len t  t r a n s i t i o n .  
( i v )  ascer ta in  the fundamental d i f fe rence i r  the c i r c u l a t i o n  patterns 

t h a t  have been predic ted f o r  earthbound and zero g r a v i t y  condit ions. 

I n  add i t ion  t o  tes t i ng  the theo re t i ca l  p red ic t ions  per ta in ing  t o  zero 

g r a v i t y  1 ev i  t a t i o n  and pos i t i on ing  , the ?reposed experimenttal program would 

make an important con t r i bu t i on  t o  the fundamentals o f  e lect romaqt~ct ica l  l y  

dr iven flows - a domain where accurate measurements are d i f f i c u l t  t o  make. 

Thus the v e r i f i c a t i o n  o f  the modell ing equations should f i n d  ra the r  wide- 

spread app l ica t ion  i n  a number of re la ted  f i e 1  ds. 

? 

Last bu t  n o t  least ,  the experim,ntal l y  ~ n d  theoret  rcal  l y  predic ted ! 1 1  
ve loc i t y  f i e l d s  w i l l  represent a4 important con t r i bu t i on  t o  the character i ra-  J 

t i o n  of the temperature and velnc i  t y  f i e l d s  needed i n t h e  model 1 i n g  and quant i-  1 
! 

t a t i v e  descr ip t ion  of the undercool i ng experiments. 
I 
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(iii ) Fundamental Studies o f  Electromaqnetic Force F i e l d  - Turbulence 

In te rac t i ons  

The containerless processing program inherent ly  involves the i n te rac t i on  

o f  electromagnetic f i e l d s  and f l u i d  f low f i e l d s .  One leve l  of these in te rsc-  

t ions, namely electromagnetical l y  dr iven f lows has been discussed i n  preceedincj 

sections, i n  connection w i th  l e v i t a t i o n  me1 t i n g .  However, there e x i s t s  

anoth?r, mow subt le leve l  o f  in te rac t ions  namely the possible damping o f  

turbulence by an electrsmagnetic f i e 1  d. 

I n  order t o  examine t h i s  problem an apparatus has been c9ns tp~c ted  t o  

study heat and f l u i d  f low phenomena i n  a Woods Metal me1 t, generated by the 

passage o "  an e l e c t r i c  current  between two electrodes. The apparatus i s  

sketched i n  Fig. 12. An important component i n  t h i s  p ro jec t  i s  the use o f  

a hot f i l m  anemoneter f o r  the measurement of  the v e l o c i t y  and o f  the tu rbu len t  

f luctuat ions. A hot  f i l m  anemometer assembly usable i n  molten Woods Metal 
(5) has been developed f o r  t h i s  p a r t i c u l a r  tippl i c a t i o n  . 

The c a l i b r a t i o n  system f o r  the hot f i l m  anemometer i s  given i n  Fig. 13; 

t h i s  i s  seen t o  consis t  o f  a shallow boat, conta in ing the molten Woods Metal, 

through which the probe i s  being dragged a t  a predetermined, steady ve loc i t y .  

Quite saphist icated signal processing i s  required, the arrangements f o r  which 

are shoan i n  Fig. 14. A t yp i ca l  c a l i b r a t i o n  curve i s  given i n  Fig. 15, 

i nd i ca t i ng  the d r i f t ,  which i s  o f ten  associated w i t h  hot f i l m  anemometry i n  

molten metal systems. 

F i n a l l y  Fig. 16 shows the c a i i b r a t i o n  curve w i t h  d r i f t  correct ion.  which 

i s  q u i t e  sa t is fac tory .  

Having establ ished the feasi b i  1 i t y  o f  hot  f i l m  anemometry i n  molten 

Woods Metal, the work i s  now cont inuing w i t h  systematic data gathering regarding 

ve loc i t y  and turbulence paramenter measurements. The resul  t s  o f  t h i s  work 
should be qu i te  important i n  the containerless processing program, but should 

a lso f i n d  rather  more widespread app l i ca t i on  i n  the general f i e l d  o f  metals 

processing. 



j i v )  The In te r fac ing  o f  the  Heat and F l u i d  Flow Work w i t h  the  Under- 

cool i nq Studies 

An important component o f  the model l ing program i s  i t s  associat ion w i t h  

the undercool i ng studies, conducted i n  Professor M. C. F l  mi ngs ' laboratory.  

The de ta i l ed  descr ip t ion  o f  t h i s  work i s  ava i lab le  i n  Sections o f  t h i s  

report .  This e f f o r t  i s  p r i m a r i l y  experimental w i t h  the  major t h r u s t  o f  

examining undercool ing, the subsequent recalescence o f  var ious a l l o y  systems 

under a va r ie t y  o f  condit ions. P a r t i c u l a r l y  noteworthy features o f  t h i s  

work a re  t h a t  very s i g n i f i c a n t  undercool i ngs have been achieved, furthermore 

the thermal h i s t o r y  of the recalescence process has been recorded, and very 

i n t e r e s t i n g  metastable phases have been produced. 

Work i s  i n  progress regarding the model 1 i ng o f  the heat flow and the 

recalescence and metastable phase formation i n  these systems. The f l u i d  

f low and heat f low calculat ions,  reported i n  the preceeding sections are of 

course c lose l y  re la ted  t o  t h i s  e f f o r t ;  more s p e c i f i c a l l y  work i s  i n  progress 

t o  de f ine  the f l u i d  f low condi t ions both earthbound and f o r  zero g r a v i t y  

i n  these undercool i n g  experiments. Furthemore j o i n t  work has been i n i t i a t e d  

regarding the mathematical model 1 i ng  o f  the rec~ lescence  process. 

(v )  I n d u s t r i a l  Appl icat ions o f  the Heat and F l u i d  Flow Calculat ions 

The t a c k l i n g  o f  the heat and f l u i d  f low problems i n  containerless 

processing operations has lead t o  the development o f  very powerful computa- 

t i o n a l  t s o l s  capable o f  p red i c t i ng  the electromagnetic force f ie lds ,  f l u i d  

f low f i e l d s ,  beat and mass t rans fe r  i n  a v a r i e t y  o f  metals processing opera- 

t ions.  An important, but  of course not  dominant component o f  our research 

prograr i s  t o  disseminate these r e s u l t s  broadly t o  the metals industry ,  

thus prov id ing  d i r e c t  i n d u s t r i a l  appl icat ions of the NASA sponsored basic 

research program. 

Examples o f  t h i s  work inc lude the study o f  f l u i d  f low i n  induc t ion  

durnaces, and other  s teel  processing operations, described i n  the preceeding 
I 3 
't 

r epo r t  o f  the Center f o r  Mater ia ls  Processing. 



A more recent i n d u s t r i a l  appl icat ion,  which i s  i l l u s t r a t e d  i n  the 

fo l low ing has been the p red i c t i on  of the v e l o c i t y  f i e l d s  and mass t rans fe r  

rates i n  a 4 ton  induc t ion  furnace hold ing molten s tee i .  

Fig. 17 shows a schematic sketch of the  furnace, whi le  the computed 

electromzgnetic force f i e l d  and the v e l o c i t y  f i e l d s  are  given i n  Fig. 18, 

19 respect ively.  Fig. 20 depicts the  experimental arrangement used f o r  

measuring the v e l o c i t i e s  i n  the melt ,  which e s s e n t i a l l y  r e l i e d  on the 

de f l ec t i on  o f  an imnersed rod. F ina l l y ,  Fig. 21 shows a comparison o f  the 

experimental l y  measurzd and the theo re t i ca l  l y  predic ted dependence o f  the 

l i n e a r  me1 t v e l o c i t y  on the c o i l  current .  Tne good agreement, for  p i l o t  

scale type operations, i s  read i l y  apparent. 

Studies were a lso  made t o  p red i c t  the r a t e  a t  which graphi te rods, 

imnersed i n  the mel t  would dissolve, and Table 1 shows a comparison 

between the  pred ic t ions  and the experimental measurement - here again the 

agreement i s excel 1 en t. 

UNDERCOOLING EXPERIMENTS ON T I  N-LEAD, AND I RON AND NICKEL BASE ALLOYS - 

Ernr~lsif i ca t i on  Studies on Sn-Pb A i  loys 

Emu1 s i  f i ca t i ons  are prepared using a high-speed s t i r r i n g  device patterned 

a f t e r  Perepezko e t  al . ,  Fig.22. Some o f  the emuls i f icat ions were reheated 

and the metal droplets  then r e s o l i d i f i e d  a t  con t ro l l ed  cool ing r a t e  i n  a DTA. 

With the drop le t  s izes and experimental technique explained, undercool ings  

of about 95 t o  1 0 5 ~ ~  were t y p i c a l l y  obtained. Other samples were r a p i d l y  

s o l i d i f i e d  i n  the device shown i n  Fig. 23. Thus i n  these cases, undercoolings 

of not  less  than about 110 '~  were combined w i t h  rap id  cool ing ra tes  (calculated 

t o  be i n  the range of l o 6  O~/sec.  ). 

The nucleat ion temperatures of the  d i f fe ren t  a l l o y s  studied, when cooled 

a t  10~C/rnin. are shown i n  Fig. 24. Tn represents nucleat ion o f  a t i n - r i c h  

phase, and Tn' of a lead- r ich  phase. 
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Sn-5 w t %  Pb dropelts, undercooled and rap id l y  s o l i d i f i e d  i n  the ag i ta ted 

bath, show "featureless" structures, Fig. 25, which are supersaturated s o l i d  

solut ion.  A lead- r ich  pahse p rec ip i ta tes  i n  the s o l i d  s ta te  a f t e r  extensive 

hold ing a t  room temperature o r  heat ing above room temperature, Fig.26. 

Having a co ld  bath temoperature for  quenching i s  essent ia l  t o  ob ta in  the  super- 

saturated st ructure,  Fig. 27. 

I n  Sn-Pb a1 1 oys o f  2omposi t i ons  where two phases nucleate, s t ructures 

are obtained t h a t  are s t rong ly  sens i t i ve  t o  cool ing rate,  such as t h a t  of 

t he  Sn-45 w t X  Pb a l l o y  i n  Figure28. When r a p i d l y  quenched, the  s o l i d i f i c a t i o n  

s t ruc ture  i s  composed o f  a dendr i t i c ,  lead-r ich phase (white, w i t h  dark so l id -  

s ta te  p rec ip i ta tes )  and a dark t i n - r i c h  pahse. When slowly cooled ( 1 0 ~ ~ / m i n . ) ,  

the lead- r ich  phase coarsens as shown i n  Figure 28 on the fa r  r i gh t .  

Analyt ica l  studies are now underway as p a r t  o f  t h i s  research t o  under- 

stand and model the nucleation, s o l i d i f i c a t i o n  and heat f l ow  behavior o f  

these undercooled droplets, and there w i l l  be reported a t  a l a t e r  date. 

FINE DROPLET STUDIES ON IRON AND NICKEL BASE ALLOYS 

We have developed a method f o r  obta in ing high undercooling i n  metal 

a1 loys by mixing f i n e  metal powder w i t h  glass powder, and then heating and 

cool ing the composite. To date, we have achieved 475'~ undercooling i n  

316 sta in less steel  i n  t h i s  way - a substant;ally higher undercooling than 

has been obtained by any other  worker f o r  an i r o n  base a l l o y .  The former 

maximum reported f o r  Fe base a1 loys  was 295O~, Table 2. 

As undercool i ng increases and p a r t i c l e s  s ize  decreases, s t ructures 

obtain?d i n  316 tend t o  go from dendr i t i c  FCC; t o  "featureless FCC"; t o  

mixed FCCIBCC; t o  f u l l  BCC. Figure 29 ( top)  shows the dendr i t i c  FCC micro- 

s t ruc ture  cha rac te r i s t i c  o f  very low undercoolings. Figare 29 (bottom) 
shows the "featureless" microstructures cha rac te r i s t i c  o f  higher undercoolings. 

Dark p a r t i c l e s  are BCC; l i g h t e r  ones are FCC. Mixed FCCIBCC structures are 

a lso obtained, Figure 30. (BCC s t ruc ture  surrounds the  smaller FCC area). 

These resu l t s  are i n  generai agreement w i th  expectations, and ca lcu la t ions  

conf irm t h a t  i n  t h i s  a l loy ,  the BCC s t ruc ture  can be formed (metastably) 

a t  undercool i ngs greater than about 1 20'~. 
-- - - -  
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T6QRMAL AND STRUCTURAL MEASUREMENTS ON LEVITATION MELTED DROPLETS OF IRON -- 
A#D NICKEL BASE ALLOYS - 

Extended experiments have a lso been ca r r i ed  out  on l e v i t a t i o n  me1 t i ng ,  

!n s o l i d i f i c a t i o n  of l e v i t a t i o n  me1 t e d  droplets, and on st ructures o f  

droplets produced i n  t h i s  way. 

I n  current  work, i r o n  and n icke l  base a l l o y  droplets are f l o a t e d  i n  

r r o l  ten glasses t o  achieve higher undercool ings. Surface temperatures o f  

ecalescing, and of subsequently cool ing droplets are being measured t o  

1-~rovide high-speed data f o r  modell ing studies. Figure 31 i s  a schematic 

i l l u s t r a t i o n  o f  the equipment, showing the sample, the high speed sensing 

device, and the d i g i t a l  osc i  1 loscope. 

Figure 32 i s  an example o f  shor t  time thermal p ro f i e l s  obtained i n  a 

Ni-32.5 w t %  Sn (eutec t ic )  a l l oy .  It i s  an in te res t i ng  and s t a r t l i n g  

observation t h a t  the t o t a l  recalescence t ime ( a t  l e a s t  o f  the surface o f  

the sample) decreases sharply w i t h  increasing undercool ings. Figure 33 
shcws longer time thermal p ro f i l es  (up t o  10 sec.) f o r  these droplets; 

t h i s  f igure #.-ovides an ind i ca t i on  of the time required t o  complete recales- 

c m e .  Note tha t  the rap id  surface cool ing rates are obtained imnediately 
a f t o r  s o l i d i f i c a t i o n  (> l o 2  O~/sec.)  even i n  these very l a rge  droplets 

(5 mm = 5,OOC urn). This rap id  coo l ing  i s  due t o  ex t rac t i on  o f  heat f r o m  

t t e  recalesced droplet  i n t o  the much cooler glass. Much more o f  these data 

are being obtainzd and being used as foundation fo r  developing a mathematical 

model both o, ; o l i d i f i c a t i o n  o f  these la rge droplets, and o f  the smaller 

dropletc -5-50 yn) studied i n  other por t ions o f  t h i s  work. 

-MPLICATIONS FOR SPACE EXPERIMENTS - 
ORiGlNAL PA35 !S 
OF: POOR QUALITY 

11) Fille Metal Droplets Susjended ir, Glass 

Ine f i n e  droplet  approach o f  mixing metal powder w i t h  glass and heating 

r S  an e f f e c t i v e  way o f  obta in ing higher undercooling, i n  s p i t e  o f  one experi-  

mental probelm. That problem i s  coarsening o r  agglomeration o f  the pa r t i c les .  

For example, s t a r t i n g  w i t h  an i n i t i a l  average p a r t i c l e  s ize  o f  15 pm, the  
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t y p i c a l  average p a r t i c l e  s ize  a f t e r  me1 t i n g  and reso l  i d i f f  ca t i on  i s  approxi- 

mately 90 pm, an increase i n  d rop le t  volume o f  over a f a c t o r  o f  200. This 

s ize  increase, we bel ieve, i s  much too  la rge  t o  be accounted fo r  by d i f f us iona l  

coarsening. It most probably r e s u l t s  l a r g e l y  from agglomeration due t o  g rav i -  

t a t i c q a l  s e t t l i n g  i n  the  glass, both before and a f t e r  the glass i s  molten. 

Further experiments are perhaps necessary t o  conf i rm t h i s  probable 

g rav i t a t i ona l  cause o f  agglomeration. Assuming t h i s  i s  the co r rec t  mechanism, 

an important space experiment becomes sel f -ev ident ;  t h a t  i s ,  the  car ry ing  

out  o f  s i m i l a r  experiments i n  space. The absence of a g rav i t a t i ona l  f i e l d  

should permi t  re ta in ing  very f i n €  p a r t i c l e  s izes i n s i d e  the glass, thereby 

obta in ing much higner undercoolings than we have y e t  been able t o  achieve. 

(2)  L e v i t a t i o n  Me1 ted  Droplet i n  Glass Blanket 

Our cur ren t  l h rge  diameter dorp le t  work (5  mn dia.)  i s  on n i cke l  base 

a l l oys  l e v i t a t e d  w i t h  a glass slag. Thus fa r ,  undercoolings obtained have 

been appreciably l ess  than undercoolings obtained i n  the f i n e  droplets,  but 

the technique has great  i n t e r e s t  f o r  us because we can measure the surface 

temperature of the drop le t  dur ing recalescence using h igh  speed o p t i c a l  

methods. 

Performing t h i s  experiment i n  space would permit  e l  Im ina t ing  both 

g rav i t a t i ona l  corlvection and induc t ion  s t i r r i n g  (s ince the  power would no t  

be needed t o  ~ a i n t a i n  l e v i t a t i o n ) .  Thus, we would have t o  be able t o  achieve 

increased undercool ings i n  t h i s  space experiment and could a1 so measure 

the rates o f  recalescence i n  samples a t  these undercoolings, recording on 

telemetering the  d i g i t i z e d  information. 
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F ig .  1 .  Schematic sketch of the  l e v i t a t i o n  c o i l  
used i n  SPAR 1 experiments. 
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Fig. 2. Computed electromagnetic force field 
and heat generation distribution for 
a 9 mn beryl 1 ium sphere at zero-g. 



Fig .  3. Computed v e l o c i t y  f i e l d  and temperature 
d i s t r i b u t i o n  f o r  a 9 mn bery l l ium drop 
a t  zero-g. 
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F i g .  4. Sketch o f  the l e v i t a t i o n  c o i l  used i n  the 
earthbound calculat ions.  



Fig.  5 .  Computed electromagnetic force f i e l d  and 
heat generation d l s t r l b u t l o n  i n  a 6 mn 
i ron  drop a t  earthbound grav i ty  for a c a l l  
current 250A. 



Fig.  6. Computed ve loc i ty  f i e l d  and temperature 
f o r  a 6 mn i ron  droplet  a t  earthbound 
grav i ty  f o r  a coi 1 current 250A. 
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F i g .  7. P l o t  of computed contours o f  the turbulent  
k i o e t i c  energy ( ~ 1 0 ~  m2/s2 RHS and be/pg 
LYS far 9 mm beryl 1 ium drop tit zero-g. 
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Fig.  8. P l o t  o f  computrd contours o f  the turbulent 
k i n e t i c  energy ( x l o 4  m2/s2)  RMS, and ve/p t LHS f o r  6 mn i ron  drop a t  earthbound grav ty .  
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Fig. 9. Computed electromagnetic force field and 
heat generation distribution for an 18 
mn beryllium drop at zero-g. 



F i g .  10. Computed ve loc i ty  f i e l d  and temperature 
d i s t r i b u t i o n  f o r  an 18 mn drop a t  zero-g. 



Fig. 11. P lo t  o f  the computed contours o f  the 
turbulent k i n e t i c  energy (x104m2/s2) 
RHS and pe/pa LHS f o r  3n 8 mn beryl 1 ium 
drop a t  zero-g. 
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Fig.  12. Schematic sketch -of the apparatus designed 
for measuring the electromagnetically driven 
velocity field in the Woods Metal system. 
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0 0 0 0 0 GENERATOR 
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APPLE l l 
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- 
PRINTER 

u 
PLOTTER 

F ig .  14. Sketch o f  Data Processing Scheme. 
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- SECOND CALIBRATICN 
(DRIFTED) 
(2 DAYS LATER) 

Fig. 15. Calibration curves showing drift. 
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o FIRST CALIBRATION 
A SECOND CALIBRATION 

Fig. 16. calibration curves with  drift correction. 
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F i g .  17. Schematic sketch of a three phase 
i nduc t i on furnace. 
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Fig.  18. The computed ~ l e c t r m a g n e t l c  force Fz for 
a 4 ton induction furnace. Coi l  current  
2800 Amp. 
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Fig. 19. The computed ve loc i ty  f i e l d  f o r  a 4 ton 
induction furnace and f o r  a 2800 A c o i l  
current.  



Fig. 20. A sketch o f  the ve loc i ty  measurement system 

1 - probe 5 - support 
2 - am 6 - instrumeqts 
3 - spring p l s t e  7 - x-x-T recorder 
4 - s t r a i n  gauge 8 - RMS converter 



Coil Current (Amp.) 

F i  3. 21. Canpari son between the nxasured and the 
computed near surface velocl t y  as a function 
o f  c o i l  current.  



Etwtrtc motor 
(C a 380Ur~m) 

0 

0 0 I - 
4qon 9% ~det  

P y m  glass Cover 

b e 1  glass cruelbie 

Heating element 

011 metal mlxtun 

Flg. 22.  S c h m t l c  dlagram o f  the cxpcrlmental apparatus 
f o r  emuiritying droplets o f  mclten low-melting- 
polnt  a l loys .  



rr 

f 
i 
w -  

Cold lkuid 

Fig.  23. Schematic diagram o f  the exper!n;ental apparatus 
f o r  rapid quenching emulsif ied droplets.  
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QUAL~W composition of lwd (rtspb) 
Sn 20 40 60 r 80 I Qb 

I I I 1 I I I 

Cooling rate : 1OWmin 
300- 

- 

- 

Composition of lmd (wt7.W) 

F i g  . 24. Cmposi t i o n  dependence o f  nucleation temperatures 
*&sure- f o r  Sn-Pb a l l o y  droplets observed i n  OSC mb 

ment with 10°C/mln cooling r a t e .  



F i  gure 25 M i c r o s t r u c t u r e s  o f  drop1 et: o f  Sn-Swt%Pb a1 1 oy 

r i p i d l y  quenzhed in a b a t h  a t  -25'C, 1000X. 
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Figure ?6 The samedroplets shuwn i n  Figure25,  after one 

mnth  a t  room temperature, n o t e  the substantial  
precipitation o f  lead-rich phase,  !OOOX, 



l a )  Bath Temperature: 5 0 ' ~  (b) Bath Temprature: 2 5 ' ~  

(cl Rath Temperature: - 4  C (d l  Bath Temperature: - 2 5 " ~  

F i  gure 2 J Mi cr?s tructures o f  drop1 e t s  of Sn-SwtPPb d l  loy 

superheated 50°C and rapidly quenched i n  bath 

a t  tempera tures shown. 5060Y. 
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Table 2 
Previous Undercooling Results for Iron and Nickel Base Alloy 

A m  Undercool ing ('C) Investigators Sample Size 

Ni 319 Cech, Turnbull 50 - 100 vm 
365 Ward 1.5 gm 

295 Cech, Turnbull 30 - 100 pm 
295 Scheil Bulk melt 

AISI 4330 Steel 

Kattamis, Flemings 50 - 500 gm 

440 C. Steel 150 11 11 

Ni 200-290 Lux, Haour, Mollard 1 2 m 4  x lOcm 

t 
Ni-13%A1 (Ni3A1) 10-15 11 11 

Ni-42%50%Sn (138 Kobayashi, Nakao 3 gm 

Ni-52%Sb 229 11 11 
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F i g .  29. (a) $EM mlsrograph o f  cross-sectloned and 
etched p a r t i  c l  es o f  the as-recei ved 
316 s ta in less  steel powder. 

( b)  Opt1 ca l  m i  crograph o f  cross-sectioned 
and etched 31 6 BCC and FCC par t ic les  
af ter  undercool i ng experiment. (FCC 
particles are lighter !n color). 



Fig. 30. SEM micrograph o f  a cross-sectioned and 
etched p a r t i c l e  of 316 after high under- 
cool i ng. 50th the BCC and FCC phases 
cu-exist in the  same particle. 

1 
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1 1 I I 

I t,,,=10 msec 
I bzl 30rnsec 

I 1 I---~~ 
h,= 360msec 

I 
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@ 

I 
2 I Ni-32.5wl0l,Sn (eulectic ) - 
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b- I 
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.;,,=939'C 
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I..&-.d-------J 9 0 0 0  400 
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F i g .  32. Eutec t ic  recalescence t ime p r o f i l e s  f o r  
th ree  d i f f e r e n t  undercoolings. 



Fig .  33. Eutec t ic  s o l i d i f i c a t i o n  p r o f i l e s  for  
th ree  d i f f e r e n t  undercooi i nes. 



Tho Structure and Proportias of Rapldly Solidified, 

Highly Alloyed Aluminum Matorlala 

Principal Inve6tigrtor: Nicholaa J. Orant 

I. THE STRUCTURE AND PROPERTIES OF RS-PM 2024 A1 + LITHIUM ALLOYS 

RESEARCH ABSTRACT 

This study has been completed and a  ser ies  o f  pub l i ca t ions  are i n  

prepardt ion. One phase of the study was concerned w i t h  A1 l o y  2024 modi- 

f i e d  w i t h  addi t ions of 1  t o  2% l i t h i u m .  Further a l l o y i n g  mod i f i ca t ions  

permit ted study of the ef fect  gf the Cu:Li r a t i o  on the r e s u l t a n t  me- 

chanicdl oroper t ies .  A1 1 oy 1  , i n c o r r e c t l y  t r ea ted  a t  500°C fo r  hydrate 

decomposition, was the h igh  Cu, h igh Cu:Li r a t i o  a l l o y ,  and was nega- 

t ~ v e l y  i n f  1 uenced by formation of coarse CuA1 p r e c i p i t a t e s  ( i n  excess 

o f  s o l i d  s o l u b i l i t y  a t  a l l  temperatures). A l l oys  2 and 3 showed excel-  

l e n t  combinations o f  both nomfnal and s p e c i f i c  . s t r e n ~ t h  and modulus o f  

e l a s t i c i t y .  Fatigue proper t ies ,  notch toughness and crack propagation 

ra tes were a l l  s i g n i f i c a n t l y  improved over I - M  2024 and RS 2024 w i thou t  

1  i th ium addi t ions.  

A pub1 i c a t i o n  cover ing t h i s  study has been accepted :or the  Second 

I n te rna i i ona l  Conference on A1 - L i  A1 1  oys, scheduled f o r  Apr i  1  1983. 

RESEARCY SUMMARY 

Table 1 l i s t s  the Cu and Li compasit ional va r i a t i ons ,  Young's Modulus 

and the shear modu;ds values, which i n  t u r n  are transposed i n t o  percent 



increases i n  both modulus values corrected f o r  spec i f i c  g rav i ty .  These 

increases are of s i g n i f i c a n t  value and i n te res t .  

The major strengtheping phases i n  these three a l l o y s  are sumnarized 

below for  aging condit ions of 20°C (T-4) and 190°C (T-6): 

Aged a t  20°C Aged a t  190°C 

A l l oy  1 GPB and GP z o w s  GPB zone, s ' ,  y ' ,  8 '  and e "  
A l l o y  2 GPB zone GPB zone, s ' and y  ' 

A l l oy  3 GPB zone GPB zone, s '  a ~ d  y ' 

A l loys  2 and 3 are s i m i l a r  i n  s t ruc ture  but  otherwise d i f f e r  s i g n i f i -  

can t l y  i n  propert ies. One would expect higher l eve l s  of E and G, and o f  

speci f ic  modulus values i n  favor  of A l l oy  2 w i t h  the h igher  l i t h i u m  con- 

tent ,  which i s  c o n f i n e d  i n  Table 1. Y ie ld  s t rength values f o r  a l l  three 

a l l o y s  are  c lose l y  matched a t  about 68 t o  69 ks i ;  however, the UTS i s  s ig -  

n i f i c a n t l y  b e t t e r  f o r  A l l oy  3 i n  s p i t e  of having the lowest l i t h i u m  con- 

ten t .  Perhaps even more important ly ,  the d u c t i l i t y  a t  f racture i s  sharply 

b e t t e r  for  A:loy No. 3. The combination o f  exce l len t  YS, UTS and d u c t i l i t y  

shown by A l l oy  3 i s  re la ted  t o  i t s  lower content o f  ox'de derived from the 

RS powders. The f racture surfaces showed a cleaner, f iner ,  dimpled s t ruc-  

ture. A l l o y  1, which had very coarse CuA12 p rec ip i t a tes  due t o  i n i t i a l  

overheating o f  the RS powders gave pocr s t rength and d u c t i l i t y  values 3nd 

i s  no t  f u r the r  discussed. 

The densi ty  corrected values f o r  Al loys 2 and 3 are excel lent ;  the 

best combination i s  t h a t  f o r  A l i oy  3 for  the T-6 condi t ion.  See Table 2. 

The notch t e n s i l e  proper t ies 2nd f rac tu re  toughness values are shown 

i n  Table 3. Again A l l oy  3 shows ye best values. 

Figure 1 i s  a p l o t  o f  s t ress amplitude (reversed bending) versus 

cycles t o  f a i l u r e  a t  room temperature i n  an a i r  atmosphere, and compares 

data f o r  I - M  2024, RS-splat 2024 (no L i  ) , and f o r  Al loys 2 and 3. There 

i s  a s i g n i f i c a n t  improvement f o r  A1 loys 2 and 3 (uncorrected f c r  densi ty)  

compared t o  both I - M  2024 and RS-splat 2024. I0 the case of A1 ioy  3, the  

5 5 





7 improvement a t  10 cycles, over I-M 2024, is  more than 35%. 

Figure 2 plots  fat igue crack growth ra te  versus s t r e s s  in tensi ty  

range fo r  A1 loys 2 and 3 versus that  f o r  I-M 2024. Again Alloy 3 shows 

excel 1 ent  val ues ; 

Alloy No. 3, with only about 1% Li, and apparently w i t h  lower oxide 

content than i s  frequently the case w i t h  RS-PM and RS-splat based al loys,  

shows excel l en t  properties i n  a1 1 tests performed, including the sharp, 

precracked notch t e s t s .  Corrected fo r  density, this al loy i s  clear ly  

be t t e r  than I-M 2024 in terms of i t s  mechanical behavior. 

Table 1.  Modulus of Elas t ic i ty  of RS-PM Aluminum Alloy 2024 + L i  

Percent Increase i n  Values 
VS. I-M 2024 

AE A E AG 
p x 107in. p x AG7 10 in. 

-- - - - - - - 
8.7 10.8 10.3 12.9 

12.5 18.3 15.4 20.5 

8.7 12.5 10.3 12.8 

1 Alloy NO. 

I-M 2024 

1 

2 

3 

E 

p s i x l o 6  

10.4 

11.3 

11.7 

11.3 

G 

p s i x 1 0 7  

3.9 

4.3 

4.5 

4.3 
L 

tu 

% 

4.5 

5.92 

3.78 

4.16 

L i  

X, 

- - 
1.29 

1.63 

0.96 
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STRESS INTENSITY RANGE (MPa 4R 

- - - - - - 
lo-' + I I I I I I I l l  1 I I I I I I I *  

- 
lo0 10' 10 * 

STRESS INTENSITY RANGE (ksi fi) 
Fig. 2. Crack Growth Rates Versus Stress In tens i ty  

Range for Alloys 2 and 3 Compared t o  t h a t  f o r  
I M  2024-T4. 
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11. THE STRUCTURE AND PROPERTIES OF RS-PM A1-Mg-Li ALLOYS 

RESEARCH ABSTWCT 

I n  terms of an t ic ipa ted  gains i n  spec i f i c  s t rength and e l a s t i c  modu- 

lus,  the A1-Mg-Li system i s  p a r t i c u l a r l y  a t t r a c t i v e .  Even though the lit- 

erature shows tha t  A1 -Cu-Li a1 l oys  have b e t t e r  s t rength values (nominal 

and spec i f i c ) ,  the subs t i t u t i on  o f  2 t o  4% Mg fo r  4 t o  6% Cu i n  the A1 - 
1 t o  3% L i  a l l o y  i s  expected t o  be p a r t i c u l a r l y  bene f i c i a l  t o  spec i f i c  

modulus. Rapid s o l i d i f i c a t i o n ,  which has no t  been researched t o  an impor- 

t an t  extent  f o r  A1-Mg-Li a l loys ,  was appl ied i n  t h i s  study i n  order t o  pro- 

duce extruded bar  stock fo r  t e s t  purposes. The f i r s t  a l l o y  and t e s t  resu l t s  

f o r  an RS-PM a l l o y  look q u i t e  promising. 

RESEARCH SUMMARY 

The composition of the ho t  extruded (30: l  r a t i o )  Al-Mg-Li a l l o y  was 

( i n  weight percent): 6.74Mg - 1.64Li - 0.19Cu - .27Cr - .21Ti - .13Fe and 

.15Si. Solut ion heat t r e a t i n g  temperatures o f  300' t o  540°C were studied, 

along w i t h  aging from 20' (T-4) t o  190°C (T-6). 

Cendrite arm spacing values f o r  USGA powders (helium quench) var ied 

from about 0.5 t o  about 2 urn over a powder s ize  range which var ied from 
5 about 1 o r  2 urn t o  250 urn, i n d i c a t i n g  a quench r a t e  o f  about 10 K/s. 

Aging i n  A1-Mg-Li a l l o y s  i s  essen t i a l l y  based on formation o f  the 

6 (A1 3L i )  phase; the magnesium serves p r i m a r i l y  t o  enhance sol  i d  so lu t ion  

strengthen ing. As a secondary e f fec t ,  the magnesi urn decreases the sol u- 

b i l  i t y  o f  L i  i n  A1 , thereby increasing the amount o f  6 '  phase on aging, 

for a given l i t h i u m  content. 

The resu l t s  of exploratory aging studies for  the A1-Mg-Li a l l o y  are  

p l o t t e d  i n  Fig. 1. B r ie f l y ,  so lu t ion  temperatures below about 300°C do 

n o t  induce important aging benef i ts .  Natural aging r e s u l t s  !? no c.hange 
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i n  hardness. Best r e s u l t s  are fo r  a so lu t i on  temperature of 510°C p lus  

aging a t  135OC (curve 7, Fig. 1).  Of some i n t e r e s t  bu t  no t  pursued, solu- 

t i o n  temperatures from 400 t o  510°C, w i t h  aging a t  165OC, r e s u l t  i n  a nar- 

row spread o f  hardness values. I n  t h i s  respect, so lu t ion  temperatures 

from 400 t o  510°C are apparently s u f f i c i e n t  t o  achieve su i tab le  supersat- 

urat ion;  however, aging a t  165OC leads t o  overaging a f t e r  about 10 hours. 

Aging a t  135" t o  150°C seems preferable. 

I n  a l l  cases the 6' (A13Li) phase was i d e n t i f i e d  a f t e r  aging, although 

some A12Mg phase i s  expected fo r  t h i s  6.7% Mg a1 l oy .  

With an add i t ion  o f  on ly  1.64% L i ,  the densi ty  o f  t h i s  a l l o y  i s  

2.523 glcm3, compared t o  2.768 f o r  I - M  2024; t h i s  represents a densi ty  de- 

crease o f  8.85% for  the A1-Mg-Li a l l o y  compared t o  I - M  2024. I n  turn, 
6 Young's modulus f o r  t h i s  a l l o y  i s  11.2 x 10 psi ,  y i e l d i n g  a value f o r  the 

7 spec i f i c  Young's modulus o f  12.2 x 10 i n .  These are  q u i t e  a t t r a c t i v e  val -  

ues. 

Table 1 1 i s t s  room-temperature t e n s i l e  data inc lud ing  spec i f i c  

s t rength values based on the noted decrease i n  density.  Measured st rength 

and duc t i  1 i t y  values, i n  general , are b e t t e r  than those fo r  I - M  2024 - 
T-4; corrected f o r  densi ty  the values are exce l len t  and are as good as 

those reported f o r  A l l o y  3 i n  Section I above. 

Figure 1 ind ica ted  optimum hardness on aging a t  135°C; t h i s  i s  borne 

out  i n  Table 1 i n  terms o f  y i e l d  strength; however the u l t ima te  st rength 

i s  not  the highest among the tes ts  which were made, l a r g e l y  due t o  consid- 

erably  lower d u c t i l i t y  values f o r  t h i s  aging condi t ion.  Aging a t  150' o r  

165" r e s u l t s  i n  lower y i e l d  values, equa i ly  h igh u l t ima te  st rength values 

and progressively improved d u c t i l i y .  I n  f a c t  ' t i o n  a t  450" p lus  aging 

a t  165°C y i e l d s  the best combination o f  s t r e w  ,,, and d u c t i l i t y  wh i l e  pre- 

serving a Notch Yie ld r a t i o  o f  1.0. Crack growth rates were the poorest 

among the group o f  a l l o y s  discussed i n  Sections I and 11, f o r  reasons 

which are no t  now apparent. 
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Nevertheless, i t  i s  c lea r  t ha t  f u r t h e r  studies o f  RS-PM Al-Mg-Li 

a l l o y s  are warranted, i n  p a r t i c u l a r  i n  compositions which w i l l  provide an 

add i t iona l  hardening e f f e c t  t o  t h a t  provided by 6 '  p r e c i p i t a t i o n  i n  t h i s  

a1 loy. I 

Table 1. Tensi le Propert ies o f  A1 - 6.74Mg - 1.64Li A l l oy  a t  20'6 

111. MODIFICATION OF STRUCTURE AND PROPERTIES OF RS-PM 7075 ALLOY 

CONTAINING 1% ADDITIONS OF Z r  AND Ni 

RESEARCH ABSTRACT 

I n  general, a great deal o f  the a l l o y  studies using RS pa r t i cu la tes  

leads t o  small compacts weighing between 1.5 and 5 kg, measwing 4 t o  15 

cm diameter t o  produce hot  extrusions t y p i c a l l y  12 rrm diameter t o  12 x 35 

mm cross section, and represent ing extrus ion r a t i o s  (area) o f  16-30: 1. 

This i s  o f ten  an inadequate amount o f  ho t  working t o  disperse oxide f i l m s  

on the par t i cu la tes ,  o r  t o  break down occasional trapped impur i t ies .  I n -  

d u s t r i a l  R & D powder b i l l e t s ,  i n  contrast ,  w i l l  weigh 50 t o  100 kg and 

w i l l  receive considerably greater  ho t  reduction. Using USGA powders, a 

35 kg batch o f  powders w i l l  be hot  extruded t o  achieve from 60 t o  100:l 

ext rus ion r a t i o s  (area).  Various subsequent c o l d  and ho t  work cycles w i l l  

Spec. YS 

4 
p x 10 i n .  

70.4 

68.9 

65.4 

66.5 

67.0 

Solut ion and Aging 
Conditions 

O C  

510°, 1/2 h, WQ + 
135%, 170h 

510°, 1/2 h, WQ + 
150°, 15h, WQ 

Spec. UTS 

4 
:p x 10 i n .  

82. ? 

81.2 

81.6 

83.4 

83.7 

UTS 

Ksi 

75.7 

74.6 

75.1 

76.7 

0.2% YS 

Ks i 

64.0 

63.4 

400° ,1 /2h ,WQ+ , 6 1 . 6  177.0 
165", 10h, WQ I I 

Elong 

% 

5.5 

7.0 

8.9 

1 1 .  

510° ,1 /2h ,WQ+ / 60.2 

RA 

% 

5.0 

10.0 

10.0 

15.0 

8.0 

16s0, 10h, W Q  

450° ,1 /2h ,WQ+ 
165O, lOh, WQ 

10.0 

61.2 



be t r i e d  i n  order  t o  achieve f i n e r  and more uniform dispersions o f  oxide 

f i l m s  and d i r t  which may acc identa l l y  be included i n  the powder batch. 

RESEARCH SUmARY 

Exce l l e r~ t  s t ruc tures  and mechanical t e s t  data were obtained from small 

extrusions ( 5  kg) o f  an RS 7075 a l l o y  containing 0.7% Z r  and 1% N i  . Y ie ld  

s t rength values i n  excess o f  90 Ksi, UTS values i n  excess of 100 Ksi and 

d u c t i l i t y  values i n  excess o f  lo%, combined w i t h  exce l len t  fa t igue,  f rac -  

t u r e  toughness, and notched t e n s i l e  data q u a l i f i e d  t h i s  a l l o y  f o r  f u r t h e r  

studies t o  evaluate the r o l e  of t o t a l  reduct ion on s t ruc ture  and subsequent 

propert ies. The USGA a l l o y  powders have been prod-uced an6 ? re  cu r ren t l y  

being canned i n  preparat ion f o r  ext rus ion from an 18 cm round t o  a 5 cm 

round (13:1 area reduct ion).  The 5 cm extrus ion w i l l  be cu t  t o  selected 

lengths and var iously  processed t o  smal l e r  cross-sections, f o r  examp'le: 

a) Hot re-extrude t o  1.2 cm: t o t a l  f i n a l  reduct ion equals 225:l 

b)  Hot upset the 5 cm round t o  ob ta in  an a l t e rna te  grain, oxide, and 

i nc lus ion  pa t te rn  a t  very h igh r e d u c t i m  

c )  Other TMT's inc lud ing  intermediate co ld  work, hot  r o l l i n g  and cross 

rollitx,, etc. 

Based on expected bene f i c i a l  e f f ec t s ,  an a l l o y  much more prone t o  de- 

v e l ~ p  heavier oxides, such as a 2 o r  3% L i  a l l o y ,  w i l l  he s i m i l a r l y  proc- 

essed. 
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ABSTRACT 

A f i ne -g ra ined  r a p i d l y  s o l i d i f i e d  18-8 s t a i n l e s s  s t e e l  ( A S 1  3..,3) 
e x h i b i t e d  enhanced res is tar lce t o  ox i da t i on  under isothermal  cond i t i ons  

compared w i t h  a convent ional  wrought a1 l o y  o f  the  same composit ion. The 

enhanced res is tance  t o  ox i da t i on  i s  a t t r i 5 u t e d  t o  th ree  f ac to r s :  ( 1 )  The 

formation and growth o f  p r o t e c t i v e  sca les i s  p ro rno t~d  by t he  f i n e  a1 1 
g ra in  s i z e  (%1@m) and probably by the  presence o f  a d ispers ion  o f  f i n e  

MnS p r e c i p i t a t e s  i n  the s t e e l  mat r i x ,  ( 2 )  sca le  adherence i s  increased by 

the format ion of i n t r u s i o n s  o f  ux ide  from the  ex te rna l  sca le  i n t o  t he  a l l o y ,  

which form a long closely-spaced a l l o y  g r a i n  boundaries and probably around 

the dispersed phase, and which a c t  t o  key the  sca le  mechanical ly t o  t he  a l -  

l o y ,  and ( 3 )  growth s t resses i n  the  scales are reduced by the  format ion o f  

scales of un i  form composi t i  on, whi c t ~  a re  promoted by t he  un i  form composi - 
t i o n  o f  the  a l l o y .  Mod i f i ca t i on  of the m i c ros t r uc tu re  o f  18-8 s t a i n l e s s  

s t ee l s  through r a p i d  s o l i d i f i c a t i o n  prccess ing appears t o  a1 low an increase 

i n  opera t ing  temperature o f  about 75°C u n d w  isothermal cond i t i ons .  

INTRODUCTION 

Very f i n e  gra ined a l l o y s  a re  t y p i c a l l y  obta ined by compaction o f  a l l o y  

powders produced by r ap rd  s o l i d i f i c a t i o n  processing. I n  a number o f  cases, 

the f i n e  g r a i n  s izes (<lOumj remair~ s t a b l e  a t  e leva ted  temperatures. The 

gra ins i n  these a l l o y s  a re  apparent ly  p inned by  very f i n e  nonmeta l l i c  i n -  

c lus ions  t h a t  a re  formed i n  the  a l l o y s  du r i ng  r a p i d  s o l i d i f i c a t i o n  and/or 
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dur ing subsequent compaction o f  rap id l y  so l  i d i  fie(; prodircts . The com- 

b ina t i on  of a stable, f i n e  a l l o y  gra in  s ize ,  a f ine, uniform dispers ion 

01 qonmetall i c inc lus ions  and a hOInOgeneOUS a1 l o y  composition should 

provide an exce l len t  a l l o y  microstructur? f o r  ox ida t ion  resistance, pro- 

vided the a1 l o y  composition i s  adjusted properly.  

The ob jec t ive  of t h i s  program o f  research was t o  determine the e f -  

fects o f  rap id  s o l i d i f i c a t i o n  processing on tile h i  gh-temperature ox i  - 
dat ion behavior of  a l loys .  I t  was demonstrated i n  a previous i n9es t i -  

gat ion [I] tha t  a f '  .e-grained, rap id l y  s o l i d i  f i e d  18Cr-8Ni s ta in less  

s tee l  exh ib i ted  superior resistance t o  ox ida t ion  a t  9GJ°C under c y c l i c  

condit ions comparea w i t h  a conventional , wrst!gbt a1 1 r o f  the saine com- 

pos i t ion .  The present study focussed on the o x i d ~ t  on behavior o f  the 

same rap id l y  s o l i d i f i e d  a l l o y  under isothermal conditions over the tem- 

perature range of 800-1 100°C. 

EXPERIMENTAL METHODS AND MATERPALS -- 

The mater ia l  selected f o r  t h l s  i nves t i ga t i on  wds a f ine-grained rap- 

i d l y  s o l i d i f i e d  303 s t a i r l e s s  s tee l  (designated here in as 30f?S), which 

contained a f i n e  dispersion o f  MnS p rec ip i t a tes .  Rapid s o l i d i  f i c a t i o n  

o f  t h i s  a l l o y  was ca r r i ed  ou t  by forced convective cool ing ( i n  hel'um) 

o f  c e n t r i f u g a l l y  atomized metal droplets t o  achieve cool ing rates on the 

order o f  lo5 OC/sec. The resu l tan t  powder, which was 5 t o  200 microns i n  

diameter, was sieved t o  -140 mesh, enclosed i n  a s t a ~ n l e s s  s teu l  can,, and 

consolidated t o  a f u l l y  dense one-inch diameter rod by ho t  ext rus ion a t  

900°C and a 10:l ext rus ion r a t i o .  According t o  Kel ley and Vand~r  Sande 

[2], the 303RS a l l o y  comprised a duplex grair i  s t ruc tu re  o f  5-10 micron 

grains surrounded by heav i ly  d is lcca ted  grains t h a t  were less than one 

micron i n  diameter. The a l l o y  contained about 1 ~ 0 1 %  o c  MnS ill the form 

o f  a uni fo;m dispersioll o f  f i n e  prec ip i ta tes  (0.C1-0.2 mjcrons i n  d ia-  

meter). 

