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The preferred growth of the lead-tin eutectic alioy has 

been studied by'use of electron channeling techniques in a 

scanning electron microscope. Four distinct crystallographic 

modes have been found to exist depending on the imposed growth 

velocity. The extent of the range of the stability of each 

mode was experimentally determined in a directional solidifi- 

cation apparatus and rationalized in terms of simple physical 

reasoning. Microstructural observations are discussed in . . 

terms of the nature of the extent of the stability of the 

various crystallographic relationships. 

Lamellar spiraling about the growth direction was found 

to occur in one crystallographic mode and the con- 

trolling it, growth velocity and temperature gradient, have 
. . .  

been investigated. T h e  rate of lamellar spiraling was found 

to increase by increasing solidification rate or temperature 

gradient. 

Considering the data as.a whole, the study suggests that 

considerably more control over the microstructural and crystal- 

lographic characteristics of a eutectic structure is possible 

than was previously .believed. 
. . 

*USERDA Report IS-T-718. This work was performed under Con- 
tract W-7405-eng-82 with the Energy Research 'and Deve'lopment 
Administration. 



INTRODUCTION 

In recen t  years  a  cons iderable  number of i n v e s t i g a t i o n s  

have d e a l t  wi th  the  development of . p r e f e r r e d  c r y s t a l l o g r a p h i c  

r e l a t i o n s h i p s  i n  d i r e c t i o n a l l y  s o l i d i f i e d  a l l o y s  p a r t i c u l a r l y  

two phase l amel l a r  e u t e c t i c s .  Since 1935 due t o  t h e  work of 

Straumans and Brakss (28 )  i t  has been known t h a t  l amel l a r  

e u t e c t i c s  s o l i d i f y  w i t h  a  p r e f e r r e d  crysta1,lography b u t  i t  i s  

only i n  t h e  p a s t  t e n  years  t h a t  s i g n i f i c a n t  advances i n  exper-  

imental  techniques have permi t ted  d e t a i l e d  s t u d i e s  of t h e  

o r i g i n  and development of a  p r e f e r r e d  e u t e c t i c  c ' r y s t a l l o g r a -  

phy. (Since i t  i s  beyond t h e  scope of t h i s  paper t o  p r e s e n t  

a  d e t a i l e d  summary of t h e  h i s t o r y  of i n v e s t i g a t i o n s  on eu tec -  

t i c  a l l o y s  t h e  reader  i s  r e f e r r e d  t o  an e x c e l l e n t  review 

a r t i c l e  by Hogan' ' e t  -- al. .  (16)) . 
A t  t h i s  po in t  l e t  us d i g r e s s  a  l i t t l e  t o  f a m i l i a r i z e  the  

reader  wi th  some of t h e  topo log ica l  parameters of a  e u t e c t i c  

mic ros t ruc tu re .  A t y p i c a l  mic ros t ruc tu re  i s  p i c t u r e d  i n  

Figure 1. The growth d i r e c t i o n  i s  normal t o  t h e  micrograph 

and one can e a s i l y  d i s c e r n  t h e  a l t e r n a t i n g  lamellae or  

"p la te s"  of each phase,. I t  i s  a l s o  c l e a r l y  evident  t h a t  t h e  

lamellae a r e  no t  continuous.  The te 'rmination of a  lamel lae  i s  

termed a  l amel l a r  f a u l t .  When a  number'of ad jacent  lamel lae  

te rminate  a l l  along a  l i n e  t h i s  t r a c e  i s  evidence of a  m i s -  

match s u r f a c e .  A mismatch s u r f a c e  genera l ly  l i e s  normal t o  

t h e  lamel lae  and p a r a l l e l  t o  ' the '  'growt'h ' d i r e c t i o n .  The edge 



Fig. 1. A typical faulted Pb-Cd eutectic microstructure. 
Growth normal to the micrograph. 1000X 



of a  mismatch su r face  i s  n o t  we'll. de f ined ;  they simply fade 

o u t .  I f  a  mismatch su r face  i s  merely a  displacement of t h e  

l amel l ae ,  t h a t  i s  i f  t h e r e  a r e  'equal numbers of lamel lae  on 

both s i d e s , i t - i s  termed a  no-net  f a u l t .  I f ,  however, t h e  num- 

b e r  on one s i d e  d i f f e r s  from t h a t  on t h e  o t h e r  i t  i s  termed a  

n e t  f a u l t .  M0vemen.t . o f  n e t  f a u l t s  has been proposed t o  

account f o r  the  a b i l i t y  of t h e  mic ros t ruc tu re  t o  change t h e  

l amel l a r  spacing i n  response t o  changes i n  growth r a t e .  

Now l e t  us move on t o  cons ider  some genera l  concepts of 

e u t e c t i c  growth and .the development of a  p r e f e r r e d  c r y s t a l -  

lography. ~ a m e l l a r  growth i s  favored by, s h o r t  d i f f u s i o n  d i s  - 
tances  a t  t h e  advancing s o l i d - l i q u i d  i n t e r f a c e  b u t  t h e  p l a t e  

l i k e  s t r u c t u r e  i s  cha rac te r i zed  by a  l a r g e  a r e a  of i n t e r f a c e  

pe r  u n i t  volume of m a t e r i a l .  Thus s t a b i l i z a t i o n , o f  t h e  lamel- 

l a r  s t r u c t u r e  w,ould occur i f  growth condi t ions  permi t ted  the  

s e l e c t i o n  of a  low energy i n t e r f a c e .  The f i n d i n g s  of con- 

s i s t e n t  o r i e n t a t i o n  r e l a t i o n s h i p s  i n  many e u t e c t i c  systems 

(3,4,5,15,17,18,22)  would l ead  t o  t h e  conclusion t h a t  t h i s  

does occur and many mechanisms f o r  o r i e n t a t i o n  changes have 

been proposed t o  p lay  a  r o l e  i n  t h e  s e l e c t i o n  process  (16) .  

In  a d d i t i o n  t o  t h e  o r i e n t a t i o n  c h a n g e s ' f o r  t h e  s e l e c t i o n  of a  

].ow energy i n t e r f a c e  each phase will be  s t r i v i n g  to grow i n  s 

favored c r y s t a l l o g r a p h i c  d i r e c t i o n .  Thus t h e  f i n a l  p r e f e r r e d  

c r y s t a l l o g r a p h i c  re1,at ionship should be a  compromise between 

maintaining a  low energy i n t e r f a c e  a n d  growth i n  p r e f e r r e d  

c r y s t a l l o ~ r a p h i ' c  d i r e c t i ~ n s ,  



A complex a n a l y s i s  by F l e t c h e r  and Adamson (13) p r e d i c t s  

t h a t  i n t e r f a c i a l  energy wi.11 vary  p e r i o d i c a l l y  when t h e  r e l a -  

t i o n s h i p  between t h e  i n t e r f a c i a l  and c r y s t a l  o r i e n t a t i o n s  i s  

v a r i e d  s y s t e m a t i c a l l y .  I n t u i t i v e l y  one r e a l i z e s  t h a t  t h e  

i n t e r f a c i a l  energy . is  a  complex f u n c t i o n  of t h e  f i v e  degrees  

of c r y s t a l l o g r a p h i c  freedom of  t h e  i n t e r f a c i a l  p l a n e s .  When- 

eve r  t h e  l a t t i c e  parameters ,  symmetry and o r i e n t a t i o n  of t h e  

two c r y s t a l s  g i v e  a  high percen tage  of atomic co inc idences  

a c r o s s  t h e  i n t e r f a c e  a  minimum energy c o n f i g u r a t i o n  w i l l  . . 

occur .  Such a  c i rcumstance would produce a  minima o r  perhaps  

a , c u s p  i n  an energy ve r sus  o r i e n t a t i o n  p l o t .  P h y s i c a l l y  then ,  

any g ra in .whose  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  f e l l  w i t h i n ' t h e  

width  of t h e  minima would exper ience  a  d r i v i n g  f o r c e  towards 

t h e  minimum energy c o n f i g u r a t i o n .  Any movement of l a m e l l a r  

f a u l t s  o r  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  changes which tended 

towards t h i s  c o n f i g u r a t i o n  would be  s t a b i l i z e d  a l lowing  pro-  

g r e s s i v e  changes t o  occur s lowly  a s  growth proceeded.  Let us 

now cons ide r  t h e  a c t u a l  shape of t h e  energy ve r sus  o r i e n t a t i o n  

curve .  I f  t h e  minima i n  t h e  energy ve r sus  o r i e n t a t i o n  curve 

were a  sha rp  cusp one would expec t  t h e  l ame l l ae  t o  be  r i g i d l y  

p a r a l l e l  and f i x e d  c r y s t a l l o g r a p h i c a l l y  s i n c e  any d e v i a t i o n  

from t h e  prefer red  o s i ~ n t . a t . i o n  would experience a  r a p i d  i n -  

c r e a s e  i n  energy.  I f  t.he o r i e n t a t i o n  corresponds t o  a  g e n t l e  

minimum i n  t h e  curve t h e  d r i v i n g  f o r c e  ma in t a in ing  t h e  p r e c i s e  

d e t a i l s  of t h e  '0 r ien ta t i :on  rel 'at i .onshi 'p ,.wo:uld -not  be. 'as .g.reat 

and one wouldexpec ' t  .to:find g r e a t e r  v a r i a t i o n  i n  t h e  c r y s t a l -  
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habit 'plane. If the habit was (i018) Zn the grain was 

dextro-rotary but if it was (1018) the grain would be laevo- 

rotary.   heir work ,also indicated that fault density and the 
range of mi,sorientations decreased with increasing temperature 

gradient, and that the rate of the lamellar spiraling also 

decreased with the decrease in fault density and range of mis- 

orientation~. The applicability, of these findings to the 

lead-tin system may be somewhat in for two reasons. 

Unfortunately Hopkins and Steward did not confirm that the 

lamellar spiraling they studied involved no orientation 

changes as was the case with the Al-Zn eutectic (nor did they 

show that it was the same crystallography previously found by 

Hopkins and Kraft (18)). Secondly, Double typically found 

the lbellae inclined at up to 25' to the growth direction, 

a complication not mentioned in previous lead-tin crystallo- 

graphic studies. In any event it is clear from these studies 

that . . the lamellar spiraling phenomena was inherent in the 

growth process and not a transient phenomena. 

