
,at a l l  of the p r i m a r y  b r anches  within a g iven shee t  
a r e  in te rconnec ted  at Y- junc t ions .  These  ]unctions 
a r e  the points where  a subbranch was able to grow out 
into a full b ranch ,  as  may  be seen in the upper  lef t  
sec t ion  of Fig .  1. We found no case  where  the den-  
d r i t e s  were  in t e rconnec ted  between shee t s ,  al though 
such connection s e e m s  reasonab le  in the reg ion  where  
the dendr i tes  o r ig ina ted .  

Using b a c k - r e f l e c t i o n  Laue techniques  the dendr i t e s  
w e r e  found to grow in the [110] d i rec t ion  in a g r e e m e n t  
with other  work,  2,s and the shee t s  were  found to lie in 
the (110) plane. The or ien ta t ion  is  i l l u s t r a t ed  in F ig .  
2. This  r e su l t  was c o n f i r m e d  on s amp le s  grown at 
70~ per  cm and 51 ~m p e r  sec  both with and without 
s t i r r i n g  and on a sample  grown at 2.9~ pe r  cm and 
51 ~m per  sec  without s t i r r i n g .  Lower ing  the t e m p e r -  
a tu re  gradient  at a cons tant  ra te  caused the dendr i te  
spacing to inc rease .1  The c h a r a c t e r i s t i c  morpho logy  
was mainta ined down to the lowest  g rad ien t s  s tudied.  
The secondary  b r anches  pro t rud ing  out f r o m  the p r i -  
m a r y  shee ts  were  cons ide rab ly  longer  at the low 
grad ien t s  and they d isp layed side branching.  The 
sample  grown at 2.9~ pe r  cm and 51 ~m pe r  sec  
c l e a r l y  showed these  s econda ry  b ranches  g rowing  
n o r m a l  to the p r i m a r y  shee ts  (i .e.  in the (110) plane) 
in con t r a s t  to a study on Sn-Bi .  3 At the h ighe r  g r a d i -  
ents  s t i r r i n g  did not a f fec t  the dendri te  morphology .  
However ,  the Laue pa t t e rns  took on the appea rance  
c h a r a c t e r i s t i c  of co ld -worked  m a t e r i a l s ,  which was 
imposs ib l e  to r e m o v e  in spite of ex tens ive  e l e c t r o -  
pol ishing.  It appea r s  that  the fluid flow caused  s m a l l  
c ry s t a l l og raph i c  o r ien ta t ion  d i f fe rences  among  the 
va r ious  dendr i t ic  b r a n c h e s .  

The tin dendri te  morpho logy  shown in F ig .  1 has  
been obse rved  in m e t a l l o g r a p h i c  s tudies  by o u r s e l v e s  
and o thers  4 in the Sn -Pb  sys tem and in the Sn-Bi  ~ 
sy s t em.  However ,  Ahea rn  and F lemings  s have r e -  
por ted  a s l ight ly d i f fe ren t  morphology in Sn-Bi  a l loys .  
They a lso  found that the p r i m a r y  dendr i t es  g rew in the 
[110] d i rec t ion  in shee t s  p a r a l l e l  to the (110) plane.  
However ,  the seconda ry  b ranches  growing out of the 
shee t s  were  contained in the (112) p lanes  which a re  
69 deg f rom the plane of the shee t s  r a t h e r  than in the 
(110) planes  at 90 deg f r o m  the shee ts  as  found h e r e .  
This  d i f ference  in the morphology of the seconda ry  
branching  is apparen t ly  r ea l ,  and it mus t  be due to 
d i f f e rences  in the growth condit ions a n d / o r  the solute  
content  between these  s tudies .  