The ox idat ion behavior o f  the 303RS was compar2d t o  t h a t  o f  a con- 

vent ional wrought 304 s ta in less  s tee l  (desi gnated here in as 304W). The 

nominal composition o f  both s tee ls ,  which are given i n  Table 1,  are v i r -  
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t u a l l y  the same, except t h a t  the 303RS has a h igher  content o f  sulphur 

and s i l i c o n .  A wrought 303 s ta in less  s tee l  was r ~ o t  used as the stand- 

ard for  comparison because t h a t  mater ia i  contaitls very l a rge  MnS p m c i -  

p i t a tes  which would d i s rup t  the oxide scale and cause rap id  ox idat ion.  

TABLE 1 : CompoLtions o f  Steels 

Composition, W t .  Pct. 

Steel C Mn P S S i  ti i C r  

The ox idat ion specimens were disks approximately lmn t h i c k  and 16 

and 11.5m i n  diameter f c r  the 303% and 304W a l loys ,  respect ive ly .  These 

disks were sealed i n  an evacuated quartz capsule and annealled for 2h a t  

1 100°C. The specimens were then ground thrcugh 600 g r i t  Sic paper, po l -  

ished w i t h  6 micron diamond paste, u l t r a s o n i c a l l y  cleaned and then f i n -  

a l  l y  r insed w i  t h  d i s t f  1 l e d  water and metnanol . A f t e r  the s tab i  li zat ion  

anneal, the ab rage gra in sizes of the 303RS and the 304U were 6.5 and 

85 microns, respect ively.  The MnS precip i ta tes were 0.2 t o  0.4 microns 

i n  diameter, i nd i ca t i ng  t h a t  p a r t i c l e  coarsening occurred dur ing anneal- 

ing. 

Oxidation experiments were conducted using a thermogravimetric 

apparatus tha t  employed an A i  nsworth Semi -Mi  crobalance as the weighing 

u n i t .  Experiments were conducted a t  800. 900, 1000 and l l O O ° C  i n  an 

atmosphere of dry oxygen a t  1 atm press5:e. Temperature cont ro l  was 
+ 
-5OC as measured by a P t I P t -  lO%RH thermcouple placed approximately 5m 

from the specimens. The microbalance was in ter faced w i t h  a s t r i p -cha r t  

recorder t h a t  produced a cont in i  . s record of the wei gtit gained by the 
t 

svecimens as they ox id i  zed. t i  c, e -.curacy of the balance was - .02 gm. 

The weight gains (Am)  measured by the balance were then normalized by 

d i v i d i n q  by the specimen area (A). 

Scanning e lec t ron  microscopy (SEM) was used t o  examine the surfaces 

and pcil ished cross-sections o f  the c . .~d ized specimens i n  order t o  deter- 
68 



mine the oxide morphology. The r e l a t i v e  propor t  ions o f  the elements i n  

the oxides were determined from the r a t i o s  o f  the I$ peaks i n  EDX spectra. 

An e lec t ron  microprobe was used t o  measure concentrat ion p ro f i l es  on the 

pol ished cross-sections o f  ox id ized a1 loys. 

RESULTS 

Values o f  (Am/A) are p l o t t e d  as a func t ion  o f  t ime i n  Fig. 1 f o r  the 

isothermal ox ida t icn  o f  304W and 303RS s tee ls  a t  800-llOO°C. The t o t a l  

times o f  exposure varied, bu t  the tendency was t o  terminate the tes ts  a f t e r  

breakaway ox ida t ion  occurred. Two tes ts  were conducted on the 303RS ?at- 

e r i a l  a t  each temperature. The data discussed throughout t h i s  regor t  are 
from whichever o f  the two t e s t s  resu l ted  i n  the 1 argest wei gk,t g i i  ns. 

Figures 2 and 3 show the  complete sets of data f o r  both tes ts  a t  each tem- 
perature. Reproduc ib i l i t y  o f  resu l t s  was poor a t  l l O O ° C ,  bu t  a t  a l l  lower 

temperatures the r e s u l t s  o f  t he  two tes ts  were w i t h i n  f 20"mf each other .  

Data f o r  the 304W s tee l  were produced by a s ing le  t e s t  a t  each temperature. 

The k i n e t i c  datd show t h a t  the 303RS a l l o y  was more res i s tan t  t o  ox i -  

dat ion than the 304W a l l o y  over the e n t i r e  range of temperatures tested. 

The general trends may be summarized as fol lows. The 304W formed protec- 

t i v e  scales a t  800 and 900°C; a t  1000°C a p ro tec t i ve  scale formed on 304W 

b u t  soon broke down as th i ck  i r o ~  oxides began t o  grow on the surface and 

p i t t i n g  occurred. A t  l l O O ° C ,  breakaway ox i  datior! began almost i r m d i a t e l y  

By comparison, the 303RS a1 l o y  formed p ro tec t i ve  scales a: m0, 300, 

and a t  1000°C. Even a t  1000°C there was no evidence o f  p i t t i n g  o r  scale 

breakdown. A t  l l O O ° C ,  the ox id i z ing  condit ions were too severe and break- 

away ox idat ion se t  i n  qu ick ly .  The most s i g n i f i c a n t  di f ference between 

the two a l loys  i s  t h a t  the 303RS was r e s i s t a n t  t o  ox ida t ion  a t  temperatures 

up t o  100Q°C, wh i le  the 304W was only  r e s i s t a n t  t o  ox idat ion u? t o  900°C. 



DISCUSSION OF RESULTS 

Oxidatioq o f  304W A1 loys 

The maximum recomnended temperature for the  use of a wrought 3041 

s ta in less  s tee l  under isothermal ox ida t ion  condit ions i s  925OC [3]. 
Therefore, i t  was expected t h a t  the 304W bould show adequate ox ida t ion  

resistance a t  900°C and below, but  not  a t  1000°C and above. 

The scales observed on specimens oxidized a t  800 and 900°C consist-  

ed of t h i ck ,  r e l a t i v e l y  i ron - r i ch  oxides over the gra in i n t e r i o r s  and th in ,  

r e l a t i v e l y  chromium-rich oxides over the a l l o y  gra in boundaries. A protec- 

t i v e  chromium-rich oxide a lso formed beneath the i r o n - r i c h  oxides over the 

gra in  i n t e r i o r s  and was subsequently exposed when many o f  the oxide mounds 

spa1 l e d  dur ing coo; i ng. When the sta in less s tee l  was i n i  ti a1 l y  exposed t o  

the h i  gh-temperature , ox i  d i  z ing  atmosphere, oxides o f  every metal i n  the 

a1 loy  probably formed, inc lud ing the rap id l y  growing wust i  te, "Feg". Wusti t e  

can grow so qu ick ly  t h a t  a th ick,  Fe-rich scale formed f i r s t ,  fol lowed by the 

formation o f  the underlying pro tec t ive  chromium-rich scale a t  the a l l oy  sur- 

face. The formation o f  wust i te  i n  the ea r l y  o r  t rans ient  stage o f  ox ida t ion  

was apparently responsi h l e  f o r  the rap id  i n i t i a l  weight gains c ' the 304W 

specimens (Fig. 1 ). The chromium-;-ich oxides a t  the gra in  boundaries were 

able t o  form rap id l y  enough t e  prevent the formation o f  t h i c k  i r o n - r i c h  oxides 

a t  these s i tes .  This phenomenon i s  a t t r i b u t e d  t o  the p re fe ren t ia l  nucleat ion 

o f  Cr20j a t  the boulidaries and t o  the rap id  t ransport  o f  C r  t o  the a l l o y  sur- 

face by gra in boundary d i f f us ion .  

Oxi de-fi 1 l e d  p i t s  t h a t  occasi onal l y  developed on the 304W/900°C specimen 

were able t o  reform a pro tec t ive  Cr-r ich l aye r  a t  the base of the p i t s .  The 

formation o f  such p i t s  i s  general ly a t t r i b u t e d  t o  l oca l  cracking o r  spal la-  

t i o n  of the pro tec t ive  scale [4,5]. Once formed, the p i t s  can continue t o  

grow u n t i l  they reach a depth i n  the a l l o y  where the chromiun; concentration 

i s  above the c r i t i c a l  l eve l  f o r  the formation o f  a pro tec t ive  f i l m  [5]. Be- 

cause there were r e l a t i v e l y  few p i t s  and a pro tec t ive  scale reformed a t  

the base of the p i t s ,  t h i s  s tee l  i s  s u f f i c i e n t l y  ox idat ion res i s tan t  t o  be 

useful up t o  900°C. 



A t  1000°C the 3041 began t o  passivate, bu t  then breakaway oxida- 

t i o n  k ine t i cs  s e t  i n  as i ron- r i  ch oxide mounds and p i  t s  began forming 

over a s i g n i f i c a n t  po r t i on  o f  the surface. These p i t s  usua l ly  d i d  no t  

r e f ~ r m  a p ro tec t i ve  scale a t  t he i  r base, i n d i c a t i n g  t h a t  the under ly ing 

a l l o y  no longer hed a h igh enough chromium concentl-ation t o  reform a con- 

tinuous layer  o f  Crp03. I n  addi t ion,  the very steep chromium concentra- 

t i o n  p r o f i l e  i n  the a1 l o y  near the i n te r face  (F ig.  4) and the h igh propor- 

t i o n  of i r o n  i n  the scale (30-70 wt%) i nd i ca te  t h a t  the supply o f  chromium 

t o  the surface was probably i n s u f f i c i e n t  t o  maintain a p ro tec t i ve  scale. 

That i s ,  the ox ida t ion  condit ions were so severe t h a t  the scale degraded 

t o  a less p r3 tec t i ve  s t ruc tu re  o r  composition even i n  the absence o f  crack- 

i n g  o r  spa1 l a t i o n .  Therefore, catastrophic den:-~dation o f  the a1 l o y  i s  ex- 

pected and observed a t  t h i s  temperakt-\+ ar:;! a t  h igher temperatures. 

Development o f  Protect ive Scales on 3C3RS Al loys OF POOR QUALITY 

The 303RS a l l o y  exh ib i ted  much b e t t e r  ox ida t ion  resistance than the 

304W, although both had the same nominal composition. The 303RS specimens 

had a r e l a t i v e l y  smooth Cr-r ich p ro tec t i ve  scale a t  temperatures up t o  1000°C, 

although a t  temperatures of 900°C and above the scale das dot ted w i t h  oxide 

mounds tha t  were r i c h  i n  i r o n  and chromium. Hcwever, even the scales w i t h  

the oxide mounds were d i s t i n c t l y  more uniform than the scales found on the 

304W a l loys .  The cx ide mounds appeared t o  be t h ~  3mnants o f  r d p i d l y  grow- 

i r ig i r o n - r i c h  oxides t h a t  formed dur ing the i n i  t l  cages o f  ox idat ion.  

Polished cross-sections o f  the specimens revealed t h a i  d l  1 rounds t h a t  

formed on 303RS a t  o r  below 1000°C were undercut by a p ro tec t ive  chromium- 

r i c h  scale. The formation o f  p i t s  was commonplace on 304W a t  1000°C, bu t  

they were not  observed a t  a1 1 on the 302% specimens . 

The p re fe ren t i a l  formation o f  a uniform chromium-ri ch scz le on the 

303RS a l l o y  i s  a t t r i b u t e d  t o  i t s  f i n e  gra in s i  zs and the presence o f  a f i n e  

dispersion o f  MnS i n  the a1 l o y  matr i  x .  Grain boundar'e; and second-phase 

p a r t i c l e s  t h a t  i n te rsec t  the surfaces of a l l cys  may be s i t e s  f o r  t9e pre fer -  

e n t i a l  nucleat ion o f  C r Z O j  Since the 303RS exh ib i t s  both a f i n e  gra in  s i ze  

and a uni forrn dispersion of MnS c.l r c i p i  ta tes , i t  i s  expected t h a t  there would 



be a h igh density oC c lose ly  spaced C r Z O j  nuc le i  on the a l l o y  surfaces 

dur ing the i n i t i a l  stages o f  oxidat ion. Therefore, r e l a t i  ve ly  l i t t l e  

sideways growth o f  these nuc le i  would be requi red t o  form a continuous, 

p ro tec t i ve  chromium oxide scale. The gra in  boundaries are a l so  paths f o r  

r a p i d  d i f f u s i o n  o f  chromium t o  the surface o f  the  a l l oy .  This increases 

the a v a i l a b i l i t y  o f  chromium i n  the v i c i n i t y  o f  the gra in  boundaries and 

promotes the formation of p ro tec t i ve  chromium oxide f i lms i n  these areas. 

The pro tec t ive  chromi um-ri ch oxides formed over g ra in  boundaries i n  

the 304W s ta in less  s tee l  a t  800 and 900°C were approximately 10 microns 

wide. Since the gra in  s ize  o f  the 303RS a l l o y  i s  on ly  6-8 microns, the 

presence o f  a 10 micron wide p ro tec t i ve  f i l m  along the gra in  boundaries 

would cover the e n t i  r e  surface o f  the a l l oy .  

Maintenance o f  Protect ive Scales on 303RS A1 lovs 

The 303RS a l l oys  were more e f f e c t i v e  both a t  forming and maintaining 

pro tec t ive  Cr-r ich oxide scales on t h e i r  surfaces. The breakdown o f  C r -  

r i c h  scales may occur by s p a l l i n g  o r  cracking o r  by chemical des tab i l i za-  

t i o n  caused by chromium deplet ion o f  the base metal and the simultaneous 

incorporat ion of i r o n  o r  manganese :nto the scale, which causes a t rans-  

formation t o  a less p ro tec t i ve  scale. 

The uniform ccmposition of the 303RS a l l o y  appears t o  promote the f o r -  

mation o f  external scales o f  uniform composition and thickness, which would 

tend t o  decrease stresses and st ress gradients i n  the scales, thereby en- 

hancing the a b i l i t y  o f  the scales t o  r e s j s t  spa l la t ion .  The 304W a l l o y s  

tended t o  o x i d i  ze nonuni formly , which probably contr ibuted t o  breakdown 

o f  p ro tec t i ve  scales and promotion o f  the growth of i r o n - r i c h  oxides. 

Although the tendency f o r  crack'ng o f  a chromium-rich scale may be 

reduce1 on 303RS, i t  would be expected t h a t  occdsional breaks i n  the scale 

would ~ c c u r .  However, no p i t t i n g  o f  the a1 l oy  surface o r  rap id  growth o f  

Fe-rich oxide mounds was observed a t  1000°C and below. Therbefore, i t  i s  

assumed tha t  any breaks i n  the scale t h a t  may have occurred were rap id l y  



healed by the formation of a new protective scale. Apparently, the inter- 
face of Cr content of the 303RS alloy (13.7 w t % ,  see F+g. 5) was not be- 
low the cr i t ical  level for reformation of a protective scale a t  1000°C. 
Rapid transport of Cr by grain botrndary diffusion in the 303RS alloy, 
which had retained i t s  fine grain s ize,  apparently accelerated reforma- 
tion of the protective scale relative to the rate of reforn~ation of protec- 
tive scales on 304W. 

Development SiOp Subscales a ~ d  Spinel Layers on M3RS 

The protective scales on the 303RS alloy were enriched i n  Si a t  the 

alloy/scale interface and i n  Mn a t  the scale/gas interface. Bn th  of these 
effects are commonly observed on comnercial stainless s teels  . 

The kinetic data and EDAX analyses of polished cross-sections in- 
dicate that the formation of SiOp subscales was mcre prevalent on 303RS 
than on 304W and occurred more readily a t  higher temperatures. These ef- 
fects were expected since 303RS has both a s i  gn i  ficantly hi gher concentra- 
tion of silicon (0.62 vs. 0.13 w t % )  and a finer grain size (6.5 vs. 85 

microns) t o  enhance Si transport to the outer surface. 

The s i l i ca  subscales were highly convoluted and formed intrusions 'nto 
the alloy along the alloy grain boundaries where the transport of owgen 
and silicon i s  believedto be more rapid [ I ] .  The s i l i ca  intrusions have 
been observed to increase the adherence of oxide scales to ti:? c,vbstrate 

[I ,6]. Both  the subscale and the intrusions decreased the oxidation rate 
since further oxidation was dependent upon the transport of reactants 
through ihe s i l ica  scale as well as through the chromium-rich outer scale. 

Arlalysis of the kinetic data for the 303RS specimens oxidized a t  900 
and 1000°C demonstrated that the rate of oxidation durinq approximately the 

f i r s t  40h was controlled by diffusion in Cr203, followed by a transition 
t a  an even slower rate of ox'dation. This transition i s  believed to be 
caused by the deve'opment of the SiOq subscale on these alloys. 
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The manganese-enriched outer  scales frequently had the approximate 

composition o f  the manganese-chromi um spinel  , MnCrpOq. The formation o f  

t h i s  sp inel  probably consumed some o f  the p ro tec t i ve  Cr203 and produced 

the faceted c rys ta l s  t h a t  were observed on the 303RS a l l o y  surfaces. The 

spinel  a lso  appears t o  have spal l e d  f requent ly  upon cool ing, p a r t i c u l a r l y  

a t  1000°C. 

The formation o f  a manganese enriched outer  scale l aye r  on the 303RS 

i s  due t o  the high a f f i n i t y  o f  manganese for  oxygen and the rap id  d i f f u s i o n  

of Mn through Crp03 C71. The pre ferent ia l  t ranspor t  of Mn through the chro- 

mium-rich outer  scale may be assis ted by the presence of an Si02 subscale 

which serves as a d i f f e r e n t i a l  d i f f u s i o n  b a r r i e r  t o  i n h i b i t  the t ranspor t  

o f  chromi um [I] whi le  a1 lowins the f l u x  of manganese and i r o n  [5] t o  con- 

t inue unabated. 

Lonq-Term Oxidation Resistance o f  the 303RS A l l oy  

The pro tec t ive  9xiCe scales which form on the 303RS a l l o y  are expected 

t o  e x h i b i t  very 1 i t t l e  cracking o r  spa l l a t i on  dur ing long-term oxidat ion.  

The un i fo rmi ty  o f  thickness and com~osi t i o n  apparently minimizes i n t e r n a l  

stresses i n  the oxide, thereby 1 i m i  ti ng the incidence o f  cracking o f  the 

scale. A t  the same time, the oxide i n t rus ions  which key the scale t o  the 

a1 l oy  help prevent spal l a t i o n .  

I n  the event of scale breakdown a f te r  the a i 1oy has been i n  serv ice 

f o r  a long por icd  o f  time, continued resistance t o  ox ida t ion  requires t h a t  

the a l l o y  be able t o  reform a p ro tec t i ve  surface scale. Therefore, i+ i s  

essentia: t ha t  the a1 l o y  r e t a i n  the m i  c ros t ruc tura l  cha rac te r i s t i cs  which 

were responsible f o r  i t s  o r i g i n a l  ox ida t ion  resistance. I n  the case o f  

303RS, these charac ter is t i cs  inc lude a f i n e  dispersion o f  MnS p rec ip i t a tes  

t o  p i n  the a l l o y  gra in  boundaries and t o  serve as heterogeneous nucleat ion 

s i t e s  f o r  Crp03, and a f i n e  gra in  s i z e  t o  promote both heterogeneous nucle- 

a t i o n  o f  Cr24 and C r  t ranspor t  from the bulk  a l l o y  t o  the surface. 

Optical  riiicroscopy was performed on the 303RS specimens t o  determine 



the gra in  s ize  a f te r  ox ida t ion  a t  900, 1000 and 1100°C (Table 2).  The 

measured gra in  sizes i nd i ca te  t h a t  the a l l o y  s t r~ong ly  r e s i s t s  g ra in  

coarsening a t  1000°C and below, and less st ronglg a t  l l O O ° C .  Triinsmis- 

s ion  e lec t ron  microscopy ,studies 3 f  the a l l o y s  a f t e r  ox ida t ion  were no t  

performed, so the s ize  and d i s t r i b u t i o n  o f  MnS p a r t i c l e s  i s  no t  know. 

However, Yurek e t  a l .  [I] observed t h a t  the MnS p a r t i c l e s  i n  a 303RS a l l o y  

d i d  not  not iceably coarsen dur ing 300h a t  900°C, hu t  remained 0.2 t o  0.5 

microns i n  diameter. 

Olson e t  a1 . 181 presented a model fo r  the growth o f  grains i n  a l l oys  i l l  

which the gra in  boundaries are pinned by second phase pa r t i c l es .  This 

model p red ic ts  t h a t  the gra in  coarsening process w i  11 obey a cub'c r a t e  

law o f  the form: 

( r - r  ) = k t  113 
0 

where r i s  the s i ze  o f  the grains, r i s  the o r i g i n a l  g ra in  s ize,  k i s  a 
0 

constant, and t i s  time. The gra in  growth which was measured dur ing the 

ox idat ion tes ts  (Table 2) was used t o  ca lcu la te  k for 900, 1000, and 1100°C. 

The model was then used t o  p red i c t  the q l l o y  gra in  s ize  expected a f t e r  1000 

and 10,000 hours a t  each o f  these tem9eratures. The r s u l t s  are a lso pre- 

sented i n  Table 2. The model p red ic ts  t h a t  a r e l a t i v e l y  f i n e  gra in  s ize  

(13.9 microns) w i  11 be maintained i n  the 303RS a l l o y  even a f t e r  10,000 

hours a t  900°C, so the enhanced ox ida t ion  resistance of t h i s  a l l o y  should 

be maintained f o r  r e l a t i v e l y  long periods o f  time. A t  1000°C gra in  growth 

proceeds more rap id ly ,  and a f t e r  10,000 hours a gra in  s ize  o f  approximately 

28 microns i s  predicted. This la rge  degree o f  g ra in  growth w i l l  almost 

c e r t a i n l y  have an adverse e f fec t  on the long-term ox ida t ion  resistance o f  

the a l l oy ,  bu t  the magnitude o f  the e f f e c t  cannot be predicted. I t  should 

a lso be noted t h a t  the s i l i c a  in t rus ions  a t  the surface o f  the a l l o y  w i l l  

s t i  11 serve as mechanical pegging points  even a f t e r  g ra in  growth, and w i  11 

ac tua l ly  l i m i t  the seve r i t y  o f  g ra in  growth t h a t  i s  possible i n  the near- 

surface reg i  on. 
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TABLE 2: Predicted Grain Growth o f  303RS - 
Measured - Predi c ted  Grai n  S i  ze 

Thermal H is to ry  Grain Size k 1000 hrs.  10,000 hrs.  

(The i n i t i a l  g ra in  s ize  was 5.5 microns) 

Improvements i n  the long-term ox ida t ion  resistance o f  r a p i d l y  s o l i d -  

i f i e d  a l l oys  may be achieved i f  the f i n e  gra in  sizes inherent  i n  these a l l oys  

can be s tab i l i zed .  Recent work a t  M. I .T. [9] demonstrates t h a t  the cont ro l  

o f  small quan t i t i es  o f  impur i t ies  i n  these a l loys ,  which eventual ly  y i e l d  

very stable, complex oxide prec ip i ta tes  t h a t  are very e f f e c t i v e  i n  p inning 

gra in bouridari es , may be o f  paramount importance i n  the processing sequence. 

More studies i n  t h i s  area would be bene f i c i a l  because add i t iona l  knowledge 

o f  how t o  cont ro l  a1 loy microstructure, and hence a l l o y  proper t ies,  through 

rap id  sol  i d i f i c - ? i o n  processing would help s i  yn i f i can t l y  i n  the develop- 

ment o f  new a'lloys w i t h  improved proper t ies.  
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303RS - 1000°C 

Time, hours 

Figure 1 .  Kinet ics of t h e  i s o t h e r m a l  o x i d a t i o n  o f  303RS 

and 304W s t e e l s .  
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Figure 2 .  Kinetics of the oxidation o f  303RS a t  800 t o  

1000°C. 
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Figure 3. Kinet ics  of the ox ida t ion  of 303RS a t  l l O O ° C .  



Distance from interface 

Distance from interface 

Figure 4.  con cent ratio^ p r o f i l e s  i n  a 304W a l l o y  t h a t  

had been ox id ized  for  126h a t  1000°C. The 
abscissa i s  the  d istance from the al loy/sca!e 

in te r face .  



I Fe- 

Distance from interface 

Figure 5 .  Concentration p r o f i l e s  i n  a 30EC d l  loy  

t h a t  had bee1 ox id ized  f o r  1 " q i 1  5-c 1300°C. 

The absciysa i s  the d istance f r  urn the 

a 1  loy/sca? 'qter face.  
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Processing of Sendust-Type Soft Ferromagnetic Alloys 

Principal Investigator: Samuml A. Allen 

RESEARCH ABSTRACT 

Super Sendust i s  a quaternary iron-base with 5.3 w/o Si ,  4.2 w/o A1 

and 3.1 w/o Ni.  It was developed frm a ternary iron-silicon-aluminum 

al loy, Sendust, with the aim of improvements both i n  so f t  ferromagnetic 

properties and i n  mechanical duc t i l i t y .  The present study focussed on 

processing of Super Sendust by a combination of me1 t -spi nni ng rapid- 

so l id i f i ca t ion ,  deformation, and thermal annealing techniques. The 

objective was t o  obtain material i n  the form of t h i n  ribbons, with 

modest ducti  1 i t y  , and excel l en t  soft ferromagnetic properties. 

The me1 t spinning of  Super Sendust was shown t o  give ribbon 

geometries that  was strongly dependent on nozzle geolnetry of  the ml t 

crucible. The most rapid ly cool ribbons were duct i le  i n  the as-cast 

~nd i t i on .  As cast, the ribbons had a coercive force Hc o f  about 1.9 

Oe. Two-stage heat treatments were devised that  enabled Hc t o  be reduced 

t o  0.5 Oe, but i n  addit ion m b r i t t l e d  the material. The optimum 

anneal1 ng schedule consisted of one hour at 1200°C, cooling at  

-lO°C/minute t o  690°C, holding at  690°C fo r  three hours, and a i r  

quenching. Transmission electron m i  croscopy wzs used t o  stud) micro- 

structures of the as-cast and annealed ribbons. A phase t rans i t i on  

from the 82 t o  DO3 super lat t ice structures was found t o  occur on cooling 

a t  about 680°i. Magnetic properties of samples with the 82 structure 

were superior t o  those with the DO3 structure. 
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INTRODUCTION - 
The Sendust composition, Fe-9.6 w/o S i  -5.4 w!o A1 , has long been 

recognized as an a l l ? y  w i th  exceptional charac ter is t i cs  as a s o f t  fe r ro-  

magnetic material. These arc: High permeabi 1 i t y  , low coerc iv i  t y  , high 

e l e c t r i c a l  resistant 2 ,  and reasonably good saturat ion magnetization. 

These excel lent propert ies resu l t  p r imar i l y  from the fac t  t ha t  the com- 

pos i t ion  has near-zero magnetostriction as wel l  as near-zero magrletic ani-  

sotropy. Unfortur~ately, the material  i s  a1 so very b r i t t l e  and appl ica- 

t i ons  i n  the past have been l i m i t e d  mainly t o  cast shapes and t o  forms 

made from compressed powder. 

Two recent studies give promising resu l ts  w i th  respect t o  

processing-related improvements f o r  these a1 loys. The fi r s t  i s  a report 

by Tsuya e t  a1 . [I] o f  the use o f  a me1 t - sp i  nni ng rapi  d-sol i d i  f i c a t i  on 

technique t o  produce Sendust a l loy  ribbons o f  f i n e  gra in size. As cast, 

these ribbons were duc t i l e  enough t o  be r o l l e d  t o  25% of  t h e i r  o r i g ina l  

thickness. A f te r  anneal i ng treatments t o  optimize magnetic properties, 

however, the materia: was embritt led. The second study, by Yamamoto and 

Utsushikawa [2] focussed on a l l o y  modi f icat ion through 3 w/o addit ions of 

nickel t o  an Fe-6 w/o Si-s w/o A1 a l loy.  Although the mechanical proper- 

t i e s  t o  the Super Sendust a l l oy  were not studied, there i s  reason t o  

expect tha t  it w i l l  have bet te r  duct i  1 i t y  than Sendust: Nickel addit ions 

t o  so f t  ferrmagnets are generally believed t o  contr ibute t o  both magnetic 

and mechanical softness. A1 so, Super Sendust has appr~x imate ly  one-thi r d  

less aluminum and s i l i con ,  each of which embr i t t les iron. 

I 

The aim o f  the present study was t o  employ rapid s o l i d i f i c a t i o n  

techniques t o  produce Super Sendust a1 l oy  ribbons, and to study 

pr-ocessing-strur -.re-property re ia t ions  of the resu l t i ng  material  i n  order 

t o  optimize soft  ferromagnetic properties. The resu l ts  o f  the study are 

reported i n  de ta i l  i n  the Master's thesis of E r i c  P. Kvam 131. 
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A1 1 oy Preparatf on and Me1 t Spl nnf ng 

Super Sendust a l l o y  buttons rrere prepared by vacuum arc m l t i n g .  

The ingots were then rwnel ted and cast i n  a me1 t spf nni ng apparatus onto 
ei ther the inside or the outside of a rapidly ro ta t ing  dn~m. Ribbons 

rangeed i n  thickness from 30 t o  100 urnr and i n  width from 2-5 m. Rlbbon 

uual i t y  proved d i f f i c u l t  t o  control . Frequently,  tagged edges *re 

obtained and ribbon surfaces were rough, A rqbbon of  typical qua l i ty  i s  
shown i n  Figure 1. It was generally d i f f i c u l t  t o  produce conttnuous 

long s t r a i  ght segments of  ribbon, and al thocgh process parameters 11 ke 

wheel speed, distance of the nozzle from the wheel, and degree of  

superheat of  the melt  were varf ed, no part icular  combf naticn of parame- 

t e r s  were found tha t  consistently produced smooth uniform rf bbons. 

FS gure Macrog~aph o7 
ribbon shawl ng 
typj ~ $ 1  appearance 
of surfaces and 
edges. Roughness 
o f  as-spun Super 
Sendust  ribbons 
could n o t b e  
el fminated. 

Effect of  Process~nq on Magnetic Propert ies  

The magnetic properties of the  rl bton m t e r i  a1 were stud1 ed. Our 
e f f o r t s  centered on & v ~ l  oping processing schedules t o  mi  ni-f zs the coer- 

c ive  force of the mater ia l .  4s a target val uc, the lowest value o f  coer- 

c ive force reported for the te rnary  Sendust compasit!on f s about 1F mOe [4]. 

AS melt-spun, the coercive force of the Super Sendust ribbons cras 

approximately 1.9 h, which I s  comparable t o  the  valve reported for as- 
85 
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spun Sendust ribbons p r i o r  t o  thermal annealing treatments. E l ]  Two types 

o f  processing treatments have been used i n  an attempt t o  dramatlcally 

reduct a ~ e r c i v e  force i n  the Super Sendust ribbons: thema1 annealing 

treatments, and combined deformation and annealing treatments. 

A variety of thermal annealing treatments were used. Annealing tem- 

peratures, times and quench rates were varied. The lowest values o f  Hc 

were obtained from ribbons annealed f o r  1 hour a t  l20O0C, (T i  temper- 

ature), cool ing t o  690°C at  -lO°C/min, holding a t  690°C (T2 temperature) 

fo r  3 hours, and f ina! ly  a i r  cooling t o  ambient temperature. This t rea t -  

inent resulted i n  a reduction o f  Hc t o  0.5 Oe. The influence of temper- 

ature T i  and T2 on measured values of Hc i s  shown i n  Figure 2. 

Figure 2. Coercive force c f  Super Sendust r'bbons a f te r  two-stage 
anneall ing treatments at temperatures T i  and T2. Hc i s  a 
minimum fo r  T2 s l i g h t l y  above the c r i t i c a l  temperature Tc 
for  the B2+DO3 phase t ransi t ion.  

Rol l  i ng  of as-me1 t-spun ribbons was done t o  reduce suface roughness 

o f  the ribb0r.s i n  an attempt t o  provide fur ther reductions i n  Hc. Af ter  

thermal annealing of the ro, l ed  r i hbons, Hc was s t i  11 at the 0.5 Oe 

level. This compares unfavorably wi th the 0.01 Oe value obtained f o r  

Sendust r i  bbons [4]. 

Ef fect  of Processi nq on Microstructure 

An order-disorder ohase transformation from the 82 (CsC1) nigh tem- 

perature phase t o  the DO3 ( B I F 3 )  law e~mperature phase was f c .  ' t o  occur 



a t  680°C by electron microscopy examination of Super Sendust samples 

annealed over a range of temperatures from 570°C t o  80O0C. The primary 

defects i n  these phases are antiphase boundaries (APas) . Because 

antiphase danain sizes which are of s imi lar  scale t o  magentic domain wall 

widths (-O.lpm) can in te r fe re  wi th magnetic domain wal l  motion, we 
studied the k inet ics  of ant i  pnase domain coarsening, The measured kine- 

t i c s  for  thee Super Sendust a1 loy  f i t  a coarsening model developed by 

Al len and Cahn [S]. A 4-hour annealing treatment a t  670°C produced an 

antiphase domain size i n  the W3 phaie of about 1.4pm, which should be 
coarse enough t o  minimize t h i s  par t icu lar  source of resistance t o  magne- 

t i c  domain wall not ion i n  specimens wi th the DO3 structures. 

The minimum coerc iv i ty  measured i n  our a l loys a f t e r  heat treatment 

a t  690°C thus corresponds t o  equi li brdt ion at a temperature jus t  s l i g h t l y  

above the @+DO3 phase transfcrnation, i n  the single-phase 82 phase 

f i e ld .  Our resul ts  show that  sample wi th the 003 structure have higher 

coerci v i  t y  by comparison. 

Grain size of the as-spun ribbons was found t o  increase wi th  

increasing ribbon thickness. A 30 pm th ick  ribbon had a 1.5 vm grain 

size, while a 100 pm th ick  ribbon had a 10 urn grain size. Ar~nealing at 

temperatures over 900°C  produce^ nearly complete grain growth (so that  

the grain size was l i f i i t e d  by rlbbon thickness) i n  cine hour. Only those 

r i tbons wi th the smallest g r a i ~  s i i z s  were found t o  have s ign i f i can t  duc- 

t i l i t y .  
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Fluid Flow and Crysta!lization Processes 

Heat Flow and =grogation in Directional Soliditication 

Primlprl Invastigator: August F. Wltt 

The th rus t  o f  t h l s  research program continues t o  be the optlmlzatlon 

o f  heat t r a n s f a r  con t ro l  I n  me1 t and so l  u t  Ion growth o f  elemental and 

compound semiconductor systems. Focus I s  placed on thc development o f  an 

optlmlzed crysta l  growth fac l  l l t y  whlch w l l  l permlt a meaningful explora- 

t i o n  o f  t h e  p o t e n t i a l  o f  reduced g r a v l t y  f o r  growth o f  electronic 

mater ia ls .  S Ign I f I can t  developments dur ing  t h e  pas t  year Include t h e  

f o l  lowing. 

( 1 A computer control led, heat p 1 pe based Br ldgman grow+h 

f a c l  l I t y  has been complet :d and I s  c u r r e n t l y  under- 

going axtensive thermal characterltatlon. 

(2)  A two-dlmenslonal heat transfer analysls f o r  Brldgman 

growth, cased on boundary conditions whlch a re  

r e a l  l zab l e I n  t h e  constructed f ac l l I ty, has been 

cumplated and I s  used for  the optlmlzatlon o f  c r l t l c a l  

grad1en.t zone con f lgura t  ion I n  t h l s  f a c l l  l t y ;  It I s  

a l s o  used as a bas lc  c r l i e r l o n  f o r  c r u c l b l e  ard 

mpoule deslgn. 

(3 )  The heat t ransfer control concepts developed I n  t h l s  

research program had a mador Impact on Army and NRL 

sponsored research and have led t o  the submfsslon o t  a 

mtAqv thinf&;" 'L R W  
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patent  d lsc losure  (wl+h j o i n t  NASA-Army sponsorshlp) 

on a "heat exchange system f o r  o p t  1 m l zed c o n t r ~  1 o f  

l nterdependent therma l parameters i n  crycta l s Srown by 

LEC and the c o ~ ~ v e n t  lona l Czcchra l sk l techn lqu2. The 

extension of  the heat t ransfer  control concepts devel- 

oped f o r  Br l dgman growth t o  I n d u j t r  I a l Czochra 1 sit 1 

growth I s  considered by many as a nsJor breakthrough. 

(4 )  WL sponsorshlp f o r  the preparatlog of  a f l l g h t  axper- 

I nent I nvol v 1 ng CdTe has bsen ascerta i ned. 

( 5 )  It has been determined that, contrary t o  asserttons I n  

the STAMPS report, transverse magnetlc f i e l d s  o f  up t o  

; kG app l led  t o  v e r t i c a l  Brldgman growth w l l l  no t  

e s t a b l i s h  d i f f u s i o n  c o n t r o l l e d  segregatfon dur lng  

growth; t h e  effective d l s t r l b u t l o n  coefficient f o r  

growth I n  t h e  presence o f  a magnetic f l e l c !  I s  no t  

s t g n i f l c a n t l y  l a rge r  than t h a t  i n  t h e  absence o f  a 

magnet lc f l e  l d. For growth systems w l t h  a d lameter o f  

more than 1 cm, magnetlc f i e l ds  are no subst i tute fo r  

reduced grav l ty  environment. 

(6)  During the past year t h l s  research program enJoyed two 

supportlrig graduate f s l  lowshlps from IBM and BTL. 

( 7 )  The research conducted dur ing t h e  pas t  year Is docu- 

mented I n  seven pub l l c a t  ions (one pub1 lshed, two  I n  

p r i n t  and : lr being prepared f o r  pub1 l ca t lon ) ,  one 

Ph.0. thes and one Masters thesis. 

Thl s research program has now reached a phase where preparat ic l~ of 

f I i g h t  exper lments f o r  Implementation I n  t h e  Chutt  l e  program can and 

shou I d be f n it l atsd. I n t h  I s  con tex t  I ?  i s  a I so suggested t o  conduct a 

de ta l  led ana l ys l s  o f  t h e  developed growth f a c l  1 l t y  w l t h  regard i o  I t s  

sul tabl  l l t y  f o r  f l  lght  operation. 



GRIGINAL PAGE i3 
O f  POOR QUALITY 

(Basic elements o f  submitted pstent  d isc losure  

on heat  t r a n s f e r  cont ro l  :n Czochralski  growth. ) 

Heat Exchange System for Optimized Control 
of the Following Interdependent Parameters: 

Crystal temperature (range 500 'C-IICI\O O C )  

Growth interface ,norphology 

Tdmperaturc gradients about the growth interface 

Thickness of encapsulating B203 layer 

Radial thermal symnetry in the vicinity of the 
growth interface 

Radial thermal gradient in  g r o ~ i n g  crystal 

a lnconel Heat Pipe v l th Operating Range 
from 500 "C - l lfO "C 

@ Peltier Heating I Gooling System 

a Thermal lnsulat on 

@ Auxiliary HeatSng Element. 

@ Axial Pos~tior of Heat Exchange System (adjustable) 
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Semiconductor c rys ta l  growth exper I ments ca r r  led out  i n  a reduced 

grav l t y  env I ronment us l ng a conventional Br l dgman conf lgura t  ion revealed 

d e f l c i e n c l e s  I n  c r y s t a l l i n e  and chemical  perfection which have been 

a t t r  I buted p r  I mar 1 l y t o  I nadequate heat t rans fe r  contro l  dur I ng growth. 

Since t h i s  growth technique i s  o f  importance f o r  the  growth o f  e lec t ron ic  

materials on ear th and, moreover, I s  a v iab le  technique f o r  t he  explora- 

t i o n  o f  t h e  p o t e n t i a l  o f  g rowth  I n  a reduced g r a v l t y  envirocmant, a 

comprehens ive, NASA sponsored e f f o r t  has been made f o r  i t s  op t  i m i za t  ion. 

Thls work addresses the  thermal charac ter is t i cs  o f  c rys ta l  growth by the  

v e r t i c a l  Bridgman method t o  (1) evaluate I t s  inherent l lm l ta t i ons  and (2) 

t o  develop an understandlng o f  t he  primary parametric behavior necessary 

f o r  a cognizant appraisal o f  thermal design al ternat ives. The f i r s t  pa r t  

o f  t he  thermal ana l yses, concerned w I t h  the  ax1 a l  temperature d i s t r  l bu- 

t i o n  o f  t he  charge, has been discussed i n  the  1981 Mater la ls  Processing 

Center Annual Report; a b r i e f  summary o f  ihese r e s u l t s  I s  included here. 

Presently, focus i s placed on the  rad ia l  temperature var l a t l ons  w J t h l  n 

the  charge. A complvte account o f  both thermal analyses I s  contained i n  

t h e  Ph.D. thes  I s o f  T. Jas I nsk 1, Department o f  Mechan I c a  I Eng I neer ing, 

1983. 

The basls f o r  the  thermal vodels i s  an experimental growth system i n  

which we1 l def i ned therma 1 boundary cond I t ions are achleved through the  

use o f  coaxial  heat pipes, A schematic o f  t h l s  conf igurat ion i s  shown ir 

Fig. 1.1. The grad l e n t  c o n t r o l  r e g  i on  l oca ted  between t h e  h o t  and c o l d  

heat  p lpes  I s  env l s loned  as p r o v l d i r ~ g  a degree o f  f l e x f b l  I l t y  f o r  t h e  

thermal boundary conditions o f  the  furnace near th6  growth Interface. 
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Fig .  1 The experimental v e r t i c a l  Bridgman 
c r y s t a l  growth system. 
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The one-dlmenslonal thermal model considers the charge and cruc lb le  

t o  be a f 1 n movl ng through t h e  boundary condl r lons I mposed by t h e  f u r -  

 ace. Th l s  model l s  hereafter referred t o  as the - fin model. The 

axla l  temperature d l s t r l t u t  Ion I s  descrlbed by a second order, wdlnary  

d l f f e r e n t l a l  equat ion w l t h l n  each a x l a l  reg ion  o f  un l fo rm furnace 

boundary condltlons and charge thermal properties. Gtven the assunptlons 

employed by the one-dlmenslonal model, there are four such reglono. The 

solut lon f o r  the axla l  temperature d f s t r i b u t l o n  I s  r e a d l l y  obta ined by 

computer. Carry lng ou t  t be  anal y t l c a l  solutlon, however, y le lds  r e l b  

t l v e l y  slmple expressions f o r  ( 1 )  the ax la l  temperature gradlent I n  the 

1 l q u l d  a t  t h e  growth In ter face,  GL, and ( 2 )  t h e  a x l a l  p o s l t l o n  o f  t h e  

growth I n t r r f ace ,  (1. These expresslons Inc lude t h e  e f i e c t s  o f  t h e  

thermal coupllng between the hot and cold zones and thtr charge, gradlent 

zone length, thermal conductlvl ty chaoge and generatton o f  latent  heat a t  

the growth I nterf  ace, charge lower I ng rate, and charge d laneter. Cr I- 

t t e r l a  a re  a l s o  developed whlch l nd l ca te  under whlch cond l t l ons  t h e  
af fects o f  the lowerlng ra te  o f  the charge, geoeratlon o f  latent  heat and j 
f 1 n 1 t e  length  o f  t he  charge may be neglected. F 1ne I l y, t h e  e f f e c t s  of  

j 
the cruc lb le  and rad la l  thermal resistance w l t h l n  the charge ere shown 

analy t lca l ly  t o  r esu l t  I n  a decrease o f  the effective therriiat coupllng 

between the furnace and the charge. 

! 
- 

JHF -A1 - T H F W L  ?XlDEL 

Thermal c r  1 t e r  1 a f o r  s a t  l s f  ac tory  Brldgman crys ta l  growth lncluds 

requlrements f o r  the shape o f  the so l  1 d 1 f l c a t  Ion temperr .e Isotherm. 

The movlng f I n  model does no t  perm It eval ua t l on  o f  t h e  Isotherm shape 

s l  nce It neglects rad l a  l temperature var fa t  lons w l t h  1 n the charge. For 

t h i s  purpose, a two-dlmenslonal model o f  the Brldgman growth system I s  

developed I n the present sect I on. Resu l t s  from i he two-d 1 mens lona l mode! 

are used I n  Sectlon 4 I n  ordar t o  establ ish the causes of rad la l  tempera- 

t u r e  var f a t  lons w I t h  I n  t he  charge and t o  study t h e l r  dependence on t h e  

therma l parameters of  the Br 1 dgman growth system. 

94 
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The prosent two-d l mens lonal  thermal  model o f  v e r t  l c e l  B r  ldgman 

growth t rea ts  the ent I r e  system as o set o f  coaxlal f Ins. Radlal tenper- 1 
4 

ature var lat lons are thus accounted fo r  by differences I n  the f l n  temper- 

atures a t  the same axla l  locatlon. The model can therefore be conslaered 

a hybr I d  between a cont inuous descr l p t l o n  I n  t h e  ~ x l a l  d l r e c t  Ion and a 

f l n l t e  dlf terence descr lpt lon I n  the  r a d l a l  d l r ec t l on .  Th l s  approach, 

rather than a complete f l n l t e  dlffe-ence or f l n l t e  element formuletlon, 

I s  taken f o r  several reasons: 

( 1 )  The prlmary objective of the two-dlmenslonal model i s  t o  

develop l n s l g h t  I n t o  the  or l g l n  and behavlor o f  r s d l a l  

temperature gra j lents  near the growth lnter fac for the 

purpose of controlling the  shape of t h l s  I n t e r f a c e  

through system deslgn. The Increased accuracy achievable 

uslng a f l n e  g r l d  network I n  a f l n l t e  difference o r  

f l n l t e  element model rs not considered essential fo r  t h l s  

obJect l vs  and, furthermore, does not appear warranted f o r  

systems f o r  wnlch re l l ab le  thermal property data are no' 

ye t  avai lab l e. The prosent model Incorporates a l  1 t i - 8 ~  

c r l t l c a l  thermal effectq; It I s  expecked, therefore, t o  

be able t o  pred lc t  the r a d l a ~  gradlent behavlor a t  least 

t o  f l r s f  order  npproxlmatlons. (By u t l l l z l n g  unough 

coaxlal flns, tne present model should, I n  prlnclple, be 

as accurate as a f l n l t e  d 1 f f erence model .) 

( 2 )  The present model I s  easl ly  Implemented on tb, computer 

and I s  a slmple extension o f  the one-dlmenslona; movlng 

f l n  model. 