111 spite of the advances, i n  experimental techniques 

there is considerable disagreement in the literature over 

the details of the preferred eutectic crystallography in 

a given system. A prime example of this is the lead-tin 

eutectic where depending on the solidification conditions 

various crystallographic relationships have been reported 

(17;25,29). In light of the apparent contradictions in the 

literature over eutectic crystallographic relationshibs it 



might prove b e n e f i c i a l  t o  summarize b r i e f l y  t h e  assumptions  . . 

most p r ev ious  i n v e s t i g a t o r s  have made a s  a  b a s i s  t o  t h e i r  

work and a l s o  any 1 imi t a t i . ons  imposed on t h e i r  exper iments  due 

t o  t h e  n a t u r e  'of t h e  t echn iques  employed. The major e x p e r i -  

mental  l i m i t a t t o n  was i n h e r e n t , i n  t h e  X-ray a n a l y s i s  most 

a u t h o r s  have r e l i e d  upon ( 2 4 ) .  Tex tu re  X-ray a n a l y s i s  when 

a p p l i e d  t o  t h e  d e t e r m i n a t i o n  can on ly  b e  an ave rag ing  t e c h -  

n ique  and u n l e s s  g r e a t  c a r e  is. e x e r c i s e d  t h e  a n a l y s i s  w i l l  

t e n d  t o  obscure .  t r u e  v a r i a t i o n s  i n  e u t e c t i c '  c r y s t a l l o g r a p h y .  

, A second drawback t o  X-ray a n a l y s i s  i s  t h a t  t h e  r e l a t i v e  

c r y s t a l l o g r a p h y  found by t h e  X-ray a n a l y s i s  must b e  c o r r e l a t e d  

t o  growth d i r e c t i o n s  and i n t e r f a c i a l  h a b i t  p l a n e  measurements 

determined independent ly  by o p t i c a l  microscopy.  Th i s  p r o -  

cedure  i n t r o d u c e s  a d d i t i o n a l  expe r imen ta l  e r r o r  i n t o  t h e  f i n d -  

i n g s  of  t h e  s t u d y .  Also t h e  assumptions  made by p r e v i o u s  
. . 

i n v e s t i g a t o r s  have p layed  a  r o l e  i n  t h e  manner of  exper imenta -  

t i o n  and p o s s i b l y  t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  A s  

p o i n t e d  o u t  by Cantor  and Chadwick (5)  most i n v e s t i g a t o r s .  have 

assumed a  p r i o r i  a  unique i n v a r i a n t  e u t e c t i c  c r y s t a l l o g r a p h y  

and have s e t  o u t  t o  f i n d  i t .  , T h i s  may have a  tendency t o  b i a s  

r e s u l t s  i f  i n  f a c t  i t  t u r n s  o u t  t h a t  t h e r e  i s  no p r e f e r r e d  

c r y s t a l l o g r a p h y  between . the  phases .  Th i s  p o i n t  i s  i l l u s t r a t e d  

q u i t e  n i c e l y  by t h e  work of Cantor  and Chadwick ( 3 , s )  on t h e  

A 1 - A 1 3 N i  e u t e c t i c  a long  w i t h  t h e  p u b l i s h e d  comments on t h e  
. . 

work by themselves  ( 2 )  and Garmong and Rho'des (1.4). I n  t h e  

o r i g i n a l  paper '  (3)' Cantor and Chadwick c la imed  t h a t  t h e i r  



data showed no crystallographic relationship between the two 

phases. Garmon'g and Rhodei .(l4) argued that within the range 

of experimental er:ror the 'data could be,'interpreted to show 

that there was a preferred crystallography. Cantor and Chad- 

wick (5) replied by showing that the relationship proposed by 

Garmong and Rhodes was not satisfied by. the majority .of the 

specimens studied by them and in a further study (3) presented 

a rather strong, case indicating that the orientation of the 

aluminum rich phase.was controlled by nucleation events and 

subsequent growth anisotropies and not by a mutual crystallo- 

graphic compatibility with the A13Ni phase. The series of 

papers cited above show how the actual reported results of a 

crystallographic study may be biased by the investigator's 

presumptions. In addition, the presumption of a unique invar- 

iant crystallography gave no motivation for investigators to 

vary the solidification conditions in their work to any great 

extent even though it had been concluded in the literature by 

at least one author, Kraft (23), that different crystallo- 

graphic relat'ionships were evidently possible under varying 

solidification conditions. 

Upon considering how the above mentioned factors limited 

the results of most previous investigations it was decided to 

study the solidification of a eutectic alloy while varying one 

of the solidification variables over a wide range of values. 

The.possible solidification conditions which could be varied 

are composition, convection, temperature gradient, solidifica- 



tion.rate, and capillarity effects. It would aid in interpre- 

tation of results if the variation of the parameter could be 

easily correlated and.related to any variations encountered in 

the eutectic crystallography. This restriction points to two 

variables, solidification rate and temperature gradient, both 

of which are easily measurable and which conceivably might 

have an effect on the eutectic crystallographic relationship. 

With this background in mind the present study was conceived 

and conducted . 
This, study of the crystallography of the lead-tin eutec- 

.tic is characterized by a number of factors which differenti- 

ate it from previous work in the area. First of all the 

experimental solidification apparatus used, fixed the condi- 

tions of solidification to'a greater extent than was possible 

in many previous investigations. The rate of solidification 

and temperature gradient in the liquid could both be measured 

accurately and varied independently. Also the careful align- 

ment of the samples in the scanning electron microscope (SEM) 

relative to the electron beam allowed the growth directions 

to be measured more precisely than in the past. Finally since 

the orientation relationships were determined by channeling 

techniques in the SEM the microstructure and crystallography 

could be correlated directly without the addition of error'as 

was the 'case previously in correlating X-ray data to inde- 

pendent optical measurements. 



EXPERIMENTAL APPARATUS AND PROCEDURES 

A l l  exper iments  were c a r r i e d  o u t  i n  t h e  v e r t i c a l  , s o l i d i -  . 

f i c a t i o n  appa ra tus  p i c t u r e d  i n  F i g u r e s  2 and 3 .  'The a l l o y s  

were s o l i d i f i e d '  i n  5  mrn I . C . / 7  mm O'.D. Vycor o r  q u a r t z  t ub ing  

52 cm long.  A hollow b r a s s  i n s e r t  was f i t t e d  about  4.5 .cm up 

i n t o  t h e  bottom of t h e  t ub ing .  This  r e s t e d  on t h e  lower cop- 

p e r  s u p p o r t  rod and an O-r ing and' clamping p l a t e  were used t o  

make a  vacuum s e a l  a t  t h e  bottom j u n c t i o n .  A t  t h e  t o p  t h e  :.. 

upper suppor t  f o r  t h e  t ub ing  was connected t o  t h e  vacuum s y s -  

tem and clamped t o  . t h e . t u b i n g  w i t h  ano the r  O-r ing s e a l .  A 

nylon p lug  w i t h  a  h o l e  th rough  t h e  c e n t e r  was th readed  i n t o  

t h e  upper suppor t  and was t i g h t e n e d  down t o  t h e  t ub ing  t o  

p reven t  any v e r t i c a l  motion d u r i n g  a  run .  A t  t h e  bottom a  

wate r  t i g h t  s e a l  was formed between t h e  t ub ing  and t h e  c o o l i n g  

c y l i n d e r  a s  p i c t u r e d  s c h e m a t i c a l l y  i n  F igu re  3 .  This  s e a l  

must be  w e l l  l u b r i c a t e d  s i n c e  it  i s  movable .and any s t i c k i n g  

would cause  v a r i a t i o n s  i n  t h e  r a t e  of  movement of  t h e  s o l i d -  

l i q u i d  i n t e r f a c e .  Res t ing  on t h e  clamping p l a t e  of  t h i s  s e a l  

were a  hollow l a v a  s p a c e r  and a  s t a i n l e s s  s t e e l  j a c k e t  which 

con ta ined  t h e  thermocouple t h a t  r e g u l a t e d  t h e  f u r n a c e  tempera- 

t u r e .  

The fu rnace  was 2 0  cm i n  h e i g h t  and con ta ined  non-induc-  
. . 

t i v c l y  wound nichromc w i r c  h c a t i n g  c lcmcnts .  The f u r n a c e  

r e s t e d  on a  t r a n s i t  space r  on t h e  t o p  p l a t e  of t h e  w a t e r  

chamber. By va ry ing  t h e  t h i c k n e s s  of  t h i s  t r a n s i t  s p a c e r  and 
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Fig. 2. An overall view of the experimental apparatus for 
directional solidification experiments 
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Fig. 3. A sectional view of the alloy and surrounding . . equipment 
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t h e  l a v a  s p a c e r  sur rounding  t h e  t u b i n g , t h e  s o l i d - l i q u i d  i n t e r -  

f a c e  could be  a d j u s t e d  t o  be p l a n a r  o r  convex a t  any g iven  

temperature  g r a d i e n t .  The tempera ture  g r a d i e n t  was measured 

by a  thermocouple which extended up i n t o  t h e  me l t  through t h e  

bottom copper suppor t  r od .  The the'rmocouples were made from 

2 m i l  chromel and alumel w i r e s  i n s u l a t e d  from a  10 m i l  O . D .  

by 8 m i l  I  . D .  s t a i n l e s s  s t e e l  s h e a t h  w i t h  powdered magnesia. 

The bead was formed b y w e l d i n g  t h e  end of  t h e  s h e a t h  t o  t h e  

chromel and alumel w i r e s .  React ion w i t h  t h e  l e a d - t i n  a l l o y  

du r ing  t h e  exper iments  was p reven ted  by c o a t i n g  t h e  s h e a t h  

w i t h  a  t h i n  l a y e r  o f  g r a p h i t e .  , . 

The exper iments  were a l l  c a r r i e d  o u t  a t  t h e  e u t e c t i c  com- 

p o s i t i o n  of 61.9 w/o t i n .  I n i t i a l l y  a  mas te r  a l l o y  was c a s t  

s t a r t i n g  from h igh  p u r i t y  m a t e r i a l s :  Vulcan   ate rials Corpor- 

a t i o n  t i n  99.999% pure  and l e a d  from Cominco American, a l s o  

99.999% pure .  A t o t a l  o f  about  400 g  o f  t h e  s t a r t i n g  m a t e r i -  

a l s  were weighed t o  w i t h i n  0.01% of t h e  d e s i r e d , c o m p o s i t i o n .  

A f t e r  p l a c i n g  t h e  charge  i n  a  c l e a n  Pyrex c r u c i b l e  t h e  c r u c i -  

b l e  was t r a n s f e r r e d  t o  a  vacuum chamber. The chamber was then 

evacuated and b a c k f i l l e d  w i t h  helium b e f o r e  f i n a l  evacua t ion  

of t h e  chamber. During t h e  me l t i ng  of t h e  charge  t h e  p r e s s u r e  

i n  t h e  c h a i b e r  was approximately  S X ~ O - ~  t o r i  and remained con- 

s t a n t .  .The charge  was mel ted by a  r e s i s t a n c e  f u r n a c e . a t  about 

4 2 S ° C  and when t h e  me l t i ng  was complete a  t an ta lum s t i r r i n g  

rod w i t h  a  paddle  a t t a c h e d  was lowered i n t o  t h e  me l t  and 
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o s c i l l a t e d  t o  i n s u r e  complete mixing.  The me l t  was t hen  l e f t  

i d l e '  f o r  approxi 'mately one h a l f  hour and then  r e s t i r r e d  imme- 

d i a t e l y  b e f o r e  c a s t i n g .  I n  t h e  c a s t i n g  o p e r a t i o n  a  bundle  of 

4 mm I.D./6 mm O . D .  Pyrex t ubes  60 mm long  w i t h  one end s e a l e d  

were lowered t o  t h e  bottom of t h e  mel t  and t h e  system was 

qu i ck ly  b a c k f i l l e d  w i t h  helium t h u s  f o r c i n g  t h e  molten a l l o y  

up i n t o  t h e  t ubes .  The a l l o y  r a p i d l y  s o l i d i f i e d  i n  t h e  Pyrex 

tubes  and t h e  fu rnace  was t hen  removed a l lowing  t h e  system t o  

c o o l .  The mas te r  a l l o y  c a s t  i n  t h e  4  mm I . D .  Pyrex t ubes  

was t hen  used a s  t h e  s t a r t i n g  p o i n t  f o r  a l l  subsequent  work. 