An in t e re s t ing  conclus ion  may be deduced f r o m  the 
morphology  of these  dendr i t e s .  The t ips of the sub-  
b ranches  on the p r i m a r y  s t em neve r  grow v e r y  fa r  
before  they a re  t e r m i n a t e d  by e n c r o a c h m e n t  of a sub-  
branch f rom a ne ighbor ing  s tem.  New subbranches  
mus t  continually f o r m  by branching d i rec t ly  off of an 
old subbranch.  This  is  t rue  even though the p r i m a r y  
s tem is a l igned in the heat  flow d i rec t ion .  C o n s e -  
quent ly ,  there  cannot be any s t eady - s t a t e  p r i m a r y  
dendr i te  tip conf igura t ion  as has been o b s e r v e d  in 
e x p e r i m e n t s  on the growth of su r face  tin dendr i t e s  
into the supe rcoo led  l iquid 8 and as  is  a s s u m e d  in 
t h e o r e t i c a l  t r e a t m e n t s  on dendri te  growth.  7 We con-  
clude that even though the e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  under o v e r a l l  s t eady - s t a t e  heat  flow condit ions 
the p r i m a r y  dendr i te  tip shape was not constant .  The 
p r i m a r y  dendr i t e s  mus t  have advanced with a pulsat ing 
tip conf igurat ion in a m a n n e r  somewhat  ana logous  to 

that d i r ec t l y  obse rved  in the s u c c i n o n i t r i l e - c a m p h o r  
s y s t e m  .8 

The au thors  would like to acknowledge the a s s i s t -  
ance of Miss  Denise  Maze with both the X - r a y  and 
m e t a l l o g r a p h i c  work.  Work  was  p e r f o r m e d  in the 
A m e s  L a b o r a t o r y  of the U.S. Atomic  E n e r g y  C o m i s -  
sion.  Contr ibut ion  No. 3129. 
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Mass Spectrometric Study of the 
Thermodynamic Properties of the 
Ag-Sn System 

TETSUO YAMAJI AND EIICHI KATO 

h study of the t h e r m o d y n a m i c  p r o p e r t i e s  of the Ag-  
Sn l iquid a l loys  has  been made  with the combinat ion of 
a Knudsen ce l l  and a m a s s  s p e c t r o m e t e r .  

The m a s s  s p e c t r o m e t r i c  appa ra tus ,  Knudsen ce l l  
a s s e m b l y ,  e x p e r i m e n t a l  p r o c e d u r e ,  and t e m p e r a t u r e  
m e a s u r e m e n t  t echniques  w e r e  e s sen t i a l l y  the s a m e  as  
have been  p rev ious ly  de sc r i bed .  1 In th is  study, a lumina  
Knudsen ce l l s  with a thin g raph i t e  l i n e r  and graph i te  
Knudsen c e l l s  w e r e  used .  The  d imens ions  of the a lu -  
mina  c e l l s  w e r e  19 m m  OD by 19 m m  high with 15 m m  
ID and a lid th ickness  of 1 ram.  The o r i f i ce  d i a m e t e r  
was  0.7 m m  giving the ra t io  of su r f ace  a r e a  to o r i f i c e  
a r e a  of 450:1. The d imens ions  of the graphi te  c e l l s  
w e r e  18 m m  OD by 17 m m  high with a 12 mm ID and a 
lid t h i cknes s  of 3 m m .  The o r i f i c e  d i a m e t e r  was  0.8 
mm and the ra t io  of su r f ace  a r e a  to o r i f i ce  a r e a  was  
225:1. The  a l loys  w e r e  p r e p a r e d  i n  s i t u  by mel t ing  
t o g e t h e r  a to ta l  amount of 7 to 10 g of the component  
m e t a l s .  The  pur i ty  of the m e t a l s  was  99.999 pct .  

P r i o r  to the r eco rd ing  of any data ,  the t e m p e r a t u r e  
of the Knudsen cel l  was  r a i s e d  to about 1250~ and 
held fo r  15 to  20 min.  The ion c u r r e n t s  of s i l v e r  and 
t in  w e r e  then m e a s u r e d  and the  t e m p e r a t u r e  was  
l ow ered  to a new value .  The  m e a s u r e m e n t s  w e r e  taken  
at s u c c e s s i v e l y  lower  t e m p e r a t u r e s .  This  p r o c e d u r e  
was  r e p e a t e d  until  constant  ion c u r r e n t s  at the s a m e  
t e m p e r a t u r e  w e r e  obtained.  F o r  s i l v e r - r i c h  a l loys ,  a 
long t i m e  was  r e q u i r e d  to obtain constant  ion c u r r e n t s .  
The l o s s  in weight  was  be tween  4 and 20 mg for  many 
a l loys .  In the case  of s i l v e r - r i c h  a l loys ,  however ,  
weight  l o s s e s  of up to 170 mg w e r e  o b s e r v e d  owing to 
the long t i m e  needed for  homogen iz ing .  
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Fig. 1 - - E x p e r i m e n t a l  v a l u e s  of the  ion c u r r e n t  r a t i o  fo r  the  
A g - S n  a l loys .  The  open e i r e l e s  r e p r e s e n t  the  w o r k  wi th  an  
a l u m i n a  ceil ;  c l o s e d  c i r c l e s ,  g r a p h i t e  cel l .  