3 Even w l th  the s lmp l l f l ca t lons  Inherant t o  +he concentrlc 

f 1 n approach, the added comp l e x l l  y of  a two-d lmenslonal 

formulation necessitates the use r f  a camputer t o  cslcu- 

la te  the two-dlmenslonal temperature d ls t r lbu t Ion  of the 
, 

charge. The concen t r l c  f i n  model can be s l m p l l f l e d ,  



however, w l t h o u t  l c s s  o f  p e r t i n e n t  I n f o r n a t  Ion, t o  a  

p o i  n t  b h l c h  perm 1 t s  p resen ta t  i o n  o f  some lmpor tan t 

r e s u l t s  i n  ana ly t ica l  form. 
- 

-Qr!-Jap- 

The f a c t o r s  o f  ccncern f o r  t he  development o f  t h e  c o ~ c e r ~ t r l c  f i n  

mode! o f  t he  Brldgman growth system deplcted i n  Flg. 1.1 are Indicated I n  

Flgs. 3.1 and 3.2. Tha two-d imens tonal  thermal  modal i ncorps ra tas  t h e  

f o l  lowing assumptions. 

(1: Rad ia l  tempera ture  v a r l a t l o n s  w i t h i n  t h e  chczgs a r e  

accounted f o r  by modeling t h e  charge as t w o  r a d l a l l y  

d l s + i n c t  f i n s .  The Inner  f I n  i s  a c y l  Ondbt o f  d lasnetr r  

D l n  and has an a x i a l  tempera ture  d ls t r ibu . ; lon  Tin(Z). 

The outer f l n  I s  an annulus o f  l n re r  and outer diameters, 

O l n  and D, and has an a x i a l  tempera ture  d l s t r l b u t l o n  

Tout(Z). The d iameter  D i n  ;s  chosen so t h a t  t h e  i nne r  

and o u t e r  f i n s  have equal c r o s s  ssct l * !nal  arear The 

temperature o f  aach charge f l n  I s  not  considered a  iunc- 

t :on o f  r a d  i us. The d l  f  fe renco I n  tempera ture  betwaen 

T i n  and Taut i s  I idicatlq;? o .  r a d i a l  temperature varlo- 

t l c n s  w i t h i n  the  charge. 

( 2 )  The c r u c l ~ l e  I s  modeled as a c o a x i a l  annu lar  f i n  I n  

con4ac.t v l t h  t h e  o u t e r  charge f l n .  The c r u c l b l e  f l n  

temperature, Tw(l), Is not  :: funct lon of r adlus. 

(3 )  As opposed t o  the  -~r respondfng assumpticn In  tho moving 

f i n  model, t h e  g r a d i e n t  zone 1 s  n o t  =d lnba t l c .  Th:s 

a s s u s p t l o n  I s  r o l a x a d  I n  the  two-dimensional m o ~ e l  so  

t h a t  t h e  e f f e c t  o f  r a d l s l  heat  t r a q s f e r  between a  nsn- 

pe r fec t l y  insu la t  lr19 gradient zone and the  c h q e  srr br? 

stud led, 
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( 4 )  The p o r t i o n  o f  t h e  fu rnace  I n  t h e  g r a d l e n t  zone I s  con- 

s I dered t o  be an annu l us  o f  conduct  I v I t y  k~ and c ross-  

sect lona l area & located coaxial  l y w 1 t h  th3 charge and 

c;ucIble. The temperature o f  the  gradlent  zone acnulus 

I s  assumed cons tan t  I n  t h e  r a d  l a  I d l  r s c t  ion; I t s  a x i a l  

temperature d l  s t r  l but  ion, TG(Z), depends on I t s  thermal 

I n t e r a c t  I o n  w l t h  t h e  charge and c r u c  l b le. Temperature 

boundary condl t lons ere used a t  the  ends o f  t h s  gradten,) 

zone annul us ana no heat  I 3 s s  i s  assumed a t  I t s  o u t e r  

d 1 m e t e r .  

( 5 )  Hot and c o l d  zone fu rnace  temperatures,  Tf *: an? Tf,c 

r e s p e c t l v e l y ,  a r e  un i fo rm,  r e f l e c t i n g  t h e  heat  p i p e  

behavior.  The l eng ths  o f  t h e  heat  p ipes  a r e  assumed 

I n f  l n l t e .  

( 6 )  The system i s  a t  a l 1 t l mes i n a quas 1-steady state; + .e., 

t ransients are neglected. 

(7) No heat t rans fer  by natura l  convection I n  the  melt. 

(81 Heat exchange between ?he furnace and the outer  c r u c l b l e  

su r face  I s  descr I bed by a heat  t r a n s f e r  c o e f f  I c l e n t ,  h, 

which I s  constant w l t h l n  each zone. 

( 9 )  Therma I p r o p e r t i e s  do no t  depend on tempera tu ra  except  

f o r  a d l f f e r e n c e  i n  c @ n d u c t l v l t y  between t h e  m e l t  and 

c rys ta l  por t  Ions o f  the  charge. 

Assumptionr ( 5 )  through (9) ar-e a lso  used I n  the movlng f i n  model. 

On the basls of the  above assumptions, each o f  the  concentr ic f i n s  

I s  analogous t o  the moving t h i n  rod treaSed by Carslaw and Jaeger [I]: 
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where: k = thermal conduct lv l ty  o f  a  f i n  

Ax = cross sectional area of a  f i n  

T = f l n  temperature 

Z = ax la l  coordinate measured from the center of t h e  

gradlent zone toward the  co ld  zone 

V = lowerlng r a t e  

f mass dens I t y  o f  a f In  

cp = spec l f l c  heat of a f i n  

q = heat t rans fer  per u n l t  length t o  the  f l n  from I t s  

surroundings 

I n  Append I x  A, t h e  q  te rm o f  eq. C3.11 I s  approximated resu I t I ng I n  t h e  

following set  o f  coupled ordlnary d l f f e r e n t l a l  equat ions  f o r  t h e  a x l a l  

temperature d l s t r l b u t l o n  o f  the  f lns :  

where: = dimensionless 8x181 cmrdlnate,  Z/D 

9 = (T- ~ P ~ C ~ / ( ~ , ~  - ?,c) 

q m ~ t ( + w t  + d i n )  

A s t ( L t  - 9ifi) 
Pe IOC = vD pep lk,, 
Pe,, = WPC? lh),, 

100 



subscrlpt wlocv refers t o  local charge properties or 

zone heai tb-ansfer coef f i c  lent 

subscr!r~t ". -fers  t o  the cruclble 

The coef f  lclents 11, A?,  A T ,  P s i : ,  ~ n d  A 5  depa:ic on t h e  r a d l a l  thermal 

reststance bstdeen t$e  concentric t 'ns .  They are g iven by: 

The f In equations tor #wt ~ n d  din have Deer, added t o  and subtracted 

from one anothor ordtx:- +o srrodul-2 aas. C3.282 and C3.?h] for d, and #b 

respect lve l  y .  S i , > c e  t h e  cr~3s:. s e c t i o n a l  e r e a s  of tho n ~ e r  and outer  
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charge f I n s  a r e  equa I, @h I s I n t e r p r e t e d  as t h e  mean c r o s s  s e c t  lona I 

tempera ture  o f  t h e  charge; @A I s  a measure o f  t h e  r a d l a l  t empera tu re  

d l f fe rance w l t h l n  the  charge. Wi th in  the  ho t  and co ld  zones, the  furnace 

temperature,$ . I s  t h e  tempera tu re  o f  t h e  h o t  and c o l d  hea t  plpes. 

respect l ve  I y, and eq. [3.2d] f o r  the  grad l e n t  zone annu l us I n not  needed. 

W l t h  l n t h e  grad l e n t  zone, $ I s  ldent 1 f I ed w l t h  *(C] and eq. [3.2d] has 

no Peclet  term s ince the  gradI3nt zone annulus I s  stationary. 
~. . 

I c  F i n  FgUdflonc, 

The set  o f  eqs. C3.21 has constant coef f i c  tents I f a separate se t  o f  

equations i s  employed f o r  each ax ia l  reglon o f  uniform thermal proper t ies 

and furnace boundary condltlons. As I n  the  moving f i n  model, four  such 

ax la l  regions are present I n  the  concentr lc f I n  model: the  hot and co ld  

zones and t h e  l l q u l d  and s o l  l d  p o r t i o n s  o f  t h e  g r a d i e n t  zone. (It I s  

assumed t h a t  the  growth In te r face  I s  I n  t he  gradient  zone.) The hot  and 

co ld  zones are therefore described by eqs. [3.2a], [3.2b] and C3.2~1; the  

t w o  r e g i o n s  w i t h  I n t h e  grad l e n t  zone i n c  I ude, i n  add It Ion, eq. [3.2d], 

representing the  gradlent  zone annu!us. 

The s o l u t l o n  o f  eqs. C3.21 w l t h i n  a p a r t i c u l a r  a x l a l  r e g l o n  I s  

descr ibed I n  many t e x t s  {e.g., [2,3]). A system o f  p second o r d e r  

d i f f e r e n t i a l  equations can be changed t o  an equivalent system o f  2p f i r s t  

order d i f f e r e n t i a l  equations by t he  d e f i n i t l o n :  

Performing t h ! s  t ransformat ion and pu t t i ng  the r e s u l t  i n  ma t r l x  notation, 

eqs. C3.21 bacome: 

Cs. 5 1  



where: 

ho t  and co ld  t m e  

gradient  zone 

(Var t ab les  i n  b o l d f a c e  denote m a t r  Ices.) The eiemerlta o f  P and F a r e  

found by d i r e c t  s u b s t i t u t i o n .  I n  t h a  gr : l ! lent  zor:e, F I s  an empty 

matr I x. 

The so lu t i on  o f  eq. C3.51 I s  o f  t he  farm: 

The vat ues of w are common l y ca l led the  elgenva l ues of the  matr l x  P and 

t h e  v a l  ues o f  E a r e  commonly c a l  l e d  t h e  e l g e n v e c t o r s  o f  P. The e lgen-  

va i uss and e l  genvectors  a r e  eas 1 l y  found by standat d computer subrou- 

t i n e s .  The coef  f i c  l e n t s  denoted by c I n eq. l 3 . 6 1  a;e t h e  unknown con- 

s tan ts  o f  integrat lon. xp denotes the  pa r t  lcular sol u t l on  o f  eq. L3.53. 

Equat i o n  L3.61 I s  w r  l t t e n  f o r  each a x i a l  r e g  Ion. The h o t  and c o l  d 

zones each contr  i bute s i x  UnKnOUn constants o f  I ntegrat lon; i h e  l i qu id  

and s o l i d  pa r t s  o f  t he  gradlent  zone each cont r ibu te  e lgh t  unknown con- 

s t a n t s  o f  I n t e g r a t t o n .  There are, t h e r e f o r e ,  28 unknown c o n s t a n t s  of 

ln tegra t  ion which must be determined by using boundary cond i t l o n s  o f  (a) 

equal 1 t y  o f  temperature and (b) cont l nu 1 t y  of f I ux between correspond i ng 

f ins o f  adjacent a x i a l  regions as we1 l as (c) heat t rans fe r  coeff i c t e n t s  

6 t  t h e  ends o f  charges o f  f l n l t e  l e n g t h  and ( d l  Imposed tempera tu re  

boundary conditions a t  t he  ends o f  t he  gradient  zone annulus. AppIica- 

t l o n  o f  t h e  boundsry c o n d i t i o n s  r e s u l t s  I n  a s e t  o f  28 s imu l taneous 

I I near algebra i c  equat ions whose unknowns are the  requ 1 red constants o f  
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I n tug ra t i on .  The s o l u t l o n  o f  these s imul taneous equat ions  i s  e a s i l y  

accomp l 1 shed by standard computer subroutines. 

For The G r w t h  

The so lu t lon  o f  the  f i n  equations requires a  t r i a l  and e r r o r  prcce- 

dure when t h e  e x t e n t  o f  each a x i a l  r e g l o n  I s  no t  I n i t i a l  l y  known. For 

example, the  moving f i n  model shows t h a t  the in ter face location, {I, and 

the  non-dlmenslonal l n t e r f a c e  temperature, BL = (Ti-Tf,c)/(Tf,~-Tf,c), 

are func t i ona l l y  related. When €9; i s  chosen as the  independent variable, 

Ci must be found by i t e r a t l o n .  When c; i s  taken as t h e  Independent 

va r iab le ,  t h e  l o c a t i o n  o f  t h e  l n t e r f a c e  boundary c o n d l t l o n s  I s  known 

a  p r i o r 1  r e s u l t i n g  I n  a  d i r e c t  s o l u t l o n  f o r  8; as we1 I as t h e  e n t i r e  

ax ia l  Temperature d  l s t r  l bu t  ion. 

Flgure 3.3 shows t h a t  t he  a x t a l  pos i t i on  o f  t he  growth in ter face I n  

t h e  Inner  and o u t e r  charge f  i ns is, i n  genera I, n o t  t h e  same; they  a r e  

the  same on1 y  when the in ter face I s  f tat. The cor rec t  appl l c a t  ion o t  "he 

c o n c e n t r i c  f  I n  mode! r e q u l r e s  t h a t  a  separa te  s e t  o f  eqs. C3.21 be 

w r i t t e n  f o r  t h e  s h o r t  r e g l o n  between t h e  a x i a l  l o c a t i o n s  o f  t h e  I n t e r -  

face. I n  t h l s  case, t h e  l n t e r f a c e  temperature, O;, i s  coupled w l t h  t h e  

i n t e r f a c e  I o c a t  Ions w i t h  I n  bo th  t h e  inner. and o u t e r  charge f Ins, I;,,in 
and Ciovt r e s p e c t  i ve l y: 

Since t h l s  f u n c t l o n a l  r e l a t i o n s h i p  I s  n o t  known a  p r l o r i ,  It I s  n o t  

poss i b l e  t o  choose l n  1 t l a l va l ues o f  Gi,;, and which s a t i s f y  

eq. C3.73; l.e., f In  boundaries a t  the ln ter face are not i n i t i a l  l y  knmn 

and t h e r e f o r e  t h e  s o l u t i o n  r e q u i r e s  an i t e r a t i v e  procedure i n  o r d e r  t o  

l o c a t e  these boundar ies. The remalnder o f  t h  i s  s e c t  i o n  descr  l bes an 

approximate model o f  t he  ln ter face which precludes the  use o f  a  t r i a l  and 

e r ro r  so lu t lon  f o r  the  concentr ic f i n  model. 

The leng th  o f  t h e  r e g i o n  separa t  l n g  t h e  l n t e r f a c e  I n  t h e  l nne r  and 

o u t e r  charge f i n s  I s  n o r m a l l y  sma l l  s i n c e  It I s  d e s i r e d  t o  have an 
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Approximated Interface 
Locotion 

I/ 

/ ) Crucible 

Actual Inter foce 
Locat ion 

chrrrge 

charge 

fin 

fin 

F i g .  3.3. Ayyroxinlation f o r  the  i n t e r f a c e  
boundary cond i t i ons  used i n  the  
concent r ic  f i n  model. 
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l n t e r f a c e  o f  sma l l curvature.  The present  model n e g l e c t s  t h l s  a x l a l  

region and appl !es t h e  boundary condl t lons o f  t he  ln ter face a t  t he  same 

a x l a l  l o c a t l o n  f o r  each o f  t h e  lnner  and o u t e r  charge f l n s .  The a x l a l  

l o c a t  I on  o f  t h e  I n t e r f a c e  I s  takon t o  be t h e  l o c a t  Ion  where t h e  mean 

charge temperature, $m, 1 s equal t~ t h e  l n t e r f a c e  temperature, 8; (see 

F I g 3.3. I n t h  l s sense, t h e  ax I a l l o c a t  Ion  where dim = e i  denotes an 

naveragem 1 n t e r f  ace pos I t Ion  ( 1.8.. between t h e  a c t u a l  l n t e r f a c e  pos l -  

t l o n s  o f  t h e  lnner  and o u t e r  charge f l n s ) .  The v a l u e  o f  $a a t  t h l s  

locat Ion, & ( G ; )  , i s  lnd lca t  l ve  o f  the  curvature o f  t he  Interface. 

The use o f  the  above approxlmatlon f o r  t he  ln ter face boundary condl- 

t l o n  permlts the  a p r l o r l  cholce o f  t he  naveragen ln ter face locat lon and, 

therefore, t he  so lu t lon  fo r  t he  temperature f l e l d  I n  the  charge I s  not a 

t r l a l  and e r ro r  procedure. The approxlmatlon Introduces no e r ro r  I f  t h e  

thermal  c o n d u c t l v l t l e s  o f  t h e  m e l t  and c r y s t a l  a r e  equal and I n  t h e  

absence o f  t h e  genera t l on  o f  l a t e n t  heat, o r  I f  t h e  l n t e r f a c e  I s  t l a t .  

Otherwlse, when the  lnter face curvature I s  small, t he  e r r o r  should l l ke-  

w I se be smal 1 and t h e  pred I c t  Ions o f  t h s  present  mode I concern I ng t h o  

rad ia l  temperature var la t lons  I n  the  charge are expected t o  be cor rec t  t o  

a f I rst-order approx l mat Ion. 

The l n t e r f a c e  f l u x  boundary c o n t l t l o n s ,  assumlng t h a t  t h e  m e l t /  

c r y s t a l  c o n d u c t I v l t y  change and t h e  genera t l on  o f  l a t e n t  heat  occur a t  

t he  same ax la l  locaf lon I n  each o f  t he  charge f lns, are: 
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where: 3.  = kL/ks 
Ru = hgrllCp(>,~-xc) 
AHd= l a ten t  heat o f  i 3 l l d l f l c a t t o n  

(The subscr : ;.-ts '*;-'>r~d "5'' r e f e r  t o  t h e  me1 t and c r y s t a l  s l d e  o f  t h e  

In te r face ,  i - ~ c p c '  i i -? 1 y.) Equat  I o n  [3.8a] assumes ?+at the sol l d l f  I c e  

t I o n  ra te  1; eqb~ai t r  +t:e l ~ w e r l n g  rate, V. 

RadTal : - e v p e - b A ~ .  9 v;:r :ai- io;ls near t he  growth In te r face  are shown I n  

i h  I s  sac+ 13n +C -S:;U ? fron, several effects usual l y  present I n  Brldgman 

c rys ta l  ~ r i ) ~ + ; l .  , ::.:ems w 1 t h  an ad l aba t  l c  grad!ent zone, f  l r s t  stud led 
7 .  - 

by Chang a::.! I.'; ,c,..y -,).I, aldresr;es only one o f  these factors. The other  

f a c t o r s  have  n o t  ' : e e ~  adequat l ey cons l dered i n  t h e  I I t e r a t u r e :  non- 

p e r f e c t !  y f ns i l !  c;" ' ? : A  ar ;arTr .n f  tone ( h ~  # 01, and ths rma l  conduct  l v l t y  

charge  and/or- gei ier?+ ton oi l a ?  e n t  heat  a t  the g rowth  l n i e r f s c e  I n  t h e  

presence of  e crucible. Computer s o l u t ~ o n s  o f  the concentr ic f I n  model 

a r e  u t l i l z e d  t o  g r c p h i c a l l y  i l l u s t r a t e  t h e  p a r a m e t r i c  behav lo r  o f  t h e  

rad la1 temper a1 uro var 1 af l ons. Spec l a  l a t t e n t  Ion ' ,  g lven, however, t o  

t h e  develo?7;en,t o f  approx imate  anal y t  l c a l  express lons  wh l c h  serve  t o  

emphasize t h e  r e l a t  l v e  Importance of  t h e  va r  lous  g rowth  parameters on 

rad la l  temperature var lat lons.  

The varieb l e  +A det ined by the concentr lc f I n  model o f  sect ion 3 Is 

used t o  I nd I c n t e  The r a d  1 a  I tempera tu re  var  I a t  l ons  w 1 t h  1 n  t h e  charge. 

Ti,e r e s u l t s  f o r  t o  be shown i n  t h l  s sect lon are conveniently spproxl- , 

mated t o  t h e  i n t e r f a c e  shape by  t h e  f v l l o w l n g  r e l a t l o n  developed I n  

Append l x  B: 



where N I s  t he  radius o f  curvature o f  an Isotherm a t  a particular ax la l  

l o c a t i o n  I n  number of  charge r a d l l .  (N  I s  n e g a t l v e  f o r  an I n t e r f a c e  

whlch I s  concave toward the  mel t  as shown I n  Flg. 1.1.) Accordingly, the  

degree o f  f la tness of  :sotheras I s  enhanced by large a x l a l  temperature 

grad len ts  (d#,,&~) and sms l l rad la  l temperafure grad lents (@& 1. 

A system def 1 ned by t h e  f o l  low i ng parameter  va l ues I s  used as a 

reference system agal ns t  w h l ch  changes I n lnd l v  1 dual parameters can be 

compared : 

1 .  Equal heat t rans fer  coef f  l c l o n t s  I n  the  hot and co ld  

zones. 

2. A x i a l  convection o f  heat  due t o  charge m o t i o n  I s  

smal I; 1.0.. Pe I s  negl l j l b l e .  T h l s  c o n d l t l o n  I s  

shown by the moving f i n  modei t o  be s a t l s f l e d  i f :  

Pe /4 (9 iw)'" " 1 
where Bl**  I s  c a l l e d  the  a f f e c t i v e  B o t  number. Bl** 

I s  r e l a t e d  t o  t h e  B l o t  number, B I ,  a d d l t l o n a l l y  

accounf I ng f o r  t h e  presence o f  t h e  c r u c  1 b l e  and 

r a d i a l  t he rma l  r e s  I s tance w I t h  1 n t h e  charge on t h e  

ax ia l  temperature d l s t r l b u t l o n  o f  t he  charge. 

3. No generation o f  l a ten t  heat; l.e,, P~sRH = 0. 

4. Equal thermal cor~duc l v l t l e s  I n  the meld and c rys ta l ;  

1.0.. RK = 1. With condl t lon ( 1 )  above, Bin = Blc. 

5. Equal charge l eng ths  I n  e h o t  and c o l d  zone; l.e., 

Xu=& where h 1 s the d 1 .ens ion l ess ax1 a l l angth o f  

a furnace zone, L/D. 

6. Temperatura boundary condl  t l o n s  on t h e  ends o f  t h e  

grad l e n t  zone annul us wh l c h  s a t l s f ~  % ( - X J 2 )  + 

( 2 )  = 1 
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A system whlch  has t h e  above parameter  va lues  I s  r e f e r r e d  t o  ss a 

system. The temperature d l s t r l b u t l o n s  o f  a symmetric systea 

are o f  t he  f o l  lowlng form: 

Accordlngly, It I s  seen t h a t  it I s  only  necessary t o  rons l t ier  one-half o f  

a symnetrlc system, e l t h e r  5 < 0 o r  G >  0. 

Subtracting eq. [3.2b] from eq. [3.2a], and assuming ? aat tho ?eclat 

term I s  n e g l l g l b l e  (one-dlmenslonal r e s u l t s  Indicate tha t  the  Peclet term 

I s  small f o r  t yp l ca l  semlcondclctor c rys ta l  growth condlt lons), y e'ds: 

The p a r t l c u  l a r  s o l u t  I o n  o f  eq. C4.21, denoted oy Qi'bp, may be  so lved by 

us 1 ng the appropr I ate  Green's f unct Ion: 

Uslng eq. C4.31, the  particular solu.tlon o f  eq. [4 .2]  I s :  
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where t h e  va lue  o f  .I2 g lven  by eq. [3.3b] has been used, x  I s  a dummy 

v a r l a b l e  o f  i n t e g r a t i o n ,  and cc and C,, a r e  t h e  a x l a l  l o c a t i o n s  o f  t h e  

c o l  d and h o t  ends o f  t i !e charge, r e s p e c t  l v e  I y. (Note t h a t  eq. C4.41 I s 

not t he  coop l e t e  sol u t  ion f o r  92 s 1 nce 9m and $, are  not  independent by 

v i r t u e  o f  t h e  coupled n a t u r e  o f  t h e  f i n  equat ions. Never theless,  t he  

actual d i s t r  l but ions f o r  # and +,,, must s a t i s f y  eq. C4.41.) 

dZ+,,,/&' i s  ncn-?era when the  comblned ax la l  heat conduction r i t h l n  

i h e  i nne r  and o u t e r  charge f i n s  i s  n o t  c o n s t a n t  w i t h  a x i a l  p o s i t i o n ;  

l.e., when t h e r e  I s  heat  add 1 t i on t o  o r  remova 1 f rom t h e  2harge. Equa- 

t i o n  C4.41, t h e r e f o r e ,  c l e a r l y  demonstrates t h 3 t  r a d i a l  t empera tu re  

g r a d i e n t s  w l t h l n  t h e  charge a r e  causea by heat  exchange between t h e  

charge and I t s  surroundings. Such heat exchange occurs: 

( 1 )  I f ,  1 1 1  t h e  i d e a l i z e d  case o f  no c r u c i b l e ,  t h e r e  I s  6 

d l  f fe rence between t h e  tempera tures  o f  t h e  o u t e r  charge 

f l n  and t h e  furnace, and t h e  heat  t r a n s f e r  c o e f f l c l e n t  

betdeen them I s  not zero. 

( 2 )  If, when a - , - uc l  b  l e  i s  present,  t h e r e  I s  a d l  f f e r e n c e  

between t h e  tempera turas  o f  t b ?  c r u c l h l e  and i h e  o u t e r  

charge f in. 

Equat I on C4.41 expresses a t  a p a r t  i cu 1 a r  ax l a  1 1 o c a t  l on as t h e  

superposed e f f e c - t s  o t  heat  t r a n s f e r  t o  t h e  charge a long I t s  e n t i r e  

length. However, the  e f f e c t  of heat t rans fe r  t o  the charge a t  one loca- 

t Ion, x, on t h e  r a d  l a  l tempera ture  grad l e n t  a t  another  l o c a t  ion, 4 , 
at tenua tes  rap  I d  l y w 1 t h  t h e  d l  s tance ~ e t w e e n  t h e  t w o  l o c a t  ions, be lng  

~ r o p o r t l o n a l  t o  the  fac tor  exp(-7.6314- xj) .  For example, when \ 3  - x (  

= 1, t h e  va I ue o f  t t ,  i s exponent i a  I f  unc t  I on  1 s  0.00049. The:.efore, t h e  

rad la l  va r l a t l on  I n  temperature a t  the loca t ion  G I s  p r lmar i  l y  a f fec ted  

by heat  exchtnge w 1 t h  t h e  charge w 1 t h  I n t h e  range * 1 ( i.e., one 

charge diameter t o  e i t he r  s ide o f  the glven locat!on). 
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The t o t e  l sol u t  Ion f o r  ! nc l  udes, I n  add l t Ion t o  eq. C4.41, t he  

homogenous pa r t  o f  the solut ion: 

Equa t l cn  C4.5) I s  a p p l i e d  separa te l y  t o  each r e g l o n  o f  t h e  charge o f  

un 1 form propert les; glven the  assumptions o f  t h s  concentr l c  f I n  model, 

t h e r e  a r e  t w o  such r e g  l ons  -- t h e  l l q u  I d  and t h e  s o l  I d  p o r t i o n s  o f  t h e  

charge. The coef  f l c l e n t s  C1 and C?  I n  eq. E3.5) a r e  found b y  app ly  l n g  

bot~ndarv c o n d i t i o n s  a t  t h e  ends c f  t h e  charge and a t  t h e  g rowth  I n t e r -  

face. 

Rad la l  t empera tu re  v a r l a t l o n s  near t h e  g r o w t h  I n t e r f a c e  a r e  o f  

p r  lmary concern. S l nce  t h e  I n t e r f a c e  I s  ~ s s u m e d  t o  be I n  t h e  grad l e n t  

zone, eq. C4.5) I s appl led, I n  the rema lnder of t h  l s ssc t lon  on ly  t o  the  

gradlent  zonej l.e., - U 2 < C <  X,/2 . I t  I s  a l so  assumed t h a t  there I s  

a t  least  one diameter of  charge 1:) both the  hot and co ld  zones: 

As noted ea r l i e r ,  heat exchange w l t h  the  charge a t  dlstences greater than 

s b w t  one diameter from the  ends of t he  gradlent zone contribute I l t t l e  

t o  t h e  r a d i a l  tempera ture  var  l a t l o n s  I n  t h e  grad l e n t  zone. Equat l ons  

C4.61 thus perm 1 t the  l I m I t s  o f  I ntegrat  Ion I n  eq. C4.5) t o  be contracted 

I f  desl red,  and f u r t h e r ,  t h e  e f f e c t s  o f  t h e  boundary c o n d l t l o n s  s t  t h e  

ends o f  the  charge on Cbb can be neglected. 

When t h e  s o l l d  and l l q u l d  the rma l  p r o p e r t l e s  o f  t h e  charge a r e  

equa I ,  l.e., R #  1 ,  eq. [4,3]  need be app 1 l e d  on l y once t o  t h e  e n t  I r a  

l e n g t h  of  t h e  charge. The homogenous p a r t  o f  t h e  so l  u t  I on  d 1 scqoca' s 

l i l  
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under t h e  r e s t r  l c t  Ions o f  eq. C4.61 and t h e  t o t a l  s o l u t i o n  f o r  (c) 
r I t h  1 n the  grad 1 ent zone becomes: 

where: 
- X c / 2  1 5  -C XG/2  
R, = I 

When RK # 1, eq. C4.51 must be app i led  separate1 y t o  t h e  I i q u  1 d and 

s o l i d  por t ions of the  cherge using the  following boundary condl t lons a t  

t he  growth i n te r f  ace: 

[4.8b] 

( a l s o  eq. [3.8b]) 

Applying these boundary condlt lons y ie lds:  

where: - XG/2 < < d 5; 
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The v a r  l ab  I es  I L (C) and i s(S) rep resen t  t he  r e s p e c t  i ve coq.tr I b u t  I ons  of 

rad ia l  heat exchange w i t h  the  l i q u i d  and s o l i d  por t ions o f  the charge t o  

the  value o f  a t  any a x i a l  Iocat ionL;  w i t h i n  tho  gradlont  zwe. Thay 

are defined as fol lows: 

The f i r s t  term In  each o f  eqs. c4.91 and C4.10) represents a con t r i -  

b u t i o n  t o  $(<) which i s  produced a t  t h e  g rowth  I n t e r f a c e  and wh ich  

attenuates w i t h  distance from the  Interface. This con t r l bu t l on  i s  aosent 

r hen RK = 1. 

The value o f  a t  t he  i n te r ta i s ,  4 (g;) , I s  determined from e i t h e r  

eq. C4.93 o r  eq. L4.101: 

An attractive p o s s l b l l i t v  f o r  t h e  q u a n t i t a v e  u t t l l z a t l o n  o f  eqs. 

[+.9] and C4.10] I s  t o  p rov  l d e  dk/dca f r om t h e  r e s u l t s  o f  one- 

dlmenslonal model ing. I n  t h l  s way, a two-d imens lona l temperature d l s t r  I- 

b u t  i o n  I s ob ta  I ned on l y th rough these equat lons  and a one-d i rnerls lona D 

model. The e r ro r  I n  a ca lcu la ted I n  t h l  s manner wou 1 d be due t o  approx- 

imat lons i n  ( 1  the  o n c d  Imenslonal model which est imates dZ&,'dg' and 

(2) t he  concentr ic f i n  model which provldes eq. C4.27. 



One-dimensional models do provide good approximations f o r  t he  charge 

mean temperature d ls t r ibu t lon .  Taking two der iva t ives  o f  such a d l s t r l -  

b u t  i o n  i n  o r d e r  t o  o b t a i n  a good approx lma t lon  f o r  d'#m/d~' I s  more 

l l k e l  y  t o  be u n r e l  l ab  le. R e s u l t s  presented l a t e r  I n  t h  I s s e c t  ion, i n  

fact, demonstrate t h a t  the presence o f  a c ruc ib le  produces a d i s t r i b u t l o n  

o f  tad l a  l heat exchange w i t h  the  charge wh ich I s  not  pred lc ted  by a one- 

d imens iona l model ; the re fo re ,  t h e  use o f  d2#m/~l;' calculated from one- 

dlmens tonal model s  i s  not appropr l a t e  f o r  use i n  eqs. E4.1 I]. Neverthe- 

less, even i n these cases, t h e  Green's f u n c t i o n  approach developed i n  

t h  l s sec t  I on  may be used t o  o b t a i n  a qua1 I t a t  l v e  understand i n g  o f  t h e  

behavlor o f  r a d i a l  temperature var ia t ions  w l t h l n  the  charge. 

Heat t r a n s f e r  t o  t h e  charge i n  t h e  h o t  zone and f rom t h e  charge I n  

the  cold zone must occur so t h a t  the  required ax ia l  temperature gradient 

a t  t h e  grow t h  I n t e r f a c e  i s ob ta  1 ned. Such heat  exchange, accord I ng t o  

t h e  r e s u l t s  o f  s e c t i o n  4.1, produces r a d i a l  tempera ture  v a r i a t i o n s  

w l t f ; r b  t h e  charge which, even w l t h l n  an a d i a b a t i c  g r a d i e n t  zone, 

Influence the  shape of the  growth interface, 

Fu and W i lcox  [6] s t u d  l e d  t h e  p e n e t r a t i o n  o f  r a d i a l  tempera ture  

var ia t ions  i n t o  an adlabat lc gradient zone f o r  systems wi thout  a c ruc ib le  

through tl-J use o f  a two-dimensional f i n i t e  d i f fe rence model. Isotherm 

shape :ndlcate,  f o r  var  lous  81 and Pe, t h a t  r a d i a l  tempera ture  var  l a -  

ti, 5 w i t h i n  the  charge i n  the  hot and cold zones attenuata rap id l y  from 

rne ends o f  t h e  g r a d i e n t  zone. I f  t h e  g r a d i e n t  zone I s  s u f f i c l e n t l ~ ~  

long, there 0x1 s t s  a reg ion w i t h  i n which the  shape o f  isotherms are q u i t e  

f l a t .  

Figure 4.1 shows the va r ia t i on  o f  4' I n  an adlabat lc  gradient zone, 

obtained by the  concentr ic f i n  model o f  sect ion 3 f o r  systems wi thout  a 

crucible. (Note t h a t  t h e  v e r t i c a l  s c a l e  o f  Fig. 4.1 changes f rom 
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logar l thmlc t o  l lnear a t  $10'4 so t h a t  both negative and p o s i t i v e  values 

o f  6 may be p l o t t e d  I n  t h e  same f  lgure.1 Accord i n g l  y, it i s  seen t h a t  

$A attenuates a t  a  r a t e  approx l matel y  proport lona l t o  exp(-7.6 5* where 

5' i s  measured from the ends of the grad len t  zone. It is a lso  seen t h a t  

$ I n  t h e  grad l e n t  zone Increases w i t h  t h e  B l o t  number o f  t h e  h o t  and 

c o l d  zones r e f  l e c t  l ng g r e a t e r  amounts o f  r a d  1 a  l heat  t r a n s f e r  t o  t h e  

charge I n  these zones. 

The var l a t l on  o f  t he  radlus o f  curvature o f  Isotherms fo r  the same 

cases cons idered I n  Fig. 4.1 I s  shown I n  F lg. 4.2. These curves were 

calculated using eq. C4.11 along w l t h  values o f  (% and da/jt determined 

from the concentric f l n  model. Accordingly, there I s  a  centra l  reglon o f  

the  gradlent zone where the  isotherm shapes are q u l t e  f l a t .  To obta ln an 

inter face whlch i s  s l  l g h t l y  concave toward the crysta l ,  I&., smal l but 

pos 1 t ive  N-', requ l res  t h a t  the  l n te r f  ace be located s  l i gh t  l y t o  tne  hot  

s  l de o f  +he cen te r  o f  t h e  grad l e n t  zone. A l so seen I n  F lg. 4.2 i s  t h a t  

Isotherms are more curved as B i  Increases. Therefore, f o r  the  parameter 

values considered, Increasing the  B l o t  number o f  the hot and co ld  zones 

has a  g r e a t e r  e f f e c t  on I n c r e a s i n g  @& than  upon lncreas lng  t h e  a x l a !  

tempera ture  y r a d l e n t  o f  t h e  charge I n  t h e  g r a d i e n t  zone (c.f., eq. 

[4.1]) .  

The e f f e c t  o f  unequal hot and co ld  zone B l o t  numbers I n  an otherwlsta 

symrnetr lc system I s  shown I n  Flg. 4.3. As t h e  h o t  zone B l o t  number 

l ncreases r e  l a t  l ve tc; t he  constant cot d  zone B l o t  number, 43 becomes more 

pos l t l ve  i n  the  hot por t lon  of the  gradlent zone. I n  t h i s  reglon, there- 

fo re ,  Iso therm shapes become more concave toward  t h e  c r y s t a l  and t h o  

locat ion o f  the  f l a t  Isotherm s h i f t s  s l l g h t l y  toward the  co ld  zone. The 

e f f e c t  o f  changlng thermal conditions I n  the hot zone attenuates r a p l d l y  

from t h e  end o f  ?he h o t  zone and e f f e c t s  o n l y  s l l g h t l y  t h e  r a d l a l  

tempsrarure var la t lons  near the co ld  end o f  the  gradlent zone. 

Flgure 4.4 shows the  v a r l a t l o n  o f  @A I n  systems whlch are symmetrlc 

except  RK # 1. I n  t h e  systems considered, t h e  c o l d  zone B l o t  number 

remains constant ;  t h e  h o t  zone B l o t  number t h e r e f o r d  changes w l t h  RK 

(BIH = BIC/RK). As RK Increases, It I s  seen t h a t  Qb I n  t h e  h o t  p a r t  o f  



hot end 5 in gradient zone cold end 

F i g .  4.1. V a r i a t i o n  o f  go i n  an a d i a b a t i c  g r a d i e n t  zone 
w i t h o u t  a c r u c i b l e .  The system i s  symmetric. 
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Fig. 4.2. V a r i a t i o n  o f  iso therm shapes f o r  t h e  
same cases considered i n  Fig.  4 . 1 ,  



hot end in the gradient cold end 
zone 

Fig.  4.3. The e f f e c t  o f  unequal h o t  and c o l d  zone 
B i o t  numbers on + i n  an a d i a b a t i c  
g r a d i e n t  zone.  fie system i s  o the rw ise  
symmetric. 
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F ig .  4.4.  V a r i a t i o n  o f  $A i n  an a d i a b a t i c  g r a d i e n t  
zone w i t h o u t  a  c r u c i b l e .  The system i s  
symmetric except  RK # 1 .  
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t he  gradlent zone decreases whereas I n  t h e  co ld  pa r t  o f  t he  gradlent  

zone I s  l l tt l e affected. Th I s behav l o r  I s  s I m l l a r  t o  t h a t  o f  a charlg 1 ng 

va lue  o f  81" e x h l b l t e d  I n  Fig. 4.3. Further ,  a d l s tu rbance  appears a t  

t h e  I n t e r f a c e  whlch Increases as RK Increases and whlch d l e s  o u t  w l t h  

dlstance from the Interface. Thls dlsturbance represents the  f l r s t  term 

I n  eqs. C4.91 and C4.101 where It I s  shown t h a t  It appears o n l y  when 

R+( # 1. 

An a n a l y t l c a l  express lon f o r  t h e  v a r l a t l o n  o f  $A i n  an a d l a b a t l c  

gradlent zone may be obtalned by using the  mean temperature d l s t r l b u t l o n  

determ i ned by the  movl ng f 1 n model I n  order t o  descr l be d k / d ~ '  I n  eqs. 

C4.1 I]. I n order t o  d I s t  1 ngu l sh between the  mean temperatures pred l c ted  

by t h e  mov I ng f I n and concent r  l c  f l n model s, @,, i s  used t o  denote t h e  

former wh I l e  $, cont I nues t o  denote the  l atter.  The charge I s  assumed 

l n f i n l t e  i n  length; I n  t h l s  case, e,,, i s  described by a slmple exponentlal 

f u c c t  i on  I n  bo th  t h e  h o t  and c o l d  zones. Fur ther ,  t h e  P e c l e t  number I s  

assumed small enough t o  be negl lg lb le;  I n  t h l s  case the  argument f o r  t he  
** 1/2 exponentlal funct ion I s  glven by 2(B1 1 . 

hot zone: s - 12 

co ld  zone: 5 3 AG12 

em(<)= ~ , ( ~ ~ i 2 ~ e r ~ [ ~ ~ ~ i ~ ~ ' ' ( ~ c / 2 - ~ ) ]  

S u b s t i ~ u t i t I g  t h e  second d e r l v a t l v e s  o f  eqs. C4.131 i n t o  eqs. C4.1 I ]  and 

not lng t h a t  d2om/JGz = 0 I n  the  edlabat ic  gradlent zone, y lelds: 
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Equat lon [4.14a] rep resen ts  t h e  e f f e c t  o f  r a d i a l  heat t rans fe r  between 

t h e  charge and t h e  fu rnace  I n  t h e  h o t  zone on t h e  r a d i a l  t empera tu re  

var  t a t  ions  I n  t h e  grad l e n t  zone. The e f f e c t  o f  t h e  h o t  zone d i e s  o u t  

exponent l a l l y  w 1 t h  d 1 s tance f rom t h e  h o t  end o f  the g rad  1 e n t  zone a t  

approx l  mate l y t h e  same r a t e  observed I n F i g. 4.1. Equat I on [4.14b] has 

an analagous l n t e r p r e t a t l o n  w l t h  rega rd  t o  heat  t r a n s f e r  I n  t h e  c o l d  

zone. 

Subst i t u t l n g  eqs. C4.141 I n t o  eqs. C4.91 and [4.10] produces t h e  

deslred approxlniat Ion f o r  I n  the  grad l en t  zone due t o  the  generat Ion 

o f  r a d i a l  g r a d i e n t s  I n  t h e  fu rnace zones. E v a l u a t l n g  eqs. C4.14) a t  

5 = ci and s u b s t l t u t l n g  t h e  r e s u l t  l n t o  eq. C4.121 y i e l d s  $)A a t  t h e  

growth Interface. 

The one-dlmenslonal r e s u l t s  requi red by eqs. C4.14) are  the  ef fec-  

t i v e  B l o t  numbers and t h e  mean charge tempera tures  a t  t h e  h o t  and c o l d  

ends o f  t h e  g r a d l e n t  zone. For a system w l t h  B I G  = O and wh ich  has a 

n e g l l g l b l e  Peclet number, the  ax la l  temperature gradlent  I n  t he  gradlent  

zone, G, I s  c o n s t a n t  except  f o r  a s fep  change a t  t h e  g rowth  I n t e r f a c e .  

The temperatures a t  the  ends o f  the  grad l en t  zone are thera fore  g lven by 

the  f o l  low I ng expressions: 



where: Pe I s  n e g l i g i b l e  

BIG " 0 

I Ci 6 &I2 
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The non-d imens lona l l n t e r f a c e  temperature,  GL, and GS a r e  g  l v e n  by 

the  moving f i n  model. 

The c l r c ! e d  p o i n t s  i n  Figs. 4.1, 4.3, and 4.4 I n d l c a t n  ve 'ues  of  Qa 
c a l c u l a t e d  th rough  t h e  use o f  eqs. C4.141. I t  I s  seen t t h e  va l u s s  

of $ obtained by +he two methods agree very c loss l  y  i rtd! '3  t h a t  t43  

mov l n g  f l n  model p rov  l des a good approx lmat  i o n  f o r  d%*. . , f o r  t h e  

systems considered. The largest  difference occurs f o r  the  largest  value 

of BI  r e f l e c t i n g  a  decrease i n  accuracy o f  the a f fec t !ve  B l o t  number as 

B 1 i ncreases. 

The e f f e c +  o f  t h e  presence o f  a  c r u c i b l e  on r a d i a l  t empera tu rs  

v a r i a t i o n s  i n  an a d l a b a t l c  g r a d i e n t  7one a r e  shown I n  Figs. 4.5 and 4.6. 

The systems examined a r e  symmetr ic  3nd i n f l n l t e  I n  length; Fig. 4.5 

cons ide rs  v a r i a b l e  & ( w i t h  KS = 1 )  whl l e  Flg. 4.6 cons ide rs  v a r i a b l e  KS 

( w  l t h  & = 1.5). The p r l m a r y  e f f e c t s  o f  t h e  c r u c i b l e  a r e  seen t o  be a  

r e d u c t i o n  i n  t h e  va lue  o f  0, a t  ti.9 ends o f  t n e  g r a d i e n t  zone end a  

reduc t  i o n  I n  t h e  r a t e  a t  whlch 4 a t t e n u a t e s  toward  t h e  c e n t e r  o f  t h e  

grad l en t  zone. 

The r e d u c t i o n  i n  t h e  va lue  o f  a+ t h e  ends o f  t h e  g r a d i e n t  Lone 

when a  c ruc ib le  I s  present i s  a t t r i b u t a b l e  t o  the  e f f e c t  of the  c r u c i b l e  

on t h e  effective B l o t  number, BI**. I n  most cases, t h e  presence ~ f  a 
* * 

c r u c i b l e  decreases 01 compared t o  a charge w l t h o u t  a  c r u c i b l e .  A 

reduct Ion i n  the heat axchange between the  charge and furnace I s  there- 

f o r e  expected, r e s u l t i n g  I n  decreased r a d l a l  t empera tu re  v a r l a t l o n s  

w i t h  l n  t h e  charge. The l nd i v  l dua l curves  o f  F 19s. 4.5 and 4.6, l abe led  

w l t h  t h e i r  respect lve values of 8i**, demonstrate Phe co r re l  a t  ion between 

Q~(&,'~) and B I **. 



,ua 

10-4 

0 

-10 '~ 

Adiabatic gradient zone 

-10-3 

-lo-2 
-.5 0 . 5  

hot end 6, in gradient zone cold end 

Fiq.  4.5 .  Var i a t i on  o f  @A i n  an a d i z j a t i c  g rad ien t  
zone w i t h  a  c ruc i b l e .  The sjstern 'I; 

symmetric w i t h  va r i ab l e  diameter r a t i o  6 
( K  = 1.0). 
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K =025, 0.50 (~i*=0.373,0.374i - 
1.0 i0.302) 
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F ig .  4.6. Var4,,lon o f  + n  an a d i a b a t i c  g r a d i e n t  
zonz w i t h  a c r u c i b l e .  The system i s  
symmetric w i t h  v a r i a b l e  thermal  
c o n d u c t i v i t y  K ( 6  = 1.5). 



The r e d u c i i o n  i n  t h e  r a t e  o f  a t t e n u a t l o n  c f  6 when a  c r u c i b l e  I s  

present r e s u l t s  from rad ia l  heat exchange between the  c ruc lb le  and the  

charge near t h e  ends o f  t h e  g r a d i e n t  zone. Such heat  t r a n s f e r  occu rs  

when the  c ruc ib le  and the  charge temperatures are not  equal. A value of 

zero f o r  the  local B l o t  number i s  no longer s u f f l r r e n t  t o  eliminate heat 

t rans fer  t o  the charge I n  the gradient r0r.e. 