A f t e r  b r eak ing  t h e  a l l o y  o u t  of  t h e  t ubes  and c l e a n i n g  i n  

ace tone  and methyl  a l coho l  40-45 g  o f  t h e  a l l o y  w a s . c u t  from 

t h e  60 mm long r o d s a n d  p l aced  i n  t h e  appa ra tu s  d e s c r i b e d  p r e -  

v i o u s l y .  The sys tem'was t hen  tw ice  evacua ted  t o  2 5 x 1 0 - ~  t o r r  

and b a c k f i l l e d  w i t h  helium. When r e f i l l e d  w i t h  helium f o r  

t h e  f i n a l  t ime t h e  c o o l i n g  wa te r  was al lowed t o  f low and t h e  

fu rnace  t u rned  on t o  400°C i n  p r e p a r a t i o n  f o r  t h e  run .  The 

f i r s t  s t e p  c o n s i s t e d  of  me l t i ng  down t o  about  1 - 2  cm above 

t h e  bottom p lug .  During m e l t i n g  t h e  movement of  t h e  s o l i d -  

l i q u i d  i n t e r f a c e -  was fol lowed by t h e  u se  of  a  t an ta lum probe 

and a  t r a v e l i n g  micrometer  which r e a d  t o  0.001". When t h e  

d e s i r e d  s t a r t i n g  p o i n t  had been reached t h e  s p l i t  n u t  was . 

locked and t h e  fu rnace  and c o o l i n g  jacke' t  were a l lowed t o '  

t ' r ave l  a t  t h e  p rede te rmined  r a t e .  A f t e r  about  10-15' cm of 

t r a v e l  t h e  run was t e rmina t ed  by q u i c k l y  r a i s i n g  t h e  c o o l i n g  



j a cke t  - fu rnace  combination manually t h u s  "quenching" t h e  r e -  

maining l i q u i d .  Th is  c r e a t e d  an i n t e r f a c e  which was c l e a r l y  

e v i d e n t  upon macroetch.ing and which proved u s e f u l  i n  c o r r e l a t -  

i n g  t h e  s o l i d i f i c a t i o n  r a t e  d a t a  w i t h  t h e  s o l i d i f i e d  specimen. 

The tempera ture  g r a d i e n t  measurements were q u i t e  s imple  

t o  make.  The ou tpu t  of  t h e  thermoc'ouple was recorded  on a 

s t r i p  c h a r t  a s  a f u n c t i o n  of t ime .  The o u t p u t  recorded  i n  

t h i s  manner was e s s e n t i a l l y  a s t r a i g h t  l i n e .  Using,  a  s t r a i g h t  

edge t h e  s l o p e  of t h e  l i n e  i n  m i l l i v o l t s  p e r  second could  be  

determined.  When c o r r e l a t e d  w i t h  t h e  known tempera ture  de -  

pendence of  EMF f o r  chromel -a lumel  thermocouples and t h e  

s o l i d i f i c a t i o n  r a t e  ' d a t a  t h e  thermal  g r a d i e n t  i n  degre'es c e n t i -  

grade p e r  c e n t i m e t e r  cou ld  be c a l c u l a t e d .  By lowering t h e  

fu rnace  dnd c o o l i n g ,  chamber manually such t h a t  t h e  thermo- 

couple  t i p  w a s  aga in  i n  t h e  mol ten a l l o y ,  s e v e r a l  measurements 
. . 

could  be  made on a g iven  exper imenta l  r un .  A sha rp  b reak  i n  

t h e  thermocouple o u t p u t  was e v i d e n t  a s  t h e  t i p  passed  through 

t h e  s o l i d - l i q u i d  i n t e r f a c e .  A f t e r  t h e  d e s i r e d  number o f  meas- 

urements had been made, t h e  run was a l lowed t o  ' con t inue  and 

t e rmina t ed  a s  d e s c r i b e d  above. 

P r e p a r a t i o n  of  t h e  samples f o r  examinat ion began by c a r e -  

f u l l y  b reak ing  t h e  g l a s s  from t h e  s o l i d i f i e d  specimen and 

macroetching t h e  e n t i r e  specimen i n  a room tempera ture  e t c h  

c o n s i s t i n g  of  6 7  v / o  g l y c e r o l ,  16 v /o  g l a c i a l  a c e t i c  a c i d  and 

1 7  v /o  n i t r i c  a c i d  f o r  approximately  f i v e  minutes .  Th is  r e -  

v e a l e s  t h e  s t a r t  and quench i n t e r f a c e s  and t h e  g r a i n  s t r u c t u r e  
. . 



of  t h e  specimen. Samples f o r  examinat ion i n  t h e  SEM were 

ob t a ined  by s e c t i o n i n g  t h e  specimen w i t h  a  j ewele rs  saw. In 

a l l  c a se s  a  s u r f a c e  2 mm below t h e  quench i n t e r f a c e  was exam- 

i n e d .  I n  a d d i t i o n  two o r  t h r e e  o t h e r  s u r f a c e s  n e a r e r  t h e .  

s t a r t  i n t e r f a c e  were examined and t h e  m i c r o s t r u c t u r a l  f . e a tu re s  

and c r y s t a l l o g r a p h i c  r e l a t i o n s h i p s  found were recorded .  A f t e r  

t h e  samples were p o l i s h e d  on a  600 g r i t  s i l i c o n  c a r b i d e  wheel 

t o  o b t a i n  a  smoo th . su r f ace  normal t o  t h e  growth d i r e c t i o n  t hey  

were c leaned  i n  ace tone  i n  an u l t r a s o n i c  c l e a n i n g  machine. 

Next t hey  were e l e c t r o p o l i s h e d  f o r  1 - 1 . 5  min a t  30 v o l t s  i n  a  

6 v/o p e r c h l o r i c  ac id-methanol  b a t h  main ta ined  a t  -5S°C by a  

f low of l i q u i d  n i t r o g e n  c o n t r o l l e d  by a  thermocouple i n  t h e  

p o l i s h i n g  b a t h  i t s e l f .  Immediately a f t e r  e t c h i n g , t h e  samples 

were swabbed w i t h  EDTA (a  s o l u t i o n  of  e thy lened iamine  t e t r a -  

a c e t i c  a c i d  disodium s a l t )  t o  remove any o x i d a t i o n  from t h e  

l e a d  (10) s i n c e  i t  was found t h a t  t h i s  o x i d a t i o n  had an ad- 

v e r s e  e f f e c t  on t h e  q u a l i t y  of t h e  channe l ing  p a t t e r n s  t h a t  

could  be  ob t a ined  from t h e  l e a d  l a m e l l a e .  Because of  t h e  

p resence  of a  t i n  p r e c i p i t a t e  i n  t h e  l e a d  l a m e l l a e  t h e  e l e c t r o -  

p o l i s h i n g  was q u i t e  c r i t i c a l  i n  t h a t  i f  t h e  p r e c i p i t a t e  was 

n o t  removed channe l ing  p a t t e r n s  from t h e  l e a d  were ex t remely  

d i f f i c u l t  i f  n o t  imposs ib le  t o  o b t a i n .  A f t e r  c a r e f u l -  a l i g n -  

ment of  t h e  s t a g e .  i n  t h e  SEM such t h a t  t h e  e l e c t r o n  beam and 

t h e  growth d i r e c t i o n  were p a r a l l e 1 , t h e  s u r f a c e  of  a g iven  

sample  was examined by making two or thogona l  t r a c e s  o f  t h e  

s u r f a c e  c a r e f u l l y  n o t i n g  t h e  o r i e n t a t i o n s  a c r o s s  t h e  sample.  



The crystallographic information from the selected area chan- 

neling patterns (SACPs) and the position of the lamellar 

interface were correlated directly by first obtaining the 

SACP and then lowering the specimen by controlling the height 

of the stage to observe the microstructure and note the posi- 

tion of the lamellar interface. This procedure has been 

shown by van Essen and Verhoeven (30) to result in an error 

free correlation. The orientation of the SACPs was found by 

comparison with an experimentally generated channeling pat- 

tern for the material in question. Upon completion of the 

two orthogonal traces the surface was examined at about 300X 

in the scan normal mode and any areas that appeared to warrant 

further study were also examined in the channeling mode. If 

only a single orientation relationship was found it was 

assumed to be the one for the particular set of 

experimental conditions. 

The availability of samples of Pb-Sn eutectic which were 

directionally solidified by previous investigators in an 

apparatus similar to that. described above, led to a series of 

examinations in which the nature of their preferred crystal- 

lography was investigated. The procedure employed in solidi-. 

fying these specimens differed.from that described 'above and 

therefore will be summarized here. First high purity lead 

and tin weighed out to eutectic composition were placed in the 

system. Then the system was evacuated and heated to 400°C. 

A tantalum stirrer was then i n . t r n d i l c e d  into the melt and the 



molten a l l o y  was s t i r r e d  v igo rous ly  t o  i n s u r e  homogeneity. 

Upon completion of t h e  s t i r r i n g  o p e r a t i o n  t h e  coo l ing  j a c k e t  

was q u i c k l y  r a i s e d ,  quenching 5 cm of t h e  molten a l l o y .  .Then 

t h e ,  t empera ture  of  t h e  me l t  was r a i s e d  t o  750°C and t h e  system 

b a c k f i l l e d  w i t h  one atmosphere of  h igh  p u r i t y  hel ium.  The 

a c t u a l  s o l i d i f i c a t i o n  of t h e  a l l o y  t hen  proceeded by s o l i d i f y -  

i n g  about  3 mm a t  -5  pm/s and then  a b r u p t l y  changing t h e  

s o l i d i f i c a t i o n  r a t e  t o  t h e  d e s i r e d  v a l u e  which t h e n  was h e l d  

c o n s t a n t  f o r  t h e  remainder o f  t h e  run .  E l e c t r o p o l i s h i n g  and 

SEM examinat ion of t h e  specimens fol lowed t h e  procedure  o u t -  

l i n e d  i n  t h e  p rev ious  s e c t i o n .  