Table I. Thermodynamic Quantities for the ACSn System at 1150~ 

Atom 
Fractmn 
of SiNer aAg TAg asn 7Sn AHAg AHsn 

0 00 0.000 0.494 1.000 1.000 300 0 
0.10 0.051 0.505 0.899 0.999 -70 20 

(• 000) (• (• (• (• (• 
0 20 0 104 0.518 0 794 0.993 -410 80 
0 30 0.162 0.539 0.686 0.980 -710 180 
0 40 0.226 0.566 0 574 0.956 -960 320 
0 50 0.301 0.601 0.455 0.909 -1180 500 

(• (• (• 001) (• 001) (• (• 
0.60 0.395 0.658 0.325 0.813 -1290 610 
0.70 0.519 0 741 0.196 0.652 -990 -20 
0.80 0 690 0.862 0.082 0.410 -440 -1630 
0.90 0.868 0.964 0.022 0.217 110 3520 

(• 002) (• 002) (• (• ( •  (• 
1 O0 1 000 1.000 0.000 0.106 0 -5630 

The exper imenta l  va lues  of the ion c u r r e n t  ra t io  a re  
p resen ted  in Fig.  1. The act ivi ty  coeff icients  and the 
par t i a l  mo la r  heats  of mixing  were  calcula ted by Gibbs-  
Duhem in tegra t ion ,  as  proposed by Belton and F r u e -  
han.  2 The t he rmodynamic  va lues  were  ca lcula ted  f rom 
the data obtained by us ing the graphi te  ce l l s ,  because  
the graphite  ce l l s  gave be t t e r  t e m p e r a t u r e - d e p e n d e n t  
r e su l t s  than the a lumina  cel ls  coated with graphi te .  
The p rec i se  answer  to this  d i f ference could not be ob- 
ta ined,  arid a poss ib le  explanat ion would be that  the 
coated graphite  could not completely prevent  the s u r -  
face diffusion in the cel l .  The calculated va lues  for 
YAg, TSn, ZkHAg, and AHSn a r e  tabulated in Table  I. The 
unce r t a in t i e s  shown in the table  have been  ca lcula ted  
by in tegra t ing  the s eve ra l  poss ib le  l ines  through the 
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Fig. 2 - -Ac t iv i t i e s  in the  A g - S n  s y s t e m .  

points  in the Gibbs-Duhem in teg ra t ion  plots.  The cal-  
culated ac t iv i t i es  a re  plotted in Fig.  2 with prev ious  
va lues .  

The e lec t romot ive  force m e a s u r e m e n t s  of this  sy s -  
t em have been  made by Yanko, Drake ,  and Hovorka ~ be-  
tween 333 ~ and 413~ in the range 0.86 < NSn <-- 0.994, 
and also by F ran t ik  and McDonald 4 at 627~ in the 
range  0.3 < Nan < 0.9. Hul tgren ,  O r r ,  Anderson ,  and 
Kel ley 5 e s t ima ted  the act ivi ty  of t in  in these  al loys by 
using the data obtained f rom these  m e a s u r e m e n t s .  

The asn va lues  obtained in  this  study indicate  a 
Raoul t ian behavior  at high concen t ra t ion  of t in .  The 
asn at 627~ was calculated f rom the re la t ion  

a A Sn 
dT  T 2 

and the va lues  of ZXHSn given by the au thors  (assuming 
AHSn to be t empe ra tu r e - i ndependen t ) .  The r e su l t s  a re  
a lso shown in Fig.  2 and a r e  very  s i m i l a r  to those 
given by Hul tgren et  al. 