The var i a t  Ion o f  - 4?, near the  hot end o f  t he  gr ad len t  zone, i s  

shown i n  F Ig. 4.7 f o r  t h e  case o f  & = 2 f rom F ig. 4.5. I t  i s  seen t h a t  

the  d l f  ference I n  the  c ruc ib le  and charge temperatures created by heat 

t r a n s f e r  I n  t h e  h o t  zone fu rnace  extends i n t o  t h e  a d i a b a t i c  g r a d i e n t  

zone. The resu I t a n t  e f f e c t  on r e d  la1  heat  exchange w i t h  t h e  charge i s  

i n d i c a t e d  by t h e  d l s t r l b u t l o n  o f  c\\2@ml~~2 I n  Fig. 4.8 ( l o w e r  s o l l d  

curve).  It i s  seen t h a t  d24m/~<z i s  n o t  zero  i n  t h e  ad l a b a t  l c  g r a d i e n t  

zone; the  e f f e c t  o f  the  c ruc ib le  I s  t o  extend rad ia l  heat t rans fer  tak ing  

p lace  I n  t h e  h o t  zone l n t o  t h e  grad l e n t  zone. Anal ys  l s  o f  eqs. C4.111 

ver I f  les t h a t  t h  I s  extens l on o f  rad i a l heat exchange serves t o  decrease 

the apparent r a t e  o f  attenuatlon o f  #A a t  the  ends o f  t he  gradient zone. 

Assuming t h a t  t he  Pe term I s  negl igible, the  one-dlmenslonal moving 

f i n  mcdel predlcts: 

Since BIG = 0, the  movlng f l n  model there iore  pred ic ts  t h a t  d'em/I~zx 0 
I n  an adlabat lc gradient zone, whether a  c ruc i  b l e  I s  present o r  not. The 

dashed curve o f  Fig. 4.8 i s  t he  d l s t r l b u t l o n  o f  d%,,,/d~' determ:ned from 

the movl ng f l n model. The moving f l n  model I s  unab l e  t o  account for  t he  

pa r t i cu la r  nature o f  rad ia l  heat t rans fer  between the  charge and c ruc ib le  

caused by the  abrupt change I n  furnace boundary condi t ions a t  the  ends of 

the  gradient zone. Although the  er ror  1s o f  minor consequence i n  calcu- 

l a t l n g  t h e  d l s t r l b u t l o n  o f  f)m, r e s u l t s  f rom t h e  moving f i n  model, I n  

p a r t l c u l s r  d%.,/,,ld:', are lnadaquate t o  descr i be  t h e  l c c a i  var  l a t  i on  o f  



Fig.  4.7. The d i s t r i b u t i o n  o f  Qciy - Qm near t h e  h o t  and 
c o l d  end o f  an a d i a b a t i c  g r a d i e n t  zone, 
c a l - ~ l a t e d  by t h e  concen t r i c  f i n  model. 



F i g .  4.8. Distributions of $m and d2@,,,/dc2 near 
the hot end of the gradient zone, 
calculated by the movjng fin and 
clj;:ceiltric fin models. 
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rad la l  heat t rans fer  near the ends o f  an ad labat l c  gradlent zone when a 

cruc I b l e I s  present. 

Tab le  4.1 compares va lues  o f  #a a t  t h e  end o f  t h e  h o t  zone (i.e., 

( =  -0.5) c a l c u l a t e d  by eq [4.14a] (l.e., w i t h  t h e  use o f  t h e  movlng f l n  

model) and by t h e  concent r  1 c f 1 n model f o r  t h e  cases shown I n  F I gs. 4.5 

and 4.6. I t  5p~ear -s  .:Pat eq. C4.14a] p r a d l c t s  we1 l t h e  qua1 i t a+ ' \4e  

trsnds as K and change as we l l  as ~ e 1 ~ 3 ,  t o  a certain degree, quantl ta- 

t i vs  1 y accurate. Th 1 s conc l us l on prov; des f bi.:!*e;- dv I dence '.' - t h e  

c o r r e l a t  I on  between 81** and a(*L12) n o t  ica; f l g s .  4.5 and 4.6. 

Such a favorable comparison may seem, however, surpr ls lng  I n  vlew o f  the  

I I m l t a t l o n s  I n  t h e  movlng f I n  model discussed I t ,  t h e  p r  !ceedlng para- 

graph. This apparent anomoly i s  explained by a c loser  axaminatton o f  t he  

d l s t r ;  b u t  Ions o f  A b b , / j ~ ~  and shown i n  Fig. 4.8. 

The abrupt change I n  d m  / pred lc ted  by the  mov i ng f i n  model a t  

the  end o f  the  gradlent  zone becomes smoothed ou t  I n  rhe d l s t r l b u t l o n  o f  

d2&k~' g 1 ven by the  concentr l c  f 1 n mode I. The mov 1 ng f 1 n 'node I over- 

p r e d l c t s  t h e  heat t r a n s f e r  t o  t h e  charge I n  t h e  h o t  zone whi l e  under- 

p r e d i c t i n g  t h e  heat  t r a n s f e r  I n  t h e  grad l e n t  zone. The o v e r p r e d l c t e d  

heat  t r a n s f e r  1 n t h e  h o t  zone c o n t r  l b u t e s  t o  whl l e  t h e  lack  o f  

heat t rans fer  I n  the grad!ent zone reduces (1S, ; I f  the  e f f e c t s  o f  

the  two er rors  i n  dZ8,/dgz approximately balance, the  msvl ng f l n model 

provldes a good est lmat lon o f  a(t&/z) . The balance o f  the  two e r ro rs  

i s  l l l u s t r a t e d  by t h e  d o t t e d  cu rve  I n  Flg. 4.8 which I s  p l o t t e d  by 

r e f  l e c t l  ng the  sect lon o f  t he  curve f o r  dz+m/&z I abeled "an about the  

a x l a l  l o c a t  Ion  5 = -6.5 =-&Jz and add l n g  t o  t h e  s e c t l o n  o f  t h e  same 

cu rve  labelednbn. I f  t h e  d l s t r i b u t l o n  o f  d k / d ~ '  c a l c u l a t e d  by t h e  

movlng f I n  model were t o  exac t  I y match t h e  d o t t e d  curve, t h e  va lue  o f  

&b(-&12) f rcrn eq. L4.1481 r o u  l d equal t h a t  g l  ven by t h e  concent r  1 - f 1 r 

model. Figure 4.8 shoes t h a t  these curves, wh i le  not exact ly  colnc:dlng, 

a r e  never the less  close. Therefore, t h e  use o f  t h e  movlng f l n  model 

approxl mat ion f o r  d $ m / ~ ~ a  can be expected t o  prov 1 de a reasonab 1 e es t  l- 

mate o f  4 a t  t h e  end o f  an ad laba t  l c  g r a d l e n t  zone. Tab le  4.1 I n d l -  
A 

cates t h a t  t h i s  conclusions I s  v a l i d  a t  least over the  range o f  KIM andg 

exam I ned . 



Comparfson o f  eq. E4.14a-j w l t h  t h e  concentric f l n  model In  
pred l c t  lng Qa a t  t h e  end of  t h e  grad l e n t  zone. The systems 
are symmetrfc wlth an aalabatlc gradlent zone. 

Symetr lc system 

A q =  1.0 

A , =  A,= w 

- 
I 

K ~ o c  

1 .O 

1 .O 

1 .O 

1 .O 

0.25 

0.50 

2.0 

4.0 
J 

& 

1.001 

1.5 

2.0 

5.0 

1.5 

1.5 

1.5 

1.5 

- 
movlng f l n  model 

el** 

0.471 

0.291 

0.205 

C.Q619 

0.357 

0.356 

0.200 

0.121 

1 

@& (- A&) 

q . [ 4 . 1 4 a ]  

0.00407 

0.00284 

0.0021 6 

0.000797 

0.00331 

0. OiX3 1 

0.00212 

0.?0141 

~ & / A c  

-0.407 

-0.350 

-0.312 

-0.199 

-0.374 

-0.374 

-0.309 

-0.258 

concentr I c  
f1nmd.1 

0.00407 

0.00263 

0.00193 

0.000683 1 

0.00318 

0.00310 

0.00197 

0.00132 

) 

0.703 

0.675 

0.650 

0.600 

3.687 

0.687 

0.654 

0.629 
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la:  T-Bdiftq Generated A t  T k  urowth rr 
l nterfacze 

I n  The Presaa~g Of  A Cruc ib l_e  

Thc, ax ia l  temperature grad len t  I n  t h e  charga, d+,,,/d~, must undergo 

an ab rup t  change a t  t h e  growth  I n t e r f a c e  when P ~ s R H  f 0  o r  when RK # 1. 

(c.f., eq [3.8a]). The a x i a l  g r a d i e n t  I n  t h e  c r u c i b l e ,  on t h e  o t h e r  

hand, does n o t  change a t  t h e  growth  In te r face .  F l g u r s  4.9 show; t h a t  

such c o n d l t l o n s  produce a  d i f f e r e n c e  between t h e  charge and c r u c l  b l e  

temperatures a t  t he  l nter face w h  l c h  d  1 m 1 n  I shes w l t h  d  1 s tance f rom t h e  

In te r face .  The exchango o f  heat  between t h e  charge and t h e  c r u c l  b  l e  

whlch resu l t s  from t h i s  temperature d l f fe rence has a yo found e f f e c t  on 

the  d l s t r l b u t l o n  o f  @, I n  the  v l c l n l t y  o f  the  Interface. 

Flgure 4.10 shows t h e  va r ia t i on  o f  $A I n  an adlabat lc  gradlent  zone 

f o r  systems whlch a r e  symmatr lc  except  RK # I. The presence o f  a  

c r u c i b l e  I s  I n d i c a t e d  by a  v a l u e o f  1.5 f o r  t h e  d iameter  r a t 1 0  8. As RK 

Increases, It I s  seen t h a t  t he  d ls t r Ibut1on o f  #, , and more Importantly, 

t he  va l ue o f  a t  t he  I n t e r f  ace, becomes more negat lve, caus 1 ng 1 sotherm 

shapes t o  be curved i n  the  adverse d l r e c t l o n  (concave toward the  ~lrel t) .  

Even a  small d i f ference I n  mel t  and c rys ta l  thermal conduc t l v l t l es  (e.g., 

RK = 1,1  I n  F  lg. 4.10) has a  pronounced e f f e c t  on +&(G;) . 
Val ues o f  RK g r e a t e r  than  un l t y r  be I ng t y p i c a l  o f  sem lconductors, 

have been considered I n  Fig. 4.10. The va r la t l on  o f  $, which occurs when 

RK I s  l e s s  than  u n i t y  I s  s i rn i  l a r  t o  t h a t  shown i n  Fig. 4.10 except  t h a t  

the  curves wou Id  be displaced toward more pos l t  l ve  values o f  $A compared 

t o  the  symmetric case o f  RK = 1. 

The e f f e c t  o f  the gsneration o: l a ten t  heat a t  the  growth In ter face 

on % 1 n  the grad len t  zone I s  shown I n  Flg. 4.1 1. The systems considered 

a r e  symmetr l c  except  t h a t  P ~ s R H  # 0. I t  I s  seen t h a t  as RH i:cre3sesr 

%(ti) becomes more negat  1 ve, s I m I l a r  t o  t h e  e f f e c t  o f  RK > 1  shown 1 n  

Fig.  4.10. 

Although the curves of F lg. 4.1 1  are p lo t ted  w l t h  RH as a  parameter, 

It must be noted t h a t  t h e  e f f e c t  o f  t h e  generation o f  l a t e n t  heat  I s  



F ig .  4.9. Crucible and meal charge temerature 
distributions near the interface when 
RK # 1 md/or PeSRH f 0. 



BiH= 8iC * 0.5  (bared on kS) i 

Adiabdt ic gradient 
zone: 

.I 

- 

. 

inter face 

-lo-* 
- 

1 1 I 4 1 

- .5 0 .5  
hot end & in gradient zone cold end 

Fig .  4.10. Rad ia l  temperature v a r i a t i o n s  qenerated 
a t  t h e  i ,erface when R K  f 1 ,  



interface 1 

-.5 0 -5  
hot end in gradient zone cold and 

P i g .  4.1 1 .  Tlie e f f e c t  o f  t h e   ene era ti on o f  l a t e n t  
l ieat  on t h e  r a d i  d l  temperature 
v a r i a t i o n s  i n  the o r a d i c n t  zone. 
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p r o p o r t  l ona l  t o  t h e  product  P~sRH. The curves o f  F lg. 4.1 1 may a l so be 

1 n t e r p r e t e d  as I nd l c a t  1 ng t h e  e f f e c t s  o f  changing Pe w 1 t h  a cons tan t  

va lue  o f  RH. The va 1 ue o f  Pes = 0.05 used I n  Fig. 4.1 1 has been chosen 

so t h a t  B ~ s R H  would be suf f i c l e n t l y  l a r g e  t o  have an e f f e c t  on f o r  

t yp i ca l  values o f  RH. 

The genera t l on  o f  raa  la1 g r a d i e n t s  a t  t h e  I n t e r f a c e  I s  due t o  t h e  

presence o f  a c r u c i b l e .  F l g u r e  4.12 shows t h e  e f f e c t  o f  t h e  c r u c l  b l e  

d iameter  r a t  10.6 . on f o r  systems rh l c h  a r e  symmetr l c  except  

RK = 2. Accord I ng l y, very t h  1 n cruc 1 b les are requ 1 red t o  e l  l m  1 nate .the 

I n t e r  f ace ef fect .  

Figure 4.13 shows the  e f f e c t  o f  changing the  locat ion o f  the  In ter -  

face on the  d l s t r l b u t l o n  o f  #A I n  the  adlabat lc  gradient  zone f o r  systems 

which are symmetric except t h a t  RK = 2. As the  ln ter face approaches the  

hot zone, t h e  val ue o t  #+A a t  the  1 n ter face becomes more p o s i t l v e  due t o  

the l n f  luence o f  rad la l  temperature var la t lons  created I n  the  hot zone 

(c.f., s e c t l o n  4.2). For t h e  systems cons idered I n  Fig. 4.13, however, 

the dom 1 nant factor  1 s c l e a r l y  the  conduct l v  l t y  change a t  t he  Interface. 

In  general, the  Importance o f  r a d l a l  temperature var la t lons  generated a t  

t h e  i n t e r f a c e  depends on t h e i r  r e l a t  l v e  magn I t u d e  compared t o  r a d l a l  

temperature var ia t ions  created by other effects. 

Thermal Model 

I n  order t o  obta in from the rest1 I t s  o f  sbct lon 4.1 a useful anal y t l -  

ca 1 r e  l a t  Ion w h lch expresses the pr  1 mary e f f e c t s  o f  the  thermal parame- 

t e r s  on the rad la l  temperature var la t lons  near the  growth Interface, a 

s l m p l c  and accu ra te  anal y t  l c a l  express loo f o r  d2$,,,/d~' I s  necessary. 

Radial heat exchange between the  charge and c ruc lb le  I n  the  v l c l n l t y  o f  

t h e  l n t e r f a c e  I s  n o t  accounted f o r  I n  t h e  one-d lmens lona l  mov l n g  f  I n  

mode 1 ; approx 1 mat i ng d'@,,,/d~~ by d2@, /dl;', t he re fo re ,  I s  n o t  accu ra te  

near the I n t e r f  ace w hdn a cruc 1 b l e I s  present. The concentr 1 c f  1 n model 

i s  too complex t o  y i e l d  a simple analytical so lu t ion  f o r  d2~/dC;'.  T ~ I S  

sect lon describes a thermal model of the  heat t rans fer  near the  In ter face 

w h lch prov I des a s Imp I e approxl mat Ion f o r  d '~$~ ld~ ' .  



C interf ace i 
1 I I 1 I C 1 I 1 

- .5 0 .5 
hot end in gradient zone cot d 

Fig.  4.12. The e f f e c t  o f  t h e  th i ckness  o f  t h e  
c r u c i b l e  on t h e  r a d i a l  temperature 
v a r i a t i o n s  generated a t  the 
i n t e r f a c e .  



hot end in gradient zone cold and 

Fig.  4.13. The e f f e c t  o f  i n t e r f a c e  p o s i t i o n  on 
r a d i a l  temperature v a r i a t i o n s  
generated a t  the  i n t e r f ace .  
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The new thermal  model I s  e q u i v a l e n t  t o  t h e  c o n c e n t r i c  f I n  model 

descrtbed I n  sect ion 3 except f o r  the  fol !owing: 

( 1 )  The charge I s  modeled as a s f n g l e  f l n  as shown i n  k ig .  

4.14. Since t h e r e  a r e  o n l y  t w o  concentric f i n s  -- t h e  

charge end the  crucible -- the present thermal model I s  

c a l l e d  ,the n t r o - f l n w  thermal  model. The reprca:sntative 

r a d l a l  l o c a t  I on  f o r  t h e  charge tempera ture  1 s taken as 

D i n / 2 ,  as f i r s t  d e f l n o d  I n  Fig. 3.2, s i o c e  t h i s  l o c a t i o n  

d i v i d e s  t h e  charge equdl l y  w i t h  regard  t o  ! t s  c ross  

s e c t  i m a  I 'rea. The raprese::+bOlve rad la1 l x a t  Ion f o r  

the  c ruc lb le  temperature I s  agaln D3/2 !c.f., F lg  3.2). 

(2 )  The Peclet number I s  assuq6d %g l lg lb le .  

( 3 )  The g r a d i e n t  zone 1 s assumed ad laba t l c ;  hence the 

gradient zone arnuEus f i n  !s neglected. 

!4! Only t h e  r e g i o n  i n  t h e  v i c i n i t y  e C  +ha I n l e r f a c e  I s  

modeled. T h l s  reg !on  extends , ; 9 I n t e r f a c e ,  i n  

e i the r  dlrect lon, a t  leas? the  dlstance requ!red f o r  t i lo  

in ter face e f f e c t  t o  s l g n l f l c a n t ! y  d l e  out. Tha e f f e c t  o f  

t h e  rdmalnder o f  t h e  g rowth  system I s  Inc luded o n l y  

th rough I m p c s : ~ g  t h e  average c h a r g e / c r u c l b l a  a x i a l  

temperature gradients In the  gradient Lcne, GL and Gs, I n  

the  l lqu Id  and sol l d respect l v e l  y. These parameters are 

obta  1 ned f rom t h e  one-d l mens l ona l mov l ng f  ! n model. 
* 

Rad i a l  temperature grad lents generated by other fac tors  

are neglected. 

In  acccrdance w i t h  the  assumpt lons l l sted above, the f  I n  equat lons 

fo r  the charge and cruc ib  l e are: 





The therm3l resistance, Urn,,-, lot, dmt l n l n g  the thermal coupl lng between 

the  cr-irk- l h l e  nnd t ho  charge, I s  y lven hy [ 4'): 

C - -L n' 
f L C < , l " C  

(5Yi 
-+ -- 

2 TI- k,, L Ti=-- 

De t lno  the  t o l l ~ w l n y  non-dlmenslunal tmpe ra tu r ss :  

I s  tha aversye c-harg*/cr-uclble temparatura welyhted by t h e l r  r espac t l ve  

a\  I n l  I hsi.mal conduztancos.  Us l n y  eqs. 14.191 and 1 4 . 2 0 7  I n  eqs. r 4 . 1 7 1  

and 11.181, and non-dlmanslunallzlng, I-esulTs I n  the  following form fo r  

the two-t l n model t 1 n equat luclr: 

Equat I on  [ 9.21 1 Indicates t h a t  4 vnr  l e s  I l n e o r  l y I n  t h e  g r a d l e n t  

t one  undmr. t h e  pr asen t  a s s u m p t  l cns.  The la1 gr a t l l e n t  o t  6, GL and G S  



I n  the  I l q u l d  and s o l l d  respect ively,  are assumed known from the  r e s u l t s  

o f  t he  mov l ng f I n  mode I. 

The general so lu t l on  t o  eq. C4.22) Is: 

I n  t he  I lqu id :  C < Ci 

I n  the  sol id: C > ci 

where t h e  c o e f f  l c l e n t s  denoted by  C a r e  ?he unknown cons tan ts  o f  

I ~ t e g r a t  Ion. 

The assumptions o f  t h e  t w o - f  I n  model r e q u l r e  t h a t  #m,,, --0 as 

C-ID; t he re fo re ,  C ~ L  = C2s = 0. C o n t i n u i t y  o f  t empera tu re  a t  t h e  

I n t e r f a c e r e q u l r e s ( ~ ~ ) ,  = (+m,u!l; t h e r e f o r e C 2 ~  = C I S .  Flna l ly ,  

c o n t i n u i t y  o f  ' f l u x  I n  t h e  c r u c l b l e  f I n  a t  t h e  I n t e r f a c e  r e q u l r e s  

(d~&/d/d~)~ = ; t h  1s boundary cond It Ion yields: 

The d i f fe rence between GL and GS Is, i n  dlmsnslonless form: 

Subst l t u t  l ng these  resu  I t s  i n t o  eqs. C4.24) produces t h e  s o l  u t  I on  f o r  

+m*v : 



where : 
C= %,R, - G,/,RK-\I \ . 

ws - + R R W L  \ + Ks ($=-I\ 
1 + Ks(s'-I) Rw+ KS (&'-\) C4.281 

The cons tan t  C def I ned by eq. C4.28) I nc ludes  I r! t h e  numerator t h e  

superposed e f f e c t s  o f  the  generation o f  la ten t  heat and change I n  charge 

thermal conduct lv l ty  a t  t he  Interface. The ax ia l  gradlent  i n  the  Ilquld, 

GL, i s  always negatlve; I f  & > 1, as 1s t y p l c a l  a f  semiconductors, these 

t w o  e f f e c t s  reinforce each other ,  caus ing a  I s r g e r  d i s tu rbance  a t  t h e  

ln ter face than would occur by e l t h b r  e f f e c t  ac t ing  alone. On the  other 

hand, i f  RK < 1, It may be p o s s i b l e  t o  e l l m i n a t e  t h e  l n t e r f a c e  

disturbance by chooslng a  value fo r  t he  product PesRH t h a t  would make the  

numerator o f  eq. C4.281 equal t o  zero. Th I s  cou I d  be accompl ished by 

changlng e i t h e r  the  lowering r a t e  (thus changlng ?es) o r  the  temperature 

d i f f e r e n c e  between t h e  h o t  and c o l d  zone furnaces ( t h u s  changing RH). 

Ei ther  poss tb i l i t y ,  however, has p o t e n t i a i l y  harmful s ide e f f e c t s  on the  

const l t u t i o n a l  supercool I ng reqg I rement. 

Subst i tu t ing  eqs. C4.271 i n t o  the  non-dimensional form o f  eq. C4.181 

y le lds  an expression f o r  dz+,/bC' due t o  t h e  heat exchange between the  

charge and the  c ruc lb le  near the  Interface: 



ORIGINAL PP.:.CE' 18 
OF POOR QUALln 

Us 1 ng eqs. C4.291 ; n eqs [4.11] and C4.121 produces t h e  va l ue o f  @& a t  

the I n t e r f  ace: 

The va lue  o f  $A a t  t h e  i n t e r f a c e  determined by eq. C4.301 I s  

compared t o  t h e  r e s u l t s  shown p r e v i o u s l y  I n  Figs. 4.10 t o  4.13 I n  Tab le  

4.2. I n  general, t he  comparison I s  favorable, lnd lca t lng  t h a t  the  two- 

f I n mods l pro"  Ides a  reasonab I  e  approx I mat I on l o r  d2&ld&' I n  t h e  

v l c i n l f y  o f  t h z  Interface. The largest  d i f ferences occur f o r  those cases 

which e x h i b i t  e f f e c t s  not  Included In  the  two- f in  model. For example, 

t h e  cases cons I dered I n  F lg. 4.1 1 use a  l a r g e r  ?ec l e t  number, 0.05, 

compared t o  t h a t  used f o r  t h e  o t h e r  f l gu res ,  0.001, I n  o r d e r  t o  

accentuate  t h e  l l b e r a t l o n  o f  l a t e n t  heat. The e f f e c t  o f  t h e  l a r g e r  

P e c l e t  number, c o t  i n c l  uded I n  t h e  t w o - f  I n  model, I s  t o  c r e a t e  a  more 
t 

negat 1 ve va l ue o f  +, (L;) . 

A sma l I  e r r o r  I n  eq. L4.301 compared t o  resu  l t s  f rom t h e  c o n c e ~ t r  l c  

f l n  model i s  a l s o  apparent  f o r  t h e  cases o f  sma l i 6 cons I aered I n  

Fig. 4.12. T h i s  e r r o r  I s  a t t r i b u t a b l e  t o  t h e  neglect ,  by t h e  two- f  I n  

model, o f  t he  r a d i a l  gradients generated i n  the furnacs zones, I n  order 

t o  apprcxlmate the  at tenuat ion effec:, the  value o f  di*(~i) determined b-1 

eqs. C4.93, C4.101, and C4.141 I s  s l m p l y  added t c  + h a t  determ!ned by eg. 

C4.301. The r e s u l t s  o f  t h l s  approxlmatlorr, shown I n  the  l a s t  colu?rrl o f  

Table 4.2, are seen t o  Improve the  e s t l m a t l m  9f +',(c;) f o r  smal l wal ues 

o f  b. As & incraases, t he  r o n t r  I bu t  ion t o  ~ ( 5 ; )  due t o  t i l e  at tenuat  Ion 

e f f e c t  SecQwss less I mp~r tan t .  

Table 4.2 a l  sc, demonstrates +hat 9q.. c4.30) I s  unable t o  account f o r  

the  e f f e c t s  o f  the  changin; In te r face  l a a t l o n  on 4A(~i) . This error i s  
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Compar lson of the  approximate methods of calculating C$~(G) 
t o  r e s u l t s  o f  t h e  concentric f l n  model f o r  t h e  cases 
con$! dered In  F lgs. 4.10 t o  4.13. 

The v a l u e s  o f  GL and Bi r e q u l r e d  f o r  use i n  
eqs. C4.141 end C4.301 are  I i sted 1 n Tab les  4.3 and 4.4. 

1 

- Qk(ci) -f-- eq. C4.30) plus varlab'e concan-;r 1 c 
eq. 14.301 

. C'OOOOO 
-.030464 
-.00114 
-.00176 
-.00261 -. 00330 
.OOOOOO 
-.000179 -. 000358 
-.000716 
-.00143 

-. 000002 
-.COO021 
- .COO1 83 - .000730 
-.00122 -. 00207 -. 0026 1 
-.00261 
-- -00258 
-.00254 
-.GO252 -. 00249 

attenuatlon e f fec t  
from eq. C4.91, 
C4.101, and C4.141 

.OOOOOO 
-.000464 
-.00114 
-.00175 -. 00260 
- .0032Q 
.OOOOOO 
-.000179 
- .000360 -. 000720 
-.00144 

-.000021 -. 030039 - .00020 1 -. 000744 
-.00123 -. 00207 -. 00260 
-. 00260 - .00248 - .0023 1 - .00200 
-.00138 

f I n  model 

.OOOOOO 
- ,000493 
-.00110 
-.00186 
-.00274 -. 00343 

Figure 1 parmeter* 

4.10 

c 

RK = 1.0 
1.1 
1.25 
1.5 
2.0 
4.0 1. 

- 
4.13 

R,., = 0.0 1 -.000023 
0.25 
0.5 
1 .O 
2.0 

&=l.oQal 
1.301 
1.01 
! .05 
1.1 
1.25 
1.5 

c; = 0.0 
-0.1 

I -0.2 

-.000219 
-.000416 
-.000810 
-.00160 

-.000021 -. 000040 
-.000214 
-.000818 
-.00136 - .00227 
-.00274 

-.00274 -. 00245 
-,00210 
-.00166 
-.00108 

-0.3 

i 

-0.4 
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again ; t t r lbu tab le  t o  the r e l a t i v e  importance a t  t he  In te r face  o f  rad ia l  

gradients generated I n  the  hot and co ld  zones compared t o  those generated 

a t  t h e  i n te r face .  As t h e  i n t e r f a c e  approaches t h e  end o f  t h e  g r a d i e n t  

zone, the  Inf luence o f  r 3 d i a l  gradients generated I n  the  adJacent furnace 

zone becomes lncreaslngly Important. 

The l a s t  c ~ l u m n  o f  Tab le  4.2 p r o v i d e s  an app rov ima t lon  f o r  t h e  

e f f e c t  o f  changing ln te r face  loca t  ion on . The co r rec t  Ian provlded 

by these values t o  the  r e s u l t s  ca lcu l  aled by eq. E4.301 ( lee., t h e  second 

column o f  Table 4.2) assumes t h a t  the  r a d i a l  gradients generated i n  the 

hot and co ld  zones attenuate a i  a r a t e  proport  lsna l t o  exp(-7.63C 1. The 

a c t u a l  r a t e  o f  a t t e n u a t i o n  Is ,  however, s m a i l e r  when a  c r u c i b l e  I s  

p resent  (c.f., s e c t  i o n  4.2). I t  i s  expected t h a t  use o f  t h e  ac tua  I r a t e  

o f  a t t e n u a t i o n  wou I d  produce a  b e t t e r  C O ~  r e c t  i o n  t o  eq. C4.301 f o r  t h e  

e f f e c t  o f  changing i n t e r f a c e  l oca t i an .  Un fo r tuna te l y ,  a s i m p l e  

a n a l y t i c a l  express ion  f o r  t h e  a t t e n u a t  I on  o f  f rom t h e  ends o f  t h e  

gradlent zone i n  tha  presence o f  a c r u c i b l e  I s  no t  available. 

t o  the  Axial Te-ure GraQlent In the I iau1 p 

-: 

The mov I ng f  i n  model p red  l c t s  t h e  va l ue o f  GL = d&/& f o r  t h e  

a x i a l  t empera tu re  g r a d i e n t  I n  t h e  l i q u i d  a t  t h e  I n t e r f a c e .  The 

cons t i t u t i ona i  supercooling requirement, however, depends on the  value o f  

(A+,/&), a t  t h e  i n t e r f a c e .  The d  l f  f erence between these  tempera tu re  

g r a d l e n t s  i s  approximated f rom t h e  r e s u l t s  o f  t h e  two- f  I n  model. 

D i f f e r e n t i a t i n g  eqs. C4.203 w i t h  respect t o  t i  and so lv lng  f o r  (d# , /d~) ,  
yields: 

D l f  f e r e n t l a t i n g  eq. [4.27a] w l t h  r e s p e c t  t o  < and ~ ~ l b s t l t u t l n g  i n t o  

eq. [4.31] y ie lds:  



The second t e r m  on t h e  r l g h t  s i d e  o f  eq. CJ.321 I s  a  c o r r e c t i o n  t o  be 

appl led t o  GL I n  order t o  account f o r  the e f f e c t  o f  r a d l a l  heat t rans fe r  

near the  ln te r face  on the  ax la l  gradient  I n  the  charge a t  t he  Interface. 

The a x l a l  t empera tu re  g r a d l e n t  I n  t h e  l l q u l d  a t  t h e  l n t e r f a c e  

ca lcu l ated by the  lnovl ng f I n  mode I, GL, and by eq. C4.321 are compared t o  

r e s u l t s  f rom t h e  concen t r  l c  f  I n  model I n  Tab le  4.3 f o r  t h e  cases 

cons1 dered I n  F lgs. 4.1 0 t o  4.1 3. l t I s  seen t h a t  eq. C4.32) prov I des an 

excel len t  approxl mat Ion t o  [I#,,,(C;)/~S]~ even though the  co r rec t  ion term 

may be s l g n l f  l c a n t  (e.g., ; Trge RK o r  l a r g e  RH). The app rox lma t lon  I s  

most I n  e r r o r  as t h e  l n t e r f a c e  apprcaches t h e  h o t  zone (c.f., <; = -0.3, 

-0.4 I n  Flg. 4.13) due tr, t h e  a d d i t i o n a l  I n f l u e n c e  o f  r a d l a l  heat  

t rans fer  I n  t he  hot  zone. 

n To the  l n te r face  1-: 

The moving f  I n  model p r e d i c t s  f o r  t h e  l n t e r f a c e  tempera tu re  t h e  - 
average charge/c ruc  I b  l e  temperature;  I .e., 8; I s  i n t e r p r e t e d  as 0 (53. 
The d l  f f e rence  between #m(~i)and 9; found by t h e  two- f  I n  model may be 

used as a  simple cor rec t ion  t o  8;: 

Rearrnnglng eqs. C4.201 y  I e ~ d s :  

S lnce & , w ( ~ i )  and # )  are equal I n  t h e  I , q u i d  and s o l  I d  a t  t h e  



TABLE:. 

Com?arlson of t h e  approxlmate methods of c a l c u l ~ t l n g  d&/& 
t o  r e s u l t s  o f  t h e  c o ~ c e n t r l c  f i n  model f o r  t h e  cases 
considered in Figs. 4.10 t o  4.13. 

3 

axial temperature gradlent In the 
I lquld at the growth Interface 

, 
moving f i n  

variable concentric mode 1 
Figure parameter f i n  model G~ eq. 14.321 

4.10 Q, = 1.0 -.351 -. 350 -.350 
1.1 -.332 -.340 -. 332 
1.25 -.308 -. 326 -.307 
1.5 -.275 - .306 -.275 
2.0 -. 228 -.272 - .228 
4,O -. 140 -.I90 -. 140 

4.1 1 RH = 0.0 -.351 -. 350 -.350 
0.25 -.344 -.348 -. 344 
0.5 0.338 0.345 -. 338 
1 .O -.325 -. 339 -.323 
2.0 0.300 9.328 -.300 

4.12 6 = 1 .OOOl -.251 -.25L -.252 
1.001 -. 25 1 -.r252 -.252 
1.01 -.251 -.252 -.251 
1.05 -. 249 -.256 -.249 
1.1 -.247 - , 260 -.246 
1 .25 -. 240 -.267 -.239 
1.5 -. 228 -.272 -.228 

-. 222 -.266 - .223 
-0.3 -.262 - .220 
-0.4 - .260 -.217 



Interface, q s  C4.343 Imply t h a t  [$(%fi, # @kfl, 1 t h a t  Is, t he  two-f I n  

model p r e d l c t s  9 s tep  change I n  6 a t  t h e  In te r face .  T h l i  1s due t o  t h e  

def I n  It Ion o f  $ wh l c h  averages t h e  charge and c r u c  I b l e  tempera tures  

accordlng t o  t h e l r  respective ax la l  thermal conductances. 

I n  order t o  approxlmate the e f f e c t  o f  rad ia l  heat t rans fer  near the  

l n t e r f a c e  on t h e  I n t e r f a c e  temperature,  t h e  c o r r e c t t o n  t e r m  w l t h l n  

brackets I n  eq. C4.33) w l l l be taken s Imp l y as the  ar  l thmet l c  average o f  

eqs. [4.34a] and [4.34b]. Us I ng eq. C4.271 evaluated a t  C = <; y fe l  ds: 

The I n t e r f a c e  tempera ture  determ lned by eq. C4.351 I s  compared t o  

tha t  found from the  concentr lc and movlng f l n  models I n  Table 4.4 f o r  the  

cases cons ldered I n  Flgs. 4.10 t o  4.13. I t  I s  seen t h a t  t h e  movlng f l n  

model, prav 1 Ces a rsasonab l e es t  1 mat ion t o  the  1 n t e r f  ace temperature, % , 
w i t h o u t  t h e  c o r r e c t l c ?  a f f o r d e d  by eq. C4.35); t h l s  l n d l c a t e s  t h a t  

rad la l  heat t rans fer  a t  the  ln ter face between the  charge and the  c ruc lb le  

has a r e l a t i v e l y  smal l e f f e c t  on t h e  ln ter face temperature o r  location. 

U t  i l i ; ! ng the  cor respo~d I ng val ues of GL l i sted In  Table 4.3, the  movf ng 

f i n  model would mlslocate the Inter face by a t  most 0.1 charge dlameter 

f o r  t h e  cases cons ldered (c.f., RK =4 f rom Flg. 4.10). R e s u l t s  ca l cu -  

lated from eq. C4.351, however, do compare yet  more favorably t o  those o f  

the concentr lc f i n  model. 

Two addl t ional  parameters are required by the  concentr lc f l n  model 

when heat t rans fer  I n  the  gradlent zone I s  consldfred: BIG and RG. The 

B lo t  number I n  the  gradlent zone lndlcates the .: hermal coupl lng between 

t h e  g r ~ d  l e n t  zone annulus and t h e  charge. RG i s  t h e  r a t  l o  o f  t h e  a x l a l  

heat conduct lng  capa::lt les o f  t h e  g r a d i e n t  Lone annulus and t h e  charge 

(c.f., eqs. C3.31). A d labat l c  grad len t  --or& approaches ab ladat l c  cond I- 

t Ions as e l t h e r  B IG o r  l l ~  approach zor3. Otherw Ise, t h e  tempera ture  



Compar 1 son o f  t h e  approxl  mate methods of  calculating c&(&) 
t o  r e s u l t s  o f  t h e  concentric f l n  model f o r  : he  cases 
considered I n  F lgs. 4.1 0 t o  4.1 3. 

The values o f  GL requ I r ed  f o r  use I n  eqs. C4.351 are  
I I s t ed  I n Tables 4.3. 

-- 
F 1 gure 

4-10 

4.11 

- 
4.12 

4.13 

h 

variable 
9armeter 

RKZ1.0 
1.1 
1.25 
1.5 
2.0 
4.0 

RH = 0.0 
0.25 
0.5 
1.0 
2.0 

& = 1 .0001 
1.001 
1.01 
1.05 
1 .I 
1.25 
1.5 

<; P 0.0 
-0.1 
-0.2 
-0.3 
-0.4 

Interface 

eq. c4.353 

.500 

.509 

.522 

.540 

.572 

.651 

.500 

.505 

.509 

.519 

.537 

.619 
0618 
.617 
.611 
.604 
.588 
.572 

.572 

.604 

.635 
-665 
.695 

temperature 

concentrfc 
f In  model 

.500 

.505 

.522 

.540 

.570 

.648 

.517 

.522 

.527 

.536 
,554 

.619 
,619 
,617 
.610 
.603 
-587 
-570 

.570 
,602 
.633 
.664 
.693 

of the growth 

moving f i n  
node I 

9; 

.500 

.507 

.518 

.534 

.561 

.634 

500 
.504 
508 
.516 
.532 

-619 
.618 
.617 
.610 
.602 
.584 
.561 

.56 1 

.593 

.624 
-655 
.685 



d I f fe rence  between t h e  g rad  i e n t  zone annu 1 us and charge ( a - #m pro-  

duces heat t r a n s f e r  w h i ch  a f f e c t s  a x i a l  temperaturo grad fen r s  and a l so, 

as shown i n  t h i s  sactlon, r a d i a l  temperature gradients w i t h i n  t h e  charge. 

c- 
. .  ~ 

F l g u r e s  4.15a, 4.1Sb and 4 .15~  show t h e  v a r i a t i o n  o f  +A i n  a 

d I aba t  1 c g rad  I e n t  zone as ca I c u  l a t e d  by t h e  concen t r  i c f 1 n mode I. Tha 

systems I n  t h e s e  f l g u r e s  a r e  symmetr l c  and do n o t  c o n s i d e r  a c r u c i  b I e. 

Stnce t h e  system:, a r e  symmetr ic, t h e  cu rves  have been p l o t t e d  on l y f o r  

t h e  hot  s ide  o f  t h e  gradient  zone. Each f l g u r e  considers a constant B l o t  

number throughout the  furnace wh I l e the  separate curves I n  each f lgure 

cons i d e r  v a r i o u s  va I ues o f  RG. The graphs 1 n s e r t e d  1 r: each f l g u r e  a r e  

a x i a l  temperature d l s t r l  but lons o f  and t#m corresponding t o  t h e  ind i -  

v l d u a l  cu rves  o f  4. As a reference,  t h e  d l s t r  t b u t  i o n  o f  4 I n  an 

ad iabat ic  g rad ient  zone (1.e.. 816 = 0) i s  a lso  included i n  each figure. 

Accord ing t o  Flgs. 4.15, t h e  v a l u e  o f  RG s l g n t f l c a n t l y  a f f e c t s  t h e  

d l s t r  i bu t  Ion o f  4 i n  t h e  grad l e n t  zone. When RG i s  smal I ,  heat exchange 

between t h e  charge and t h e  grad l e n t  zone annul us occu rs  o n l y  near t h e  

ends o f  t he  grad ient  zone; toward the  center o f  t h e  grad lent  zone +q I s  

n e a r l y  equal t o  vm. I n  such cases, t h e  d l s t r l b u t l o n  o f  i s  o n l y  

s l i g h t l y  a l t e red  from t h a t  I n  t h e  corresponding system w i t h  an ad iabat ic  

g rad ient  zone. As RG increases, t h e  tempera tu re  d l f f e r e n c e  &G - @,,, i s  

more pronounced 1 ncreasing t h e  r e d i a l  heat t r a n s f e r  t o  the  charge; as a 

consaquence, $J~ l ncreases as we l I. For suf f i c  l e n t  l y la rge va l oes o f  RG, 

+,isapproxImateIy I l n e a r ;  f u r t h e r  i nc reases  i n  RG do n o t  a f f e c t  

e i t h e r  6 - $m ot- 4 but  serve on ly  t o  conduct more heat from t h e  hot  t o  

the  co ld  zone furnaces through t h e  gradlent  zone annulus. 

F l g u r e  4.1 6 demonstrates t h e  e f f e c t  o f  I ncreas t ng B I G  f o r  systems 

which have a l lnear v a r i a t l o n  o f  % as ca lcu la ted by the  concentr ic  f i n  

model. A I I near v a r  I a t  i o n  o f  has been o b t a l  ned by choos ing a l a rge  

v a l u e o f  RG (1.e.. R~x1000). I n c r e a s I n g B I ~  has a s l i g h t  e f f e c t o n  t h e  

a x i a l  temperature d l s t r l b u t l o n  i n  the  gradient  zone, tending t o  reduce 

the  d r i v i n g  force f o r  heat t rans fe r  I n  the  gradtent  zone, $ -4- . This  
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0.5 0 
hot end center 

I; in gradient 
zone 

F ig .  4.15a. @ b A .  $,, and +G in a diab..tic qradient 
zone. B i  = 0.05, no crucible and 
syr~n~ietri c system. 
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Symmetric system 

A,= 1.0 

X,=X,= 

- .5 0 
hot end cen tm 

C in gradient 
zone 

F i g .  4.15b. $,, and $G i n  a d iabat ic  gradient 
zone. B i  = 0.5, no crucible  and 
symmetric system. 



BiH' BiC = Big = 5.0 

No ciucibk 

Symmrtric system 

hG 8 1.0 

A H 8 X C a  * 

UKIGIRAL P:+3X IS 
OF POOR Cl.iALlR 

J 

1 1 1 1  

' 1 1 .  

. 
-.5 G 0 -.S 

, 
G 0 

1 

-.5 
b 
0 

hot end cent er 
in gradient 

zone 

k i q .  4 . 1 5 ~ .  $,,, g,,,, and j; i n  a d i a b a t i c  qradient  
tone. R i  = 5.0, no c r u c i b l e  and 
synrmetri,: system. 



No crucible 
Symmetric 3yrtm 

ORIGIR'AL PAGE IS 
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-.5 
hot end 

6, in gradient 
zone 

f i g .  4.16. +,,, and 4~ i r r  a d i a b a t i c  r lradient 
zone f o r  incl-casinq 9 i ~ .  No 
c ruc i b 1 e , sv~irne t r i c s v s  tell1 and 
1 iriectrs <;G. 
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ef fect ,  however, i s  more than o f f s e t  by the  augmented thermal coupl ing 

between the  charge and grad I ent  zone annu 1 us represented by t h e  larger  

BIG. As shown I n  Fig. 4.16, t h e  r e s u l t  i s  t h a t  % Increases w i t h  BIG. 

The curve f o r  BIG = 5 shows, f o r  example, t h a t  Qa Increases, ra ther  than 

attenuates, from the end o f  t h e  gradlent zone when t h e  gradient  zone B l o t  

number I s  greater than those i n  the  hot and co ld  zones. 

F i g u r e  4.17 shows t h a t  t h e  e f f e c t  on 4 o f  heat  t r a n s f e r  I n  t h e  

g r a d i e n t  zone when a c r u c i  b l e  i s  p resent  I s  s l m l  1 a r  t o  those  systems 

exam i ned above w 1 thout  a c ruc i  b lee (The system cons l dered i n Fig. 4.17 

i s  analogous t o  t h a t  o f  Fig. 4.15b except  f o r  t h e  presence o f  a c ru -  

cible.)  

fect of a D t a b a t ( c  

ure Variations 

The development o f  an ana ly t i ca l  expression f o r  +),(c) I n  a d labat lc  

gradient zone, through the  use o f  t he  Green's funct ion approach discussed 

i n  s e c t i o n  4.1, r e q u i r e s  a s i m p l e  a n a l y t i c a l  express lon f o r  d2t&,/d~' 
w i t h i n  t h e  d i a b a t i c  g r s d i e n t  zone as w e l l  as w i t h i n  t h e  fu rnace zones. 

The present  model assumes t h a t  t h e  p r i m a r y  e f f e c t  o f  heat  t r a n s f e r  

between t h e  g r a d l e n t  zone annulus and t h e  charge I s  a t t r i b u t a b l e  t o  

thermal conditions near the  ax la i  locat ion o f  Interest. Th is  assumption 

I s  q u a l i t a t i v e l y  j u s t i f i e d  by t h e  high r a t e  o f  attenuation o f  t h e  e f f e c t s  

of rad ia l  heat t rans fer  d i s tan t  from t h e  locat ion o f  interest;  indicated 

by eq. C4.41. Accord l ng I y, a I l near 1 zed descr  l p t  i on f o r  dZ&/d~' about 

the  l ocat ion o f  1 nterest, C , i s employed: 

Subst i tu t ing  eq. C4.361 i n t o  eq. C4.73 yie lds:  



BiH = BiC = BiG * 0.5 ufc!~!r~:df, F.,; - ..- ,;; $5 
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Symmetric system 
XG = 1.0 

A"' Xc= Q 

I 1 a I 

-. 5 0 
hot end center 

in gradient 
zone 

F ig .  4.17. $A, I$,, and I$G i n  a d iabat ic  gradient  
zone w i t h  a cruc ib le.  The o ther  
parameters are the same as those used 
i n  Fig. 4.15h. 
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Next, sq. c4.161 I s  used t b  approx imate  da')./d~' ; t h t s  approx lmat  i o n  

assumes t h a t  dauddt2 o f  t h e  movlng f l n model a c c u r a t e l y  rep resen ts  

d'&/&' o f  t h e  concent r  l c  f l n model and t h a t  BC (4 - 4) v a r i e s  

l i n e a r l y  near the  locat ion  o f  Intersst.  These assumptions are not  always 

vcl i d  since: 

( 1  1 0!7& may a b r u p t l y  change a t  t h e  ends o f  t h e  g r a d l e n t  

z9n9 o r  a t  t he  Interface, 

(2)  ( % - 41,) may not vary epcroxl mate l y l I nearly a t  t he  ends 

o f  t h e  g r a d l e n t  zone, a t  t h e  i n te r face ,  o r  when RG I s  

smal I .  