I n  t h e  second s e r i e s  of  exper iments  t h e  e u t e c t i c  was 

seeded u s i n g  specimens 20  mm long  taken  from runs  grown i n  

t h e  f i r s t  manner d e s c r i b e d  above. To seed  t h e  e u t e c t i c  w i t h  

on ly  t h e  d e s i r e d  o r i e n t a t i o n  and avo id  any spu r ious  n u c l e a t i o n ,  

t h e  samples t o  be used a s  s eeds  were e l e c t r o p o l i s h e d  i n  t h e  

same manner a s  b e f o r e  u n t i l  t h e i r  d iamete r  was reduced j u s t  

enough t o  f i t  i n t o  t h e  5 mm I . D .  t ub ing .  Using a  hollow b o t -  

tom p lug  a s  p i c t u r e d  i n  F igu re  4 t h e  seed  was f i r s t  g lued  t o  

t h e  t o p  s u r f a c e  of  t h e  p lug  and then  t h e  assembly i n s e r t e d  i n  

t h e  t ub ing .  S i l i c o n e  rubber  was i n t roduced  i n t o  t h e  bottom of 

t h e  p lug  and f o r c e d  t o  f low up through t h e  p lug  and around t h e  

seed  and al lowed t o  s o l i d i f y .  By u s i n g  t h e  t an ta lum probe 

du r ing  t h e  m e l t i n g  procedure  one cou ld  fo l l ow  t h e  i n t e r f a c e  

movement and me l t  down t o  a  p o i n t  w i t h i n  t h e  c o n f i n e s  of  t h e  

s i l i c o n e  rubbe r  and f o r c e  t h e  e u t e c t i c  t o  n u c l e a t e  on ly  on 
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t h e  seed a s  d e s i r e d .  Once t h e  s eed  o r i e n t a t i o n  was e s t a b -  

l i s h e d  by s o l i d i f y i n g  f o r  about  5 cm under t h e  same c o n d i t i o n s  

t h a t  accompanied i t s  o r i g i n a l  deve lopmen t , e i t he r  t h e  tempera- 

t u r e  g r a d i e n t  o r  t h e  s o l i d i f i c a t i o n  r a t e  was changed,and by 

r eco rd ing  t h e  r ead ings  on t h e  t r a v e l i n g  micrometer  t h e  p o i n t  

a t  which t h e  change was made could  be  a c c u r a t e l y  p inpo in t ed .  

The pr imary emphasis of t h i s  phase  o f  t h e  expe r imen ta t i on  was 

t o  a s c e r t a i n  t h e  e f f e c t  of  t h e  two v a r i a b l e s  on t h e  l a m e l l a r  

s p i r a l i n g  found t o  occur  i n  t h e  one c r y s t a l l o g r a p h i c  mode. 

Most of  t h e  runs  fol lowed a  s imple  format .  A f t e r  t h e  d e s i r e d  

c r y s t a l l o g r a p h y  was e s t a b l i s h e d  a t  a  s o l i d i f i c a t i o n  r a t e  of  

about  20 o r  40 pm/s t h e  s o l i d i f i c a t i o n  r a t e  was i n c r e a s e d  i n  

jumps of 20 pm/s a t  2.5 cm i n t e r v a l s  u n t i l  r a t e s  of 120 t o  140 

pm/s  were a t t a i n e d .  A t  t h i s  p o i n t  t h e  remaining l i q u i d  was 

quenched. The runs  i n  which t h e  e f f e c t  of  the rmal  g r a d i e n t  

was t o  be  e s t a b l i s h e d  were ve ry  s i m i l a r .  A f t e r  2.5 cm of 
. . 

a l l o y  were s o l i d i f i e d  a t  20 o r  40 pm/s and a  g r a d i e n t  o f  128 

OC/cm,the t empera ture  g r a d i e n t  was i n c r e a s e d  by r a i s i n g  t h e  

fu rnace  tempera ture  t o  750°C where p rev ious  i n v e s t i g a t i o n s  

(31)  had e s t a b l i s h e d  t h e  g r a d i e n t  t o  be  360 + 18 "C/cm. This  - 

took approximately  one hour a f t e r  which t h e  fu rnace  was low- 

e r e d  s l i g h t l y  t o  me l t  back any of t h e  e u t e c t i c  t h a t  might have 

s o l i d i f i e d  du r ing  tempera ture  f l u c t u a t i o n s  i n  r each ing  t h e  

h i g h e r  g r a d i e n t .  Then t h e  a l l o y  was s o l i d i f i e d  f o r  ano the r  

2 . 5  cm a t  t h e  same s o l i d i f i c a t i o n  r a t e  a s  b e f o r e  t h e  tempera- 

t u r e  g r a d i e n t  c h a n g e , a f t e r  which t h e  s o l i d i f i c a t i o n  r a t e  was 



increased  as  descr ibed above. 

Measurement of the  l amel l a r  s p i r a l i n g  r a t e  was done by 

two methods and they were c r o s s  checked on each o the r  t o  i n -  

su re  uniformity of r e s u l t s .  The f i r s t  method was as  fol lows:  

The specimen was placed on a l a t h e  and a s e r i e s  of d i s c s  1 mm 

t h i c k  were obtained by machining wi th  a 0.5 mm t o o l  b i t .  The 

specimens obtained i n  t h i s  manner were mounted i n  Quick 

Mount 'and the  su r faces  prepared f o r  ' examination a s  descr ibed 

e a r l i e r .  The lamel lar  s p i r a l i n g  r a t e  was found by measuring 

the  angle  formed by the  . lamellae and a f i d u c i a l  mark sc r ibed  

on the  specimen before  machining. -The second method involved 

an e x t e r n a l  macroetch which revealed t h e  c o n t r a s t  bands noted 

before  i n  the  work of Hopkins and Stewart  (19 ) .  The d i r e c t  

measurement of t h e  s p i r a l i n g  r a t e  confirmed t h e i r  observat ion 

t h a t  the  c o n t r a s t  band spacing corresponded t o  a l amel l a r  

r o t a t i o n  of 180'. A s  evidenced by Figure 5 t h e  c o n t r a s t  bands 

were we l l  def ined and q u i t e  d i s t i n c t  p a r t i c u l a r l y  those a t  the  

h igher  s o l i d i f i c a t i o n  r a t e s .  Thus ' the  s p i r a l i n g  r .ate could be 

measured by merely counting t h e  number of bands f o r  a given 

length  of growth. In every case where t h e  two methods were 

cross  checked they agreed t o  within'  + 1 0 % .  Also t h e  specimens - 

were examined t o  insure  t h a t  t h e  seeded o r i e n t a t i o n  was 

indeed the  one e x h i b i t i n g  t h e  lamel lar  s p i r a l i n g  e f f e c t .  A 

s e r i e s  of two surface,  analyses  were performed on the, specimens 

e x h i b i t i n g  the  s p i r a l i n g  phenomena t o  a s c e r t a i n  whether o r  not  
. . 



Fig. 5 .  Macrograph o f  specimen exhibi t ing  lamellar sp ira l ing .  
Growth direct ion f ~ o m  l e f t  t o  r ight .  Reduced approx- 
imately 50 per cent 



the  lamellae were inc l ined  wi th  respect  t o  the  growth d i r ec -  

t i o n  by pol ishing a specimen cut  from a  run longi tud ina l ly  

and examining it i n  the  SEM. The pol ishing and e tching were 

performed i n  the  manner described above. 



RESULTS AND DISCUSSION 

In  t h e  measurement of t h e  temperature g r a d i e n t ,  G ,  a s  

descr ibed e a r l i e r  t h e  lower value was found t o  be 128+3"C/cm. - 
The upper g rad ien t  of 360+18'C/crn - was w e l l  e s t a b l i s h e d  by 

Verhoeven and Gibson (31) i n  previous work and was assumed t o  

be the  same i n  these  experiments. A comparison of t h e  

quenched s o l i d - l i q u i d  i n t e r f a c e s  ( see  Figure 6) r e v e a l s  t h e  

lower g r a d i e n t  gave an i n t e r f a c e  t h a t w a s  concavewith r e spec t  

t o  t h e  s o l i d  whereas t h e  i n t e r f a c e  a t  t h e  h igher  g rad ien t  i s  

e s s e n t i a l l y  p l a n a r .  Thus a  camparison of t h e  r e s u l t s  between 

runs wi th  t h e  h igher  g rad ien t  versus  the  lower one should r e -  

v e a l  t h e  r o l e  played by t h e  shape of  t h e  i n t e r f a c e ,  a  v a r i -  

ab le  which has been theor ized  t o  p l a y  a  s i g n i f i c a n t  r o l e  i n  

the  development of p r e f e r r e d  o r i e n t a t i o n s  and a l s o  subsequent 

s t e a d y - s t a t e  l amel l a r  r o t a t i o n s .  

The r e s u l t s  of t h e  random nuc lea t ion  experiments showed 

t h a t  t h e  crys ta l lography and morphology of t h e  e u t e c t i c  were 

h ighly  dependent on s o l i d i f i c a t i o n  r a t e  whereas changing t h e  

temperature g r a d i e n t  appeared t o  have l i t t l e  o r  no e f f e c t  on 

the  s t r u c t u r e  t h a t  evolved from a given s e t  of experimental  

condi t ions .  The i d e a l i z e d  o r i e n t a t i o n  r e l a t i o n s h i p s  and exper- 

imental  condi t ions  under which they developed a r e  summarized 

i n  Tables 1 and 2 .  B r i e f l y  t h e  r e s u l t s  showed four  d i s t i n c t  

c r y s t a l l o g r a p h i c  modes which were found t o  be s t a b l e  a t  d i f -  

f e r e n t  s o l i d i f i c a t i o n  r a t e s .  A s  can be seen t h e  ranges of 



Fig. 6. Typical quench interfaces showing profile of solid-liquid interface 
(a) gradient of 128°C/cm; (b) gradient of 36OQ6/cm. 29.1X 



Table 1. Idealized eute.ctic crystallographic relationships 
found in .lead.- t.in system 

Relationship I: 

Growth direction 1 1 [i30]~n 1 ( [ii4]~b 

Interface. 1 ,  I  (jio) sn 1 . 1  ( 5 3 2 )  Pb 

Relationship I1 : 

Growth direction 1 1 [i43] sn 1 1 [ii3]Pb 
Interface 1 1  (siZ)~n I I  [fZi]~b 

Relationship I11 :a 

Growth direction 1 1 [$71]~n 

Relationship IV: a 

Growth directiop I  1' [001 J sn 

I 1 (i00)sn Interface 

a Experimental limitations precluded the determination of 
the full details of these crystallographic relationships. 
See text 'for details. 