The re la t ion  between log ~ and the atom f rac t ion  of 
components  at 1150~ can be pa r t i a l ly  r ep resen ted  by 
the quadra t ic  approximat ion  given by Darken:  6 

log TAg = -0.0586(1 - NAg) 2 - 0.249 (0 < NAg <= 0.20) 

log YSn = --1.627(1 - NSn )2 + 0.653 (0 < NSn < 0.20) 

1 S. Nakamura, T. Yamaji, and E, Kato. Met. Trans., 1970, vol. 1, pp. 2645-46. 
2. G. R. Belton and R. J. Fruehan: J Phys Chem., 1967, vol. 71, pp. 1403-09. 
3. J. A. Yanko, A, E. Drake, and F. Hovorka: Trans. ElectrocherrL Soc., 1946, vol. 

89, pp. 357-72. 
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4 R. O. FranUk and H. J. McDonald: Trans. Electrochem. Soc., 1945, vol. 88, pp. 
253-62. 

5. R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley: Selected Values of 
Thermodynamic Properties o f  Metals and Alloys, pp. 388-92, John Wdey and 
Sons, New York, 1963. 

6. L. S. Darken: Trans. TMS-AIME, 1967, vol. 239, pp 80-89. 

Inverse Segregation in 
Unidirectionally Solidified 
AI-Cu Alloys 

K. P. EDWARDS AND J. A. SPITTLE 

IT has previously been reported,' from examination 
of unidirectionally solidified ingots, that inverse seg- 
regation is time-dependent. This is indisputable, 
since, for any alloy exhibiting such segregation, solid- 
ification occurs over a temperature range. A solid 
+ liquid region therefore exists in the ingot which, in 
the early stages of freezing, permits solute-rich liquid 
(assuming that the equilibrium partition coefficient for 
the solute has a value less than unity) to flow towards 
the chill surface. Inverse segregation is therefore 
time-dependent, developing as solidification pro- 
gresses. However, the particular dependence on time 
discussed' was considered to be associated with a 
transition from a columnar to an equiaxed grain struc- 
ture which occurred at a certain distance from the 
chill face. It appeared, from observations on ingots 
that underwent such a transition, that inverse segre- 
gation in the region of the chill face was not estab- 
lished prior to the transition. The origin of the inverse 
segregation was therefore directly attributed to the 
nucleation and growth of solid in the bulk liquid. It 
was assumed that this resulted in solute enrichment 
of the liquid, ahead of the macroscopic solidification 
front, which then infiltrated the already-formed shell 
adjacent to the chill surface. The technique used" for 
examining this apparent dependence of inverse segre- 
gation on structure transition was to cast, under iden- 
tical conditions, samples having the same composition 
and of equal size into a mold designed to produce uni- 
directional solidification. Ingots of various heights 
were obtained by decanting the liquid from the solid 
after different lengths of time following the onset of 
freezing. These were analyzed by X-ray fluorescence 
to show the solute distribution as a function of the dis- 
tance from the chill face. 

During the solidification of an ingot, the bulk liquid 
concentration could only approach that of the interden- 
dritic liquid in the already formed solid + liquid shell, 
if the growth of solid ahead of the macroscopic solid- 
liquid interface was associated with massive under- 
cooling of the bulk liquid. In conventional ingots, the 
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composi t ion of the bulk liquid cannot r i s e  to a va lue  
g r e a t e r  than that of the i n t e r d e n d r i t i c  l iquid s ince  the 
bulk l iquid t e m p e r a t u r e  is  unable  to fall  below that of 
the ma c r osc op i c  so l id- l iquid  i n t e r f ace .  This  p laces  
some doubt on the above explanat ion of the or ig in  of 
i nve r se  segrega t ion  in ingots undergo ing  a s t r u c t u r e  
t r a n s i t i o n .  It has  been observed ,  in un id i rec t iona l ly  
sol idifying ingots ,  z that t he r ma l  supercool ing  can 
develop in the l iquid ahead of the mac roscop ic  i n t e r -  
face because  of some heat loss  f rom the mold wal l s .  
However,  it i s  unl ikely  that growth of solid in the l iq-  
uid at th is  sma l l  undercool ing would have any s ign i f i -  
cant in f luence  on the bulk l iquid concen t ra t ion .  The 
object of the p re sen t  inves t iga t ion  was  to r e d e t e r m i n e  
whether  in fact  i nve r s e  segrega t ion  is re la ted  to the 
growth of sol id in the bulk l iquid.  