(3) When a c r u c l  b l e  i s  present,  d 2 % I d ~ L + ~ # / d ~ 2  a t  t h e  

ends o f  t h e  gradlent  zone. 

Consequently, ?-he express ions  wt;ich a r e  ob ta lned  th rough t h a  p resen t  

model are suggested f o r  use under t h e  f o l  low I ng constra l  fits: ( 1  1 qua l l- 

t a t l v e l y ,  t o  i n d i c a t o  t h e  t h e r n a l  parameters most a f f e c t i n g  r a d i a l  

temperature gradients caused by a d labs t l c  gradlent zone, end (2) quantl- 

t a t l ve l y ,  as order o f  maglnltude os t l rna t lo~s .  

Subsltu+lng eq. c4.161 i n t o  C4.371 yields: 

( W  l t h l n  t h e  grad l e n t  zone, 4 becomes %.I According t o  eq. C4.381, t h e  

v a l u e  o f  a t  a c e r t a i n   location,^, depends o n l y  on t h e  l o c a l  B l o t  

number and the  local temperature d i f fe rence between the  turnace and t h e  

charge. 

Eqilat I on C4.381 suggests, i n accordance w 1 t h  I t s  l 1 m i t a t  tons 
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d I scussed above, t h a t  6 may be ma i nta lned a t  a constant  v a l  ue over a 

p o r t l o n  o f  t h e  g rad len t  zone I f  t h e  product  B I ~ * ( % -  em) I s  constant  

over a s u f f l c l e n t l y  long reg lon  near t h e  cen te r  o f  t h e  g rad len t  zone, 

lee., n o t  near t h e  ends o f  t h e  g rad len t  zone. The f o l l o w l n g  s e t  o f  

"design rulesw I l l u s t r a tes  how the heat t ransfer  I n  the gradlent zone can 

be Y a l  loredw so t ha t  these condlt lons may be approximately achieved f o r  

systems I n  whlch the Inter face dlsturbance I s  not present: 

( 1  i Ca l cu l a t e  dBm/& 1 n t h e  grad i en t  zone, assum I ng t h a t  

616 = 0, by uslng resu l t s  o f  the movlng f i n  model. 

(2)  Allow RG t o  be s u f f l c l e n t l y  large so t h a t @  I s  Ilnear. 
G 

3 Al ter  the end temperatures o f  the gradient zone annulus 

so t h a t  dud/dr. = A k / d ~  . I n  t h l s  way, #G - 4 - 1 s  

constant I n  the gradlent zone, neglecting the e f fec ts  of  

the cruclb l e  near the ends o f  the gradlent zone. I n  the 

present development, It I s  a r b l t r a r l l y  chosen t o  maintain 

0,(-&/z) = 1 r h l l e  a l te r ing  ~ ( U Z ) .  In  t h l s  case: 

4 The deslred value o f  q4determ lnes the requ I red val u,, ~f 

~ l e *  by subst l tu t lng eq. C4.407 i n to  eq. C4.38): 

A non-zero value of  B I ~  leads t o  a non-symnetrlc system 

and non-cons tan t  (d&- a), t h u s  c o n t r a d l c t l n g  t h e  

assumptlons o f  steps ( 1  and (3 )  above. These e f f e c t s  

are shown, however, t o  be o f  secondary Importance I n  the 

resu l ts  which f o l  low. 



( 5 )  The d e s i r e d  r a d i u s  o f  c u r v a t u r e  o f  t h e  i n te r face ,  N, i s  

n e x t  used t o  e l  1 m l n a t e  6, f rom eq. C4.411. Us l ng eq. 

CB.61: 

Three t e s t  cases are employed t o  demonstrate the  procedure described 

above. The parameters def ln lng  the  systems and t h e  r e s u l t s  o f  t he  calcu- 

1s t  ions  o f  s teps  (1 1 th rough (5) a r e  shown I n  Tab le  4.5. F igu res  4.18, 

4.19, and 4.20 p l o t  t h e  r e s u l t a n t  tempera ture  and iso therm c u r v a t u r e  

d I s t r  I b u t  Ions  as ca l cu l a ted  by t h e  concen t r  l c  f 1 n model : p a r t  (a) o f  

each f lgure p l o t s  the  d i s t r i b ~ t l o n  o f  $ I n  t h e  gradient  zone whl l e  p a r t  

(b) shows t h e  d i s t r l b u t l o n  o f  &mand t h e  Inve rse  r a d i u s  o f  

curvature, N-1 o f  the  isotherms I n  t h e  grcd lent  zone. The daslred con- 

s t a n t  r a d l u s  o f  c u r v a t u r e  chosen f o r  use i n  eq. C4.43) I s  N = 20; the re -  

fore, N ' ~  = 0.05. 

F i g u r e  4.18 cons ide rs  a system w l t h o u t  a c r u c i b l e  and w i t h  a 

grad l e n t  zone leng th  A,= 1 .O. I t  i s  seen t h a t  t h e  d l  s t r  i b u t  i o n  o f  c#+, 

and N tend t o  f l a t t e n  ou t  near t h e  center o f  the  gradlent zone, approxi- 

mat ing the  desl red va l ues o f  @& = 0.00127 and N-I = 0.05. I t  i s  expected 

t h a t  t h e  d i s t r l b u t l o n s  o f  Qh and N w l l l be y e t  more f l a t  when t h e  

Influence from the  ends o f  the  gradient  zone are even more dlminlshed a t  

i t s  center.  Th i s  I s  accomp I I shed I n  Fig. 4.19 by I ncreas I ng t h e  l eng th  

o f  t h e  grad l e n t  zone t o  AG= 2.0. The curves  f o r  %and N a r e  qu 1 t e  f l a t  

In  a large por t lon  o f  t h e  center of t he  gradient zone I n  t h i s  case. Note 

t h a t  t h e  requ I r e d  va lue  o f  $ = 0.000903 f o r  case 2 (c.f., Tab le  4.51 I s  

l a r g e r  than  a c t u a l  l y p resen t  as shown I n  Flg. 4.19. T h i s  i s  due t o  heat  

t r a n s f e r  t o  t h e  charge i n  t h e  g r a d l e n t  zone, n o t  considered I n  eq. 

C4.40). which causes Q)6 - 9, t o  be s l  l g h t  l y  sma l l e r  t han  t h e  v a l u e  

predicted f o r  a symmetric system. Reduced heat t rans fe r  t o  the  charge, 

and there fore  a reduced va l ue o f  4, resu l ts. I f des :red, t he  value o f  4h 
can be adJusted upward by an appropriate alteration I n  BIG. 
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- - 

8iH=BiC ' 0 . 5  - - 
BiG = 0.0625 I 
No crucible 

- Symmetric system except: - 
0, (%I21 = 0.593 

. 
RGa 10 

i 

hGa 1.0 
A"= XC = 

- 
- 
i 

-.5 0 .5 
hot end G in the gradient cdd end 

zone 

Fig .  4.18a. Demonstration of the  procedure used t o  
o b t a i n  an appoximately constant isotherm 
shape i n  t h e  gradient  zone. No c r u c i b l e ,  
s y m e t r i c  system and XG = 1 .O. 
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BiH BiC = 0.5 

8iG = 0.0625 
No crucible 
Symmetric system except1 

OG(XG/2) 0.593 

hot end C in the gradient cold end 
zone 

Fig .  4.18b. Demonstration o f  t h e  procedure used 
t o  o b t a i n  an approximately constant  
isotherm shape i n  the  g rad ien t  zone. 
No c r u c i b l e ,  sylnmetric system and 
XG = 1.0. 



F i g .  4.19a. Analogous t o  F ig .  4.18a except t h e  
grad ien t  zone i s  longer;  i . e . ,  
AG = 2.0. 



No crucible 
Symmetric system excepti 

@,(hG/2) 0.422 

0 ~ I 1 I 1 I I 

-1.0 0 1.0 
hot end c in the gradient cold end 

zone 

Fig. 4.19b. Analogous to FSg. 4.18b except the 
gradient zone i s  longer; i . e : ,  
XG = 2.0. 



-loW2 
1 I I I L 1 

- 1  .o 0 1 .o 
hot ad Cin gradbnt zone cold end 

F ig .  4.20a. Analogous t o  F ig .  4.19a except  a 
c r u c i b l e  i s  present ;  i.e., 6 = 1.5. 



Symmetric system except: 
$G (hG/2) 0.481 

hot end I; in gradiefit cold rove 
zone 

Fig. 4.20b. Analogous to F ig .  4.19b except a 
c r b c i b l e  i s  present; i.e., 6 = 1.5. 



ORlGlNAE PAL i *. s 
OF POOR QUALIrf 

Descr lp t  Ion of the systems used In  
Flgures 4.18, 4.19, and 4.20. 

Sylnetr tc system except $(&&) t 0 
A,= A, = a  

Desired value of N I s  20 

Figure 

b 

x, 
BIH = Bic 

Blft* = B I ~  

A%/d G 
mvlng f l n  model 

d4'"12j' (eq. 4.39 1 

4 ~ -  4rn 
(q. ~ 4 . 4 0 1  

B i F  
(eq. C4.431) 

BIG 

% 

1 

1 

4.18 

1.0 

1 .o 

0.5 

0.471 

-0.407 

0.595 

0.297 

0.0625 

0.0625 

0.00127 

Case 

2 

4.19 

1 ,O - - 
1 .o 

6.5 - -  - 
0.471 

-0.289 

0.422 

0.21 ! 

0.0625 

0.0625 

0.900903 

3 

4.20 

1.5 

2.0 

0.5 

0.291 

-6.. 259 

- 
0.401 4 
0.241 

- 
0.0491 

I 

0 . 07'55 

0.00081 1 
I 



ORIGIIVAL PAGL 
OF POOR QUALlM 

F i g u r e  4.20, wh l c h  cons lders  a system s l m l  l a r  t o  t h a t  o f  Flg. 4.19 

except & = 1.5, demonstrates t h a t  t i l e  presence o f  a c r u c l  b l e  I s  ede- 

quately accounted fo r  i n  t h  I S  procedure. 

The procedure out1 lned I n  t h i s  sect ion I s  not  Intended as a gener- 

a l l z e d  deslgn me+hod lead ing t o  o p t l m l z e d  heat  t r a n s f e r  f o r  a t y p I c a I  

Brldgnan growth systom. Systems o f  practical In teres t  do not  behave 9s 

those I n  r'lgs. 4.18 t o  4.20 due t o  t h e  generation o f  r a d  la1  tempera ture  

v a r l a t l o n s  a t  t h e  growth  l n t e r f a c e  (c.f., s e c t l o n  4.3). I t s  l n t sn t ,  

rather, I s  t o  accentuate three features concerning the  r a d l a l  temperature 

d l  s t r  1 but Ion i n the  charge: 

( 1 )  Heat t r a n s f e r  I n  t h e  g r a d i e n t  zone I s a  usefu l  t o o l  f o r  

a l t e r l n g  the  ln ter face shape I n  the  gradlent  zone. 

(2) Whore appropriate, r e s u l t s  from one-dlmenslonal ~ 0 d e l S  

can be used t o  help pred lc t  rad ta l  temperature var la t lons  

I n  t h e  charge. I n  t h e  model developed I n  t h  1 s sec t  Ion, 

6 . C4.381 Is seen t o  provide a t  least  w d e r  o f  magnitude 

accuracy. 

3 Generat ion o f  r a d i a l  tempera ture  v a r l a t l o n s  a t  t h e  

~ n t e r f a c e  (RK # 1 and/or P ~ s R H  f 0) i s  d e t r  l mental f o r  

achlevlng a region about the  in ter face whlch has a m a l l  

and relatively constant Isotherm curvature. 

Radlal tempera'rure var '  ?ions w l t h l n  the  cttLrge have been chovn I n  

sectlon 4 t o  attenuate r~,; . .  I w l t h  ax la l  distance from the locat lon a t  

whlch they a r e  generated. Th is  behavior  p e r m i t s  t h e  formu I a t  i on  o f  a 

thermal  design c r i t e r i a ,  lead ing t c  s a t l s f a c t o r y  i n t e r f a c e  shape, f o r  

systems I n  whlch rad ia l  temperature var t a t  Ions created a t  the  ln ter face 

are not present. I n summary: 
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The lnter face should be located I n  a gradlent zone whlch 

I s  made approxImstely ad laba t l c  through t h e  use o f  a 

thermal I nsu l a t  lng mater la1 ( I.&, low k ~ )  placed between 

t h e  ho t  and c o l d  zones and r a d l a t l o n  sh le l ds  I n  t h e  f u r -  

nace cav i ty  gap t o  decreac,e k ~ .  The gradlent zone should 

be su f f l c l en t l y  long so tha t  rad la l  temperature gradlents 

generated I n  t h e  ho t  and c o l d  zones have l a r g e l y  at tenu- 

ated a t  the Interface locatlon; t h I s  length I s  approxl- 

mately one t o  two  charge diameters and depends on t h e  

e f f ec t  o f  the cruc lb le  I n  reduclng the r a t e  o f  a t tenudfon 

o f  these rad la1 g rad len ts  (see sec t  Ion 4.2.2). The exact  

l oca t l on  o f  t h e  I n t e r f a c e  w l t h l n  t h e  g rad len t  zone I s  

chosen so t h a t  t h e  shape o f  t h e  l n t e r f a c e  1s s l l g h t t y  

curved toward the sol I d  I n  order t o  l n h l b l t  the propoga- 

t l o n  o f  de fec ts  generated a t  t h e  boundary c r u c l b l e  sur- 

face. Addltlonally, small amounts o f  heat t ransfer  t o  the 

charge I n  t h e  gr adfent  zone can be used t o  a l t e r  t h e  

I n t e r f  ace shape as des I red, o r  t o  ma I n t a  I n a l arge ax 1 a I 

reg  Ion o f  near I y constant  Isotherm curva tu re  (c.f., sec- 

t l o n  4.4.31. 

The thermal  desfgn I s  complete a t  t h l s  stage I f  t h e  a x f a l  temperature 

g rad len t  I n  t h e  m e l t  a t  t h e  I n t e r f a c e  I s  s u f f 1 c I e n t I y  la rge  t o  s a t l s f y  

the const I tut lona l y supercool Ing requ lrement. I f the ax la l  grad lent  I s  

not su f f l c I en t l y  large, however, techniques t o  Increase I t s  value can bo 

Investigated wht le attemptlng t o  maIntaIn sat is factory Interface shape. 

Rad I a l  temperature var Iat lons generated a t  the lnterface are, how- 

ever, the domlnant factor w l th  regard t o  the lnter face shape. The proce- 

dure ou t  l I ned above, t h e r e f  >re, does no t  lead t o  des I rab  l e I n te r f aca  

shapes un less , ne 1 nterface e f f ec t  can be e l  1 m I nated. Th 1 s I soue I s o f  

par t lc  ' l a r  Importance f o r  the growth o f  sem Iconductor mater 1al s whlch 

have values of  RK greater than unlty; f o r  such mater Ials, the lnter face 

e f fec t  tends &o produce an lnter face shape wh'.zh I s  curved I n  the adverse 

dlrectlon, I.&, toward the melt. 
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The anal ys I s o f  sec t  Ion 4.1 suggests t h a t  heat  t r a n s f e r  f rom t h e  

furnace t o  the charge tends t o  produce Isotherm shapes whlch are concave 

toward the solid. Such heat t ransfer  I n  the gradlent zone thus serves t o  

make t h e  l n t e r f a c e  shape more favorab le  I f  It I s  o r l g l n a l l y  concave 

toward the melt. The gradient zone, I n  such a case, resembles an exten- 

slon o f  the hot zone furnace. The potent la l  f o r  completely e l lmlnat lny  

an adverse inter face curvature may be estimated by comparing the value o f  

6, produced a t  the lnterface due t o  the lnter face e f f ec t  (9. C4.301) t o  

a representat l ve  val ue o f  6 caused by heat exchange w l t h  the furnace a t  

t h e  p r e v a l l l n g  B l o t  numbers. T h e v a l u e o f & a t  t h e e n d  o f  an ad laba t l c  

gradlent zone (see sectlon 4.2) may be used t o  es t lna te  t h i s  l a t t e r  value 

o f  4 .  I f  r a d l a l  temperature g rad len ts  caused by heat t r a n s f e r  t o  t h e  

charge are o f  comparable magnltude, or  larger, than those generated due 

t o  t h e  i n t e r f a c e  e f fec t ,  such heat t r a n s f e r  I n  t h e  grad l e n t  zone may 

prove usefu l  i n  revers lng  an adverse l n t e r f a c e  curvature. If, on t h e  

other hand, radia l  temperature gradlents caused by heat t ransfer  t o  the 

charge are less thar, those generated a t  the interface, t h i s  technique can 

not be expected t o  change the d i rec t ion of the shape of  the Interface. 

A decrease i n  the value o f  l lkewlse decreasss the magnitude o f  the 

rad l a  l temperature grad l e n t s  generated a t  t h e  In ter face,  as shown I n  

Fig. 4.1 2. The va I ue o f  scan  be decreased by e l  t h e r  an Increase I n  t h e  

cb,arge dlameter o r  by a decrease I n  t h e  thickness o f  the c r u c l b  ie. A 

decrease i n  5,  w h i l e not e l  i m i nat I ng the lnter face effect, may be useful 

I n  combinat lon w l t h  heat t r a n s f e r  t o  t h e  charge as descr lbed I n  t he  

prev I ous paragraph. 

The ideal method of  deallng w l th  the inter face e f f ec t  I s  t o  e i im l -  

nate IT  entirely. I f  t h i s  I s  possible, tho design procedure f o r  obtain- 

Ing t h e  des l red l n t e r f a c e  shape, descr ibed I n  sec t l on  5, once again 

becomes usef u I. The cause o f  t h e  1 n te r f ace  e f f e c t  I s  t h e  change I n  t h e  

ax la  l temperature grad l e n t  w I t h  I n  t he  charge a t  t h e  growth l n t e r f a c e  

which i s  not present I n  the crucible, E f f o r t s  t o  e l lmlnate the lnterface 
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e f f e c t  t h e r e f o r e  must e l t h e r  ( 1  remove t h e  change I n  a x l a l  g rad len t  

w l th ln  the charge a t  the Interface or (2) produce an equivalent changa I n  

axla l  gradlent w l t h l n  the cruclblo. 

Equat Ion C4.261 suggests t h a t  t h e  s lope change a t  t h e  l n t e r f a c e  

disappears f o r  an appropr la te  value o f  the lower lng rate, V, when & < 1. 

The ef f icacy of  t h I s  technlque depends, however, on the Interplay between 

t h e  va I ue o f  V requ I red t o  e l  I m I nate t h e  s lope change a t  t h e  I n t e r f a c o  

and t h e  e f f e c t  o f  V on t h e  c o n s t l t u t l o n a l  supercoo l lng requirement. 

Further, t h l s  technlque I s  not applicable when RK > 1. 

The electron potent ia ls are not equal I n  the sol I d  and l lqu ld  por- 

t l o n s  o f  t h e  charge. The passage o f  an e l e c t r i c  c u r r e n t  across t h e  

growth Interface produces or absorbs heat (depending on the d l rec t lon o f  

t h e  cu r ren t )  by v l r t u e  o f  t h e  Pel t l e r  e f f ec t .  Such heat can be used t o  

e l I m I n a t e  t h e  change I n  a x l a l  temperature g rad len t  a t  t h e  l n t e r f a c e  

caused by the change I n  thermal conductlvl ty and the I lberat lon o f  la tent  

heat. Further, t h I s  techn!que also counteracts the decrease I n  the ax la l  

temperatur.9 g rad len t  I n  t h e  l l q u l d  a t  t h e  l n t e r f a c e  whlch occurs when 

& > 1. Rewr It I ng the heat balance a t  the 1 n ter f  ace I n  order t o  Include 

Pe l t l e r  heatlng/coollng ylelds: 

where: G t  = GS I n  order t o  e l lmlna l  the slope change 

a t  the lnter face 

Se = Seebeck coe f f l c len t  

In = current per u n l t  cross sectlonal area 

SeTl In = ra te  of generatlon o f  Pe l t l e r  heat per u n l t  

cross sectlonal area 

TI = absolute so l l d l f I ca t l on  temperature 

Uslng jermanlum as an example (Se = 70 pV/K, TI = 1211 K I D  eq. C5.11 

shows t ha t  the required current denslty I s  I n  excess o f  200 amps/cn2 f o r  

typ lca l  operatlng condltlons. 5uch large current densl t les may be d l f f l -  

c u l t  t o  a t t a l n  experimentally and may produce s lgn l f l can t  Joule heatlng 
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effects. Although each case should be examlned lndlvldually, It appears 

t h a t  P e l t l e r  heat ing I s  no t  a v i a b l e  method f o r  e l  l f i l n a t l n g  t h e  s lope 

change a t  the Interface. 

Pel t l e r  heat l ng/cool i ng has, how ever, greater potent ia l  f o r  modl- 

fy lng the Interfacs. shape I n  small amounts. For example, a f l a t  lnter-  

face shape may be made sl lghl  t y  concave toward the sol I d  by the appl lca- 

t l o n  o f  a smal l  tmount o f  P e l t l e r  cosl lng.  Th l s  technique y i e l d s  a 

s l m l l a r  r e s u l t  as t h a t  o f  t r a n s f e r r i n g  smal l  amounts o f  heat  t o  t h e  

charge I n  the grad lent  zone as descr l bed I n  section 4.4.3. 

The l n t e r f a c e  e f f e c t  may a l s o  be e l  lmlnated by producing a s lope 

change I n  t h e  c r u c l b l e  a t  t h e  l n t e r f a c e  whlch 1s equal t o  t h a t  I n  t h e  

charge. Thls may be done by addlng the appropriate amount of  heat t o  the 

c r u c l  b l e  I n  a very narrow reg lon  near t h e  a x i a l  l o c a t  Ion o f  t h e  I n t e r -  

face. The remalnder o f  the gradlent zone may be adlabatlc I f  deslred. A 

t h l n  cruclble, belng t o  a greater extent thermally one-dlmenslonal than a 

th icker crucible, I s  more desirable In  t h f s  respect. 

ion For Fur- Re- 

Thls  work considers furnace boundary c c ~ d l t l o n s  as an Independent 

varlable whlch, i n  combination w l th  the other system parameters, deter- 

mines t h e  l n t e r f a c e  shape. I t  would be useful,  however, t o b e a b l e t o  

solve the lnverse problem. I.%, what must the furnace boundary condl- 

t lens be I n  order  t o  produce a desl  red l n t e r f a c e  shape? There may be 

m u l t l p l e  s o l u t l o n s  o r  no s o l u t i o n  a t  a l l .  I n  t h e  f l r s t  case, such 

resu l ts  would provlde a d l r ec t  lndlcat lon o f  the thermal deslgn requlred 

f o r  sat Is factory 1 nterface shape; I n  the second case, the know ledge t ha t  

no se t  o f  furnace b ~ u n d a r y  cond l t l ons  e x l s t s  whlch can produce t h e  

des I red l n t e r f a c e  shape I nd rcates t h a t  o ths r  parameters o f  t h e  growth 

system requ!re alterat ion. The abl I l t y  t o  make such conclusions requlres 

! computer sol u t  Ion of  the appropr la te ly  modeled lnverse heat t ransfer  

prob l em. 



The harm! u  l consequences o f  the I n te r f  oco e f f ec t  f o r  sem lconductar 

c rys ta l  grcwth warrant an Independent experimental investlgatlon. Growth 

experlments u t l l l z l n g  var lable thldcness and thermal conductivity o f  the 

cruc lb le  and thermal c o ~ d u c t l v l t y  r a t i os  o f  the charge (metals f o r  RK < 1 

and semlconductcxs for RK > 1 )  w l l l  provlde resu l t s  f o r  comparison w l t h  

the ana l ys I s o f  sect Ion 4.3. 

The technique presently considered most sui table fo r  counteracting 

t h e  l n t e r f  ace e f f e c t  I s  t h a t  c f  l oca l  l y  heat 1 ng t h e  c r u c l  b  l e  near t h e  

I n te r f ace  I n  comblnat lon w l t h  a  t h i n  c ruc lb le .  4na lys ls  i s  f i r s t  

requlred 1'1 order t o  ve r l f y  the potentla1 of t h l s  method. The relat lon- 

shlp between the thickness o f  the cruc lb le  and the amount and d ls t r lbu-  

t l o n  o f  heat  t r a n s f e r  t o  t h e  sur face o f  t h e  c r u c l b l e  t o  the rad la :  

gradtents generated I n  the charge w l l l  requlre the sofu t ion ~t an appro- 

p r  l a t e  two-d lmens tonal thermal model. Th I n  c ruc  l b l es  a r e  expected t o  

requ i r e  less heat t r a n s f e r  coilpared t o  t h  l c ke r  c ruc 1 b l es  I n  order  t o  

eliminate the Interface effect.  Tnln crucibles of  su f f i c i en t  st ructural  

s t reng th  may be obtalned through t h e  use o f  a m e t a l l i c  c ruc lb le ;  a  

unlforrn and chemically I ne r t  i n t e r i o r  coatlng, able t o  withstand stresses 

created by d i f f e ran t l a l  thermal expanslon, remalns problematic. 
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W l t h  t h e  assurnpt Ions o f  Sect Ion 3.2, each of t h e  concentr l c a l  l y 

located f Ins  (1.e.. Inner charge, ou te r  charge, c r u c l  b Ie, grad l e n t  zone 

annul us) can be cons laered as a moving f In. Accord lng  t o  Cars law and 

Jaegar [I], the  a x l a l  temperature d l s t r l b u t l o n  f o r  t h e  f l n s  I n  t h e  ho t  

and cold zones I s  given by the following equations: 

where: A = cross sectlonai area of  a f l n  

R = thermal resistance per un l t  length between f l n s  

[A. 1 a] 

[A. 1 b] 

[A. i c] 

loc = local charge phase, l l qu ld  or so l ld  

I n  Inner charge f l n  

out = outer charge f l n 

c r  = cruc lb le  

f = hot or cold zone furnace 
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When cons lder ing  t h e  f Ins  w i t h l n  t h e  g rad ien t  zone, Tf and Rcr,f I n  

eq. [A.lc] change t o  TG and Rcr,~, t h e  subscr l p t  *Gw denotfng t h e  

gradlent zone annulus. Further, there I s  an addi t ional  equlrtlon rapresen- 

t l n g  the gradlent zone annulus: 

The r a d l a l  geometry o f  t h e  concen t r i c  f Ins  shown I n  Flg. 3.2 

specifies t h e  cross sec t iona l  areas and thermal resistances I n  eqs. 

[hl]. The cross sectton areas A l n  and but are chosetc equal; therefore, 

D l n  = D I ~ .  The rad ia l  locations f o r  the representatlve temperatures of  

the f l ns are 01/2, D2/2 and D3/Z f o r  the inner and outer charge f ins  and 

crucib le f l n  respectively; they are chosen so t ha t  there I s  an equal area 

w l tn ln  the f i n  t o  e i ther  side: 

[A. 2a] 

The thermal resistances can then be expressed as (Rohsenow and Choi [4]): 

= ayl (Wit 
- - t -  R Q ~ ~ c  ZT k,,, ZT kcr 
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- + \ 
R c r , ~  ' Rw,G - 277- ~ G V  bl,~nLr [A. 3 ~ 3  

where r & ' 
bloc = heat t rans fe r  c o e f f l c l e n t  from furnace o r  

gradlent  zone annulus t o  the  surface o f  t he  

cruclble, based on the  outer dlameter o f  t h e  

c r u c l b l e  

S u b s t l t u t l n g  eqs. CA.23 l n t o  eqs. l n t o  eqs. [A.I] and non- 

d l menslona l l z  l ng t h e  resu i t a n t  express Ion y l e l  ds eqs, C3.21 and C3.3). 



This appendix employs simple approxlmatlons I n  order t o  davolop a 

u s e f u l  r e l a t i o n  between Iso therm c u r v a t u r e  and t h e  a x i a l  and r a d l a l  

temperature grad len ts  ob ta  I ned f rom one- and two-d l mens lona l t h e r n a  l 
models. 

An isotherm w i t h i n  the  charge i s  assumed t o  be spherical; I t s  shape 

can then be represented by a s i n g  l e  number -- I t s  rad  i us o f  curva ture .  

The ax ia l  distance betwsdn the  locat ions o f  an Isotherm a t  t h e  center and 

the  surface o f  t he  charge i s  denoted by &. The assumed geometry, shown 

I n  Fig. 8.1, y i e l d s  t h e  f o l  l ow ing  r e l a t l o n  b e t w e e n 4 a n d  t h e  Iso therm 

curvature: 

where N i s  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  iso therm I n  number o f  charge 

rad i i .  Equation [B.1] y ie lds  a pos f t i ve  va:ue o f  N when the  Isotherm I s  

concave toward  t h e  so l  I d  as shown I n  Fig. 8.1. I f  t h e  a x i a l  g r a d i e n t  

does not  vary great ly  over the  cross section: 
8 

where: 

Subst l tu t lng  eq. CB.21 i n t o  CB.11: 

For t h e  purpose o f  re1  a t  I ng gSC t o  # b ,  t h e  heat  conduct  i o n  equat  I o n  

w l t h l n  the  charge I s  used: 
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I f t h e  Pe te rm I s  neglected and I f  It I s  assumed t h a t  3 a + / ~ ~ 2  Is n o t  a 

f unc t l on  o f  7, t he  r e s u l t i n g  temperature d l s t r i b u i l o n  I n  t h e  r a d i a l  

d l rec t lon I s  parabolic. I n  t h i s  case, It I s  easi ly  shown that: 

Uslng eq. CB.51 I n  eq. CB.31: 

Equat Ion CB.63 rod lcates That isotherm curvature I s  smal l ( 1.8.. large N) 

when the axla l  temperature gradlent I: large as we1 l as when tile rad la l  

tsmperature gradients are small. 



Isotherm is 
assumed spherical (negative as shown) 

F i g .  B.1. Assumed geometry used t o  c a l c u l a t e  
an approximate i so the rm cu rva tu re .  
N i s  p o s i t i v e  f o r  the i so the rm 
c u r v a t u r e  shown above. 
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The developed thco re t l ca l  framework presented I n  t h e  l a s t  repor t  has 

been used I n  c o n j u n c t t o n  w i t h  exper lmenta l  r e s u l a s  (cur rent - Induced 

growth  l aye r  t h i c k n e s s  data)  t o  c a i c u l a t e  t h e  P e I t l e r  c o e f f I c I e n t  o f  

doped l nSb i n  c o n t a c t  w i t h  I t s  me1 t. E s t  lmates  were made o f  t h e  e r r o r  

r e s u l t i n g  f rom t i m e  dependent geometry ( A  f n(?/412, D = f ( t ) ) ,  and 

composi t  ion. The P e l t l e r  c o e f f  i c l e n t  thu:  ~ b t a i n e d  was coinpared w i t h  

those c a l c u l a t e d  f rom pub l i shed  Seebeck c o e f f l c l e n t s  (thermoelectric 

power); ajreement Is found t o  be excel lent.  

The P e l t l e r  c o t f f l c l e n t  rs  calculated uslng equation [I]: 

and va lues  o f  R 1  and R2 obta  ined f rom t h e  laye r  t h  lcknecs and t h e  tem- 

poral characteristics o f  the  current  pulsos: 

where: X i  = layer thickness (current-on o r  cur rent -o f f )  

ti = durat ion (current-on o r  cur rcn t -o f f )  

The P e l t l e r  coef f lc lent ,  I f  determined by eq. [ I ]  I s  C l rec t l y  depen- 

dent on t h e  heat  o f  f uslon, H. The search f o r  p;%.: I .+o H data  I r  t h o  

l I t e r a t u r e  revea led  vat ues rang 1 , ~ g  f rom f  t o n  6:  , . I  j i g  t o  21 3.4 J/g. 

Consequent l y, the  hrsat of f us 10.1 of l nSb was exper 1 i ~ e n t a  l l y  determ i ned 

us ing  a  Perk ln-Elmer DTA 1700 ' L e r e n t l a l  thermal  a n a l y z ~ r  r . ; : k  s 

Perk  1n-E l msr System 71'4 t h e r m a l  ana l y s i c  c r  i t r o l  l e r .  Alumlnum 
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(ii = 398.2 j / g )  and a n t  i mony (H = 164.8 j / g )  were used as ca l i b r a t  i o n  

standards f a r  the  system. For a heating r a t e  o f  5oC/min, t he  data from 

the standaras were reproducl b i e  and sel fconslstent  t o  ?a. The heat o f  

fusion fo r  undoped semiconductor grade InSb was measured t o  be 238.1 

26 j / g  (13.48 kcal/mol). Tne c rys ta l  diameter data needed t o  determine 

t h e  c u r r e n t  den - i t y  were ob ta  I ned us i ng a prec  i s  i o n  m i c romete r  s tage  

mounted on a Nomarsk i l n t e r f e r e n c e  c o n t r a s t  microscope ( w  i t h  In tegra l  

cross-ha! r?. The measurements were made on pol i shed and etched samples 

normal t o  tt,e growth direction. 

I t  was found t h a t  c r u c i b l e  design and t h e  l o c a t i o n  o f  t h e  c o n t r o l  

thermocoup'e have profound l n f  lrrences on t h e  cha rac te r  i s t  i c s  o f  g rowth  

layers produced oy passing pulses o f  d l rec+ current  across t h e  c r y s t a l /  

mel t  in ter face dur: .owth. The e f f e c t  o f  Joule heating i n  the  hot zone 

on growth l aye r  cha rac te r  i s t i c s  va r  l ed  f rom e x t e n s i v e  t o  a1 most non- 

ex is ten t  (rnanuscr i pP I n  preparct l ~ n ) .  

The P e l t i e r  ccef f  i c i e n t  o f  lnSb was calcula led from the dimensions 

o f  contiguous current-induced growth layers, Representative growth lay- 

-' h i c k r . 3 ~ ~  data, i l l u s t r a t  i ng th6  e f f e c t  o f  var 1 ous cruc i b l e des igns at,,, 

te inperature c o n t r o l  schemes, a r e  shown I n  Figs. 1, 2 and 3. P,l so shown 

are the  calculated P e l t i e r  coef f ic ients.  Def ln ing the  e r ro r  associated 

w i t h  each set  o f  data as tne  standard deviat ion divided by the  a r i t hmet i c  

aver-age expressed as a percentage, it I s  seen (Fig. 1) t h a t  even though 

' ne measured laye r  t h i c k n e s s  var  I e s  by more than  601, t h e  c a l c u l a t e d  

P e l t i e r  coeff  i c i e n t  (-0.082 V) has a precis lcn o f  be t te r  than 212% For 

conditions o f  current pulsing w i t h  tenperature contro l  from the  base o f  

the  c ruc ib le  (Fig. 21, where the  layer thickness var ied by more than 775, 

the  dverage calculated P e l t  i e r  coef f l c l e n t  i s  found t o  be -0.084 Y 

8 .  The P e l t i e r  coef f i c i e n t  ca l cb  l a t e d  f rom g rowth  l aye r  t h  l c k -  

nssses obtal  ned IJ? i ng a spec ia  l BN/compos I t e  cruc i b l e and current  pu l ses 

o f  19.8 A/cmZ i s  -0.097 V (:3%) (see , lg .  3). This l a s t  r e s u l t  Is from a 

sarles of curi-e ' pulsing experiments w i t t l  d l f f e r e n t  c u r r e n t  d e n s i t i e s  

but otherw i se ident i c a l  conf igurat  ions. Using 9.8 A/cm2 c i l r rent  pl; l ses, 

t h e  average c a l c u  l a tcd  P e l t  i e r  coef i l c l b n t  i s  -0.097 V 1 0 .  The 

l arger cr.ror asscclated w i t : ~  these data can be traced t o  an i nab1 l 1 t y  t o  
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durat lon (20s) t h l s  assumptlos I s  Inaccurate and t h e  overa l l  layer th ick-  

ness cannot be used as data t o  ca l cu la te  x. However, in te r face demarca- 

t i o n  superlmposed on pulses o f  long durat ion perml ts  t h e  measurment o f  

t he  In ter face ve loc l t y  I n  t h e  c r l t l c a l  t r a n s i t l o n  region (current-off  t o  

current-on) w l t h  a temporal resolution t h a t  I s  conslstent  w i t h  the con- 

s t r a l n t s  placed on t h e  use o f  eq. [I] and such experiments are there fore  

expected t o  y l e l d  v lab le  data f o r  t he  determlnat lon o f  P e l t i e r  coe f f i -  

c ien ts .  The growth  v e l o c l  t y  changes t h a t  occur  on t h e  app l l c a t l o n  o f  

d i r e c t  c u r r e n t  f o r  extended t 1n;e per  l ods  wero, ther-efore,  a1 so used t o  

ca lcu la te  the  P e l t l e r  coef f l c len t .  The average P e l t l e r  c o e f f l c l e n t  ca l -  

ctt lated from three 9.5 ~/crnZ long durat lon cur rent  pulses was -0.1064 V 

(56%).  Two long g rowth  l a y e r s  produced by !7.3 ~ / c m Z  c u r r e n t  pu l ses  

resu  I t e d  i n an averags Pel t l e r  coef  f l c t e n t  o f  -0.096 V (f 2%). Long 

durat I on growth l ayers produced by P6 l t let- heat l ng a l so produced v lab l e 

data  f o r  calculation o f  t h e  P e l t l e r  c o e f f i c i e n t .  The average P e l t i e r  

coef  f  l c  l e n t  ca l c u  l a ted  f rom t h r e e  -12.2 ~/cmZ (20s) layers was -0.1 13 V 

(23si. The resu l t s  aro tabulated 1~ Table 1. 

l Y S l S  FOR IHF E)(PFRIMFml LY D F W J . J ( F I C L E ~ [ I  7 

It snould be pointed out  t h a t  the  area o f  t he  c rys ta l /me l t  fn ts r face 

(even f o r  100% centra l  facet)  I s  not  exact ly  related, through t h e  physl- 

ca l  const\ lnt  n/4, t o  the  w l d t h  o f  the  sample segment. Crysta ls  grown I n  

t h e  [I 111 c r y s t a l  lograph i c  d i r e c t i o n  exh I b l t  t h r e e f o l d  symmetry and 

re1  ated t o  It a vary  Ing  degree o f  ex te rna  I f a c e t  i n g  wh I c h  prevents  t h e  

sys~em from assumlng a c y l l n d r l c a l  shape. The extent o f  external facet- 

lng can vary from near zero t o  100% depending on the  rad ia l  temperature 

grad lent ,  g rowth  r a t e  accel  e r a t  Ion  and g rowth  k l n e t  i c s  o f  t h e  g i v e n  

system. For the  case of m 1 nirnal external facet  ing t h e  re1 a t  lonshlp A = 

( n / 4 ) ~ 2  ( f o r  t h e  area o f  t he  c r y s t a l / m ~ i t  In ter face)  I s  a good approxima- 

t l o n  I f  t h e  c rys ta l s  are c u t  so as t o  contaln the  ax ls  o f  r o t a t i o n  I n  the  

su r face  analyzed (as I n  t h l s  study). T h i s  r e l a t l o n s h l p  I n c r e a s l n g l y  

underestimates t h e  area o f  t h e  c r y s t a l  c r o s s  s e c t l o n  as t h a  e x t e n t  o f  

extarna l facet 1 ng approaches 1 CO%. (For t h  1 s exteme case, ->he external 

shape o f  t h e  c r y s t a l  would be tr 1anguIar.I I n  e f f e c t ,  a t  100% e x t e r n a l  

f a c e t l n g  cond l t l ons ,  n assumes t h e  va lue  o f  9 / 4 ( 3 I 1 i 2  = 3.8971 whlch I s  
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accurately measure the  thlckness o f  t h e  growth layers produced by cur rent  

pu l ses o f  such r e  t a t  l v e l  y low dens l ty .  As a resu 1 t o f  t h e  smal l current- 

Induced segregation change between growth layers, t he  d l f f e r e n t l a l  cheml- 

c a l  etching,  used t o  r e v e a l  t h e  g rowth  layers, was l n s u f f l c i e n t  t o  

c l e a r l y  d e l i n e a t e  t h e  cu r ren t -on  t o  c u r r e n t - o f f  t r a n s l t l o n .  For t h e  

reason c l t e d  above: g r e a t e r  p rec !  s I on  I n  layer thickness measurements, 

growth layers produced from cur rent  pul ses o f  29.6 ~ /cmZ led t o  a calcu- 

l a t e d  P e l t i e r  c o e f f l c l e n t  o f  -0.099 V w l t h  a prec ;s ion  o f  f32. I n  an 

exper 1 ment where c u r r e n t  pu l ses o f  39.7 ~ / c m ~  were used, t h e  P e l t  i e r  

c o e f f l c l e n t  was found t o  t e  -0.087 V w l t h  a p r e c l s l o n  o f  t6%. An 

explanatlon f o r  t h i s  r e l a t i v e l y  low value o f  t he  P e l t i e r  c o e f f l c i e n t  and 

t h e  low p r e c l s l o n  (when coapared k I t h  t h e  o t h e r  exper l n e n t s  I n  t h e  

serles) I s  glven below. 

The P e l t i e r  c o e f f l c l e n t  i s  a materials property and as such expected 

t o  remaln constan' over t h e  e n t i r e  growth process and f o r  varlous growth 

configurations. Conspicuous f o r  these r e s u i t s  I s  t h a t  t he  same P e l t l e r  

coef f l c len+ I s  obtained although pulse duratlon, cur rent  density, dopant 

l e v e l  and dopant t y p e  were va r  l ~ d .  Moreover, t h e  va r  i ous  exper 1me;)ts 

used as a basts f o r  t he  calculations were conducted I n  different thermal 

conf  l g u r a t  lons  ( 1.e. w l t h  d l  f f e r e n t  c r u c l  b l e  and tempera ture  c o n t r o l  

conflguratlons). Thls f i nd lng  I s  taken as a conf l rmat lon o f  t he  v a l l d i t y  

and app l icab i l i t y  o f  t he  theoret  l c a l  f ramenork. Furthermore, It Ind I- 

ca tes  t h a t ,  f o r  t h e  g rowth  o f  ( s h o r t  t l m e  d u r a t i o n )  c t i r r e n t  induced 

layers, t he  e f f e c t  o f  bulk heat f low perturbat ions (Joule hsatlng) can be 

separated from t rans ient  in ter face heat balance consldsrat lons ( P e l t l e r  

effect).  Thus, the long term va r ia t i on  I n  layer thlckness I s  cont ro l led  

by t h e  changlng tempera ture  g r a d i e n t s  I n  t h e  l l q u l d  and s o l  I d  caused 

pr  1 1 1 i i  pa l l y by t rans  l en t  bu l k hea? f i ms.  On the  other hand, the  funds- 

mental r e l a t  lonshl p between t h e  d lmenslons o f  contiguous layers ( iayers 

generated by a pu lse  sequence) and t h e  P e l t l e r  e f f e c t  (1.e. eq. [I ] )  

rema 1 ns uachanged. 

The basic premlse f o r  using eq. [ I ]  t o  ca lcu la te  t h e  P e l t l e r  c o e f f l -  

c l e n t  I s  t h a t  t h e  I n t e r f a c i a l  tempera ture  g r a d t e n t s  remaln  v i r t u a l l y  

unchanged over a given pulse sequence. For d i r e c t  cur rent  pulses o f  long 
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EXPERIMENTALLY DETERMINED VALUES OF THE PELTIER 

COEFFICIENT OF lnSb 

+on/+of f Dopant C u r r e n t D e n s l t y  P e l t i e r  Coeff. E r r o r  

( sec ( ~/crnZ)  ( v )  (25) 
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an e r ro r  I n  excess o f  245. l nSb c r y s t a l s  have been grown exhl b f t l n g  t h e  

f u 1 l range o f  e x t e r n a  1 f a c e t  1 ng though thost. t h a t  reached 100s were 

h l g h l y  s u s c e p t l b i e  t o  tw lnn lng .  Those c r y s t a l s  f rom which c u r r e n t -  

1 nduced growth data were taken were I ntermed l a t s  I n  external facet  1 ng. 

It 1s estimated t h a t  t h e  areas obtalned using the  relationship f o r  c l rcu-  

t a r  c r o s s  s e c t l o n  a r e  l n  e r r o r  by l e s s  t h a n  105, An unGeres t lmat lon  I n  

area t r a n s l a t e s  d l r e c t l y t o  an e r r o r  I n  c a l c u l a t e d  c u r r e n t  d e n s l t y  and 

thus  leads t o  a c a l c u a l t e d  P e l t l e r  c o e f f  l c l e n t  which i s  lower than  t h e  

a c t u a l  value. 

Due t o  changes I n  menlscus helght  and/or perturbat lons i n  the  bulk 

heat flow, t h e  dlameter o f  a growlng c rys ta l  I s  t ime  dependent I n  n a t u r a  

I n  addltlon, t h e  external moi-phology w l l l  change as the  diameter assumes 

a new dlmenslon. The concomlttant changes i n  current  density a lso appear 

as va r l s t i ons  I n  t h e  calc i i la ted P e l t l e r  coef f i c ien t .  Thls i s  evldent I n  

the  Increased e r r o r  associated w l t h  the  data obtained f r ~ m  layers pro- 

duced by 39.7 put ses (Tab le  I ). I n  t h e  r e l a t e d  experiment t h e  

d lameter  I s  1.12 cm a t  t h e  beg Inn  l n g  o f  t h e  pu l s l  ng sequence. It I s  

1.19 cm a t  t h e  end, an area Increase o t  11%. The c a l c u l a t e d  P e l t l e r  

coef  f l c  lent ,  when c o r r e c t e d  f o r  t h  l s change I n  d l  ameter, 1 s -0.097 V 

which !s  c l o s e r  t o  t h e  vat ues (-0.097 V, -0.097 \ I ,  -.0.099 V )  ca l cu I a ted 

f o r  t h e  o t h e r  c u r r e n t  dens It l e s  (7.8 ~ lcm ' ,  19.8 ~/crn', 29.6 A/cm 2 

respectively) I n  t h a t  sequence o f  experiments. 