Table 2 .  The e f f e c t  of s o l i d i f i c a t i o n  r a t e  on t h e  c r y s t a l -  
1.o.g.r.a.ph.y. .of. .t.h.e. .Pb.-.Sn. .e.u.t.e.c.t i c  

Run R G C r y s t a l -  Length . No. o f '  g r a i n s  
No. (ym/s) . (OC/cm) lography s o l i d i -  p r e s e n t  

p re sen t .  f i e d  
(mm> 

7 - 1 0  
coarsened  

I I 

I I 

a  The au tho r  examined . the  r e s u l t s  of  t h e s e  runs  b u t  t hey  ' 

were conducted by p rev ious  i n v e s t i g a t o r s .  



stability overlap to a certain extent and a definite transi- 

tion rate cannot be determined. Since the precise details 

ofnucleation and early staged of growth will vary widely 

from one run to another considerable variation in the transi- 
. . 

tion from ,one crystallographic mode to another is expected 

and indeed found in this work. This discussion on the re- 

sults should be prevaced by noting that the great majority 

of the data concerns the crystallography of the tin-rich 

phase-. The reason for this .is due to experimental.1imitations 

impo.sed by the physical nature of the eutectic. The lead-rich 

phase occupies only about 37 v/o at the eutectic point. Al'so 

upon cooling the lead becomes supersaturated with tin at room 

temperature and the lead lamellae contain a tin precipitate. 

These-two factors limited the resolution of the electron 

channeling patterns (ECP) and at high growth rates (>40 um/s) 

with the concomitant decrease in lamellar spacing selected 

area channeling patterns (SACP) from the lead phase could not 

be resolved under any circumstances. However relative changes 

, i l l  Lhe lead phase orfeneation should follow those of the tin 

phase which is generally'considered to be the controlling 

phase since it occupies about 63 v/o. In addition the work 

of Sundquist and Mondolfo (27) indicates that to homogeneously 

nucleate eutectic on primary lead required about 40°C of 

undercooling whereas nucleating eutectic on primary tin re- 

quires less than 1°C of undercooling. Studies by Davies (7) 

showed that the eutectic which is forced to nucleate on the 



l e a d  . nuc l ea t e s  randomly whereas e u t e c t i c  f o r c e d  t o  n u c l e a t e  

on pure  t i n  immediately forms an e p i t a x y  w i t h  t h e  t i n  sub -  

s t r a t e .  Thus ,one would expec t  t h e  t i n ' t o  c o n t r o l  the. e p i t a x y  

. . of ' t h e  e u t e c t i c .  

Before p lunging  i n t o  t h e  d e t a i l s  o f  t h e  f i n d i n g s  o f  t h i s  

s t udy  a  d i s c u s s i o n  of  t h e  e r r o r s  - in  measurement of  t h e  c rys - ,  

t a l l o g r a p h i c  paramete rs  i s  i n  o r d e r .  The measurement p roce-  

dure  c o n s i s t e d  of  f i r s t  a l i g n i n g  t h e  specimen p a r a l l e l  t o  t h e  

e l e c t r o n  beam. Then t h e  s u r f a c e  was examined i n  t h e  channe l -  

i n g  mode and i n  t h e  normal mode by merely a d j u s t i n g  t h e  s p e c i -  

i e n  h e i g h t  by lowering o r  r a i s i n g  t h e  s t a g e  of  t h e  SEM. One 

would expec t  t h e  e r r o r  i n  t h i s  p a r t  t o  be  l e s s  t han  lo .  Thus 

t h e  major sou rce  of  e r r o r  was i n  t h e  i n t e r p r e t a t i o n  of t h e  

sp read  of t h e  d a t a  from a l l  runs  e x h i b i t i n g  a  p a r t i c u l a r  

c r y s t a l l o g r a p h i c  mode. Admit tedly  t h i s  i s  somewhat s u b j e c -  

t i v e ,  however, f o r t u i t o u s l y  t h e  d a t a  were very  c o n s i s t e n t  and 

al lowed f o r  l i t t l e  e r r o r  i n ' i n t e r p r e t a t i o n .  I n  any even t  t h e  

a c t u a l  sp read  of t h e  d a t a  i s  g iven  when a p p r o p r i a t e  and thus  

t h e  a u t h o r ' s  i n t e r p r e t a t i o n  may be  judged d i r e c t l y .  

A t  growth r a t e s  l e s s  t h a n  8 pm/s t h e  e u t e c t i c  m i c r o s t r u c -  

t u r e  'appeared very  i r r e g u l a r  a s  evidenced by t h e  SEM micro-  

graph.,  F igure  7 .  The p l a t e s  e x h i b i t e d  very  few mismatch s u r -  

f a c e s  o r  l a m e l l a r  t e r m i n a t i o n s .  I n s t e a d  t h e  l a m e l l a e  branched,  

j o i n e d . a n d  c u r l e d  i n  an i r r e g u l a r  f a s h i o n .  The l a m e l l a r  

i n t e r f a c i a l  h a b i t  p l ane  had a  mean d i r e c t i o n  t h a t  was e a s i l y  

determined b u t  on a f i n e r  s c a l e  t h e  i n t e r f a c e  had a-wavy.  



Fig. 7. Typical Pb-Sn eutectic microstructure exhibiting 
crystallographic Relationship I. Lead lmellae 
show removal of tin precipitate during etching. 
2040X SEM micrograph ' 



na tu re .  Pas t  i n v e s t i g a t o r s  have termed s i m i l a r  s t u r c t u r e s  as  

degenerate  and have genera l ly  only considered them a s  t r a n s i -  

t o r y  t o  t h e  development of a  low energy i n t e r f a c e .  The 

r e s u l t s  of t h i s  work i n d i c a t e  t h a t  t h i s  i s  n o t  t h e  case  here.  

With a  convex s o l i d - l i q u i d  i n t e r f a c e  t o  promote t h e  develop- 

ment of t h e  p r e f e r r e d  o r i e n t a t i o n s  t h i s  s t r u c t u r e  and i t s  

accompanying c r y s t a l l o g r a p h i c  r e l a t i o n s h i p  which i s  l i s t e d  i n  

i d e a l i z e d  form as  Rela t ionship  I i n  Table 1 were c o n s i s t e n t l y  

found a t  t h e  ind ica ted  growth r a t e s .  Indeed t h i s  i s  i n  agree-  

ment w i t h  t h e  r e s u l t s  of Hunt (20) i n  h i s  s t u d i e s  of  t h e  Pb- 

Sn e u t e c t i c .  He found a t  r a t e s  of 1.3 pm/s t h a t  degener- 

a t e  g r a i n s  were p resen t  even a f t e r  7.0 cm of growth. I t  i s  

l i k e l y  t h e  s t r u c t u r e  he observed i s  the  one def ined  by Rela- 

t i o n s h i p  I .  A s  s t a t e d  SACPs of samples grown a t  t h e s e  r a t e s  

showed a  c o n s i s t e n t  c rys ta l lography but  t h e  s t r u c t u r e  was 

found t o  have regions misaligned up t o  7' from t h e  i d e a l  [ i30]  

t i n  growth d i r e c t i o n .  Figure 8 shows t h e  range of o r i e n t a -  

t i o n s  found i n  a  t y p i c a l  run.  A unique s i t u a t i o n  occurred 

i n  t h e  determinat ion of t h e  c rys ta l lography .  When at tempting 

t o  index a  t i n  SACP such a s  t h a t  p i c t u r e d  i n  Figure 9 an 

e x t r a  band was found t h a t  d i d  n o t  correspond t o  any found on 

t h e  experimental ly  produced t i n  channeling maps. Subsequent 

work e s t a b l i s h e d  t h a t  t h i s  was a  band from a  l ead  lamellae,  

thus  a  s i n g l e  SACP f i x e d  t h e  o r i e n t a t i o n  of both  phases.  Fig- 

u r e  10,  a  p l o t  of a l l  runs e x h i b i t i n g  Rela t ionship  I ,  shows 

t h e  v a r i a t i o n  i n  growth d i r e c t i o n  t o  be wi th in  9' f o r  a l l  



Fig. 8. Tin crystallographic data from typical run exhibiting 
Relationship 1. Points indicate lamellar growth 
directions and bars the trace of the interface plane 



Fig. 9 .  Channeling pa t te rn  from a t i n  lamellae near the  [I301 
pole showing a (110) band from the adjacent lead 
lamellae. (a) actual  SEM pa t t e rn ,  (b) schematic 
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samples examined. Examination of runs wi th  s o l i d i f i c a t i o n  

r a t e s  of 5 ym/s and g r e a t e r  i n d i c a t e d  t h a t  t h e  s t r u c t u r e  

became more regu la r .  The lamellae d i d  n o t  branch and c u r l  

wi ld ly ,  i n s t e a d  they  exh ib i t ed  we l l  def ined mismatch su r faces  

although t h e  l amel l a r  i n t e r f a c e  r e t a i n e d  i t s  wavy na tu re .  In 

s p i t e  of t h i s  inc rease  i n  r e g u l a r i t y , t h e  c r y s t a l l o g r a p h i c  

n a t u r e  of t h e  e u t e c t i c  remained t h e  same, i n  f a c t  t h e  range of 

misor i en ta t ions  f o r  a given run became smal ler  when compared 

t o  t h a t  of lower r a t e s .  The morphological and c r y s t a l l o -  

graphic  c h a r a c t e r i s t i c s  of t h i s  mic ros t ruc tu re  may be account- 

ed f o r  by an argument s i m i l a r  t o  t h a t  presented  by Cooksey et 
a l .  (6)  f o r  t h e  A1-A12Cu e u t e c t i c .  I t  i s  probable a t  t h e s e  
i- 

low s o l i d i f i c a t i o n  r a t e s  t h e  s t r u c t u r e  i s  c o n t r o l l e d  by t h e  

aniso t ropy of the ,growth  k i n e t i c s  of t h e  t i n  phase. The tend-  

ency of t h e  t i n  t o  grow i n  favored c r y s t a l l o g r a p h i c  d i r e c t i o n  

fo rces  the  e u t e c t i c  t o  grow wi th  a  r e l a t i v e l y  high energy 

i n t e r f a c i a l  h a b i t  plane.  A t  low growth r a t e s  w i t h  a t t e n d a n t  

inc rease  i n  l amel l a r  spacing ( A )  and decrease i n  s u r f a c e  a r e a  

of con tac t  between t h e  phases, one would expect  t h e  s o l i d - s o l i d  

i n t e r f a c i a l  energies  t o  p lay  a  l e s s e r  r o l e  i n  determining t h e  

e u t e c t i c  c rys ta l lography.  I f  t h e  lamel lae  a r e  growi,ng wi th  a  

r e l a t i v e l y . h i g h  energy i n t e r f a c e  t h e  tendency t o  form p a r a l l e l  

p l a t e s  would be reduced and they could be expected t o  respond 

t o  p e r t u r b a t i o n s  i n  the  s o l i d  l i q u i d  i n t e r f a c e  by branching o r  

c u r l i n g  q u i t e  e a s i l y .  This i s  e x a c t l y  what was observed 

meta l lographica l ly .  The i n c r e a s e  i n  r e g u l a r i t y  w i t h  i n c r e a s -  



ing growth rate is another manifestation of the high energy 

interface. As the magnitude of the perturbations inherent 

in the solidification apparatus becomes less and less as com- 

pared to the growth rate, the degenerate nature of the micro- 

structure should decrease. 