Ingots of A1-Cu of different  height were  obtained,  
by un id i r ec t iona l  sol id i f icat ion,  unde r  condit ions that 
r e su l t ed  only in co lumnar  growth.  Th i s  was achieved 
us ing a l abo ra to ry  sca le  25 K.W. e l ec t ros l ag  r eme l t i ng  
unit .  In i t ia l ly  an al loy of nomina l  composi t ion A1-4.5 
wt pct Cu was  cast  and then ro l l ed  into an e lec t rode  
1.3 cm in d iam.  The p rocedure  then adopted for  the 
product ion of each ingot was a s  fol lows.  The slag, a 
mix tu re  of KC1 and LiC1 of eutect ic  composi t ion,  was 
f i r s t  mel ted  i n  s i t u  in the mold.  The l a t t e r  cons is ted  
of a cy l inder  of fused s i l ica  3.8 cm in diam mounted on 
a wa t e r - coo l ed  copper base  p la te .  The e lec t rode  was 
then located in the slag,  with the operat ing voltage se -  
lected,  and the slag t e m p e r a t u r e  al lowed to come to 
equ i l ib r ium without mel t ing  of the e lec t rode  taking 
place .  Mel t ing of the e lec t rode  was  then in i t ia ted  by 
lowering it  at  a fixed rate  into the s lag .  When the de-  
s i r ed  meta l  height in the mold was reached,  the power 
was switched off leaving the r e m a i n i n g  liquid pool, on 
top of the a l r e a d y - f o r m e d  ingot,  to completely  sol idify.  
In th is  way s e ve r a l  ingots of d i f fe rent  height were  p r o -  
duced under  a lmos t  s t eady- s t a t e  condi t ions,  f rom the 
same e lec t rode .  The sus ta ined  pos i t ive  t e m p e r a t u r e  
grad ien t  in the mel t  ahead of the macroscop ic  so l id-  
l iquid meta l  in te r face  ensured  co lumnar  growth over  
the complete  ingot length in a l l  c a se s .  A typical  col-  
u m n a r  s t r u c t u r e  is  i l l u s t r a t ed  in Fig .  1. The ingots 
were  ana lyzed ,  using X - r a y  f luo rescence ,  to give the 
copper concen t ra t ion  as  a function of the d is tance  f rom 
the chil l  face .  Ana lyses  were  c a r r i e d  out on a r e c t a n -  
gular  c r o s s - s e c t i o n a l  a r ea  1.5 by 2.0 cm and the r e -  
su l t s  obtained a r e  shown in Fig .  2. 

It i s  c l ea r  f rom Fig.  2 that even in the shor tes t  ingot 
i n v e r s e  segrega t ion  has occu r r ed .  Th i s  ingot is  com-  
parab le  in height to that p rev ious ly  examined I in which 
no i n v e r s e  segrega t ion  was detected.  The segrega t ion  
observed  cannot have a r i s e n  because  of growth of sol id 
in the bulk l iquid s ince  al l  the ingots  were  completely  
co lumnar .  The or ig in  of the i n v e r s e  segregat ion  mus t  
t he re fo re  be the t r a n s p o r t  of the so lu t e - r i ch  i n t e rden -  
dr i t i c  l iquid.  C lea r ly ,  in the e a r l i e r  invest igat ion,  1 in -  
t e rdend r i t i c  l iquid,  in addit ion to the bulk l iquid,  mus t  
have been decanted.  The effect of th is  will  be most  
marked  in those  ingots where  sol id i f ica t ion has p ro -  
ceeded only a shor t  d is tance  f rom the chi l l .  The i n t e r -  
dendr i t i c  l iquid channels ,  e spec ia l ly  in a l loys  having 
a wide f reez ing  range,  will  then extend back close to 
and may even reach the chill  face.  If th is  l iquid is de-  
canted an a lmos t  un i form sol id composi t ion  will  be 
de t e rmined  over  the ingot height.  
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