Th9 e f f e c t  o f  menlscus helght  change Jn c rys ta l  dlameter was Inves- 

t iga ted anal y t  l c a l  1 y uslng t h e  express lor^ o f  Bards ley e t  al"): 

where: h = n~enlscus height 

r = c rys ta l  radlus 

eL = angle made t o  the v e r t i c a l  by the  menlscus a t  

'rhe I l q u l d / s o l i d  In ter face 
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The der I v a t  I ve o f  eq. [3] w I t h  respec t  t o  r was eva I uated t o  determ I ne 

the  change o f  nenlscus height w i t h  respect t o  c r y s t a l  radlus: 

For the  representat l ve  va i ues: 

the  d ~ r l v a t l v e  qlves dh/dr = -0.17 cm/cm. Durlng the  growth o f  20 ~ / c t n ~  

l a y e r s  (Flg. 31, t h e  c r y s t a l  rad l r l s  was found t o  Increase by 117 pm. 

Thuss accord I ng t o  t h s  above express ion (eq. [4]), t h e  meniscus shou I d  

decrease by 20 pm. The net 1 n ter face d lsp lacenlent calculated from the  

l n l l  la1 l a y e r  t h i c k n e s s  t r a n s  l e n t  I s  24 pm. Cons lder lng  t h s  Inhe ren t  

e r r o r  !n c a l c u l a t i n g  t h e  steady s t a t e  p u l l  r a t e  ( i n c l u d i n g  m e l t  h e i g h t  

drop) and the  uncerta inty I n  t h e  values o f  J3 and 8' t he  agreenent between 

t h e  c a l c u l a t e d  and e x p e r i m e n t a l l y  de termlnsd va lues  o f  t h e  I n t e r f a c e  

d l  sp l acement I s remarkab l e but  may be f o r t u  I taus. 

The P e l t l e r  c o e f f l c l e n t  can be d i r e c t i y  calculated from the  measured 

thermoelectr IC power (Seebeck e f f e c t )  uslng the  Ke lv l  n The 

Pe ! t l e r  c o a t f l c l e n t  I s  re la ted t o  the  Seebeck c o e f f i c i e n t  by the  absolute 

temperature: 

where a IC the Seebeck coefficient. '[he Seebeck coef f i c ien t ,  as measured 

by v a r i o u s  Investigators, I s  t a b u l a t e d  I n  Tab le  2. Though n o t  a l l  
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.ements wera made a t  t h e  mel t ing  po ln t  It has been shown both t h e  

r e t l c a l l y  and experimental ly t h a t  t h e  thermoelectr ic  power o f  lnSb i s  a 

very weak func t ion  o f  temperature and I s  inde~endcnt  o f  doping level and 

type a t  hlgh temperatures(3p4). The value o f  I! calculated is t he  d i f f e r -  

ence i n  the  P e l t i e r  c o e f f i c i e n t s  t f  t he  l l q u l d  and s o l i d  a t  t ke  mel t lng  

pol nt: 

For a l l  ca lcu la t ions  the  Seebeck c o e f f l c l e n t  f o r  l l q u i d  lnSb was taken t o  

be -40 r ~ / 0 ~ ( 5 )  (except  B l um and ~ ~ a b t s o v a ( ~ )  who g i v e  t h e  d I f f erence, 

as - a l l .  The experimentally determined values o f  n i l s  (Table 1 )  are I n  

excel lent  agreement w l t h  those l i s t e d  I n  Table 2. 

I t  has been shown t h a t  t he  P e l t l e r  coefficient o f  semlsonductor/melt 

systems can be ca  I cu l a ted d 1 r e c t  I y f rom ti, .') d 1 mens ions  o f  c o n t  I guous 

pa l r s  o f  current-.induced growth layers. Thls technique i s  applicable t o  

systems which ( 1 )  exhlb l f  hlgh reso lu t lon  d i f f e r e n t i a l  chemical etchlng 

behavior  o r  (2)  p e r m i t  measurement o f  the  thickness of current-induced 

l a y e r s  (eg. h l g h  spat  la1  r e s o l u t l o n  measurement o f  changes I n  dopant 

a l s t r l b u t  ion caused by t h e  cur rent  pulses). I t  shou Id  be noted t h a t  t h e  

inSb/melt system I s  opt lmlzed w l t h  respect t o  the  boundary condi t ions and 

assumptions o f  t h i s  analysis, namely, t he  heat absorbed a t  .the c r y s t a l /  

me l t  l n te r f sce  due t o  the  P e l t l e r  e f f e c t  i s  o f  the  same order as the  heat 

re leased as a. r e s u l t  o f  s o l i d i f i c a t i o n  (1.0. heat  o f  fus ion) .  I n  t h i s  

way, t h e  e f f e c t  o f  t he  current  pulses was t o  produce a substant ial  c h a n ~ e  

I n  the  mlcroscoplc r a t e  o f  c ronth  f o r  t h a t  por t lon  of the  duty cyc le  when 

t h e  c u r r e n t  was on. T h l s  permitted t h e  accu ra te  d e t e r m l n a t l o n  of t h e  

P e l t l e r  c o e f f l c l e n t  since It was d i r e c t l y  .rro?ort lonal t o  the  d l f fe rence 

i n  the  r a t e  o f  growth current-on/current-of f. For other systems, It w 1 i l 

be necessary t o  choose an Impressed p u l l l n g  r a t e  and current  d e n j l t y  t h a t  

are commensurate w i t h  t h l  s cond i t lon. The asscmpt ion o f  constant ra tes  

of growth durlng both por t ions o f  the  puls ing sequence should be v e r i f i e d  

through superimposed in ter face demarcation. 
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PELTIER COEFFICIENT OF lnSb CALCULATED FROM PUBLISHED 

VALUES OF THE SEEBECK COEFFICIENT 

Rose e t  -130 (773%) -0.0716 

Glazov ( s ) ( ~ )  -150 (798%) -0.0878 

Glazov -40 (803%) 

~ s u c ( ~ )  -150 (750%) -0.0878 

Eh~.eneeich (calc. -160 (750%) -0.0958 

Bl urn and Rjabtsova ( s / i  1 ( 6 )  -235 (798%) -0.1 835 
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A Brldgman-Stockbarger c r y s t a l  g rowtb  system which a l l o w s  f o r  

c o n t r o l  l ed  heat  t r a n s f e r  drr r lng c r y s t a l  g rowth  lias been designed and 

constructed. It conslsts o f  two vertically al lgned Na- f i l l ed  heat plpes 

separated by a grad l e n t  c o n t r o l  r e g  Kon whlch I s  v a r l a b l a  I n  l eng th  as 

we1 l ss compos It ion. The furnace opera'r 1 ng temperature range I s  5000C t o  

6OOOC I n  vacuum and I n e r t  gas atmospheres, exc l  ud l ng hydrogen. The 

furnace can accommodate c ruc ib le  s izes o f  up t o  1.9 cm diameter and 46 cm 

I n  length. 

Two dc servo motors  c o n t r o l l e d  b y  a s tandard  clostA- loo^ servo 

system provide f o r  cruc I b l e lower 1 ngi.'rals ing and r o t a t  ion f m c t  lons. An 

o p t i c a l  encoder on (he motor  s h a f t  a l l o w s  t h e  c r u c l b l e  p o s i t i o n  t c  be 

mon I t o r e d  a t  a l  l t lmes. Cruc i b l e lower  l ng r a t e s  can be va r  l ed  f rom 

0.056 cm/hr t o  180 cm/hr u s l n g  a gear r e d u c t i o n  f rom 1'71 t o  171,000; 

c r u c l  b l  e r o t a t  I on  can be var  l e d  f rom 0.05 rpm t o  30 rpm. A l  l motor  

functions controlling lower lng/ra ls ing are d l g l t a l l y  Interfaced. 

The temperature contro l  funct  Ion o f  the  two 1 ndependent 1 y operated 

heat pipes I s  performea d l g l t a l l y .  Although there I s  some degradatlon I n  

t h e  m o n l t o r l n g  s l g n a l  ( tempera+ure I n  m i  I I I v o l t s )  because o f  I nhe ren t  

sampl ing e f f e c t s ,  t h e r e  a r e  s l g n l f l c a n t  advanfages t o  d l j l t a l  c o n t r o l  

whlch include the greater range o f  compensators and t ime  varyjng contro l  

funct lons. 

The f l r s t  step I n  t h e  deslgn o f  t he  compensltor 1n;olved the  formu- 

l a t l o n  o f  a model o f  the  open-loop system performance, l.e., r e l a t l n g  the  

measurable outpuqs t o  t h e  var lab le  11,puts. I , : e  temperature o f  t he  heat 

p l pe  1s re1  a ted t o  t h e  power I n p u t  by a f l r s t - o r d e r  d I f f e r e n t  la1  equa- 

t ion :  
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RC x = c+-  

where: 7 a temperature 

Ta = mb l en t  mperatcre 

Q = powr ' ( I n  Watts) 

R = overal l furnace res  l stanre (oC/Watt) 

c = overa l l furnace capac 1 tance (Watt* set/%) 

t = t ime 

The c o n t r o l  l e r  cou l d then  be dos I gned accord l nq t o  t h e  f o i low I ng 

contro l  s p e c l f l ~ a t ~ o n s :  

? No steady s ta te  e r ro r  t o  step Inputs of power; 

(2: No overshoot (undershmt); 

3 Temperature s e t t l e s  I n  (500 secs. 

A P-l ( p r o p o r t i o n a l  and I n t e g r a l )  compsnsator was daslgned I n  +he 

contlnuous t ime domain: 

and 

where tS I s  +!to deslroe ~ c ? t i  lnp rime. 

I n t h  I s  manner t h e  c o n t r o l  var  l -irl es, Kp und K 1 .  cou I d be ct l c u  l ated 

based on the  furnace parameters and contro l  requ I reniel,*ts. 

Chorac te r l za t  I o n  o f  t h e  furr>ace parameters P nd C was done by 

aeasur lng the  39at l c  an4 dynam l c  open-l oop system respnse  c f  temperaturs 

fo r  step Inputs o f  power. 



Experiments revealed tha t  (a) the heating ef f lc lency I s  greatest for 

vtcuum and d e t e r l o r ? t e s  as t h e  l n e r t  atmosphere changes f rom argon t o  

helium beaus3 heat losses increase by conductton and (b) the system t lme 

constant decreases as i,he atmosphere changes from vacuum t o  argon t o  

he1 lum. 

Sic: 1 -he compensator I s  Implemented d lg f ta l ly ,  It must be dlscrete 

ae w e l l  as t h e  temperature inpu t  t o  t h e  con t ro l l e r .  A 16 b l t  AID 

~ o n v e r t e r  w i t h  a t h e o r e t i c a l  temperature r e s o l u t i o n  o f  t0 .040~ f o r  a 

chrome l /a i ume I thermccoup 1 e I s  used t o  sample the furnace temperature. 

D isc re te  representat ion o f  t h e  c o n t r o l l e r  I s  achieved by us ing t h e  b i -  

l I near transf ormat 1 on: 

where: M = control response, 1 .e., porer lnput 

E = error = temperature set point temperature 

T = sampllng tlme 

n = present tlme step 

(n-1) = one t ime step prev I ous 

The output from the computer 1s discrete and I s  reconstructed t o  glve a 

continuous output t o  the furnace using a D/A converter. The functional 

block diagram o f  the closed-loop system Is: 

E(n)  , DIGITAL M(n) W"ER 
CONTROLLER, +FURNACE 

+ 

Durlng the control loop, f i v e  thermocouples can be monltored, the polnt 

reference I s  tlmed d i g i t a l l y  and power 1s measured a t  each t lme step. 



Furnace cha rac te r l za t l on  f o r  de te rmlna t lon  o f  t h e  temperature 

d l s t r f b u t l o n  I n  t he  heat p Ipe reg lons  and g rad len t  r e l gon  has been 

I n  It fated. The temperature was measured a long t h e  c e n t r a l  ax1 s o f  a 

graphlte rod completely f l l l  lng the heat pipe cavlty. Measurements were 

made fo r  vacuum (400600 pm), argon and he l l um w l t h  TH = TC = 600'~ and a 

y rad len t  reg lon  length  o f  20 ( D  = diameter o f  g raph l t e  = 0.75w). The 

ma te r l a l  used f o r  t h e  g rad len t  r eg lon  was an lnsu la t lng,  low dens i t y  

A1 *03 cy I I nder. The measuremenDs show tha t  w I t h  I n the top heat p l pe, as 

antlclpated, the graphlte rod I s  about 65% isothermal. Near the top, the 

temperature decreases because o f  heat losses t o  t h e  surroundings; t h e  

temperature decrease I s  greatest f o r  hellum and smallest f o r  vacuum. I n  

the lower heat plpe there I s  a s lgn l f I can t  drop I n  temperature toward I t s  

lower end. For he l I urn sn l y about 455 of  the cav l t y  length I s  Isothermal ; 

f o r  argon and vacuum, t h e  temperature decrease extends f rom top  t o  

bottom. The non-I sothermal behavior orglnates I n  (a) the heat losses a t  

t h e  end o f  t h e  graph1 t e  and I n  (b) t h e  reduced thermal coupl l ng  o f  t h e  

heat plpe t o  the graphlte I n  lower conductlng atmospheres. I n  the gra- 

dient reglon the temperature drops o f f  about 6O, lndlcat lng rad la l  heat 

losses t o  a non-Ideal Insulator. 

Character I za t  Ion o f  t h e  therma I behavl o r  o f  t h e  furnace cav f t y  I s  

belng continued l t e ra t l ve l y  maklng use of  the two-dlmenslonal heat trans- 

fe r  model so as t o  a r r l ve  a t  an optlmlzed conflguratIon f o r  the gradlent 

c o ~ t r o l  reg Ion. 
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Maklng use o f  the prototype ASTP mu1 tlpurpose furnace, the e f fec ts  

o f  transverse nagnetlc f l e l  ds o f  up t o  3.8 kGauss on macro- and m lcro- 

segregat Ion was I nvest Igated dur I ng growth o f  Ga-doped german I urn. Th l s 

particular system was selected f o r  the study slnce It permitted a compar- 

a t l ve  analysis w l th  resu l t s  obtalned durlng growth I n  a r e '  red gravf ty  

envtronrnent. 

I t  was found t ha t  the macrosegregatlon behavlor f o r  the same c - I Ing 

ra te  as used I n  the space experlment was s lgn l f l can t l y  d l f fe ren t  ar was, 

In  fact, s lm l la r  t o  tha t  observed f o r  regular ground based growth experf- . 
nents. The resu lqs  l n d l c a t e  c l e a r l y  t h a t  w h l l e  t ransverse magnetlc 

f i e l d s  w l l l  suppress turbulent  convection, they w l l l  not r esu l t  I n  d i f f u -  

s Ion control led segregat Ion dur I ng ve r t  Ica l B t  I dgman growth. 

The mlcrosegregatlon behavlor I n  the presence o f  a magnetlc f f e l d  I s  

of  Interest  Insofar as current Induced I n t e r f  ace demarcat Ion generates 

d l s t l nc t  magnetlc f l e l d  Induced segregation anomalies whlch are normally 

not encountered. Whlle no comprehensive analysls o f  t h l s  e f f ec t  has thus 

f a r  been conducted, there are strong lndlcatlons tha t  the e l ec t r l c  f I e l d  

Induced perturbat Ions o f  segregat Ion can prov lde deta I l s concern lng the 

solute boundary layer character lst lcs f o r  magnetlc f l e l d  asslsted growth. 

Evldence was found f o r  a reduction I n  the degree of  rad ia l  segrega- 

t l o n  asymmetry. Thls f lndlng I s  o f  Interest  slnce the change I n  rad la l  

segregatlon was not associated wtth a measurable change i n  growth ln tsr -  

face morphology. It suggests t h a t  t h e  convect l v e  me1 t f l ow  pat tern,  

rather than the growth Interface morphology, controls rad la l  segregatlon, 

and t h a t  t h e  m e l t  f l ow  pa t t e rn  changed w l t h  t h e  a p p l l c a t l o n  o f  t h e  

external magnet l c  f l e  l d. 
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Fluid Flow in Crystal Growth: 

Analysis of the Floating Zone Process 

Principal Investigator: Robort A. Brown 

SUMMARY 

This research program i s  aimed a t  a fundarr?ntal understanding o f  

the i n t e r a c t i o n s  o f  heat, mass and momentum t ranspor t  i n  c r y s t a l  growth 

from the mel t .  Emphasis has been on s tud ies  o f  the  smal l-scale f l o a t i n g  

zone process and on a prototype o f  the  v e r t i c a l  Bridgman growth system. 

I n  both systems d e t a i l e d  numerical ca l cu la t i ons  have been used t o  d i s e c t  

the i n t e r p l a y  between f l u i d  convect ion and dopant segregation. Calcula- 

t i o n s  are based on newly developed f i n i  t e -e l  ement techniques t h a t  make 

feasib le the complete s o l u t i o n  o f  so l  i d i f i c a t i o n  problems t h a t  inc lude 

convection i n  the me l t ,  and on computer-implemented pe r tu rba t i on  ana lys is  

of s o l u t i o n  mu1 ti p l  i c i  t y  and s tab i  1 i t y  . These numerical methods have a1 so 

been successful 1 y extended t o  inc lude the  i n t e r a c t i o n s  between a me1 t /gas 

meniscus w i t h  heat t r a n s f e r  i n  meni scus-defined c r y s t a l  growth systems and 

t o  model. the t r a n s i t i o n  t o  a c e l l u l a r  morphology i n  a s o l i d i f i c a t i o n  i n t e r -  

face. 

1. Scope o f  Research Program - 

Our research i s  composed o f  a s e t  o f  t heo re t i ca l  and computational 

s tudies d i r e c t e d  a t  a fundamental understanding o f  the i n te rac t i ons  o f  

f l u i d  mechanics and heat and mass t ranspor t  i n  c r y s t a l  growth from the 

mel t ,  espec ia l l y  by the v e r t i c a l  Bridoman and f l o a t i n g  zone process. 
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The techniques f o r  ana lys is  and the q u a n t i t a t i v e  i n s i g h t s  developed i n  

t h i s  research have broad appl i c a t i o n  i n  a v a r i e t y  o f  me1 t growth systems 

(see l i s t  o f  Pub l ica t ions  a t  t he  end o f  t h i s  r e p o r t )  and have made i t  

possib le t o  model Bridgman-Stockbarger and f l o a t i n g  zone systems t h a t  

are being used i n  ground-based experimental studies. Combining our  

de ta i  1 ed model s w i t h  c a r e f u l  experiments hopeful l y  w l l l  l ead t o  quant i  - 
t a t i v e  p i c tu res  o f  the  t ranspor t  phenomena i n  each growth system and t o  

we1 1 cont ro l  1 ed space experiments. 

Figure 1 : 
Schematic of F loa t i ng  Zone Process. 

Model l ing o f  a me1 t c r y s t a l  growth system i s  a formidable task. Most 

o f  the compl i ca t i ons  are seen b,y consider ing the f l o a t i n g  zone process pre- 

sented schematical ly i n  Fig.  1. Here a c y l i n d r i c a l  rod  o f  a mu1 ti-component 

and p o l y c y r s t a l l  i ne  ma te r ia l  i s  me1 ted  and re-sol  i d i f i e d  i n t o  a s i n g l e  

c rys ta l  by us ing a sho r t  c i rcumferent ia l  heater ( e i t h e r  res is tance o r  RF) 

t h a t  t rans la tes  s lowly along the  ax is  of the rod. The molten zone forms 

between the c r y s t a l  and feed rods and i s  held i n  place by surface tension. 

I t s  s ize  i s  governed by heat t rans fer  and l i m i t e d  by i n s t a b i l i t i e s  t h a t  

o r i g i n a t e  a t  the me1 t /gas meniscus. I n  prac t ice  on earth, the rad ius  o f  

the rods and the height  o f  the zone are near ly  equal and range roughly be- 



tween 0.5 and 3 centimeters. A q u a n t i t a t i v e  understanding o f  the  physics 

of a smal l-scale f l o a t i n g  zone process requ i res  aca l ys i s  o f  t h e  coupl ings 

between the  convect ion i n  the  mel t ,  t h e  heat  t r a n s f e r  i n  mel t ,  c r y s t a l  

and surroundings , the shapes o f  t he  me1 t / s o l  i d  and me1 t /gas i n te r faces  

and the  t ranspor t  o f  so lutes i n  the  me1 t. 

Our f i r s t  approach toward understanding these i n t e r a c t i o n s  has been 

t o  dccouple them along l i n e s  d i c t a t e d  by the  physics o f  t y p i c a l  sm icoc -  

a t c t o r  growth systems; the separat ions used herme a re  shown on Figur? 2 

where the numbers i n  parenthesis r e f e r  t o  pub1 i c a t i o n s  l i s t e d  on page 

3. I n  the f i r s t  three years o f  NASA support,  research p ro jec ts  have fo- 

cused on ana lys is  o f  heat t r a n s f e r  i n  growth systems w i t h  m e l t l s o l i d  and 

me1 t/gas in te r faces ,  on the  convect ion i n  me1 t growth d r i v e n  by c r y s t a l  

ro ta t i on ,  buoyancy and surface tens ion  d i f f e r e n c s s  and on sol u t e  segrega- 

t i o n  caused by these flows. 

I n  each research pro jec t ,  a  combinat ion o f  a n a l y t i c a l  model1 i n g  and 

computer-aided c a l  c u l a t f  ons i s  being used t o  develop both a qua1 i t a t i v e  

understanding o f  the re levant  physics and q u a n t i t a t i v e  models o f  t he  ver- 

t i c a l  Bridgman and f l o a t i n g  zone processes. To do t h i s ,  s ta te -o f - the-ar t  

numerical methods have been developed f o r  hand1 i ng sol  i d i  f i c a t i o n  problems 

and forb studying the mu1 t i p 1  i c i  t y  o f  f low f i e l d s  i n  nonl inear  convect ion 

problems. These methods g i ve  us the c a p a b i l i t y  o f  accurate ca l cu la t i ons  

o f  the f low f ie :d  and mass t r a n s f e r  near the  s o l i d i f i c a t i o n  i n t e r f a c e .  

This a b i l i t y  has been demonstrated through analyses o f  the  e f fec ts  o f  me1 t! 

s o l i d  i n t e r f a c e  shape and na tu ra l  convect ion on r a d i a l  segregat ion i n  a 

prototype o f  the  v e r t i c a l  Bridgman system [ i - 8 1  and by a study o f  the  evol -  

u t i o n  o f  a microscopic c e l l  u l a r  morphology a t  a s o l i d i f i c a t i o n  i n te r face  

[12-131. Both studies arc  high1 i gh ted  below. 

The Bridynan ca l cu la t i ons  w i l l  be compared d i r e c t l y  t o  experimental 

r e s u l t s  gathered i n  the new v e r t i c a l  Bridgman system under cons t ruc t ion  i n  

A.F. W i t t ' s  research group a t  M.1 .T. This  c o l l a b o r a t i o n  promises the  f i r s t  

de ta i  1  ed compari son between the model 1 i n g  o f  convect ion i n  me1 t growth and 

experimental segregat ion r e s u l t s .  S i m i l a r  ca l cu la t i ons  are  underway f o r  

smal l-scale f l o a t i n g  zone system and we hope t o  compare these t o  experiments 

t h a t  are being c a r r i e d  ou t  a t  Westec Corporat ion i n  Pheonix. 
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To understand the  compl i ca ted  i n t e r a c t i o n  between so lu te  segregat ion 

and natura l  convect ion i n  m e l t  growth geometries we have analyzed the de- 

t a i l s  o f  the f l o w  s t r u c t u r e  and t r a n s i t i o n s  i n  natura: convect ion i n  w* '  

conf ined w i t h i n  c y l  i n d r i  ca l  and rec tangu lar  conta iners . These stud ' 9:. 

hav2 lead t o  systematic methods f o r  t r a c k i n g  changes i n  steady s t a t e  f l o ~ s  

and fo r  de tec t i ng  the onset o f  t ime-per iod ic  convect ion t h a t  leads tn  a x i a l  

dopant s t r i a :  i ons  i n  me1 t growth (Hur le  e t  a1 . 1974 and Carruthers 19761, 

These ca l cu la t i ons  and the i n s i g h t  they supply f o r  s imu la t ion  o f  m e l t  c rys-  

t a l  growth are described i n  [ 5 ,  7, 91. 

The fou r  research p r o j e c t s  described here and the personnel involved 

are : 

1 . Coup1 i ng between r o t a t i o n a l  l y -d r i ven ,  surface-tension-dr iven, and 

e l  ectromagnetical  l y - d r i  ven convect ion and so lu te  t r a n s f e r  i n  a 

small -scale, g rav i  t y - f ree  zone (G.M. H a r r i o t t  and J. Duranceau) . 

2. Fundamental s tud ies  o f  f l o w  t r a n s i t i o n s  i n  na tura l  convect ion ( Y .  * * 
Yamaguchi , C.J. Chang , P. Sackinger). 

3. E f fec t  o f  buoyancy-driven convect ion on m e l t / s o l i d  i n t e r f a c e  shape 

and r a d i a l  segregat ion i n  v e r t i c a l  Bridgrnan growth (C .J. chang*). 

4 .  Microscopic model 1 i n g  o f  me1 t/;ol i d  i n t e r f a c e  dynamics ( L  .H. Ungar) . 

RESEARCH SUMMARY 

F l u i d  hechanics o f  a Small -Scale F l o a t i n g  Zone 

Ana ly t i ca l  and numerical methods have been aprj l ied t o  study the f lows 

d r i ven  by r o t a t i o n  and sur face- tension-d i f ferences i s  a prototype f o r  the 

smal l-scale f l o a t i n g  zone system proposed f o r  space experiments. Both mech- 

* 
Graduated du r ing  p e r i o ~  " 011 I 8 1  - 9/31 182. 
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ani  sms f o r  convect ion a re  important  f o r  these experiments. Marangoni f lows 

dr iven by temperature (and poss ib ly  composit ion) d i f fe rences may be un- 

avoidable i n  space, whi l e  convect ion induced by de l  i berate c r y s t a l  r o t a t i o n  

causes we l l  character ized r a d i a l  segregation pa t te rns  t h a t  can be used t o  

c a l i  b ra te  experimental r e s u l t s  t o  theory. 

G.M. H a r r i o t t  has developed a n a l y t i c a l  methods fo r  c a l c u l a t i n g  the  

c e l l u l a r  f lows d r i ven  by these mechanisms and the  de f lec t ions  o f  the  me l t /  

gas meniscus caused by these f lows when the zone i s  almoct a c i r c u l a r  cy- 

l i n d e r .  The studies o f  r o t a t i n g  f lows are based on expansions f o r  small 

Reynolds number Re r nRH/v , where R i s  the rad ius  of  the  rods, H i s  the 

height  of the zone, and v i s  the kinematic v i s c o s i t y .  The d e t a i l s  o f  t h i s  

a r a l y s i s  are contained i n  the  manuscript [6]. One major r e s u l t  i s  the c e l l  

u l a r  s t ruc tu re  o f  the  f lows produced by r o t a t i n g  the  toc  rod  a t  the r a t e  

sn and the  bottom sur face a t  r a t e  n . Depending on the r o t a t i o n  r a t i o  s 

and the aspect r a t i o  of t he  zone A a R/H , there may by e i t h e r  one o r  two 

t o r o i d a l  secondary c e l l s  i n  the zone. For a range of these parameters the 

second c e l l  does no t  f i  11 the  cross-sect ion of the  zone and a stagnat ion 

l i n e  may i n t e r s e c t  the  sur face of the  growi J c r y s t a l .  This  ;tagnat;qr 

surface can have a d r a s t i c  e f f e c t  on so lu te  segregat ion as discus. 

[6]. The flow s t ruc tu res  ca l cu la ted  f o r  small Reynolds cumber a i ~  . Jwn 

on Figure 3. 

H a r r i o t t ' s  a n a l y t i c a l  r e s u l t s  have been compared t o  d e t a i l e d  f i n i t e  

element ca l cu la t i ons  t h a t  are poss ib le  for  a wide range o f  Reynolds number 

[ l o ] .  The asymptot ic r e s u l t s  a re  w i t h i n  ten  percent o f  the numerical so lu-  

t i o n s  up t o  Re = 50 and hence are very useful est imates of the f l u i d  f l o w  

i n  the microzone. These f lows have a l so  been used i c  r a d i a l  segregat ion 

studies [16]. 

F i n i t e  element c a l c u l a t i o n s  f o r  f lows w i t h  exact coun te r - ro ta t i on  ( s  = 

-1 ) a t  higher Reynolds numbers have uncovered mu1 t i p l e  steady f lows beyond 

a c r i t i c a l  value t h a t  depends on aspect r a t i o ,  as depicted i n  F igure 4. 

The new f low f i e l d s  do n o t  have the r e f l e c t i v e  synmetry between the two 

to ro ida l  c e l l s  normal ly expected f o r  s = -1 and ~ l o l v e  toward increas ing  
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Reynolds number. Sone f lows i n  the symnetric and asymnetric f l ow  f a m i l i e s  

a t  the sase value o f  Re are shown as Figure 5. Mathematical arguments i n -  

d i ca te  t h a t  t h e  s t a b i l i t y  o f  t he  f l u i d  f low changes a t  the b i f u r c a t i o n  

p o i n t  so t h a t  on l y  the  asyrlmetric flows would be observed experimental ly.  

A1 so, as expla ined i n  [TO], changing from exact  coun te r -mta t i on  o r  add- 

i n g  g r a v i t y  t o  deform the c y l  i n d r i c a l  meniscus ruptures the  b i f u r c a t i o n  

poir,: i n t o  two separate f a m i l i e s  o f  f lows w i t h  s tab le  flows e x i s t i n g  on 

each family. These are nEw and e x c i t i n g  f l u i d  mechanical p red ic t ions  and 

experimental v e r i  f i c a t i  on i s  underway using the  m i  cro-zone apparatus con- 

s t ruc ted by A.D. L i t t l e  f o r  NASA. 

The mathematical cor\cepts and numerical techniques f o r  de tec t i  ng , 
t rack ing  and c a l c u l a t i n g  the s t a b i l i t y  of nu1 t i p l c  steady states was f i r s t  

l a i d  ou t  by L.H. Ungar - n our research group i n  a r e l a t e d  study [3] of 

the  e f f e c t s  o f  me1 t vol  ume, g r a v i t a t i o n a l  accelerat ion,  and r o t a t i o n  ra tes  

on the s t a b i l  i t y  of a - i g i d l y  r o t a t i n g  1 i q u i d  zone he ld  together by surface 

tension. H a r r i o t t  has a lso  appl ied these ideas t o  analyze the  e f f e c t  o f  

the  r o t a t i o n a l l y - d r i v s n  f lows on the maximum leng th  o f  a c y l i n d r i c a l  zone. 

Our approach t o  the study o f  Marangoni convect ion i n  the  f l o a t i n g  

zone geometry has ~ ( a r a l l e d  the  research on r o t a t i n g  f lows described above. 

F i r s t ,  a n a l y t i c a l  forms, s i m i l a r  t o  those der ived i n  [6], have been calcu-  

l a t e d  f o r  f l ow  f i e l d s  t h a t  are v a l i d  i n  zones on ly  s l i g h t l y  d i s t o r t e d  from 

a c y l i n c ~ r  a t  1 JW Maranconi and Prandtl  numbers. The r e s u l t s  are cas t  i n  

t e n s  o f  a te,nperature d i s t r i b u t i o n  (see Figure 1 f o r  a q u a l i t a t i v e  p i c -  

t u r e )  t h a t  i s  i nc iden t  on the meniscus and the  s t ruc tu re  of the  c e l l u l a r  

flows Lnat r e s u l t  from the  d i f fe rences i n  surface tension. The const ra in ts  

o f  the me1 t i n g  te rn~era ture  a t  the  c r y s t a l  faces l i m i t  r e a l i s t i c  temperature 

p r o f i l e s  t o  cubic polynomials w i t h  the maximum temperature between the two 

ends. This d i s t r i b u t i o n  always r e s u l t s  i n  two t o r o i d a l  c e l l s  t h a t  f low 

inward a t  the  c r y s t a l  faces and so are opposite from the f l ow  induced by 

counter - ro ta t ing  the seed and c r y s t a l .  The combined e f f e c t s  o f  Maragoni 

and r o t a t i o n a l  ly- induced f lows are present ly  being studied t o  determine 

the s t ra tegy  f o r  c r y s t a l  r o t a t i o n  t h a t  leads t o  the smallest amount of rad- 

i a l  segregation o f  dopant. 



Real f 1 o a t i  ng zones have ne i the r  f 1  a t  me1 t i s o l  i d  in ter faces nor 

cy l  i nd r i ca l  menisci . J.L. Duranceau has adapted f i r t i  te-element solu- 

t i o n  schemes t o  solve fo r  the r o t a t i n g  f lows i n  deformed f loa t ing  

zones. Meni scus shapes are ca l  cu l  ated by sol  u t i o n  o f  the Young-Lap1 ace 

equation (see [3]) which neglects the coup1 i n g  of viscous normal stress 

t o  the defonnation o f  the zone. The analysis i n  [ 6 ]  and computational 

checks i n  [14] show t h i s  t o  be an extremely good assumption f o r  the low 

capi 11 dry  numbers (CA = u ~ R / o )  charac te r i s t i c  of s i  1 icon f l o a t i n g  zones. 

Figure 6 demonstra4:es a t yp i ca l  change i n  the c e l l u l a r  f l ow s t ruc ture  

caused by the meniscus deformation f o r  a one centimeter diameter s i l i c o n  

zone. Changing the shape of the melt/gas in te r face  has caused an order- 
of-magni tude decrease i n  the i n t e n s i t y  o f  the top c e l l  ; t h i s  change w i  11 

have a s ign i f i can t  e f f e c t  of r a d i a l  dopant segregation. 

To r e l a t e  these resu l t s  t o  actual  f l o a t i n g  zones requires heat 

t ransfer  a ~ a l y s i s  f o r  determining the proper length and volume o f  the 

mel t  as wel l  as the shapes o f  the f reezing and mel t ing phase boundaries. 

The framework f o r  t h i s  analysis has been l a i d  i n  re la ted  studies by E t -  

touney ( [ I  -21, a1 so see Ettouney e t  a1 . (1982)) o f  Edge-Defined Film-Fed 

Grobrth o f  t h i n  s i l i c o n  sheets and the analysis of the f l oa t i ng  zone i s  

ur,derway . 

Fundamental Studies o f  Flow Transi t ions i n  Natural Convection : 

The compl i cated patterns f o r  buoyancy-dri ven convection i n  me1 t 

crys ta l  growth systems and the importance o f  the loca t ion  i n  terms of 

temperature gradients o f  the t r a n s i t i o n  between 1 ami nar and time-periodi c 

convection have emphasized the need f o r  the development. o f  nirmeri cal  

techniques fo r  probing s t ruc ture  and t r ans i t i ons  i n  natura l  convection. 

We have undertaken such an invest igdt ion whi le  focusing on the simply 

defined heat t ransfer  systems of a v e r t i c a l  c y l  i nder heated from be1 ow 
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and a rectangular cav i ty  heated from the side; these two systems are des- 
cribed next. F ina l l y ,  the analysis has been extended t o  include the I n -  

teract ion between natural convection and a deformable mrl t h o 1  i d  phase 

boundary I n  a study o f  f low structure i n  a two-phase analog o f  the v e r t i -  
cal cy l  i nder probl em. 

The Ver t ica l  Cyl i nd t r  Heated From Below --- 

The ve r t i ca l  cy l  inder conf igurat ion was chosen because of geometrical 

s i m i l a r i t i e s  t o  the ve r t i ca l  B r i a m n  system and because o f  the avai la-  
b i l i t y  o f  previous theoret ica l  (Charlson an2 Sani 1970, 1971, 1915) and 

experimental (Liang tt a l .  1969, Olson and Rosenberger 1980) resu l t s  f o r  

checks of our resu l ts .  We have combined f in1  te-element techniques w i  t h  

the computer-aided methods developed i n  [3] f o r  detect ing and tracking ml- 

t i p l e  solut ions t o  map out the steady axisymnctric f lows t ha t  sa t i s fy  the 

Boussi nesq equations f o r  natural  convection. The resu l t s  o f  t h i  s study 

as discussed i n  [S] and i n  more d e t a i l  i n  193. A t yp ica l  so lu t ion structure 

i s  shown as Figure 7 for  a cy l inder  w i t h  height L twice i t s  radius R and a 
r nducting sidewall; here the Nusselt number f o r  the top surface  NU^ of the 

3 cyl inder i s  p l o t t ed  against Rayl t igh number Ra = 0g(TH - Tc)L 1.) f o r  each 
family o f  f lows i d e n t i f i e d  i n  our calculat ions.  The s t a t i c  s ta te  corresponds 

t o  ~ u ~ - l  and i s  the stable s ta te  up t o  the f i r s t  c r i t i c a l  value Ra 1.2 x 10 4 

where two fami l ies  o f  s ingle-cel led flows are stable and equally probable 

i n  c:.periments. The flows i n  these fami l ies  d i f f e r  only i n  the d i rec t ion  
nf the c i rcu la t ion ,  e i t he r  up o r  down along the center o f  the ampoule, and 
are otherwise ident fca l  . Our predicted locat ion f o r  the c r i t i c a l  po in t  i s  

w i th in  three percent o f  the value calculated by Charlson and Sani t1970) 

using 1 inear s t a b i l  i t y  analysis. 

For a Prandtl  number of one, the s ingle-cel led flows increase i n  i n -  

tens i ty  w i t h  increasing Ra u n t i l  both fami 1 ies  tu rn  toward decreasing values 

o f  Rayleigh number a t  a l i m i t  po in t  near Ra = Rat 6 x lo4 . This l i m i t  

point  marks the loss-of-existerce -- - - --- of s ingle-cel led flows f o r  increasing Ra 
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Pr = 1.0 

RAYLEIGH NUMBER Ra ( ~ 1 0 ' )  

rigure 7. Bifurcation diagram for a vert~cal 
cylinder with conducting sidewall ; 
Pr = 1 and A = 0.5. 



ORIGINAL PACT 54 
OF POOR QYALI'W 

Figure 8. Loci o f  three lowest c r l t i c a l  Raylefgh numbers as a 
f u n c t i ~ n  o f  aspect r a t i o  f o r  a cylindrr heated from below 
with r i g i d  s i d k a l l s .  



and may wel l  mark the upper bound f o r  steady s ta te  axisymnetric flows. 

As depicted i n  Figure 7, the two fami l ies  o f  single-cel led flows j o i n  

fami l ies o f  flows w i th  two c e l l s  stacked a x i a l l y  i n  the cyl inder. These 

two c e l l  flows branch from the s t a t i c  s ta te  a t  a second c r i t i c a l  Rayleigh 
4 number Ra 3.1 x 10 . 

Extensive calcu?ations reported i n  [9] have shown t h a t  the l i m i t  

po in t  i n  the primary fami ly o f  ce l l u l a r  flows (see Figure 5) i s  generic 

f o r  Prandtl numbers between 100 and 1 , f o r  e i ther  insulated o r  conducting 
r i g i d  sidewalls, and a wide range o f  aspect r a t i o .  This f ind ing  d i f f e r s  

from resu l ts  obtained i n  our research group and by Jones e*. a l .  (1976) 

f o r  a cyl inder w i th  shear-free walls, where the f i r s t  fami ly o f  c e l l u l a r  

flows tha t  b i furcate from the s t a t i c  state seem t o  evolve continuously 

toward higher values o f  Ra. We bel ieve t ha t  the dif ferences i n  the f low 

structures f o r  cyl inders w i th  s l ippery and r i g i d  walls i s  1 inked t o  the 

breaking o f  second-order c r i t i c a l  points tha t  ex i s t  for the problem w i th  

shear-free sidewalls. The l o c i  o f  the lowest three c r i t i c a l  Rayleigh 

number for a cyl inder wi th  r i g i d ,  insulated sidewall 1; shown i n  Figurn 8; 

each curve denotes the locat ion o f  simple b i fu rca t ion  points and i n te r -  

sections correspond t o  second-order b i fu rca t ion  o r  double-points. Note 

t ha t  the curve f o r  the mode occurring a t  the lowest value o f  Rayleigh 
number does not in tersect  the curves f o r  higher modes and tha t  the form 

o f  the c e l l u l a r  f low tha t  evolves from each c r i t i c a l  value changei con- 

t inuously along the lowest mode. This behavior i s  d i s t i n c t l y  d i f f e ren t  

from the r e s u l t  for the cy l  inder w i th  shear-free sidewall s (Liang e t  a1 . 
1969 and Rosenblat 1982) where the form o f  the convection changes abruptly 

a t  double points. We feel  t ha t  the behavior o f  the c r i t i c a l  curves and 

the existence of the l i m i t  points f o r  r i g i d  wal ls can be explained through 

the t r ans i t i on  b e t m n  sl ippery and no-sl i p  boundaries act ing as a higher- 

order imperfection tha t  destroys double points. Asymptotic analysis i s  
underway tha t  w i l l  hopeful ly confirm t h i s  hypothesis. 



The Onset o f  Tint-Periodic Flows i n  a Rectanqular Cavi ty Heat From 
the ~ l d e .  

Although the importance o f  the t rans i t ion  between laminar and time- t 

periodic convection has been well established (see the review paper by 
i 

Carruthers (1976)) few theoretical or experimcnta! studies have k e n  
directed a t  quant i tat ively understanding t h i s  t rans i t ion  i n  syst-s o f  

in terest  i n  crystal  growth o f  smiconductors. The most notable experi- 
ments are those of Hurle e t  a1 . (1 974) on the onset o f  osc i l la to ry  con- 

vection i n  a rectangular boat o f  gallium heated from the side. Crochet. 
e t  a1 . (1982) have used time-dependent f i n i t e  difference methods t o  track 
the evolution of a QAs melt i n  a rectangular boat with s l i g h t l y  d i f f e ren t  
thermal boundary conditions fm those c o n s i d n d  by Hurle and have found 
values of Rayleigh number where the flow i s  osc i l la tory .  

Our approach t o  detecting the onset o f  these osc i l la t ions has focused 
on the approach o f  bi furcat ion theory (Iooss and Joseph 1980) that  iden- 
t i f i e s  the onset o f  stable time-periodic solutions as a Hepf bi furcat ion 

point between the family of time-periodic states and one of laminar flows. 
Ao out l ine i n  the Ph.D. thesis of C.3. Chang and i n  the manuscript [Ill, 
these bifurcation points occur where a pa i r  uf complex conjugate eigen- 
values of the l inear ized and discrete version of the Boussinesq equations 
cross the imaginary axis. Chang has c&Iculated these aigenvalues fo r  the 

horizontal boat geometries considered by Hurle and Croctlet. Sample iso- 
therms and streamlines are shown i n  Figure 9 for  P r  = 0.015 and an aspect 

r a t i o  (length t o  height) o f  two; the s t a b i l i t y  of each flow I s  denoted 
2 along with the elgenva lues (scaled wi th  v/H ) for the unstable modes. Can- 

p i  ex eigen-val ues correspond t o  the onset of osc i l la to ry  convection. 

One of the m s t  important msu l t s  obtained thus far I s  the sens i t i v i t y  
of the structure o f  the laminar flow and the c r i t i c a l  Rayleigh nunber for 

the onset o f  the convection t o  the each value of the Prandtl ngber .  This 

point  i s  made by the resul ts for P r  - 0.03 shown on Fig. 10. Here the f i r s t  
t rans i t ion detected from the base laminar flow i s  t o  a second family of 

steady flows, not t o  an osc i l la tory  state. The straucture o f  the new laminar 







f low for P r  - 0.03 and fu r ther  t r a n s i t i o ~ v  t o  osc i l l a t o r y  states w i l l  

be discussed i n  [Ill. 

Effect o f  Mel t /Sol id Interface on Flow Structure and Transit ions 

An important consideration lr, the analysis o f  convection and mass 

transpor* i n  me1 t crys ta l  growth i s  the r o l e  o f  the me1 t / s o l i d  i n  i n -  
f luencing the structure o f  laminar flows and the locat ion o f  t rans i -  

t i ons  t o  time-periodic convection. One 3031 o f  91rr research has been 

t o  extend the methods f o r  computer-aided analysis o f  nonl inear s t ruc ture  

t o  sol id4 f i c a t i o n  systems t ha t  combine both buoyancy-driven convection 

I n  the me1 t and the compl ica t ions o f  the unknown locat ioa o f  the me1 t[ 

sol i d  phase boundary. We have successful 1 y reached t h i s  goal through 
a sequence of ca1 cul at ions using progressively more advanced numerical 
method;. 

F i n i t e  element methods [2] were developed f i r s t  f o r  steady s o l i d i -  

f i c a t i o n  mde l s  tha t  neglect the f l u i d  f low i n  the melt.  The reasoning 

behind the use of these simple models i s  two-fold. F i rs t ,  they are good 
descript ions of heat t ransport  for man,y c rys ta l  growth geometries, es- 
peci a1 l y  i n  a 1 ow-gravi t y  environment ; our not ion of such an "operating 

model " f o r  a meni scus-defined growth technique i s  d l  splayed i n  the work 

of Ettouney e t  a1 . (1982). Secondly, novel numerical methods are more 

ef fect ively developed for these 1 ess compl i cated systems and then extecded 

t o  account for  bulk convection i n  the melt. This strategy has been success- 
ful i n  the development o f  f ini te-element techniques by Chang [4] f o r  analy- 

z ing the in te rac t ion  of me1 t l s o l  i d  in ter face shape and buoyancy-driven con- 

vection i n  a model system where me1 t and sol i d  are held I n  a cy l i nd r i ca l  

ampoule placed i n  a ve r t i ca l  l y  destabi 1 i zcd  temperature gradient. 

When the cy l  inder i s  heated from below (Figure 1 l a )  the me1 t /bo l  i d  

system i s  a two-phase analog of the natural convection problem considered 
above and i n  [5,9]. The same techniques developed f o r  analyzing mu l t ip le  
steady flows i n  the s i  ngle-phase problem have been extended t o  the 
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FIgun 11. Model two-phase systems : (a)  Zayleigh-linard and 
vertical Bridgman geometries. 



two-phase geometry t o  understand the r o l e  of the mel t /sol  i d  in te r face  

on the structure o f  laminar flows. As I s  seen by compari~g the b i -  

furcat ton d i a g r a ~ s  Figures 7 and 12, the Dresence o f  the me1 t;sol i d  

In ter face has very l i t t l e  effect on the structure o f  the weakly non- 
l fnear  c e l l u l a r  f lows t ha t  or ig inate  along the s t a t i c  state, but  

changes qua l i t a t i ve l y  the structure o f  the f low fami l ies  f a r  from the 

b i fu rc3 t ion  points. Most noteably, the 1U and ID  flows resu l t  I n  
d i f fe ren t  shapes o f  the me1 t / so l  i d  inter faces as shown by Figure 13. 