Increasing the solidification rate to about 8 ym/s was 

found to produce a different mode of eutectic crystallography 

which is summarized in Table 1 as Relationship 11. The mor- 

phology of this mode is what has been defined as a regular 

eutectic microstructure. Under all the solidification.condi- 

tions that coincided with the appearance of Relationship I1 it 

maintained its regularity having well defined mismatch surfaces 

and lamellar faults. An examination of the SEM micrograph in 

Figure 11 shows that the lamellar interface is well defined 

and does not appear to be wavy as was found in Relationship I. 

For a given run this structure had less variation in the crys- 

tallography than .Relationship I as can be seen by comparing 

Figures 12 and 8. Figure 13 summarizes the data from all 

runs exhibiting Relationship 11. In spite of having less 

variation in misorientations for a given runsthe range of 

misorientations for all runs is about 11" which is greater 

than was found for Relationship I. The transition to this 

crystallographic mode from Relationship I may be attributed 

to the increasing importance of the surface energy term with 

decrease in h due to the increase in the solidification rate. 

The fact that the lamellae are more nearly parallel in 
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Fig. 12. Tin crystallographic data from typical run exhibit- 
ing RelationshTp 11. Points indicate lamellar 
growth directions and bars the trace of the inter- 
face plane 



Fig. 13. Tin crystallographic data from all runs exhibiting 
Relationship 11. Each point represents the average 
lamellar growth direction and interface trace from 
a single experiment 



a l l  c&ses and t h a t  the lamel lar  i n t e r f a c e  appears t o  be 

s t r a i g h t  and does 'no t  have 'a wavy na tu re  .as .in Relat ionship 

1 , a t t e s t  t o  t h e  f a c t  t h a t  a  low energy i n t e r f a c e  i s  c o n t r p l -  

ing the  morphology. In  add i t ion  by looking a t  Figure 13 i t  

can be seen t h a t  t h e  range df misor i en ta t ions  a r e  such t h a t  

the (iii) Sn plane i s  maintained as  t h e  average plane of con- 

t a c t .  Thus even though the  growth d i r e c t i o n  i s  s u b j e c t  t o  

considerable  v a r i a t i o n , t h e  low energy of t h e  i n t e r f a c i a l  h a b i t  

plane r e s t r i c t s  misor i en ta t ions  t h a t  would cause a  dev ia t ion  

from the  p r e f e r r e d  h a b i t  plane and an a t t endan t  inc rease  i n  

the  energy of the  system. Thus i t  appears t h a t  t h e  e x p e r i -  

mental evidence would s t r o n g l y  i n d i c a t e  t h a t  t h i s  s t r u c t u r e  

i s  s t a b i l i z e d  by a  low energy i n t e r f a c e .  Previous work by 

Hopkins and Kraft  (18) i n  which they s o l i d i f i e d  Pb-Sn e u t e c t i c  

specimens i n  a  h o r i z o n t a l  g raph i t e  boat  a t  s o l i d i f i c a t i o n  

r a t e s  from 5.5 t o  11 pm/s under thermal g rad ien t s  of 8 t o  1 5  

OC/cm ind ica ted  a  s l i g h t l y  d i f f e r e n t  e u t e c t i c  c rys ta l lography 

than t h a t  found i n  the  p resen t  s tudy.  Since t h i s  i s  one of 

the  most c i t e d  references  i n  t h e  s tudy of e u t e c t i c  c r y s t a l -  

lography one i s  compelled t o  compare the  two e p i t a x i a l  r e l a -  

t ionsh ips  t o  see  i f  t h e  d i sc repanc ies  might be resolved .  To 

b r ing  t h e i r  proposed e p i t a x i a l  r e l a t i o n s h i p  i n t o  equivalence 

with Relat ionship I 1  a  r o t a t i o n  of about 8' w i l l  b r ing  both 

growth d i r e c t i o n s  i n t o  coincidence and then a  r o t a t i o n  of the  

lamel lar  i n t e r f a c e  ' t r ace  of approximately 20'. w i . 1 1  y i e l d  the  

same h a b i t  .plane 'as ,determined i n  thi's s tudy.  Withi'n the  



range of their experimental error, this shows that both studies 

probably found the same relative orienta.tion of the tw.0 phases. 

The primary disagreement th.e'n' is in the metallographic work, 

the growth direction and lamellar habit plane, and is not of 

a crystallographic nature. Hopkins and Kraft employed an 

X-ray technique (18) in which they correlated the crystallo- 

g,raphic data from the X-ray work with independent ob- 

servations of the growth direction and lamellar interface. 

The correlation of the metallographically determined growth 

, direction and lamellar interface was done directly in the 

channeling work used here to determine the crystallography. 

By changing the height of the specimen, one could observe 

first the SACP and its crystallographic information and then 

the orientation of the lamellae in a matter. of seconds.. This 

procedure eliminated a potential source of error and provided 

an accurate rapid method for the correlation of the metallo- 

graphic and crystallographic data (30). On the strength of 

this direct correlation of the data one would assume the 

present study to provide a more accurate statement of the 

relation of the crystallography to the morphology of the 

eutectic microstructure. 
. . 

At solidification rates exceeding 40 pm/s two quite dis- 

tinct crystallographic relationships developed, not .found at 

. . the lower' rates. It is unfortunate that .the smaller lamellar 

spacing occurring at these rates' precluded a complet'e deter- 

mination of the relationship since SACPs from the lead phase 



could  n o t  be  ob t a ined .  The f i r s t  c r y s t a l l o g r a p h i c  mode, Rela-  

t i o n s h i p  111, was a  h i g h l y  i r r e g u l a r  s t r u c t u r e  s i m i l a r  i n  

appearance i n  many r e s p e c t s  t o  t h e  morphology of R e l a t i o n s h i p  

I d e s c r i b e d  i n  d e t a i l  e a r 1 , i e r .  The l a m e l l a e  c u r l e d  and 

branched f a i r l y  e x t e n s i v e l y  and w i t h  an i r r e g u l a r  l a m e l l a r  

i n t e r f a c e .  Adjacent  l ame l l ae  appeared t o  va ry  up t o  3 - 4 '  i n  

growth d i r e c t i o n  which i s  a  much more ab rup t  change i n  o r i e n -  

t a t i o n  t han  found i n  any o t h e r  c r y s t a l l o g r a p h i c  r e l a t , i o n s h i p  . 
Oddly enough t h e  i n t e r f a c e  d i d  n o t  appear  t o  correspond t o  any 

low index p l ane  of  t h e  t i n  phase .  The range  of m i s o r i e n t a -  

t i o n s  f o r  a l l  runs  examined i s  shown i n  F igu re  1 4 .  The second 

c r y s t a l l o g r a p h i c  r e l a t i o n s h i p ,  R e l a t i o n s h i p  I V ,  found a t  t h e s e  

growth r a t e s  g e n e r a l l y  comprised about  10-20% of t h e  micro-  

s t r u c t u r e  of  a  g iven  c r o s s  s e c t i o n  t r a n s v e r s e  t o  t h e  growth 

d i r e c t i o n .  One d i d  n o t  need t o  u se  channe l ing  techn' iques t o  

d i s t i n g u i s h  between R e l a t i o n s h i p s  I11 and I V  because  of t h e  

g r e a t  c o n t r a s t  i n  t h e  morphology between t h e  two. Micros t ruc-  

t u r e s  e x h i b i t i n g  R e l a t i o n s h i p  IV were g e n e r a l l y  found a t  g r a i n  

boundar ies  and were ex t remely  r e g u l a r  i n  appearance.  A micro- 

graph showing t h e  c o n t r a s t  between t h e  two s t r u c t u r e s  i s  shown 

i n  F igure  1 5 . .  E u t e c t i c  r e g i o n s  a s  d e s c r i b e d  by R e l a t i o n s h i p  

I V  occur red  predominate'ly i n  long ' t h i n  se .c t ions  w i t h  t h e  lamel-  

l a e  having a  sha rp  s t r a i g h t  l a m e l l a r  i n t e r f a c e .  The 1,amellae 

e x h i b i t e d  few . f a u l t s  b u t  when f a u l t e d  t h e  mismatch s u r f a c e s  

we.re d i s t i n c t . .  The growth d i r e c t i o n  and l a m e l l a r  h a b i t  

p l ane  were w e l l  d e f i n e d .  Twenty r e g i o n s  examined averaged 



Fig. 14. Tin crystallographic data from all runs exhibiting 
Relationship 111. ' Points indicate lamellar growth 
directions and bars the trace of interface plane 



Fig. 15: SEM micrograph showing Pb-Sn eutect ic  exhibiting 
b lo t ionsh ip  I11 and Relationship IY. 1000$ 

Fig. 16. Polarized l i gh t  micrograph showing contrast between 
eutect ic  exhibiting Relationship I11 (darker areas) 
and that exhibiting Relationship IV ( l i gh t  regions).  
29. '"  



only about  1 .8 '  o f f  t h e  [00'1] Sn growth d i r e c t i d n .  . Since  t i n  

having a  body c e n t e r e d  t e t r a g o n a l  s t r u c t u r e  i s  o p t i c a l l y  

a c t i v e , p o l a r i z e d  l i g h t  microscopy was ano the r  t e chn ique  which 

cou ld  e a s i l y  b e  used t o  d i s t i n g u i s h  t h e  two c r y s t a l l o g r a p h i c  

r e l a t i o n s h i p s .  The s i m p l i c i t y  of  t h i s  method i s  i l l u s t r a t e d  

by t h e  micrograph i n  F igure  16 .  P o l a r i z e d  l i g h t  s t u d i e s .  i n d i -  

c a t e d  t h a t  a f t e r  t h e  i n i t i a l  s t a g e s  of  growth t h e  volume p e r -  

cen t age  of t h e  m i c r o s t r u c t u r e  c h a r a c t e r i z e d  by R e l a t i o n s h i p  

I V  remained n e a r l y  c o n s t a n t  wi.th. ' r e s p e c t  t o  t h a t  . c h a r a c t e r i z e d  

by R e l a t i o n s h i p  111. The e x i s t e n c e  of  a .  degenera te .  l a m e l l a r  

s t r u c t u r e  i n  t h e  l e a d - t i n  e u t e c t i c  has  been observed by Hunt 

(20) a t  growth r a t e s  above 83 pm/s which i s  i n  good agreement 

w i t h  t h e  f i n d i n g s  of  t h i s  s t u d y .  According t o  Cooksey -- e t  a l .  

(6)  h i g h  growth r a t e s  f a v o r  a  t r a n s i t i o n  t o  f i b r o u s  e u t e c t i c  

due t o  t h e  i n c r e a s i n g  importance of  r e l a t i v e  h e a t  f low between 

t h e  phases  and s o l u t e  r e d i s t r i b u t i o n .  B o t h , f a c t o r s  f a v o r  t h e  

r a d i a l  d i s t r i b u t i o n  of rods  v e r s u s  t h e  l a m e l l a r  s t r u c t u r e  

which can i nvo lve  on ly  two d imens iona l  d i f f u s i o n .  Indeed t h i s  

t r a n s i t i o n  has  been observed i n  many systems ( 6 , 3 4 ) .  S ix '  , 

e u t e c t i c  sys tems were s t u d i e d  b y  Hunt and C h i l t o n  (21) i n  

which t h e y  a t t emp ted  t o  induce t h e  l a m e l l a r  t o  f i b r o u s  t r a n s i -  

t i o n  by f o r c i n g  the '  l a m e l l a r  e u t e c t i c s  t o  grow around an i n -  

s e r t .  S ince  t h e  l ame l l ae  wou,ld' need t o  bend s h a r p l y  t o  remain 

normal t o  t h e  i n t e r f a c e  t hey  reasoned  t h a t .  t h e  l a m e l l a e  would '  

l o s e  t h e i r  low energy advantage'  'and t h a t  . t he  sys tem would . 
break  down t o  a  rod  o r  f i b r o u s  s t r u c t u r e .  I n  a l l  sys tems 



except Pb-Sn this is exactly what occurred. What they ob- 

served in the Pb-Sn systemwas a degenerate type lamellar 

structure which maintained an average lamellar spacing. Taken 

collectively these studies imply that a'lthough a transition to 

a fibrous morphology would not be expected one might expect 

some sort of modification of the lamellar structure at the 

higher rates as solute and heat flow become more dominant fac- 

tors. With this in mind the transition of the growth direction 

of the tin to the [571] Sn pole is not .as surprising as first 

thought. It may be thought of as a rotation of th.e,tin to- 

wards the dendrite axis which .is generally considered to be 

the [I101 Sn ( 3 2 )  or 12' from the [I101 Sn towards the [OOl] 

Sn ( 2 6 )  in order to accommodate the increasing heat flux. In 

the eutectic the tin is constrained by the maintenance of an 

epitaxy.with the lead phase and must seek' a compromise between 

maintaining a relatively low energy interface and the aniso- 

tropic growth of tin. 'The appearance of the [571] structure 

implies that the interface in question has a relatively high 

energy. The microstructure characterized by Relationship IV 

indicates that the lamellar interface is a very low energy 

interface. As stated earlier higher growth rates and the 
I 

attendant decrease in A tend to increase the importance of a 

low energy interface and one would expect a structure with a 

low energy interface to be stabilized by increasing growth 

rates. In light of this one might ask why Relationship IV 

does not predominate at high growth rates. The answer to this 



. . 

i s  probably  h e a t  f low .cons.i.derati.ons. S ince  t h e  r a t i o s  of 

thermal  c o n d u c t i . v i t 2 . e ~  .(k.). f o r  t i n  i s  k[OOl.] /k[l lO] = 0.75. a  

e u t e c t i c  m i c r o s t r u c t u r e  c h a r a c t e r i z e d  by R e l a t i o n s h i p  IV would 

be unable  t o  conduct  the' l a t e n t  he'at of  s o l i d i f i c a t i o n  away 

from t h e  advancing s o l i d  l i q u i d  i n t e r f a c e  a s  r a p i d l y  a s  one 

c h a r a c t e r i z e d  by Relat ionshi 'p 111. Thus we have two s t a b l e  

c r y s t a l l o g r a p h i c  r e l a t i o n s h i p s  each a  compromise of  s o r t s  

under t h e  imposed growth c o n d i t i o n s .  R e l a t i o n s h i p  I11 i s  

favored  by h e a t  f low c o n s i d e r a t i o n s  b u t  has  a  h i g h e r  energy 

i n t e r f a c e .  R e l a t i o n s h i p  I Y  has  a  low energy i n t e r f a c e  b u t  t h e  

importance of h e a t  f low does n o t  l e t  it predominate i n  t h e  

m i c r o s t r u c t u r e .  A d d i t i o n a l  ev idence  f o r  t h e  p reced ing  exp la -  

n a t i o n  of t h e  r e s u l t s  was found i n  t h e  samples from p rev ious  

i n v e s t i g a t o r s  which were examined. The specimens were an- 

nea l ed  a t  room tempera ture  f o r  two y e a r s  o r  more b e f o r e  t h e i r  

examinat ion.  S t u d i e s  of t h e  m i c r o s t r u c t u r e  r e v e a l e d  t h a t  t h e  

e u t e c t i c  e x h i b i t i n g  R e l a t i o n s h i p  I11 had. coa r sened ,  t h a t  i s  

t h a t  d i f f u s i o n  had occur red  such t h a t  t h e  m i c r o s t r u c t u r e  was 

no longe r  l a m e l l a r  b u t  appeared t o  have coa l e sced  i n t o  i r r e g u -  

l a r l y  shaped p a t c h e s .  E u t e c t i c  c h a r a c t e r i z e d  by R e l a t i o n s h i p  

IV r e t a i n e d  its l a m e l l a r  s t r u c t u r e  i n d i c a t i n g  t h a t  it had a  
, . 

low energy i n t e r f a c e  w i t h  l i t t l e  d r i v i n g  forc 'e  t o  produce a  

coarsened s t r u c t u r e ,  

Upon macroetching samples which 'developed Rel 'at i .onship I1 

t h e  appearance of c o n t r a s t  bands was immediately e v i d e n t  and 

s e r i a l  s e c t i o n i n g  of  t h e s e  runs  confirmed t h a t  t h e  bands were 



due to .  l a m e l l a r  s p i r a l i n g  about  th .e  growth d i r e c t i o n . .  From 

t h e  r e s u l t s  of  t h e  micros t~r .uc tura1  a n d . c r y s t a l l o g r a p h i ' c  meas- 

urements a  f a i r l y  det 'a . i led  p i c t u . r e  'of t h e  phenomena was o b -  

t a i n e d .  The .two s u r f a c e  ' ana lyses  performed i n  t h i s  s t u d y  i n d i -  

c a t e  t h a t  t h e  l a m e l l a r  i n t e r f a c e s  a r e  p a r a l l e l  t o  t h e  growth 

d i r e c t i o n  and n o t  . i n c l i n e d  a s  was found i n  t h e  c a s e  of  l a m e l l a r  

s p i r a l i n g  i n  t h e  Al-Zn e u t e c t i c  by Double' ' e t a l .  (12) .  Also -- 
i t  appears  u n l i k e l y  t h a t  t h e  l ame l l ae  a r e  i n c l i n e d  i n  t h e  f a n  

l i k e  arrangement which was proposed by Double and I Ie l lawel l  

(11) which could  g i v e  r i s e  t o  t h e  appearance of  l a m e l l a r  

growth. What was observed was t h a t  t h e  p l a t e s  a c t u a l l y  r o t a t e  

about an a x i s  p a r a l l e l  t o  t h e  growth d i r e c t i o n  wh i l e  t h e  c r y s -  

t a l l o g r a p h y  of t h e  s t r u c t u r e  remains f i x e d .  The most p robable  

mechanism f o r  t h i s  phenomena i s  f a u l t  movement. This i d e a  w i l l  

be  d i s cus sed  i n  dep th  below b u t  f o r  now l e t  us  review a l l  t h e  

exper imenta l  f i n d i n g s  b e f o r e  d e l v i n g  i n t o  p o s s i b l e  exp lana-  

t i o n s  of t h e  r e s u l t s .  Seve ra l  runs  had g r a i n s  which r o t a t e d  

i n  o p p o s i t e  d i r e c t i o n s .  SACPs i n d i c a t e d  t h a t  t h e  s ense  of 

r o t a t i o n  f o r  a  g iven  g r a i n  remained c o n s t a n t  dur ing  growth and 

t h a t  i t  was r e l a t e d  t o  t h e  c r y s t a l l o g r a p h y .  I f  t h e  growth 

d i r e c t i o n  of t h e  t i n  was [ ? 4 3 ]  , t h e  l a m e l l a e  r o t a t e d  c lockwise  

a s  t hey  grew b u t  i f  t h e  growth d i r e c t i o n  was [ 2 4 3 ]  t h e  l ame l l ae  

r o t a t e d  counte rc lockwise  a s  t hey  grew. These f i n d i n g s  p a r a l l e l  

t h e  work done by Double' ' e t  : a l .  (12) on t h e  Al-Zn e u t e c t i c  i n  -- 
which they  corre1ate .d  t h e  s ense  o f  r o t a t i o n  w i t h  t h e  n a t u r e  of  

t h e  l a m e l l a r  h a b i t  p l ane .  The exper iments  i n  which ' t he  growth 



r a t e  was v a r i e d  c l e a r l y  showed t h a t  t h e  r a t e  of  l a m e l l a r  s p i -  

r a l i n g  was a  f u n c t i o n  of  s o l i d i f i c a t i o n  r a t e ,  s e e  Table  3 .  

I n c r e a s i n g  t h e  s o l i d i f i c a t i o n  r a t e  (R) caused  an a t t e n d a n t  

i n c r e a s e  i n  t h e  l a m e l l a r  s p i r a l i n g  r a t e  ( 8 )  and a  l e a s t  

squa re s  p l o t  of  a l l  t h e  low g r a d i e n t  d a t a  up t o  a  s o l i d i f i c a -  

' t i o n  r a t e  of 100 V m / s  y i e l d e d  t h e  f u n c t i o n  $ = 5.26R + 45.05 

( s e e  F igure  1 7 ) .  A t  s o l i d i f i c a t i o n  r a t e s  g r e a t e r  t h a n  100 

pm/s t h e  l a m e l l a r  s p i r a l i n g  r a t e  appeared t o  have reached  a  

maximum v a l u e  and showed a  v e r y  slow i n c r e a s e  beyond t h i s  

p o i n t .  

I t  shou ld  b e  p o i n t e d  o u t  t h a t  i t  proved ex t remely  d i f f i -  

c u l t  t o  o b t a i n  s p i r a l i n g  r a t e  measurements a t  s o l i d i f i c a t i o n  
I 

r a t e s  g r e a t e r  t h a n  120 pm/s .  Th is  was due t o  t h e  f a c t  t h a t  

t h e  e u t e c t i c  was seeded w i t h  R e l a t i o n s h i p  I1 which was un- 

s t a b l e  a t  t h e s e  r a t e s  and a t  growth r a t e s  g r e a t e r  t h a n  120 

v m / s  n u c l e a t i o n  of  new g r a i n s  occu r r ed  which r a p i d l y  crowded 

o u t  t h e  seeded o r i e n t a t i o n s .  I n  eve ry  c a s e  examined t h e s e  

unseeded g r a i n s  e x h i b i t e d  a  c r y s t a l l o g r a p h y  co r r e sgond ing  t o  

~ e l a t i o n s h i ~  I11 which i s  a d d i t i o n a l  ev idence  f o r  t h e  s t a b i l -  

i t y .  of  R e l a t i o n s h i p  I11  v e r s u s  R e l a t i o n s h i p  I1 a t  growth r a t e s  

g r e a t e r  t han  40 pm/s. 