The loss o f  s p n e t r y  between the li) and ' U f low f ie lds  signals 

an imperfection tha t  ruptures the seco5dary b i fu rca t ion  po'qt t ha t  ex- 

i s t s  along the 2U fami ly i n  the single-phase problem and resu l t s  i n  

the continuous t r ans i t l on  t n  the two-phase system between flows t n  the 

10 and 2U fami l ies.  

Although the boundarj i0:fiditlons f o r  the two-phase ~ a ~ l e i ~ h - d n a r d  
problem are extremely idealized, the flow structure for  t h i s  problem 
gives much de ta i l  about the more complicated v e r t i c a l l y  destabi 1 i r e d  

Bridgman system (see Fig. I l b )  o f  i n te res t  I n  crys:al growth. As i s  
discussed i n  171, the f i aY le i gh -ha rd  and Bridynan systems car be cnn- 
nected mathematical l y  tnrough the thermal boudnary copdl t i ons  ant the 

f l ow~s t ruc tu re  can then be thought of I n  terms o f  a continuous t rans i -  

t i o n  between the two systems. The fru i t fu lness of t h i s  approach i s  
demonstrated on Figure 14 where a sample bi furcat ion diagram and f low 

f ie lds  for  the Bridgman system are displayed. b t l c e  tha t  the patterns 
o f  th stream1 ines and the existence of the 1 i m i t  po in t  Rat are qua1 i t a -  

t i v e l  y unchanged between the kyl eigh-shard and Bridgman systems. 

Effect of Buoyancy-Driven Convection on Melt/Sol id In ter face Shape and 
W a t I  

h l t / s o l i d  interface shape and segregation i n  the c rys ta l  are the 

most eas i l y  measured indicators of the r o l e  of convection i n  me1 t growth 

systems (Kim e t  a1 . 1978, Wang aqd M i t t  1980). Previous calculat ions o f  
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Figure 14. Bifurcation diagram for vert ica;  l y  destabi lzed 
Br i  dgman system. 



convection i n  me1 t growth do not account f o r  the shape o f  the me1 t l s o l  i d  

inter face o r  f o r  rea i  i s t i c  heat t ransfer conditions and thus cannot sim- 

u l a te  experimental resul ts.  The numerical methods developed by Cha~g [4] 

make possible there calculat ions i n  a wide var ie ty  o f  small-scale growth 

systems . 
I 

Chsng's algorithm has been used a t  H.1 .T. t o  study canvectior! and 

mass t ransfer o f  a d i l u t e  component i n  thermally s tab i l ized and destabi l ized 

ver t i ca l  Bridgman systems; the s tab i l i zed  system i s  the samt as shown i n  

Figure l l b  w i th  the ampoule and furnace f l ipped over. These caluclat ions 

are aimed a t  modelling the Gallium-doped Germanium experiments of Chris 

k'ang i n  the Materials Sclence Department a t  M.1 .T. and w i  11 supply a basis . 

f o r  evaluating convection i n  other earth-bound experiments re1 ated t o  NASA's 

program on d i rect iona l  so l i d i f i ca t i on .  The resu l ts  diseasscd be1 ow are 

taken from the mre complete report  183. Sample isotherms and streamlines 

calculated i n  the stabi 1 ized geometry are shown as Figure 15 f o r  P r  = 0.01 

and a dimensicnless growth ra te  Pe - 0.01 which corresponds t o  moving the 

ampoule a t  roughly 19 mlsec.  The me l t l so l i d  interfaces i n  these calcula- 

t ions are not f l a t ,  but s l i g h t l y  curved because o f  rad ia l  temperature gra- 

dients a t  the edges o f  the gradient region and because o f  convective heat 

transfer, Interfaces are shown i n  Figure 16 t ha t  correspond t o  the f low 

f ie lds  given i n  Figure 15. These curved inter face= together w i th  the corl- 

vection i n  the melt cause rad ia l  segregation o f  the dopant i n  the crysta l .  

Chang has calculated the solute d i s t r i bu t i on  i n  a steady state analog 

o f  Bridgrnan growth using the ve loc i ty  f i e l d s  and inter face shapes predicted 

from h i s  convection calculaticrns. Figure 17 shows the d is t r ibu t ion  of solute 
4 along the s o l i d i f i c a t i o n  in ter face f o r  Rayleigh nunk rs  up t o  10 f o r  the 

gallium-doped gennaniun system o f  Kang; the Schmidt number i s  10 and the 

segregation coeff icient 1s 0.1 . Almost no rad ia i  segregation was present 

i n  the absence of natural convection (Ra = 0) because the me l t l so l i d  i n te r -  

face was sensibly f l a t  ; see Figure 16. As the convection leve l  was increased, 

the de l ivery  of solute t o  the inter face became uneven r a d i a l l y  u n t i l  a t  Ra = 
3 1 x 10 the rad ia l  segregation o f  gal l ium was maxim~zed. Ra = 1 x l o 4  

rad ia l  segregation i s  s t i  11 appreciable and the much used boundary-1 ayer 
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approximations for  ca lcu la t ing dopant d is t r ibu t ions  are not  applicable. 

The cencentration f i e l d s  a t  higher convection leve ls  tend toward a uni-  

form core, w i th  regions of rap id  change i n  dopant leve l  near each - boundary, 
t h i s  structure marks the s t a r t  of the formation of boundary layers on 

these surfaces. The amount of rad ia l  segregation i s  p lo t ted  on Figure 

18 as a function o f  Raylcigh number and segregation coe f f i c ien t  f o r  Sc = 
10. 

The sens i t i v i t y  of me1 t l s o l  i d  in ter face shape and dopant segregation 

t o  such irlrportant parameters as the length of the gradient zone and the 

r a t i o  of conduct iv i t ies between me1 t and sol i d  are establ ished i n  [a]. 

Microscopic Model 1 i n q  o f  He1 t/Sol i d  Inter face Dynamics 

Morphological stabi  1 i t y  theory describes the tendency of a micro- 

scopical ly  m o t h  s o l i d i f i c a t i o n  f r on t  separating a binary me1 t from i t s  

sol i d  t o  develop undulations t ha t  lead t o  c e l l u l a r  and dendr i t i c  i n t e r -  
faces. Although the onset of these i n s t a b i l i t i e s  has been studied using 

l i nea r  s t a b i l i t y  analysis (Mul l ins 6 Sekerka 1964) and by weakly nonlinear 

analysis (1011 kind and Segsl 1970). meta l lu rg is ts  s t i l l  lack a theoret ical  

understanding of the microscal e behavior o f  h igh ly  deformed inter faces.  

Our research has concentrated on e f f i c i e n t  ca lcu la t ion o f  1 arge amp1 i tude 

deformations o f  a mel t /so l id  in ter face and on the e f f ec t  o f  various system 

propert ies (temperature gradient, growth rate,  material properties, and 
grain boundaries) on the s t r uc tu r t  o f  the inter face.  

By adding the va7iat ion of the melt ing po in t  temperature w i th  the mean 

curvatur t  of the so l i d i f i ca t i on  interface, Ungar and E t t oun~y  [12] have 

developed a numerical method f o r  ca lcu la t ing tne shapes o f  so: i d i f i c a t i o n  

inter faces on the microscale. These numerical methods have k e n  used t o  
study a simp1 i f i e d  model for  d i rec t iona l  so1 i d i  f i c a t l o n  where the temperature 

gradient i s  assumcd t o  be l i nea r  throughout both mel t  and crys ta l  and un- 

ef fected by the morphology of the me l t l so l i d  inter  face. The assunptions 
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lead5ng t o  t h i s  model are o f t e n  v a l i d  and have been made by other  re -  

searchers (Hunt 1979, Langer 1980). The ca l cu la t i ons  shown here are 

f o r  parameter values close t o  those appropr iate f o r  the  Pb-Sb system 

studied t h e o r e t i c a l l y  i n  C o r i e l l  and Sekerka (1  980) and experimental ly 

by Morr is  and Winegard (1965). When the  i n t e r f a c e  shape was taken t o  

be pe r iod i c  w i t h  a  given wavelength the  l i n e a r i z e d  r e s u l t s  o f  Mu l l i ns  

and Sekerka (1964) were recovered and steady s t a t e  i n te r faces  w i t h  

f i n i  te-amp1 i tude c e l l  u l  a r  morphologies were ca l  cu1 ated. 

The evo lu t ion  o f  these i n te r faces  w i t h  decreasing temperature gra- 

d ien t  G ( increased const i  t u t i o n a i  i ns tab i  l i t y )  i s  depicted on Figure 

1% f o r  a dimensionless growth r a t e  Pe = 0.8 by the maximum def lec t ion  

o f  the s o l i d i f i c a t i o n  from; a  sample shape i s  shown as Figure 19b. The 

shape fam i l y  f i r s t  evolves s u b c r i t i c a l  ly ( t o  l a r g e  temperature gradients) 

and i s  unstable. k t  a  c r i t i c a l  value o f  G the  shape fam i l y  tu rns  toward 

ma1 l e r  values o f  I G  I and the c e l l u l a r  forms rega in  s tab i  l i t y  and should 

be observable. The c h a r a c t e r i s t i c  "molar" shape o f  the me1 t / s o l  i d  i n t e r -  

face was r e p w t e d  by Holmes and Ga?os (1981 ).  Increasing the  growth r a t e  

changes the s t ruc tu re  o f  the shape fami ly  from sub- t o  supe r -c r i t i ca l  and 

r e s u l t s  i n  an "s-shaped" shape fanl i ly  w i t h  two regions-of  s tab le  i n t e r -  

faces; see [12] f o r  d e t a i l s .  

In t roducing a  g ra in  boundary i n  the  m e l t l s o l i d  i n t e r f a c e  changes the 

s t ruc tu re  o f  the c o n s t i t u t i o n a l  i n s t a b i l i t y .  Ana ly t i ca l  and numerical 

r e s u l t s  for  the one-sided model discussed above [13] show t h a t  the g ra in  

boundary ruptures the b i f u r c a t i o n  between the  p lanar  and c e l l u l a r  i n t e r -  

faces. When the b i f u r c a t i o n  p a i n t  i s  s u b c r i t i c a l ,  adding the  g ra in  boundary 

leads t o  loss  o f  s t a b i l i t y  a t  a  l i m i t  po in t ,  as shown on Figure 19. When 

the o r i g i n a l  t r a n s i t i o n  i s  supe r -c r i t i ca l  ( t he  case f o r  h igh  growth ra tes ) ,  

adding the  g ra in  boundary ieads t o  a  smooth t r a n s i t i o n  t o  a  h i g h l y  curved 

in te r face  x i t h  no change i n  s t a b i l i t y .  These r e s u l t s  are cont rary  t o  pre- 

vious l i n e a r  analyses ( C o r i e l l  and Sekerka 1973a. 1975b) f o r  g ra in  angles 

near 90' which p r e d i c t  t h a t  the pressure of the  g ra in  does n o t  a f fec t  the 

p o i n t  of exchange o f  s t a b i l i t y .  Ungar has shown tha t ,  f o r  temperature gra- 

d ien ts  near the c r i t i c a l  value f o r  the c e l l u l a r  i n s t a b i l i t y ,  the steady 



TE
HP

FR
AT

UR
E 

G
R

A
D

IE
N

T 
G 

1 
x 

lo
4 

F
ig

u
re

 1
9a

. 
C

e
ll

u
la

r 
in

te
rf

a
c

e
 s

ha
pe

s 
re

p
re

- 
se

n
te

d
 b

y 
a 

p
lo

t 
o

f 
th

e
 m

ax
im

um
 

d
e

fl
e

c
ti

o
n

 o
f 

th
e

 i
n

te
rf

a
c

e
 a

s 
a 

fu
n

c
ti

o
n

 o
f 

te
m

p
e

ra
tu

re
 g

ra
d

ie
n

t.
 

C
ry

s
ta

ls
 w

it
h

 g
ra

in
 a

n
g

le
s 

o
f 

a
 

ar
e 

al
so

 s
ho

w
n.

 

F
-i

g
u

re
 1

9b
. 

S
ha

pe
 

in
te

rf
a

c
e

 s
ha

pe
s 

co
rr

es
p

o
n

d
in

g
 t

o
 t

h
2

 
p

o
in

ts
 (

7)
 a

nd
 

(2
) 

on
 

F
ig

u
re

 1
9a

. 



in ter face shapes are s ingular  funct ions o f  the gra in  angle a and a regu lar  

per turbat ion analys is  i n  t h i s  parameter, as performed by C o r i e l l  and Sekerka, 

f a i l s .  fhc co r rec t  s ing luar  analys is  p red ic t s  the c r i t i c a l  temperature 

gradient  f o r  the existence o f  the 1 i m i  t po in t  mentioned above ~ a r i e s  as 

The d e t a i l s  o f  t h i s  analys is  w i l l  be presented i n  [13]. 
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Solutal Convection and Its Effects 

on Crystal Growth in Binary and Pseudo-Binary Systems 

with Large Liquidus-Solidus Separation 

Principal Investigators: Robert A. Brown 
and 

August F. Witt 

This repo r t  d e t a i l s  the f i r s t  year of a theo re t i ca l  and experimental 

study i n t o  s o l u t a l  convection and i t s  effects on c r y s t a l  growth and seg- 

regat ion i n  b inary and pseudo-binary systems w i t h  l a rge  l iqu idus-so l idus  

separation. S ign i f i can t  progress has been made toward the  qoals o f  t h i s  

research. Theoret ica l  analyses o f  me1 t i n g  and e q u i l  i b r a t i c n  on me1 t and 

s o l i d  have y ie lded new ins igh ts  i n t o  the f i r s t  stages o f  c r y s t a l  growth 

of  b inary compounds; a simple, one-dimensional model o f  d i r e c t i o n a l  so- 

l i d i  f i c a t i o n  has been used t o  examine t r a n s i e n t  behavior i n  non-d i lu te  

systems ; and f i n i  te -e l  w e n t  methods have been developed f o r  simul ta re-  

ously c a l c u l a t i n g  thermal - and so lu ta l  -d r iven convection, temperature, 

and concentrat io3 f i e l d s  and the m e l t / s o l i d  i n t e r f a c e  shape i n  v e r t i c a l  

Bridgman growth. Ex7eriments a t  M I T  have focused on the me l t  growth o f  

PbSnTe which has been ca r r i ed  out  successfu l ly  i n  both a l iquid-encap- 

sul ated Czochral s k i  and v e r t i c a l  Bridgman conf igura t ions  . Research i 5 a 

p a r a l l e l  co l l abo ra t i ve  study i n  the Metal lurgy D i v i s i o n  o f  the Centre 

dlEtudcs I lucleaires de Grenoble has centered on the growth o f  GeSi in  a 
Bridgman furnace. 

SCOPE OF PROGRAM 

During s o l i d i f i c a t i o n ,  conventional doped semiconductor systems ex- 

h i b i  t growth and segregation behavior which i s  i n  quan t i t a t i ve  agreement 



w i t h  establ ished t h e o r e t i c a l  concepts f o r  mass t rans fer  and f l u i d  flow. 

There e x i s t s  mounting evidence, however, t h a t  systems w i t h  l a rge  1 i q u i -  

dus-sol idus  separat ion e x h i b i t  segregat ion and morphological character-  

i s t i c s  t h a t  cannot be reconc i led  w i t h  the convent ional p i c tu res  fo r  

convection i n  t he  mel t  which r e l y  on thermal gradients t o  create den- 

s i t y  gradients f o r  d r i v i n g  no t ions  o f  the mel t .  I n  non-d i lu te  systems 

dens i ty  d i f f e rences  caused by the  r e j e c t i o n  o f  so lu te  du r ing  s o l i d i f i -  

ca t i on  g ive r i s e  t o  buoyancy-driven f lows t h a t  a re  no t  accounted for  i n  

segregation theory. The g ~ a l  o f  our  research and of the p a r a l l e l  re -  

search programs l e d  by Dr. J. J.  Favier  o f  the Meta l lu rgy  D i v i s i o n  of 

the Centre d '  Etudes Nucleaires a t  Grenoble i s  t o  understand the  r o l e  of  

s o l u t a l  -d r iven convect ion i n  c r y s t a l  growth o f  ma te r i a l s  w i t h  l a r g e  sep- 

a r a t i o n  of t he  1 i quidus and sol  i dus  curves. Exoerimental and theo re t i ca l  

programs are underway a t . b o t h  i n s t i t u t i o n s  and the  c c l l a b o r a t i o n  has been 

fueled by t r i p s  by E. D. Pourret  and R. A. Brown t o  Grenoble and by 3 .  J. 

Favier t o  M.I .T.  

The experiments focus on separat ing ou t  the ef fects o f  s o l u t a l -  

d r iven convect ion i n  v e r t i c a l  Bridgman growth of b inary  and pseudo-bi- 

nary c y r s t a l  s. To do t h i s ,  two systems are being considered t h a t  

should e x h i b i t  q u a l i t a t i v e l y  d i f f e r e n t  f low behavior. The French group 

i s  studying (Rouzaud 1982) Bridgman growth o f  GeSi (Ge - 5% S i  a l l o y )  

w i t h  the  c r y s t a l  on the bottom. I n  t h i s  conf igura t ion ,  the mean 

(cross-sect ional  average) a x i a l  temperature increases w i t h  d is tance 

i n t o  the me1 t and i s  s t a b i l i z i n g  w i t h  respect  t o  buoyancy-driven f lows. 

During growth, the  heavier component ( s i l i c o n )  i s  re jec ted  a t  the so- 

l i d i f i c a t i o n  f r o n t  and thus the mean a x i a l  composit ion p r o f i l e  i s  a lso  

s tab i  1 i z i n g .  Hence, the o n l y  convect ive motions expected i n  t h i s  sys- 

tem are those caused by r a d i a l  gradients of temperature and composit ion 

induced by curva ture  o f  the m e l t / s o l i d  i n te r face .  The furnace recen t l y  

designed i n  Grenoble f o r  these experiments (Rouzaud 1982) w i l l  have 

small r a d i a l  gradients ( t h e o r e t i c a l l y  zero) over a n ine cent imeter 

length  o f  the furnace wh i le  main ta in ing  a SO°C/cm a x i a l  gradient .  

Experiments a t  M I T  have centered on the growth o f  PbSnTe, a 

pseudo-binary compound, which when grown i n  the thermal ly  s tab le  Bridg- 

man con f i gu ra t i on  r e j e c t s  the l e s s  dense component (SnTe) a t  the i n t e r -  



f a c t  and so leads  t o  a d e n s i t y  p r o f i l e  i n  the me1 t t h a t  i s  uns tab le .  

Much more rampant convec t ion  i s  expected here t han  i n  t h e  GeSi system. 

Progress toward these exper iments i s  descr ibed  below. 

The two exper imenta l  programs a r e  coupled t oge the r  by t h e o r e t i c a l  

c a l c u l a t i o n s  C ~ i n g  developed a t  MIT f o r  the  s teady convec t ion  i n  pro-  

to types o f  these exper iments.  The c a l c u l a t i o n s  a r e  based on t h e  fi- 

n i  t e  element a1 g o r i  thm developed by Chang (Chang and Brown 1982) f o r  

computing s imu l taneous ly  t he  temperature, v e l o c i t y ,  and pressure 

f i e l d s  i n  t h e  me1 t, t h e  temperature f i e l d  i n  t h e  c r y s t a l ,  and t he  

shape o f  t h e  m e l t / s o l i d  phase boundary f o r  a single-component me l t .  A 

g rea t  deal  o f  thermo-physical  da ta  i s  necessary t o  s u c c e s s f u l l y  model 

e i t he r  o f  these exper imenta l  systems. Only i n  ;he G9Si system i s  t he  

data a v a i l a b l e  (Dismuke and Kim 1974). A thorough l i t e r a t u r e  survey 

of t he  PbSnTe system (Adornato 1981) has exposed l a r g e  gaps i n  t he  

knowledge o f  t h i s  system, e s p e c i a l l y  i n  the me l t .  For example, such 

r a u t i n e  da ta  as t he  thermal c o n d u c t i v i t y  o f  t he  m e l t  has no t  been mea- 

sured. Wi thout  t h i s  data,  the match ing o f  c a l c u l a t i o n s  t o  experiments 

w i l l  be ext remely  tenuous. 

RESEARCH SUMMARY 

B ~ s i  s Fac to rs  C ~ n t ~ l  i n g  Seeded Me1 t Growth o f  Concent ra ted A 1  l o y s  . 
E x p e r i m n t  design and execu t ion  : 
Basic s t u d i e s  o f  semiconductor c r y s t a l  growth f rom the  m e l t  have 

i n  the  pas t  been m a i n l y  concerned w i t h  t he  behav io r  o f  d i l u t e  (doped) 

a l l o y  systems. Recent ly ,  however, focus i s  be ing  p laced on more. com- 

p lex pseudobinary systems (HgCdTe, PbSnTe, GeSi, GaInSb, e t c . )  i n  

which t he  l i q u i d u s - s o l i d u s  sepa ra t i on  becomes l a r g e r .  A l a r g e  li- 

quidus-so l  idws gap may 1 ead t o  pa j o r  compl i c a t i o n s  f o r  exper iment de- 

s i g n  and execu t i on  s i nce  t he  growth i n t e r f a c e  temperature i s  a pro-  

nounced f u n c t i o n  o f  compos i t i on  and thus s u b j e c t  t o  change by severa l  

tens o f  degrees d u r i n g  the  course 3 f  a growth exper iment.  Complica- 

t i o n s  i n  s ~ l  i d i f i t a t i o n  o f  such c r y s t a l s  a r i s e  p r i m a r i l y  from uncer-  

t a i n t i e s  concern ing  the  growth i n t e r f a c e  temperature and the  l o c a t i o n  

and shape o f  t h e  c r y s t a l - m e l t  i n t e r f a c e  w i t h i n  a g iven  thermal g rad i -  

e n t  reg ion .  A seeded me l t -g rowth  exper iment i n  a Bridgman-type con- 
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f i g u r a t i o n  csn be conducted e i t h e r  by e s t a b l i s h i n g  melt-seed c o n t z c t  o r  

by p a r t i a l  me1 t i n g  o f  a  s i n g l e  c r y s t a l  i n g o t  and subsequent regrowth.  

Th is  l a s t  procedure was adopted, f o r  example, i n  growth exper iments 

under reduced g r a v i t y  c o n d i t i o n s  ( W i t t  e t  a l .  1978). I n  bo th  approaches 

t h e  ac tua l  l o c a t i o n  o f  t h e  seed-me1 t i n t e r f a c e  w i t h i n  t he  thermal g rad i -  

e n t  r eg ion  i s  c o n t r o l l e d  by t h e  p r e v a i l i n g  composi t ions o f  t he  con tac t -  

i ~ g  phases. The concen t ra ted  a l l o y s ,  the  growth i n t e r f a c e  temperature 

a t  t he  end of  t he  back-me1 t i n g  (seeding ope ra t i on )  as w e l l  as d u r i n g  

e q u i l i b r a t i o n  assumes a  va lue  which i s  a  p r i o r i  unknown bu t  i s  some- 

where between the  s o l i d u s  and l i q u i d u s  temperatures, which i n  such sys- 

tems may d i f f e r  by as much as 100°C. The consequences o f  t h i s  uncer-  

t a i n t y  i n  the  va lue  o f  t h e  i n t e r f a c e  temperature a re  apparent i n  F i g .  1  

which prov ides a  schematic a x i a l  temperature d i s t r i b u t i o n  i n  a  Bridgman 

growth con f i gu ra t i on .  Accord ing ly ,  i f  the  growth i n t e r f a c e  temperat::re 

i s  c l ose  t o  t he  l i q u i d u s  temperature,  t h e  i n d i c a t e d  l o c a t i o n  o f  t he  am- 

pou le  i s  adequate; if, however, the  i n t e r f a c e  temperature approaches 

t he  so l i dus  temperature,  t h e  dep i c t ed  growth c o n f i g u r a t i o n  w i l l  l ead  t o  

f a i  1  u re  of the experiment. 

A f u r t h e r  exper imenta l  comp l i ca t i on  a r i s e s  f rom the requi rement  o f  

growth i n t e r f a c e  " p l a n a r i t y "  which i s  cons idered e s s e n t i a l  i f  r a d i a l  

composi t i o n a l  homogenei t y  i n  t he  absence o f  convect i o n  i s  t o  be ach i  eved . 
Whi le  i t  i s  f e a s i b l e  i n  Bridgman c o n f i g u r a t i o n s  t o  c o n t r o l  heat  f low f o r  

t h e  estab l ishment  o f  growth i n t e r f a c e  p l a n a r i t y  a t  a g i ven  temperature 

(F ig .  2 ) .  i t  i s  beyond t h e  s t a t e - o f - t h e - a r t  t o  achieve i n t e r f a c e  p lan-  

a r i t y  a t  a  g fven temperature ( p a r a l l e l  heat  f l o w )  over  a  temperature 

range o f  about 100 O C .  A s o l u t i o n ,  i n  p r i n c i p l e ,  can be found i f ,  f o r  

t r a n s i e n t  me1 t i n g  and growth, t he  t ime  (composi t ion)  dependence o f  t he  

growth i n t e r f a c e  temperature i s  t h e o r e t i c a l l y  o r  expe r imen ta l l y  de te r -  

mined and hea t  f l o w  c o n d i t i o n s  a r e  con t i nuous l y  ad jus ted  so as t o  main- 

t a i n  i n t e r f a c e  p l a n a r i t y  under t r a n s i e n t  growth cond i t i ons .  

The compl i c a t i o n s  assoc ia ted  w i t h  seeded c r y s t a l  growth o f  systems 

w i t h  l a r g e  l i q u i d u s - s o l i d u s  sepa ra t i on  a re  r e l a t e d  t o  d i f f u s i v e  mass 

t r a n s f e r  w i t h i n  and between the  l i q u i d  and s o l i d  phases i nvo l ved .  Since 

mass t r a n s f e r  i n  the  l i q u i d  phase i s  s t r o n g l y  a f f e c t e d  by convect ion,  

any meaningful growth exper iment must be c a r r i e d  o u t  e i t h e r  i n  the  ab- 

sence o f  convec t i on  o r  under c o n d i t i ~ n s  o f  c o n t r o l l e d  convect ion.  
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' UNCERTAINTY ' 
OF INTERFACE - 

Figure  1. U n c e r t a i n t y  o f  i n t e r f a c e  l o c a t i o n  i n  systems 
w i t h  l a r g e  l i q u i d u s - s o l i d u s  separat ion.  
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crucible 

Figure 2. Schematic o f  Bridgman growth o f  non- 
dilute binary crystal . 



Melt-Seed Contact and Equ i l i b ra t i on .  

I n  a b ina ry  system, such as the  one schemat ica l ly  ind ica ted  i n  F ig .  

2, there  i s  o n l y  one s e t  o f  compositions, CS and CL, a t  a given temper- 

a tu re  fo r  which the  l i q u i d  phase and the contac t ing  s o l i d  phase are  i n  

thermodynamic equ i l ib r ium;  f o r  example, CL = tL" )  and Cs = c ~ ( "  a t  

T ~ ( ~ )  
. This p a r t i c u l a r  c o n f i g u r a t i o n  must be considered as hypothet ica l  

s ince i t  i s  n o t  normal ly  r e a l i z e d  i n  seeded c r y s t d l  growth experiments. 

A whole range o f  concentrat ions can be encountered f o r  both the so l  i d  

and the l i q u i d  phase a t  the beginning o f  the e q u i l i b r a t i o n  period, i.e., 

when the me1 t c o ~ t ~ c t s  the seed. For example, the seed composit ion i s  

o f t e n  i d e n t i c a l  t o  t h a t  O F  the mel t .  Any conf igura t ion  depart ing from 

equ i l  ib r ium y i e l d s  i n s t a b i l  i t i e s ,  and d i f f u s i o n a l  t r a n s f e r  takes place 

through the l i q u i d - s o l i d  i n t e r f a c e .  I n  the subsequent analys is ,  the 

i n t e r f a c e  temperature a t  the t ime o f  a r r e s t  i s  taken t o  be the l i q u i d u s  

temperature a t  the concent ra t ion  o f  the me l t  so t h a t  there are no addi -  

t i o n a l  phenomena due t o  a supercooled me1 t. The range o f  composit ion 

chosen f o r  thz  seed should be l i m i t e d  t o  regions I (Fig.  2)  and I 1  s ince 

i n  reg ion  I I I the seed waul d rilei t t o  an ex ten t  determined by the therma! 

gradient  i n  the furnace and the r e s u l t i n g  increase i n  the mel t  concen- 

t r a t i o n  would decrease i t s  l i q u i d u s  temperature. 

The f rez  energy curves drawn a t  T 
L ( L )  

fo r  the l i q u i d  and the s o l i d  

phases are shown i n  Figs 3 and 4. A so l ic ;  a t  CS ( o )  i n  reg ion  I (Fig.  

3 )  cannot form a 1 i q u i d  a t  temperature TL(,). The t r a n s i t i o n  from cSio) 

to  a value o f  lower f r e e  energy can occur by d i f f u s i o n  o f  the so lu te  

through the i n t e r f a c e  and y i e l d  an e q u i l i b r i u m  con f i gu ra t i on  a t  the i n -  

terface. I f  d i f f u s i o n  i n  the l i q u i d  i s  much f a s t e r  than I n  the s o l i d  

(DL >, D * )  o r  i n  the presence o f  in tense convect ive mixing, no boundary 

l a y e r  bui ld-up i n  the l i a u i d  phase occurs (assuming i n f i n i t e  length  t o  

e l im inate  end ef fects)  and the t ransformat ion i s  e s s e n t i a l l y  isothermal 

(path i n  F ig.  3 ) .  As the r a t i o  a = DS/DL increases, a so lu te  boundary 

l aye r  w i l l  form ahead o f  the s o l i d - l i q u i d  in te r face .  The i n t e r f a c e  comp- 
o s i t i o n  i n  the l i q u i d  phase decreases, which induces a ~ i m u l t d ~ ~ e c u s  increase 
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i n  the i r ~ t e r f a c e  temperature accordirrg t o  the  shape o f  the l i q u i d u s  curve 

(path 2 i n  Fig. 3). Subsequently, the i n t e r f a c e  moves toward the  l i q u i d  

and s o l i d f f i c a t i o n  occurs dur inq e a u i l i b r a t i o n .  

I n  reg ion  I 1  o f  the phase dPagram (Fig.  4 )  the :ol i d  can form a 

l i q u i d ,  which lowers i t s  f r e e  energy toward an e q u i l i b r i u m  conf tqura-  

t i on .  The ex ten t  t o  which the seed mel ts  i s  l i m i t e d  by the mass t r a n s  

f e r  through the in te r face ,  the thermal g rad ien t  i n  the furnace and the. 

d i l u t i o r  e f f e c t  r e s u l t i n g  from m e l t i n g  o f  the seed. I f  DL >> Ds, as 

f o r  the case o f  the seed composit ion i n  reg ion  I, the process i s  i so -  

thermal. As a = D /D  increases , the  i n t e r f a c e  temperature drons due s L 
t o  the so lu te  d i f f u s i o n  l a y e r  i n  the  l i q u i d  phase and e q u i l i b r a t i o n  

occurs through m e l t i n g  o f  the seed. Me l t i ng  o f  the seed i s  expected 

t o  be a rapid,  d i f f u s i o n l e s s  process; the  r csu l  t i n y  d i l u t i m  6-i the 

mel t  can then r e s u l t  i n  p a r t i a l  r e s o l i d i f i c a t i o n .  id \  reg ion  111, an i n -  

crease i n  the m e l t  composSition due t e  m e l t i n g  o f  the seed w i l l  i n d ~ c e  

fu r the r  backmel tdng u n t i l  e q u i l i b r i u m  i s  reat  hed. 

The above thermodynamic considerat ions are useful t o  p r e d i c t  i f  

the equi 1 i b r a t i o n  step i s  accompanied by s o l i d i f i c a t i o n  (cS('; i n  region 

I )  o r  by mel t ing  ( C ~ ( O )  i n  region 11); it, however, f a i l s  t o  g ive quan- 

ti t a t i v e  data for  the evo lu t i on  o f  the  concentrat ion and temperature a t  

the l i q u i d - s o l i d  i n t e r f a c e  and i n  both bulk  phases. Ghez 2nd Small ( 
1981 ; a1 so see Sma? 1 and Ghez 1979) have solved the problem o f  mass t rans-  

f e r  involved i n  the e q u i l i b r a t i o n  process f o r  the  formulat ion o f  heteru- 

s t r u c t r ~ r e s  by 1 i q u i d  phase epi  taxy . An ana lys is  o f  equi 1 i b r a t i o n  dur ing 

seeding i n  melt-growth d i f f e r s  from t h e i r  treatment f o r  the  thermal f i e l d  

g o v e r ~ i n g  the  process and f o r  the simultaneous change o f  the  bulk  mel t  

concentrat ion as mentioned e a r l i e r .  I t  then involves a s o l u t i o n  fo r  the 

coupltd heat and mass t rans fe rs  i n  both phases, the i n t e r f a c e  condi t ions 

bein5 t i e d  t o  thephase diagram. Such a Stephan problem has no t  y e t  been 

solved ana ly t i ca l  1 y . However, the expected r e s u l t s  can be qua1 i t a t i v e l  y 

assessed. I n  Fig. 5, regions I and I 1  are  re fer red  t o  as "s tab le"  and 

"unstable" respect ive ly  w i t h  regard t o  the morphological s tab i  1 i t y  o f  

the i n te r face  i n  each conf igura t ion .  For convenience, one introduces 



I In i t ia l  
r n t a r f r c .  
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Figure 5. Compositional inhomogenei ties due to 
equil i brat ion in the crystal once re- 
growt;~ is initiated. 
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the r a t i o  o f  the i n i t i a l  bulk seed composition t o  the i n i t i a l  bu l k  mel t  

composition, p = (c!o)/c~(o)!. From the prev ious ly  s t ?  ted assumption, 
. . 

the i n te r face  temperature i s  the l i q u i d u s  temperature L ( L )  and the 

system Is maintained i n  a p o s i t i v e  s t a b i l i z i n g  thermal aradient .  The 

s o l i d  t h e w i s  i n  a s tab le  c o n f i g u r a t i o ~  i n  region I, i f  p < k, k < I or  

p > k ,  p > 'I, s ince the temperature o f  the i n te r face  i s  below ffie 

sol idus temperature f o r  t5e range o f  concentrat ion betweeo CS and 

c ~ ( ~ ~ )  ( c ~ ( ~ ~ )  i s  t i * :  l n t c r f a c e  composit ion i n  the s o l i d  onc3 e q u i l j -  

brium i s  reached. ). I n  the l i q u i d  phase, the temperature i s  a t  t h e  

l i qu idus  temperature a t  the i n t e r f a c e  and above i t  fu r ther  from t b e  

in te r face .  According t o  the consi  t u t i o n a l  supercool i n g  c r i t e r i a  (Rut- 

t e r s  e t  a1. 1953) ,  ' 1e system i s  i n  a s tab le  conf igurat lan.  

I n  region 11, +.he system i s  subject t c  m r p h o l o g i c a l  i n s t a b i l i t e s  at d 

steep tmpera tu rc  gradients are requ i red  t o  maintain s t a b i l  it:, 'i P r k ,  
k < l o r p < k , k > l .  I n i t i a l  ccod i t ions  such t h a t  

p c k, k < 1 o r  p > k, k > 1, corresponding t o  the b u l k  seea cornposi- 

t i a n  i n  reg ion  I are then favorable s ince i t  prevents reoions c f  super- 

cooled l i q u i d  o r  superheated s o l i d .  The concentrat ion p r o f i l e s  ex- 

pected i n  the c r y s t a l  a f t e r  e q u i l i b r a t i c n  and a r e  presented ill F iaure  5 

f o r  each i n i t i a l  condi t ion,  discussed above. I f  the seed i s  i n i t i a l l y  

i n  region 1, a t r a n s i t i o n  reg ion  o f  uncont ro l led  grow:h i s  expec ted  i n  

which the ccncent ra t ion  increases r a p i d l y ,  due t o  uncoqtro l led s o l i d -  

i f i c a t i o n .  I f  the seed i s  i n i t j a l l y  i n  reg ion  11, a decrease i n  the 

concentrat ion i s  expected i n  the reg ion  o f  uncontro;led growth,  due t o  

me1 t i n s  and eventual p a r t i a l  reso l  i d i  f i c a t i o n ,  as discussed e a r l i e r .  

I t i s  important t o  note t h a t  the exact concentrat iort  ~ r o f l l e s  i n  the 

region o f  uncont ro l led  growth are  s t rong ly  dependent on the l e v e l  o f  

convective mix ing  i n  the mel t .  

Crysta l  Growth and Chdrac ter iza t ions  o f  PbSnTe. 

Experimental research has focuscd on techniques f o r  the me l t  

growth o f  s i ng le  c r y s t a l  PbSnTe and f o r  the c h a r a c t e r i z a t i o ~  o f  i t s  

segregation behavior. Bc-th the v e r t i c a l  Bridgaan and Czcchralski 

techniques have been used success fu l l y  t o  grow PbSnTe. I n  the t:rll!gman 



technique, a p recas t  charge of  PbSnTe i s  loaded i n t o  a quartz ampouie 

tha t  i s  tapered on the bottom t o  seed the  c r y s t a l .  The ampoule i s  po- 

s i  t ioned i n  the v e r t i c a l  furnac2 described by M i t t  (1981 ) and me1 ted. 

D i rec t i ona l  s o l i d i f i c a t i o n  i s  d r i ven  by lower ing the ampoule from the 

bottom o f  the furnace and the onset o f  s o l i d i f i c a t i o n  i s  by hetero- 

geneous nuc lea t i on  caused by the temperature a t  the bottom o f  the am- 

poule dropping below the so l idus  temperature o f  PbSnTe mel t .  When 

the included angle o f  the  tapered ampoule exceeded 60°, the gra ins i n  

the po l y -c rys ta l  grew toward the s ide of the  ampoule and l e f t  a s ing le  

c r y s t & l  i n  the  c y l i n d r i c a l  p o r t i o n  o f  the anpoule. Heterogeneous nu- 

c l e a t i o n  was suppressed completely by seeding the me1 t w i t h  a s ing le  

c r y s t a l  o f  PbSnTe w i t h  < l o o >  or ien ta t 'on .  Results o f  experiments 

w i t h  seeded growth are  described i n  [3] and h igh l i gh ted  below. 

The PbSnTe c r y s t a l s  grown by e i t h e r  the Czochralski  o r  v e r t i c a l  

Bridgman methods were s o f t  and cleaved e a s i l y  a lcng the [100] d i rec -  

t ion .  Special care  was needed t o  minimize mechanical stresses i n  the 

c r y s t a l  induced du r ing  prepara t ion  o f  the c r y s t a l ;  f o r  example, both 

u l t rason ic  c lean ing  and high-speed mechanical p o l i s h i n g  had t o  be 

avoided. Good qua1 i t y  p o l i s h i n ?  o f  s l i c e s  c u t  w i t h  a low-speed w i re  

saw was obtained by sequen t ia l l y :  

1. P o l i s h i n g  w i t h  5 pm A1203 powder on a glass p la te .  

2 .  P o l i s h i n g  w i t h  0.3 urn A12C2 on a f e l t  pad. 

3 .  P o l i s h i n g  w i t h  0.05 um 4l2Oj on a f e l t  pad. 

4 .  Poi i sh ing  w i t h  a Clorox-Syton mix ture  (one-to-one by volume) 

on a f e l t  pad. 

The q u a l i t y  o f  the  c r y s t a l  surface was cont i  o l l e d  by Normarski i n t e r -  

ference microscopy. This  procedure y ie lded p e r f e c t l y  pol ished surfaces 

tha t  were the source ma te r ia l  f o r  s tudies o f  d i f f e r e n t i a l  etching. 

S t r i a t i o n s  i n  the c r y s t a l s  grown by the Czochralski  method were 

revealed us ing  the  Norr e l e c t r o l y t i c  e tch  ( 6  v o l t s  f o r  4 minutes).  

Compositional t races made by the e lec t ron  microprobe confirmed t h a t  

t h i s  etching d i f f e r e n t i a t e s  between PbTe and SnTe r i c h  regions. This 

etchant has f a i l e d  t o  reveal  the concentrat ion v a r i a t i o n s  caused by 



Pel t i e r  pu l s ing  i n  the v e r t i c a l  Bridgman cor,f i  gurat ion.  Ti,e causc o f  

t h i s  f a i l u r e  i s  n o t  completely understood, a l  though one poss ib le  ex- 

p lanat ion  i s  t he  l a c k  o f  s e n s i t i v i t y  o f  the etchant  t o  small concen- 

t r a t i o n  f l uc tua t i ons .  This  p o i n t  i s  being inves t iga ted  fu r ther .  

Since the l a r g e  l i qu idus -so l i du5  separat ion i n  the PbSnTe system 

caused a  pronounced composit ion dependence o f  the grohth on the i n t e r -  

face temperature, i t  was o f  i n t e r e s t  t o  analyze both the growth and 

segregation behavior i n  the  reg ion  o f  the seed-me1 t in te r face .  We 

have done t h i s  us ing  composit ion analyses (wt.  X Sn) based on e l e c t r o n  

microprobe scans f o r  c r y s t a l s  grown i n  the v e r t i c a l  Bridgma3 system; 

complete r e s u l t s  a r e  repor ted  i n  131.  The a x i a l  cornp~si t i o n  p r o f i l e s  

are shown i n  F i g i r e  6 f o r  the two c r y s t a l s  ( A  and B) whore growt? 

parameters are  summarized i n  Table I and i n d i c a t e  the e,<istance o f  a  

" t r a n s i t i o n  region"  between the seed and the  c r y s t a l  gr3wn a t  constant 

lower ing ra te ;  i n  t h i s  reg ion  the  Sn concent ra t ion  changes from t h a t  

o f  the seed t o  the  m e l t  composit ion r e s u l t i n g  from d i l u t i o n  o f  the 

charge by the p a r t i a l  fie1 t i n g  o f  t he  seed. Using microprobe scans 

w i t h  11 pm spacings t h i s  t r a n s i t i o n  reg ion  i s  found t o  have a  thickness 

o f  400 and 150 urn f o r  the c r y s t a l s  A and B, r espec t i ve l y .  

The o r i g i n  o f  the re;:on o f  uncont ro l led  grgwth was deduced from 

the length  o f  seed meltback ( 7  mm i n  both c r y s t a l s )  and the  composit ion 

o f  the i n i t i a l  reg ion  o f  growth. Upon me1 tback o f  t he  seed, k i t h  the 

crystal-me1 t i n t e r f a c e  a t  the 1  iqu idus  temperature, a me1 t reg ion  i s  

generated i n  which the Sn concent ra t ion  i s  s i g n i f i c a n t l y  l ess  than i n  

the bulk  melt .  Since, du r ing  the ensuing e q u i l i b r a t i o n  per iod the Sn 

concentrat ion i n  t h i s  reg ion  increases because o f  the d i f f u s i o n  and 

convection o f  Sn from the bu l k  mel t ,  the l i q u ~ d u s  temperature w i l l  i n -  

crease and cause c r y s t a l  growth a t  the me1 t / s o l  i d  i n t e r f a c e  w i thout  

q u l l i n g  o f  the  c r y s t a l .  The magnitude o f  t h i s  uncont ro l led  growth i s  

a func t ion  o f  the  composit ions o f  the seed and bulk me1 t, the ex ten t  

o f  me1 tback, the l eng th  o f  me1 t, and the degree of composit ional e q u i l -  

; b ra t i on  o f  the mel t .  I n  terms o f  these parameters, the d i f fe rence i n  

the widths o f  the uncont ro \ led  growth regions i n  c r y s t a l s  A and B i s  

a t t r i b u t e d  t o  the  lower Sn concent ra t ion  i n  the seed of A which r e s u l t s  
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i? a l o v e r  i n t e r f a c e  temperature d u r i  t ~ g  me1 tback and more extensive 

uncontro l led growth du r ing  e q u i l i b r a t i o n  of  the me1 t, than f o r  c r y s t a l  

6. 

It i s  s i g n i f i c a n t  that ,  w i t h i n  the  e r r o r  l i m i t s  o f  the ana lys is ,  

the composit ion o f  the i n i t i a l  p o r t i o n  o f  c o n t r o l l e d  growth i s  the 

same fo r  both c r y s t a l s .  The sho r t  e q u i l i b r a t i o n  per iod  o f  o n l y  40 

minutes f o r  c r y s t a l  A po in t s  t o  the fac t  t h a t  convect ive mix ing  was 

the prevalent  mechanism f o r  ob ta in ing  composit ional u n i f o r m i t y  o f  the 

melt .  As i s  seen i n  Figbre 6, the a x i a l  composit ion p r o f i l e s  f o r  the 

f i r s t  3 mn o f  growth i n  c r y s t a l s  A and B are i d e n t i c a l  w i t h i n  e r r o r  

bounds f o r  the  microprobe. T i n  a l so  was found t o  be d i s t r i b u t e d  

uniformly across the radius o f  each c r y s t a l  as shown i n  Figure 7. 

S t r i c t l y ,  t h i s  r e s u l t  i s  i nconc lus i v r  s ince a  uniform Sn concent ra t ion  

can r e s u l t  from e i t h e r  a f l a t  me1 t t c r y s t a l  i n te r face  i n  the absence o f  

convection o r  from a  curved i n t e r f a c e  coupled w i t h  so rampant convec- 

t i o n  t h a t  a  t h i n  and uni form boundary l aye r  forms along the i n t e r f a c e  

and i s o l a t e s  the  c r y s t a l  from r a d i a l  segregation. When taken together,  

the rad'al and a x i a l  segregat ion behavior p o i n t  t o  convect ion i n  the 

melt ,  espec ia l l y  adjacent t o  the i n te r face .  

Mode11 i n q  of Growth and Convection i n  Non-Di lute B inary  Systems. 