Using t h e  f u n c t i o n  from above t o  c a l c u l a t e  t h e  expected 

s p i r a l i n g  r a t e  f o r  Hopkins and ~ t e w a r t , ' ~  Czoch ra l sk i  grown 

Pb-Sn e u t e c t i c  samples one o b t a i n s  a  v a l u e  o f  86O/cm. Th i s  i s  

i n  s u r p r i s i n g l y  good agreement w i t h  t h e i r  measured v a l u e s  o f  

88 and 92O/cm c o n s i d e r i n g  t h e  d i f f e r e n c e s  i n  s o l i d i f i c a t i o n  



T a b l e .  3 .  Summary o f  t h e  d a t a  o n  t h e  e f f e c t  o f  s o l i d i f i c a t i o n  
r a t e  (R) a r i d .  t h e r m a l .  g r a d i e n t  ( G )  o n  t h e  lamel lar  
s p i r a l i n g  r a t e  (8 )  

. . 

Run # R ( ~ m / s )  G (OC/cm) $  ("/cm) 

28 21 .4  1 2 8  1 5 1  
3 3  4 1 . 0  1 2 8  259 
36 1 . 0  1 2 8  3 7 . 5  

2 1 . 3  1 2 8  1 4 4  
37  2 1 . 3  360 1 2 4  

2 1 . 3  1 2 8  1 3 5  
38  1 0 . 4  1 2 8  8 4 . 3  
4 1  20 .3  1 2 8  1 4 0  

5 9 . 3  1 2 8  379  
79 .0  1 2 8  462 
9 8 . 0  1 2 8  5 4 3  

117  1 2 8  566  
42 4 0 . 8  1 2 8  268 

6 0 . 3  1 2 8  360 
80 1 2 8  443  

1 0 0  1 2 8  5 7 1  
1 1 9  1 2 8  584  

4 3  41 .0  1 2 8  277 
45 4 1 . 3  1 2 8  3 1 3  
46  41 .5  1 2 8  290 

20 .6  1 2 8  1 4 0  
48 1 6 . 7  1 2 8  1 3 7  

8 1  1 2 8  459 
1 2 1  1 2 8  584  
1 6 2  1 2 8  600  



SOLIDIF ICATION RATE ( p m / s ' )  

Fig. 17. Data showing the dependence of th.e lamellar 
spiraling rate (g) on the solidification rate 

' (R) and temperature gradient 



conditions. The data obtained from the higher gradient exper- 

iments was somewhat confusing. Three of the experiments per- 

formed under the gradient of 360°C/cm showed a higher rate of 

lamellar spiraling for a given growth rate. The data yielded 

a linear relationship of the form jl = 8.54R - 9.46 which was 

found by a least squares analysis. This finding is consistent 

with the work of Hopkins and Stewart in that they found that 

~ r i d ~ e m a n  grown samples exhibited a higher rate of lamellar 

spiraling for a given growth rate than their Czochralski grown 

samples,which is equivalent to saying the higher gradient gave 

an increased rate dependence since one would expect the ther- 

mal gradients in Bridgeman technique to exceed those in the 

Czochralski method. However,the data from two of the high 

gradient runs followed the lower gradient relationship. The 

reason for this disparity in results was not discovered during 

the course of the experimentation. Since a specimen from one 

of the runs showing the increased dependence on solidification 

rates was used to seed the next one which exhibited the lesser 

dependence the contlict in results is puzzling. In view of 

the work of Hopkins and Steward one would be tempted to disre- 

gard the data showing a decreased dependence on growth rate. 

In any case it is clear that at least in this system the as- 

sumptions of Double -- et al. (12) that increasing the tempera- 

ture gradient would cause a subsequent decrease in lamellar 

spiraling rate are in direct conflict with the experimental 

evidence. 



A r a t h e r  s imple  exp lana t ion  of t h e  growth r a t e  dependence 

i s  p o s s i b l e .  Assuming ' tha t  t h e  phenomena of l a m e l l a r  s p i r a l -  

ing  i s  caused by f a u l t  movement b i a s e d  i n  one d i r e c t i o n  le.ads 

n a t u r a l l y  t o  two.fundamenta1 q u e s t i o n s .  F i r s t  s i n c e  t h e  

motion of f a u l t s  b i a s e d  i n  one d i r e c t i o n  would i n e v i t a b l y  l e a d  

t o  a  f a u l t  f r e e  s t r u c t u r e ,  how and why a r e  t h e  f a u l t s  r egene r -  

a t e d ?  Secondly how does one e x p l a i n  t h e  i n c r e a s e d  dependence 

on s o l i d i f i c a t i o n  r a t e  w i t h  i n c r e a s i n g  tempera ture  g r a d i e n t ?  

I t  i s  ' r easonable  t o  .assume a  s t e a d y  s t a t e  e q u i l i b r i u m  v a l u e  of 

f a u l t  d e n s i t y  f o r  a  g iven s e t  of  growth c o n d i t i o n s .  A s  t h e  

growth r a t e '  i n c r e a s e d  and t h e  l a m e l l a r  spac ing  became s m a l l e r  

t h e  i n c r e a s e d  m o b i l i t y  of  t h e  f a u l t s  would permi t  a  h ighe r  

r a t e  of  l a m e l l a r  s p i r a l i n g .  A t  some p o i n t  however t h e  a b i l i t y  

of t h e  f a u l t s  t q  move would be  expected t o  r each  a  maximum 

va lue  and t h i s  i s  e x a c t l y  what was found t o  occur  somewhere i n  

t h e  v i c i n i t y  of  100 pm/s.  I t  seems p robab le  t hen  t h a t  t h e  

r a t e  of  l a m e l l a r  s p i r a l i n g  i s  dependent on t h e  d e n s i t y  of 

f a u l t s  and t h e i r  m o b i l i t y .  P rev ious  i n v e s t i g a t i o n s  i n d i c a t e  

t h a t  f a u l t  d e n s i t y  i s  growth r a t e  dependent.  Yue (33) i n  h i s  

s t u d i e s  on t h e  A1-Mg e u t e c t i c  found f a u l t  d e n s i t y  t o  be  a  l i n -  
\ 

e a r  f u n c t i o n  of t h e  growth r a t e  over  a  wide range of  v a l u e s .  

I n  agreement w i t h  t h i s  a s s e r t i o n  i s  t h e  work of Dean and 

Gruz lesk i  (8,9) on t h e  A1-AlZCu e u t e c t i c  and t h a t  of  Berthou 

and Gruz lesk i  (1) on t h e  Sn-Cd e u t e c t i c .  I n  bo th  c a s e s  t hey  

found a  l i n e a r  growth r a t e  dependence of f a u l t  d e n s i t y .  I n  

a d d i t i o n  b o t h  groups found t h a t  f a u l t  d e n s i t y  was no t '  a  func-  



tion of temperature gradient. To date no one has attempted to 

determine if fault density is dependent on growth rate in the 

Pb-Sn system. However in light of these three studies one 

would presume that it is. Hopkins and Stewart (19) found that 

Bridgeman and Czochralski samples which were grown at similar 

rates had nearly the same fault densities, but that the .lamel- 

lar rotation rate differed by a factor of two. This indicates 

that the fault density in the Pb-Sn eutectic is probably not 

,dependent on temperature gradient, which confirms the findings 

of the above mentioned authors (8,9) who worked in other alloy 

systems and that fault density alone does not govern the r.ate 

of lamellar spiraling. Taken 'in conjunction with the data , 

from this study it indicates that the higher temperature grad- 

ient somehow increases the mobility of the faults and allows 

the lamellar spiraling to occur at a higher rate at argiven 

growth rate. As can be seen the lamellar spiraling rate 

(fault movement rate) continues to increase beyond growth rates 

greater than 100 um/s for the high gradient runs, which is the 

rate the lower gradient data were found to have reached a 

critical point. This is additional evidence that the higher 

gradient permits a higher fault mobility. The apparent dis- 

parity in the data for the higher temperature gradient must be 

assumed to be due to other unknown factors affecting fault 

density or mobility which were not held constant between ex- 

periments. This work indicates a need for detailed. work on 
. . 



fault density and mobility in lamellar eutectics in order to 

fully understand the nature of the' lamellar spiraling phe- 

nomena. 



SUMMARY 

The c r y s t a l l o g r a p h i c  n a t u r e  of the. Pb-Sn e u t e c t i c  which 

had been previous ly  thoug.ht t o  be  unique and i n v a r i a n t  has 

been shown t o  be h ighly  dependent on growth r a t e .  Four d i s -  

t i n c t  c r y s t a l l o g r a p h i c  modes have been shown t o  occur and t h e  

mic ros t ruc tu res  which a r e  c h a r a c t e r i s t i c  of each have been 

i d e n t i f i e d .  Cooksey' 'et' -- ' a l .  (6 ) .  performed a  s i m i l a r  s tudy of 

the  Al-A12Cu e u t e c t i c .  They showed a  wide range of s t r u c -  

t u r e s  t o  be a t t a i n a b l e  i n  t h a t  system b u t  f a i l e d  t o  do a  de- 

t a i l e d  c r y s t a l l o g r a p h i c  s tudy a s  was performed he re .  Since 

these  have been t h e  only two success fu I  a t tempts  t o  c o n t r o l  

the  m i c r o s t r u c t u r a l  and c r y s t a l l o g r a p h i c  c h a r a c t e r i s t i c s  of 

a  e u t e c t i c  mic ros t ruc tu re  one would hope t h a t  s i m i l a r  s t u d i e s  

would be performed on a  g r e a t  number of a l l o y  systems t o  

a s c e r t a i n  t h e  e x t e n t .  t h a t  c rys ta l lography  o f . t h e  micros t ruc-  

t u r e  can be c o n t r o l l e d .  

The second phase o f  t h i s  work was t h e  s tudy of t h e  

lamel lar  s p i r a l i n g  phenomena which was f i r s t  discovered t o  

occur i n  t h e  Pb-Sn e u t e c t i c  by Hopkins and Stewart  (19) .  As .. 

might be expected t h i s  phenomena was c h a r a c t e r i s t i c  of only 

one c r y s t a l l o g r a p h i c  mode. Some s i g n i f i c a n t  conclusions can 

be drawn from t h i s  work i n  regards t o  t h e  n a t u r e  of t h e  phe- 

rloiileaa. F i r s t  of a l 1 , t h e  c rys ta l lography  of t h e  e u t c c t i c  

remains i n v a r i a n t  during t h e  l amel l a r  s p i r a l i n g  and the. lamel- 

l a e  a re  n o t  , i nc l ined  wi'th 'resp:ect .to: th.e 'advancing growth 



front. In addition, the rate of lamellar spiraling appears to 

increase with increasing growth rate or temperature gradient. 

This dependence is rationalized with a model that character- 

izes the spiraling in terms of fault movement and mobility. 

An in depth understanding bf the phenomena is prevented by a 

lack of detailed studies on the variables affecting fault 

density and mobility. ' ~ t  present the work in this area is 

sketchy, and a clear understanding wi.11 ,not be achieved until 

additional comprehensive studies on lamellar faults'. become 

available. 
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