We have pursued two approaches i n  our e f f o r t s  t o  model the d i -  

r e c t i v n a l  s o l i d i f i c a t i o n  o f  b inary  c r y s t a l s .  I n  the f i r s t ,  the t ran-  

s ien ts  i n  growth r a t e  and c o m p o s i t i o ~  caused by changes i n  the ampoule 

p u l l  r a t e  o r  the temperature o f  the surroundings are being s tud ied  

us ing a  simple, time-dependent one-dimensional model f o r  s o l i d i f i c a t i o n .  

I n  the second s e t  o f  ca lcu la t ions ,  the  more d e t a i l e d  f i n i t e -e lemen t  c a l -  

cu la t ions  are being used t o  determine the f l u i d  f l ow  and me1 t i s o l i d  

i n t e r f a c e  shapes i n  a s teady-state pro to type o f  the Bridgman system. 

The mo t i va t i on  and approach t o  each o f  these analyses i s  l a i d  ou t  

be1 ow. 
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Figure 7 .  Radial solute  segreqation in Pb 0 7Sn9 aTe c ry s t a l s  A and B grown a t  V = 0.5 Lm 5 c .  

CRYSTAL 8: 
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Figure 8. ~ i s t r i b u t i o n  of furnace temperature and 
heat t ransfer  coefficient  for  the s t a t i c  
ampou 1 e . 
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One-Dimensional Model 1  i n g  o f  Transients i n  D i r e c t i o n a l  Sol i d i  fi- 

cat ion .  

When the  me l t i ng  p o i n t  o f  the c r y s t a l  i s  s t rong ly  dependent on 

the composit ion o f  the mel t  a t  the m e l t / s o l i d  i n t e r f a c e  the  r a t e  o f  

equ i l i b r i um o f  the growth v e l o c i t y  t o  changes i n  the  p u l l  r a t e  de~ends 

on the r a t e  o f  e q u i l i b r a t i o n  o f  the composit ion f i e l d  i n  the me l t  as 

we l l  3s on t h e  t ime f o r  e q u i l i b r a t i o n  o f  the thermal f i e l d .  I n  fac t ,  

for  t y p i c a l  b inary  and pseudo- b i  nary me1 t growth systems, e. g., 

HgCdTe, PbSnTe, and GeSi, the  t ime scale f o r  mass d i f f u s i o n  i s  much 

l a r g e r  than the one f a r  heat and i t  con t ro l s  the ra tes  o f  any t r a n s i -  

ents i n  the growth system. 

We have developed a one-dimensional ( i n  the a x i a l  d i r e c t i o n )  

model o f  heat and mass t ranspor t  i n  a  Bridgman system t h a t  contains 

a l l  the gross features o f  the growth when mass t r a n s f e r  i s  con t ro l l ed  

by d i f f u s i o n .  Even i n  t h i s  case the r e s u l t i n g  equations describe a  

moving boundary problem f o r  the l o c a t i o n  w i t h  t ime o f  the me1 t / s o l i d  

i n te r face ,  the concentrat ion p r o f i l e  i n  the m e l t  and the temperature 

p r o f i l e  i n  both phases. The boundary irnmobil i z a t i o n  method f i r s t  

developed by Landau (see i t t o u n e y  and Brown 1982) i s  used t o  d isc re-  

t i z e  t h i s  equat ion s e t  on a  f i n i t e  d i f f e rence  mesh f i x e d  i n  space and 

the system o f  nonl inear  o rd ina ry  d i f f e r e n t i a l  equat i  Ins  t h a t  r e s u l t s  

a re  solved us ing  a  va r iab le  s tep-s ize Runge-Kutta i n t e g r a t i o n  scheme. 

App l ica t ions  o f  t h i s  scheme :o the  growth o f  PbSnTe are discussed below. 

When the thermal and m-ss d i f f u s i v i t i e s  are  much d i f f e r e n t ,  i . =. 
when the Lewis cumber Le I DMT i s  no t  c lose  t o  u n i t y ,  the' ..quation se t  

i s  numer ica l ly  s t i f f  and the  Runge-Kutta scheme i s  forced t o  march i n  

very small t ime increments i n  o rder  t o  n ia inta in a  prescr ibed l e v e l  of 

accuracy. The l e v e l s  o f  accuracy and e f f  i c f  ency i n  the i n t e g r a t i o n  

scheme necessary f o r  repeated d e t a i l e d  s imulat ions o f  r e a i  growth systems 

have been reached by so l v ing  the  o r i g i n a l  s e t  of 60-100 coupled d i f f e r e n -  

t i a l  equations by an i m p l i c i t  (Gear 1976) i n t e g r a t i o n  scheme t h a t  i s  numer- 

i c a l l y  s tab le  f o r  l a r g e r  t ime steps. This  technique requ i res  the s o l u t i o n  

of a  se t  o f  non l inear  a lgebra ic  equations a t  each t ime step, bu t  a l lows 



Table I .  Conditions for Growth of PbSnTe. c;?&: ,- . , - a..-. . - 
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P a r r m t r r  Crystrl A Crystrl 0 

Seed Collpositlon (I SnTr) 7.2 11 .1  
Char* Larrring Rate (pmlsrc) 0.5 0.5 
I n i t i a l  Nel t  Aspect Ratio 

(h(o) / r )  15.0 6.8 
I n f t i r l  Rrlt Composition 

(I Snfe) 30 30 
Yclght o f  Charge (grams) 3 14 .? 

Equl l lbrr t ion Ttme Prior to 
Gmwth 40 mi n 12 hours 

Gas Atmsphrrt Above B2O3 Ar ( l r tm)  Ar ( 1  atm) 

I CRYSTAL A - --- Smith ctol - Sthell r a  i 

I regton ofuncontrolled growth 1 
1 CRYSTAL B .  

r c g ~ o n  of 
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~ r o w t h  
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Figure 6. Axial  solute segregation i n  crystals 
A and B of Pb ,Sn 3Te . 



much l a r g e r  t ime steps f o r  numerical s t a b i l i t y .  Comparisons between the 

Runge-Kutta and i m p l i c i t  i n t e g r a t i o n  schemes show the i m p l i c i t  methods 

t o  be most e f f i c i e n t .  

Calculat ions are  repor ted  i n  [3] f o r  the growth of Pbo.8Sno0.2Te i n  a 

v e r t i c a l  Bridgman system under convect ionless condi t ions.  The numerical 

s imulat ions are  c a r r i e d  ou t  f o r  an ampoule w i t h  0.5 cm rad ius  being p u l l e d  

i n i t i a l l y  a t  a growth r a t e  o f  0.5 um/sec. The temperature p r o f i l e  along 

the wa l l  o f  the  furnace i s  shown i n  F igure 8 along w i t h  the dimensionless 

heat t rans fe r  c o e f f i c i e n t  between the furnace and the ampoule. The t r a n -  

s ien t  t h a t  appears a t  t he  beginning o f  p u l l i n g  was simulated by s t a r t i n g  

the numericai s imu la t i on  w i t h  the  temperature p r o f i l e  f o r  a s t a t i o n a r y  and 

equ i l  i brated ampoule. As the  ampoule moves the temperature changes toward 

the  sol idus temperature as i l l u s t r a t e d  by the  f i v e  temperatbres shown on 

Figure 9. These curves correspond t o  the  fo l l ow ing  steps i c  growth: 

<0> t he  e q u i l i b r a t e d  system ( t  = 0 sec). 

<? > displacement of t he  ampoule b 1 cm: f V = 0.5 um/sec and t = 2 x 10 sec. 

<2> displacement o f  the ampoule b 2 cm: f V = 0.5 pm/sec and t = 4 x 10 sec. 

<EQ2 equi 1 i b r a t i o n  o f  ampoule a f t e r  growth 
r a t e  a r r e s t  a t  t = 4 x 104 sec: V = 0 
znd t = 6 x l o 4  sec. 

<3> displacement o f  the  ampoule sy 3 cm 
a f t e r  resumption o f  p u l l i n g  a t  t = 
6 x 15: sec; V P ,S~m/sec and t = 
8 x  10 sec. 

The 3.S0C r i s e  i n  i n t e r f a c e  temperature dur ing the  per iod o f  e q u i l i b r a t i o n  

i n  the middle o f  t he  run  corresponds t o  a decrease i n  the  SnTe concentrat ion a t  

the i n t e r f a c e  as i t ' s  g rad ien t  was f l a t t e n e d  by d i f f u s i o n  toward the bu lk  o f  

the mel t .  This  p o i n t  i s  i l l u s t r a t e d  on Fiaure 10 where the s o l ~ l t e  d i s t r i b u t i o n s  

corresponding t o  each o f  these p o i n t s  i n  the experiment are shown. During the 

i n i t i a l  per iod  o f  p u l l i n g ,  the  so lu te  d i f f u s i o n  l a y e r  grew a t  the  i n t e r f a c e .  

Upon stopping the  ampoule, so lu te  d i f f us ion  away from the f n te r face  d~vrrinated 

over the small amount o f  SnTe r e j e c t i o n  caused by the u f c o i ~ t r o l l e d  growth and 

the so lu te  composi t i o n  dekreased the  i n t e r f a c e .  A f t e r  the resumption o f  pil 1 i n g  
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DIMENSIONLESS AXIAL COOROlNAf E 

Figure 9.  Var ia t ion  o f  a x i a l  temperatutle p r o f i l e  
during growth cIf Pb Sn Te crysta l  a t  
v = 0.5 vm/sec . ~ R A e s ~ t S r r e s p c l n d  t o  
s p e c i f i c  times during the t r  arisit ion t o  
steady growth and equi l ibr ium i n  the me1 t. 

TaLle 11. I n t e r f a c e  Temperatures During Transient 
Growth o f  PbSnTe . 

Point  Time ( lo4  sec) Teweerature T ( h ( t ) )  (OC) -- - -- 

< O> 0  900.8 

<I  > 2 895.3 

c2> 4 891 .5 

<EQ> 6 895.0 

<3> 8 890.0 
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Figure 10. concentrat ion of SnTe i n  the c r y s t a l  dur ing  
i n i t i a l  t r a n s i e n t  f o r  V = 0.5 um/sec, a 
s h o r t  e q u i l i b r a t i o n  period, and a resumption 
i n  p u l l  ing. Concentration p r o f i l e s  i n  the 
me1 t a re  a l so  shown f o r  several i n t e r f a c e  
pos i t i ons .  
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Figure 11. In te r face  p o s i t i o n  as a funct ion o f  t ime f o r  
the sequence o f  p u l l i n g  r a t e  changes described 
f o r  F ig.  10. 



the so lu te  p r o f i l e  s ta r ted  t o  develop a  new grad ien t ,  bu t  fo l lowed a  

d i f f e r e n t  t r a n s i e n t  than a t  the  onset o f  the run, because a  non-planar 
4 so lu te  p r o f i l e  ex i s ted  a t  t = 6 x  10 sec. 

The t ime h i s t o r y  o f  the r a t i o  o f  growth r a t e  t o  p u l l  r a t e  R(t ) /V 

i s  shown on F igure  11, w i t h  markers t o  show the  d i f f e r e n t  steps o f  the 

simulated run.  Steady s t a t e  i s  n o t  reached dur ing  the  f i r s t  two c e n t i -  

meters of ampoule t r a n s l a t i o n ,  as shown by the f a i l u r e  o f  R( t ) /V  t o  reach 

u n i t y .  End e f fec ts  i n  the concentrat ion p r o f i l e  make i t  impossible fo r  

the growth r a t e  t o  ever reach the  p u l l  r a t e .  The coup1 i n g  between the 

growth r a t e  and the  t r a n s i e n t  t r a n s f e r  o f  so lu te  i s  the major d i f f e rence  

between growth of d i l u t e  and non-d i lu te  a l l o y s .  To make c l e a r  the lm- 

portance of t h i s  coupl ing, we ca lcu la ted  the i n i t i a l  t r a n s i e n t  f o r  the 

growth o f  a  d i l u t e  a l l o y  w i t h  thermal p roper t ies  i d e n t i c a l  t o  those used 

f o r  PbSnTe, bu t  w i t h  the m e l t i n g  p o i n t  f i x e d  a t  901°C. This  case i s  

p l o t t e d  on Figure 12 as the dashed curve and shows the much more rap id  

thenl!di e q u i l i b r i u m  t h a t  i s  poss ib le  i n  the  d i l u t e  system. 

The one-dimensional model f o r  d i r e c t i o n a l  sol  i d i  f i c a t i o n  described 

i n  [3] i s  a1 so being used t o  modcl t r a n s i e n t  behavior i n  o ther  b inary 

( GeSi ) and pseudo-bi nary (HgCdTe) systems w i  t h  1  arge 1  iqu idus-sol  idus 

separat ion; these r e s u l t s  w i ;  1  be repor ted i n  143.  

Fin& Element Calcu - l a t i o n s  o f  i o l u t a l  Convection 

Me1 t / s o l  i d  i n t e r f a c e  shape and segregation i n  the c r y s t a l  are the most 

e a s i l y  measured i n d i c a t o r s  of the r o l s  o f  convect ion i n  me1 t growth systems. 

New numerical methods developed by Chang and Brown (1982) make possib le the 

s o l u t i o n  o f  the f u l l  free-boundary problem governing small -scale c r y s t a l  

growth systems. Chang's a lgor i thm has been used a t  M.1 .T. t o  study convection 

and mass t r a n s f e r  o f  a  d i l u t e  component i n  thermal ly  s t a b i l i z e d  and des tab i l i zed  

v e r t i c a l  Bridgman systems; r e s u l t s  of these ca l cu la t i ons  are described i n  Chang 

and Brown (1 982) . 



Peter Adornato has modi f ied t h i s  a lgor i thm t o  inc lude the coupl ing 

between the so lu te ,  temperature and v e l o c i t y  f i e l d s  caused by s o l u t a l -  

d r iven c o n v e c t i ~ n  and by the  phase diagram. These modi f i ca t ions  are  s t r a i g h t  

forward f o r  ca l cu la t i ons  a t  low s o l u t a l  Rayleigh numbers and f o r  completely 

s t a b i l i z e d  systems l i k e  GeSi. I n  these ca lcu la t ions ,  the convect ion d r i ven  

densi t v  d i f f e rences  i s  weak, so l  u t a l  boundary-layers are  broad, and the mod- 

era te  separat ion of 1  iqu idus and sol  idus leads t o  small displacement of the 

in te r face .  Our ca l cu la t i ons  t o  date have focused on the GeSi system being 

studied i n  Grenoble. 

For  systems w i t h  a l a r g e  gap between l i q u i d u s  and so l idus  (HgCdTe f o r  

example) the d e f o r m ~ t i o n  o f  the  i n t e r f a c e  caused by r a d i a l  s r ) regat ion  may 

be severe. I n  systems t h a t  are unstable w i t h  respect t o  e i t h e r  the a x i a l  

sol  ~ t e  o r  temperature p r o f i  l e  convect ion w i  11 be cevere and t h i n  so lu te  

bo~~ndary  layers d i l l  form along the ampoule and the i n te r face .  I n  the next 

year, the mu1 t i - g r i d  method develcped by Chang (1982) w i l l  be adapted t o  

attempt t o  c a l c u l a t e  these casqs. 
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Analysis of Polymer Melt Processing Operations 

Principal Investigator: David K. Roylance 

RESEARCH ABSTRACT 

This report outlines the equations which govern the 

nonisotherrnal flow of reh?tive fluids, and describes the 

mepns by which finite element analysis can be used to solve 

these equations for the sort of arbitrary boundary condi- 

tions encountered in industrial practice. The performaxe 

of the computer code is illustrated by several :rial prob- 

lems, selected more for their value in providing insight to 

polymer processing flows than as practical production prob- 

lems. Although .T good deal remains t o  be learned as to the 

performance and proper use of this numerical technique, it 

is undeniably useful in providing better understanding of 

today's complicated polymer processing problems. 



RESEARCH REPORT 

Introduction. 

Finite element analysis offers great promise for reducing 

the empiricism often found in polymer processing design, 

since it is well suited for modeling the complicated bounda- 

ry conditions and material properties encountered in indus- 

trial practice. Although the method is now weJ.1 accepted in 

structural stress analysis, its use in fluid transport situ- 

ations is less widespread. We have sought to exploit some 

of the many advantages of the finite element method in 

polymer fluid processing analysis, and this paper describes 

some of our work in chemorheology. 

Reactive flows have several advantages in pclymcr proc- 

essing in comparison with more traditional melt-flow tech- 

niques. Perhaps the most significant of these is the energy 

savings which result from the elimination of the several 

melting stages necessary in such technologies as extrusion 

or injection molding. However, these advantages are offset 

to some degree by the cou~iplexity of the process, which ren- 

ders the empirical approach to process development difficult 

in the extreme. 

The flow velocities in such processes are governed by the 

fluid viscosity, which is a strong function of temperature 

and molecular weight. The temperature in turn is E cected 

by the viscous dissipation and the heat released or consumed 



by the reaction, and the reaction rate is also a strong 

function of temperature. All of these variables interact 

an6 change in such a way as to make an intuitive grasp of 

the process almost impossible, and there is otviously an 

advantage to being able to provide some sort of mathematical 

or numerical simulation of the process. 

The finite element scheme to be described below is very 

useful for obtaining numerical solutions for reactive flows 

with arbitrary boundaries, and such a technique is well 

suited for detailed analysis of real industrial processes. 

However, we argue that the greatest value of the method may 

not be in these detailed calculations, but in the degree to 

which the method can enhance the process desis.lerls intui- 

tion. For this latter purpose, it is often sufficient to 

run only very small azd inexpensive trial yroblems; these 

:an elucidate the manner in which the variou, jrcblem param- 

eters interact, so that the designer develops a much 

improved "feel" for the problem. It is likely that nost 

real advances in processing technology will continue to be 

made more by Edisonian imovation than by detailed math- 

ematic~l calculations. But since today's processes have 

become so complicated, such a technique as the finite ele- 



ment method can be a powerful adjunct to intelligent 

intuition. 

Theoretical background. 

The equations which govern the nanisothermal flow of a 

reactive fluid are derived in several texts on transport 

phenomena and polymer processing (e.g. refs. 1,2). Regard- 

ing velocity, temperature, and concentration of unreacted 

species as the fundamental variables, the governing 

equations can be written as: 

( A  l.ist of nomenclature is attached.) The similarity of 

these equations is clear. In all cases, the time rate of 

change of the transported variable (velocity, temperature, 

or concentration) is balanced by the convective or flow 

transport terms (e.2. uevC), the diffusive transport i e . g .  

Dv = C ) ,  and a generation term (e.g. R). 



The analyst seeks expressions for the space- and time- 

dependent velocities, temperatures and concentrations which 

satisfy these equations and also the problem's boundary con- 

ditions. It is generally the boundary conditions which make 

real problems intractable: even if one were able to 

describe the boundaries mathe~aticall.y, the resulting 

expressions would not likely be amenable to closed-fcrm sol- 

ution. In addition, many of the wconstants" in the above 

equations are often nonlinear functions of the problem vari- 

ables. In reactive polymer processing, one might encounter 

such expressions as the fol1o:~ing: 

It is cle~r that all of these expressions, taken 

together, constitute a mathematical situation which must be 

approached with caution. Even though it is not overly dif- 

ficult to incorporate them into a numerical scheme, which we 

have done, it is important to proceed slowly enough to 

develop the proper exper~ence in the computer code's behav- 

ior before tackling full-blown problems. 



Com~uter Model. - 

We have sought to develop a finite element code which is 

able to predict polymer fluid velocities, stresses, temper- 

atures, and degrees of chemical conversion in a variety of 

flow geometries and for a variety of fluid material proper- 

ties. Space limitations prohibit our listing here the full 

derivation of the finite element equations from the above 

difterential equations, but there exist several well devel- 

oped means by which this may be done. The reader is 

directed to standard texts ( 3 , 4 )  for a more complete 

description, and we will just state here that we employ the 

Galerkin method of weighted residuals, together with 

isoparametric mapping and interpolation, to replace the dif- 

ferentials by integrals which can be evaluated numerically 

over small subregions ("elements"). The results of these 

numerical integrations are then assembled into a set of 

simultaneous algebraic equations which can be solv~d numer- 

ically. 

The salient featdres of our code can be listed briefly as 

follows: (1) Velocity, temperature, and chenical conversion 

are taken as nodal unknowns, so that coupled incompressible 



viscous flow and diffusive-convective heat and mass trans- 

port may be modeled. (2) ~ncompressibility is enforced by a 

"penaltyw formulation employing selective reduced inte- 

gration. This approach requires the use of double precision 

arithmetic with a concommitant reduction in the amount of 

available core, but it has several programming advantages 

which usually outweigh this drawback. (3) The code is 

developed primarily for plane and axisymmetric flows. We 

have coded a three-dimensional capability, but generally 

feel that the expense of runnins three-dimensional problems 

is not justified for most of our modeling research. (4) The 

code includes several models for the effect of shear rate, 

temperature, pressure, and chemical conversion on the fluid 

viscosity. These nonlinear models have not yet been 

researched extensively, however, and the exploratiorl of the 

interative schemes needed for their proper use constitutes a 

major goal for future research. We have also coded a capa- 

bility for viscoelastic fluid effects (ref. S ) ,  but , 

currently feel that this difficult aspect of polymer flow is 

being researched satisfactorily by other workers. 

(5) Convective transport of heat or chemical species can be 

handled either by a conventional Galerkin treatment or by 

the convenient but still controversial "optimal upwindingw 

approach. (6) The code can treat transient problems by 



means a two-point "theta-method" time-stepping algorithm. 

The dynamic algorithm is also useful in nonlinear problems, 

in which the final fluid state may be approached dynamically 

from an estimated initial state. (7) The code is capable of 

a variety of iterative treatments of nonlinear problems, 

including Newton-Raphson iteration and incremental load 

methods. 

Some additional discussion is warranted concerning the 

treatment of convective effects beyond what has been men- 

tio2ed in item (5) above. Momentum convection (pueVu) is 

generall. negligible in comparison with the viscous terms 

due to the high viscosities of polymer fluids, but the 

convective terms tend to dominate the energy and mass trans- 

port eq~iations due to the generally low thermal and mass 

diffusivities. The programming of the convective terms pre- 

sents no special problems in the Galerkin approach beyond 

the need to stose and solve unsymmetric matrices, but it is 

well known that the presence of strong con-~ective terms 

tends to create oscillations irl the final solutions which 

can be large encugh to destroy their value. This instabili- 

ty is related to the tendency of convection to produce large 

downstream gradients which the finite element gcid cannot 

resolve. A largely ad hoc procedure known as "upwinding" 



has been used in both finite element and finite difference 

work which seems to alleviate this problem by providing a 

greater numerical weight to the upstream portion of the ele- 

ment. Hughes (6) has published a very convenient means of 

upwinding, in which the sampling points in the numerical 

integration scheme are simply moved upstream an appropriate 

distance. We have made extensive use of the Hughes upwind- 

ing technique, but the reader is cautioned that this method 

is regnrded as controversial by many workers. A provocative 

paper by Gresho (7) details many of the possible pitfalls in 

upwinding, and states a strong preference for grid refine- 

ment as the appropriate cure for convection-induced 

instabiliti?~. 

Selected Numerical Results. 

Nonreactive entry flow. Figure 1 shows the streamlines 

for n 4:l entry flow. Here a grid of 100 four-node linear 

elements was used to model the upper symmetric half of a 

plane capillary, and a fully-developed Poiseuille velocity 

was imposed on the reservoir entry as a boundary condition. 

The streamlines are identical with published experimental 

and numerical results, although the grid used here was not 



intended to be fine enough to capture the weak recirculation 

which develops in the stagnant corner of the reservoir. 

The temperature contours for convectionless flow are 

shown in figure 2, which shows a hot region at the entrance 

of the capillc~y due to the combination of high viscous 

energy dissipation there and its distance from c o ~ l  bounda- 

ries to which heat may be conducted. These isotherms are 

normalized on the maximum centerline temperature expected 

for Pois~uille flow in the capillary. 

The importance of thermal convection relative to con- 

duction is given approximately by the Peclet number 

Pe = ULpc/k, where U and L are a characteristic velocity and 

length. Figure 3 plots the variation of temperature along 

the centerline for various values of the Peclet number, and 

it can be seen that the effect of increased thermal con- 

vection is to sweep the cooler upstream flow particles into 

the capillary, with a resulting lowering of the temperatti-es 

overall and a shift downstream of the hot spot near the 

throat. The relatively coarse grid used in this problem 

produced unstable Galerkin results for Peclet numbers higher 

than approximately ten, and the htghe: degrees of thermal 

convection were computed using the upwinding formulation. 



Further tests with refined grids should be completed to 

assess the accuracy of the upwinded solutions, although the 

plots in figure 3 appear reasonable. 

One-dimensional reactiv? flow. As a preliminary trial 

problem in our computations of reactive flow, we have 

studied a simple situation in which a fluid obeying 

first-order chemical kinetics moves at constant velocity and 

tempera~ure in the positive x direction. Here only the 

mass-transport equation is operative, and it takes the sim- 

ple form: 

This equation is solved easily, and for nonzero values of 

the diffusion coefficient D two boundary values for C must 

be specified. One of these is the initial concentration at 

the i~let, and the other requires a consideration of the 

outlet conditions. Here several possibilities exist, and we 

have studied the case in which the cancentration of the cut- 

let reservoir is allowed to rise to meet that supplied by 

the flow; this is equivalent to specifying a zero concen- 

tration gradient at the outlet. For the case of negligible 

diffi~sion (D-0), the second-order term vanishes f r ~ m  the 



above equation and the downstream boundary condition cannot 

be specified. The solution is then a simple exponential, in 

which the reactive species vanish according to first-order 

kine~ics as they are carried downstream at constant 

velocity. 

Figure 4 shows the comp~ted and exact predictions for 

reactive group concentration as a function of distance along 

the channel. The Galerkin values are nearly exact, but it 

is clear that upwinding leads to erroneous res~i's in the 

small-diffusion case. The upwinding has introduced an arti- 

ficially high diffusivity and a zero concentration gradient 

at the outlet, and such artifacts must be considered as pos- 

sibilities when upwinding is used. 

Two-dimensional nonisothermal reactive flow. Figure 5 

shows the contours a£ constant conversion for a 

two-dimen~ional analog of the flow discussed i~ the previous 

section. Here again, a simple uncoupled problem is treated 

in which the material parameters are trken to bc &ndependent 

of the s~?ution variables, and in which the velocity condi- 

tions sre  prescribed. The concentration is taken to have a 

fixed value at the inlet and a zero gradient at the outlet, 

as before. The two-dimensionality of the problem is con- 



tained in two features: the velocity is taken to be 

parabolic, ranging frcn a maximum at the centerline to zero 

at the walls (a Poiseuille flow); and now diffusive heat and 

mass transport can occur in both the x and v 3irection. For 

the low diffusivities shown, mass diffusi.- ir, the x direc- 

tion is negligible, as was demonstrated in the previous 

section. However, the concentration gradients in the y 

direction are substantial, so that diffusive transport in 

that direction is apprecia~le even at D =  0.01. A t  

D = 0.001, even the : diffusion is negligible, so the con- 

centration contours simply represent a fluid which moves in 

the x-direction while reacting by first-order kinet:cs. The 

concentrations along the centerline are then identical with 

the D = 0.01 curve of figure 4. 

Figure 6 shows the contours of constant temperature which 

result from this flow (with D = .001), where the temperature 

boundary conditions were set to zero at the entry and along 

the top and bottom surfaces. 'The temper:-ure gradient at 

the outlet was allowed to become zero, si:liilar to the ccn- 

centration gradient. The results obtained fc:. toe 

temperature field are of course depen?ent on the va l t~ - :b ,  :!lo- 

sen for fluid properti~s. To avoid i~sing space here for a 

detailed discussion of the dimen,-.rial analysis used for 



selecting these parameters, we will state simply that in 

figure 6 the viscous dissipation and reaction heat make 

approxi~ately equal contributions to the internal heating 

(Brinkman and Damkoehler numbers both equal to three). 

Conclusions, 

The nu:-*xcal made1 described above has a significant 

present abrlrty to simulate a bide range of problems in 

polymer processing. 4c the Sam? ~ : R Q ,  it is small enough tc 

pernit easy impl~mentation in even rather small processing 

facilities, and for quick familiarization by process *-sign- 

ers. We feel such a capability will lead to a significant 

advance in industry capability for process development and 

optimization. 

Nomenclature. 

specific heat 
concentration of reactive species 
diffusion coetficient 
activation energy for viscosity 
activaLion energy for reaction 
coefficient of thermal conduction 
reaction rate preexpsnential factor 
c; --~i.1 reaction rate 
;e-;ct ion order 
molecular weight 



n power-law exponent for viscosity 
p pressure 
Q internal heat generation 
R internal spscies generatio;. 
R, gas constant 
T temperature 
u velocity or velocity vector 
) factcr for pressure dependency 
a shear rate 
1 viscosity 
9 ,  viscosity coefficient 
p density 
A heat of reaction 
v gradient operator 
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Figure Captions 

Figure - Streamlines for nonreactive 4:l entry flow, 
iewtonian fluid with imposed Poiseuille flow a, inlet. 

Figure 2 - Contours of constant temprature for 
convectionless entry flow, with heat generation by viscous 
dissipation only. 

Figure 3 - Entry flow centerline temperatures at various 
Peclet numbers. 



Figure 4 - Degree of conversion along channel in 
one-dimensional reactive flow. 

Figure 5 - Isoconversicn contours in two-dimensional 
reactive flow at two different mass diffusivities, Galerkin 
calculat i 5.1s. 

Figure 3 - Isothermal contours in two-dimensional reac- 
tive flow, Galerkin calculation. Heat generation by viscous 
dissipation and reaction heating. 
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ORIGINAL Fk2E ;,J' 
OF POOR QUALITY 

Figure 1 - Streamlines f o r  nonreactive 4 : l  e n t r y  flow, Newtonian 

f l u i d  with imposed Poiseuille flow a t  inlet. 



Figure 2 - Co~tours of corstant temperaturc for convectionless 

entry flow, with heat generation by viscous dissipation only. 



Figmlre 3 - Entry flow centerline temperatures at various Peclet 
numbers. 
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Figure 4 - 3egree of convek-sion along channel in one-dimensional 

reactive flow, 



Figure 5 - Isoconversion contours in two-dimensional reactive 

flow at two different mass diffusivities, Galeriin calculstions. 



Figure 6 - Isothermal contours in two-dimensional reactirc flow, 
Galerkin calculation. Heat generation by viscous dissipation and 

reaction heating. 



Studies of Metals Electroprocessing in Molten Salts 

Principal Investigator: Donald R. Sadoway 

RESEARCH ABSTRACT 

Molten sa l t s  are very important solvent systems in which the electro- 

deposition of a wide variety of metals may be conducted. However, solid 
electrodeposi t s  from molten sa l t s  are typically incoherent, powdery and/or 
dendritic. Fluid fl0\4 patterns in the electrolyte are being observed by s 

laser Schl ieren imaging technique in order to deterrc:ne how mass transport 

affects the morphology df the metal deposit and thus improve our underctand- 
ing of the electrodeposition process. Studies are beinq conducted on tne 
sarne metal, zinc, both in aqueous electrolytes in which coherent solid 

electrodeposi t s  are prc~duced, and in transparent molten s a l t  electrolytes. 

Process variables such as current density and composition of the electro- 
lyte are adjusted to change the morphclogy of the electrodeposit and 
thus to permit the study of the ilature of electrolyte flow in relation to 

the quality of the electrodeposit. The results of this  work will be help- 
ful in electrochemical cell design and will serve as a data base for sub- 
sequent mathematical modeling of fluid flow in such systems. 

RESEARCH REPORT -- 

The present study is unique i n  that i t  seeks to explain the poor 

qua1 i ty of s31 id electrodeposi t s  in mol ten sal t s  through a consideration 

of the effects of fluid flow of the electrolyte. The same metal i s  being 
electrodeposited in separate experiments from aqueous solutions and molten 

sa l t  electrolytes. Transparent cell s a1 low observation of electrolyte 

ci rcu1at;on patterns by a laser Schl ieren optical technique. 
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Zinc has been chosen as the metal t o  study. It can be deposited 

both from aqueous ch lo r ide  and molten ch lo r ide  e lec t ro l y tes ;  furthermore, 

both types o f  e l e c t r o l y t e  systems are transparent t o  v i s i b l e  l i g h t ,  an 

important property which permits the use of noninvasive o p t i c a l  techniques 

of f low measurement. 

As t h i s  p ro jec t  i s  the f i r s t  of i t s  k ind  a t  the Mater ia ls  Processing 

Center, much e f f o r t  was prev iously  spent i n  b u i l d i n g  up an electroproces- 

s ing laboratory. F a c i l i t i e s  such as those fo r  f l ow  v i sua l i za t i on  by l ase r  

Schl ieren imaging were acquired. These inc lude a pneumatic31 l y  supported 

research grade op t i ca l  bench measuring 4 '  x 6 ' .  The present o p t i c a l  a r -  

rangenlent i s  capable o f  recording the l ase r  images i n  any of these formats: 

35 mn photographic f i l m ,  8 mn movie f i l m ,  o r  1/2- inch videocassette. O f  

course, the necessary electrochemical instrumentat ion such as a potent io-  

s ta t ,  - waveform programer, coul ometer, and X-Y and s t r i p  char t  recorders 

have a1 so been acqui red. 

Phase I of the z inc p l a t i n g  study was devoted t o  the e lec t ro re f i n ing  

of z inc  i n  aqueous ac id  ch lo r ide  solut ions . Working a t  room temperature 

without the need for furnaces and cont ro l  l e d  atmosphere c e l l s  a1 lowed 

concentration on per fect ing the op t ics  of the system. Followirrg a survey 

of the l i t e r a t u r e  on ac id  zinc ch lo r ide  solut ions,  a study of the chemistry 

cf tkese solut ions was conducted w i t h  the Purpose o f  i d e n t i f y i n g  the d m i -  

nant i o n i c  species present as a func t ion  of ZnC12 concentration, a l k a l i  

ch lo r ide  concentration, and pH. The purpose o f  t h i s  study was t o  i d e n t i f y  

the condit ions under which zinc i s  present as a s ing le  i o n i c  species. The 

1 i tera ture  survey showed t h a t  other studies of zinc electrodeposi t i o n  have 

beer, confounded by i 11 -defined chemistr ies. In t h i s  p ro jec t ,  two spec i f i c  

studies were performed. F i r s t ,  a s ing le  thermodynamic model o f  the aqueous 

ac id  zinc ch lo r ide  system was constructed t o  ca lcu la te  the d i s t r i b u t i o n s  o f  
t 

znZt, ZnCl , ZnC12, and znclq2- as funct ions o f  concentrat ion and pH. Ther- 

modynamic data were those reported i n  the 1 i t e r a t u r e .  

Figure 1 shows t h a t  as long as Gne i s  r e s t r i c t e d  + .he b inary e lec t ro -  

l y t e  system, ZnCIZ-H20, there i s  no concentrat ion f o r  which a s ing le  zinc 

species dominates. As a r e s u l t ,  a t n i r d  component was added t o  the e lec t ro -  
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l y t e  i n  order t o  d isp lace the complexation e q u i l i b r i a  through the presence 

of excess ch lo r ide  i on  i n  the amount o f  3 M NaC1. Ugder these condi t ions 

the concentrat lor o f  ZnC12 var ied from 0.01 M t o  1 M, w i t h  z inc  present 
2- on ly  as f u l l y  complexed ZnC14 . Secondly, ti t r a t i o n s  were performed to 

determine the operat ing range of pH such t h a t  the so lu t ions  were f r ee  of 

oxychlorides and hyarr .:ide complexes. It was concluded t h a t  tht opt  ;mum 

pH was i n  the v i c i n i t y  o f  2-3. 

Phase I1 of the work was t+e  study of the electrochemistry o f  z inc 

reduction. Many c o n t r a d i c t i m z  i n  electrochemical behavior were d i  scov- 

ered i n  the l i t e r a t u r e .  These, i n  many cases, were a t t r i b u t a b l e  t o  i n -  

complete cont ro l  of bath chemi .try. Measurements of c r i t i c a l  overpoten- 

t i a l  wei3e made po ten t i os ta t f ca l  ly. Figure 2 shows a t y p i c a l  cc r ren t  vs. 

t ime curve fron~ such an experiment. Figure 3 shows i ,erived quant i ty ,  

the induct ion time, p l o t t e d  as a func t ion  o f  appl ied po ten t i a l  f o r  two 

d i f f c ten t  concentrations u f  ZnClp. The c r i t i c a l  overpotent ia l ,  qc, of 

65 mV i s  defined by the i n te rsec t i on  of the two curves on the p loc.  Con- 

f i r m a t i ~ n  of t h i s  quant i ty  was siven by s i m i l a r  p l o t s  o f  other  time con- 

s ta i l ts  o f  the system. 

The t h i r d  phase o f  the work wa:, the study o f  convective f .uw during 

electrodeposi t i on .  E lec t r c re f i n ing  e';periments were conducted i n  c e l l  s  

of three d i f f e r e n t  e lect rode conf r ~ u r a t i o n s ,  shown i n  Figure 4. I n  the 

T i  ( top  free) arrangement, the anode f ;  located below the cathode and i s  

facing downward so t h a t  i t s  d i sso lu t i on  does not  d i s tu rb  the e l e c t r o l y t e  

flow pat te rn  neL1 the cathode. The AT (anode on top)  conf igura t ion  com- 

bines the twc convective flows, one due to  cathodic deposi t ion and the 

other  due t o  anodic d isso lu t ion .  F ina l l y ,  i n  the G ( f o r  g r i d )  con'figura- 

t i o n ,  the cathode i s  no longer a physical b a r r i e r  t o  tPe f a l l i n g  e lec t ro -  

l y t e .  Deposit ion was perfarmed po ten t i os ta t i ca l  l y  . Current was recorded 

fo r  a wide range o f  overpotent ia ls  and compositions. Flow pat terns i n  the 

e l e c t r o l y t e  were observed by l ase r  Schl ieren imaoing. During the experi-  

ments, photographs were made i n  s y n ~ h r o r ~ i z a t i o n  w i t h  an event marker on 

the :hart paper t o  permit  cor r? la t ions  5et.wee~ the electrochemistry and 

f 1 u i  d  dynamics. 
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time ( rn ix~tes)  - 
Fig~trc 2 .  Current-time p lo t  for tile d, ,emination o f  the critical 

overpt,:ential , t~,, i n  Sol ution I .  A o + l  ied o\fervol'cage 
was 150 mV. 
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Figure 4.  Elect.rode conf igura t ions  used i n  the  present study. 
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Figure 5 shows the compilation of the current-time p l o t  and the 

laser Sehl ieren photographs for  an experiment i n  which the AT electrode 

configuration was used. The sa l ient  features are as follows. F i rs t ,  

dissolut ion a t  the anode occurs before deposition a t  the cathode. The 

plane of intersect ion o f  ascending and descending plumes i s  closer t o  

the cathode than t o  the anode. The anodic plumes, whlch by t h i s  time 

have already star ted necking, push tkir r i s i n g  counterpart outward and 

soon a toroidal  convection c e l l  i s  established. The e lec t ro ly te  flows 

downward i n  the center and upward a t  the edge. Quant i tat ive resu l ts  of 

such quanti t ies as steady-state current and various c r i t i c a l  time constants 

were also o b t a i ~ ~ e d  below and a t  the l i m i t i n g  current. Correlations of 

these quanti t ies w i  t h  concentration agree well  w i th  ;*csul t s  i n  the 1 i tera- 

ture. They indicated that  the Rayleigh numbers involved were high enough 

( i n  excess of 5000) thnt  convection i s  turbulent and independent of elec- 

trode dimensions. 

These encouraging resul ts are now being extended t o  molten s a l t  ce l l s .  

This w i l l  allow the comparison between e lec t ro ly te  systems. Furthermore, 

through l i a i son  wi th NASA s t a f f  a t  the Marshall Space F l i gh t  Center, thought 

i s  being given t o  studying low grav i ty  electrodeposition. This would fu r -  

ther reveal the ro l e  o f  turbulence and convective forces i n  electrodeposi- 

ti on operati ons . 

LIST OF PUBLICATIONS 

1, A. A. Abdel t~~ss ih ,  "Ef fect  3f F lu id  Flow on Zinc Electrodeposits 

from Acid Chloride Electrolytes", S.  M. Thesis, M. I. T., February 1982. 

2. P. T. Rogers, "Flu id Flow Studies o f  Molten Sal t  E lec t ro ly t i c  Cel ls by 

Laser Schlleren Imaging", S.  0. Thesis, M. I. T., June 1982. 

3.  A. A. Abdelarassih and 0. R. Sadoway, "Lacer rch l ie ren Studies of 

Aqueous Zinc Chloride Electro lys is" ,  i n  Chloride Electrometallurciy, 

P. 0. Parker and P. Duby, editors, TMS-AIME, Warrendale PA, 1983. 



Adaptive Materials Processiny 

Adaptive Control of Welding Procasses 

Principal Investigator: Thorn88 W. Elgar 

RESEARCH ABSTRACT - 

The object ive of t h i s  research i s  t o  use modern d i g i t a l  signal analy- 

s i s  techniques t o  determine natural osc i l l a t ions  occurr:ng i n  the welding 

arc voltage and t o  attempt cor re la t ion o f  these signals w i th  defects i n  the 

welds. Work was i n i t i a t e d  i n  the spring o f  1981 by purchase o f  a dedicated 

minicomputer, Ourlng the previous report ing period, the computer was 

brought on-l ine and a number of t es t  welds were made which proved tha t  

disturbances t o  the welding process could be detected I n  e i t he r  the time 

domain o r  i n  the frequency domaln. Unfortunately the noise leve!s from 
the c m e r c i a l  welding power supply were o f  the same order o f  magnlOude as 

the measured disturbances. In the past year, a more sophlst icatcd mld!ng 

power supply has been designed and buf 1 t, computer software and hardware 

have been upgraded, and signals from addi t ional  welds have been analyzed. 

The resu l ts  continue t o  be encouraging, but the optimum signal anaiysis 

technique has not yet  been determined. 

RESEARCH REPORT 

The two greatest problems i den t i f i ed  I n  the previous report period 

were the extraneous nolse generated by the comnercial weldtng pomr supplv 

2nd the d i s t o r t i on  caused by recording the welding voltage on magnetic tape. 

Both 9f  these p r o b l m  have been overcome I n  the current  report  perlod. 

.ne f i r s t  problem was overcome by acqulrlng a 600 amp DC (nns) 
t r ans i s to r i  zed current regulatar manufactwed by Alexander Kusko, Inc. 
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This was delivered i n  January 1982; and a f t e r  a period o f  i n i t i a l  test ing, 

thc regulator has proven extremely useful. The regulator can maintain a 

welding current constant t o  w i t h i n  1%. thus p e m i  t t i n g  a hign signal-te-noise 

rat io.  The regulator i s  1 inear t o  more than 20 kHz which permits the use 

of precisely pulsed current when necessary. Figure 1 compares the current 

s t a b i l i t y  of a comnercial constant current welding power supply w i t h  the 

regulator obtained wi th  the Kusko supply. These tests were made on a large 

carbon block resistor .  The coarse steps o f  - +5 amperes are due t o  the 

sens i t i v i t y  o f  the A/D converter used t o  record the signal.  The actual 

regulation of the Kusko supply i s  bet ter  than - +0.5 ampere a t  t h i s  current 

level.  

The second problem of d i s t o r t i on  o f  the signal by the AM magnetic 

tape has been corrected by software modifications t o  the compr~ter which 

allow a d i rec t  10 kHz- sampling rate. Figure 2 shows a square wave as 

measured by the new d i r e c t  input  technique compared t o  the same square wave 

as recorded on the magnetic tape. The d i r ec t  input  tech~ tque  i s c lear l y  

superior. 

I n  addi t ion t o  these software improvements f o r  d i r ec t  input  o f  the 

welding process data, a complete signal analysis prickage was acquired from 

Signal Technology, Inc. during the sumner. This gackage has saved consider- 

able time during the past few months by permltt tng emphasis on study of 

welds rather than on software development. 

The i n i t i a l  welds were produced w i  l h  constant we1 dSng current. 

Although t h i s  technique d i d  produce measurable signals during the prevfous 

repor t  period, recent tes ts  have shown that  t h i s  technique i s  no t  as 

sensit ive as an impolse o r  square wave current signal. Figure 3 shows 

the frequency respcnse of the welding voltage on a sta in less steel  p la te  

and an aluminum p la te  a t  constant current. Although there are minor d i f -  

ferences i n  the signal, the spect r~m i s  generally only white nosie. 

0 wave Figure 4 shows the spectrum on the same materials using a squar, 

current generated by the Kusko t ransistor ized power supply. The harmonics 

of the square wave input  are c lea r l y  observed, but i t  w4 11 be noted that  
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the envelope surrounding the peaks of these h a m n l c s  i s  d i f f e ren t  f o r  

steel and fo r  aluminum. A simple square wave response generates harmonic 

peaks which decay exponential 1 y . This exponenti a1 decay i s  d i  s tor ted f o r  

both aluminum and steel  but i n  a d i f ferent  pat tern f o r  edch. These p a t t e v -  

are very reproducible. 

I t  was also noted that  the DC arc voltage leve l  varies krween steel  

and aluminum. This i s  shown i n  Figure 5 which represents the s h i f t  i n  a rc  

voltage when we1 ding over a s tee l  -a1 uminum iaminate. These tes ts  show, 

a t  least i n  pr inc in le ,  that  welding over regions w f t h  chm9cal var iat ions 

resul ts i n  changes i n  the arc voltage. Studies have begun t o  t es t  changes 

dn voltage caused by welding over slag inclusions, but the resu l t s  are 

inconclusive a t  preser,:. 

Figure 6 shows the change i n  arc voltage caused by minor disturbances 

i n  th? shielding gas. These disturbances are more read i ly  observed i n  

the tlme domain (Figure 6 )  than i n  the frequency donain (Figure 7). 

GONCLUS IONS 

Progress has been made i n  both the welding equipment and i n  the signal 

analysis techniques during the past year. The problems have been solved 

suf f ic ient ly  tha t  the pro jec t  can concentrate on analysis oa actual weldments 

during the current year. This w i l l  p e m i t  ~ n a l y s i s  of the frequency response 

of spec i f ic  defects, as we31 as detenninatior~ of the ul t lmate s e n s l t l v i t y  

of t h i s  control technique. I n  addition, welding signals w i l l  be analyzed 

by Nyqulst plots i n  ardcr t o  detemlne the transfer funct ion f o r  the process. 

These r e s u l ? ~  w i l l  permit an accurate evaluation of the  u l t imate usefulness 

o f  t h i s  t-chnique o f  weld qua1 l t y  monitoring. 
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